TECHNICAL REPORT

Dentomaxillofacial Radiology (2013) 42, 20120436
© 2013 The Authors. Published by the British Institute of Radiology

http://dmfr.birjournals.org

Dynamic MRI of the TMJ under physical load
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Objectives:

The objective of this study was to examine the kinematics of structures of the

temporomandibular joint (TMJ) under physiological load while masticating.

Methods:

Radial MRI was chosen as a fast imaging method to dynamically capture the

motions of the joint’s anatomy. The technique included a golden ratio-based increment angle
and a sliding window reconstruction. The measurements were performed on 22 subjects with
and without deformation/displacement of the intra-articular disc while they were biting on a
cooled caramel toffee.

Results: The reconstructed dynamic images provided sufficient information about the size
and localization of the disc as well as the change of the intra-articular distance with and
without loading.

Conclusions: The feasibility of the golden ratio-based radial MRI technique to dynamically
capture the anatomy of the TMJ under physical load was demonstrated in this initial study.
Dentomaxillofacial Radiology (2013) 42, 20120436. doi: 10.1259/dmfr.20120436

Cite this article as: Hopfgartner AJ, Tymofiyeva O, Ehses P, Rottner K, Boldt J, Richter E-J, et al.
Dynamic MRI of the TMJ under physical load. Dentomaxillofac Radiol 2013; 42: 20120436.

Keywords: magnetic resonance imaging (MRI); temporomandibular joint (TMJ); temporo-

mandibular joint disc

Introduction

The temporomandibular joint (TMJ) can suffer from
a number of diseases, which are classified as temporo-
mandibular disorders (TMDs).! These are the major
reasons for non-dental pain in the orofacial region.’
While TMD is an umbrella diagnosis® originating in
different causes, clinical signs and symptoms are similar.

When a patient complains about clicks or pain related
to the TMJ while chewing or moving the mandible, it is
of interest to determine what happens during motion
under masticatory loading that can exert strong forces
on the joint.*”’

In practice, mandibular motion is commonly tracked
using axiography.® ' With real-time axiography, a pre-
cise picture of the TMJ’s motion can be drawn at high
resolution in space and time. Unfortunately, this
method only allows inferences about the anatomy of the
TMJ from the shape of the tracings, which is complex.
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By contrast, static MRI depicts the anatomical situation
of soft tissue and bone, without information on kine-
matics. Thus, it is of importance to have an appropriate
imaging method for visualizing the kinematics of the
TMJ’s structures in action.

Several imaging techniques have been used for the
evaluation of the TMJ. Among them, MRI has advan-
tages over other techniques depicting soft tissue of the
TMJ'"!'* while not relying on ionizing radiation. The
mechanically and temporally complex motion character-
istics of the TMJ with its disc'>'® present substantial dif-
ficulties when using conventional MRI methods to
capture articulation kinetics as motion artefacts occur.
Past work has been carried out on static MRI acquisition
of the TMJ,"” quasistatic images'®!® and dynamic®®*!
imaging of the unloaded TMJ. However, to our knowl-
edge, no MR study under masticatory loading has been
published.

The purpose of this study was to visualize the kine-
matics of the TMJ’s components under masticatory load.
We used radial MRI for a rapid image acquisition to de-
pict the motion of the loaded TMJ. Radial imaging is an
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MRI technique that was firstly presented by Lauterbur
and Lai.** For a closer look on MRI physical principles
and sequence design technique, see Haacke et al.>*

Materials and methods

Subjects

MRI was performed on 22 subjects (mean age 30 years,
median 27 years, age span 18-68 years), among them
8 subjects who had been diagnosed beforehand with
various TMDs. These included deformation or displace-
ment of the intra-articular disc. Written informed consent
was obtained from each subject.

The subjects were examined on a 1.5T whole-body
MRI scanner (MAGNETOM® Avanto 1.5T; Siemens
Medical Solutions, Malvern, PA) using two 4-channel
multiarray coils (Noras, Hoechberg, Germany). The
measurement set-up is shown in Figure 1. The patients

time

time

time

Figure 1 A sliding window reconstruction with linear (top) vs golden
ratio (middle) radial sampling and the k-space-weighted image contrast
filter (bottom) is shown. The box depicts the reconstruction window
sliding along time axis over the data set. In the two-dimensional images,
the k-space of the reconstruction frame is shown. Big and irregular gaps
result in strong artefacts. A linearly filled up k-space demands a rather
wide reconstruction window that may in turn result in motion artefacts
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were stabilized with cushions to avoid head motions
during the measurement which could result in misaligned
image slices or distortions by motion artefacts.

MRI protocol

In addition to the standard static measurements (7'} and
T, weighted turbo-spin echo multislice sequences), two
different kinds of TMJ measurements were performed.
The first method consisted of opening and closing of the
mouth within 15s, half for the opening and closing
motions. The second method was aimed at analysing
the joint, cartilage tissue and the intra-articular space
(distance between condyle and fossa) under masticatory
loading. The volunteers were instructed to bite once
through a chocolate-covered caramel candy (Storck
Riesen™; August Storck KG, Berlin, Germany) placed
either on one side or on both sides between the maxil-
lary and mandibular molars to produce unilateral or
bilateral loading, respectively. To compensate for in-
dividual factors, such as tooth shape and strength of the
masticatory muscles, the candy was cooled to such an
extent that the volunteer could bite through the candy
roughly within the acquisition time of 15s. The candy
was placed in the back most posterior position between
the right and the left molars to monitor the complete
closing motion.

Similar to the MRI parameters as used by Yamada
et al,'” a radial FLASH sequence [echo time (TE) = 3.17/
5/12 ms, repetition time (TR) = 15/30 ms, excitation flip
angle 8°/11°, in-plane resolution 0.59 X 0.59 mm?, slice
thickness 3 mm, two non-parallel alternatingly measured
slices for the right and left TMJ] was adapted and
employed for examination of the intra-articular space.
The different TE times were used to depict the disc
(longer TE) or to increase the signal-to-noise ratio (short
TE). Because of the short T, of the fibrocartilagenous
tissue, the disc yields low signal at long TEs and is de-
lineated in contrast to the surrounding tissues. On the
other side, the shorter TE of 5ms results in a higher
contrast between the cortical bone and soft tissue of the
intra-articular space.

Radial golden ratio-based dynamic imaging

In MRI, three-dimensional spin density information
from inside the body is frequency encoded (see k-space
concept’) by applying linear magnetic field gradients.
Anatomical images are obtained from the acquired raw
data set by a Fourier transformation.”” Typically,
classic Cartesian sampling®® is used in medical MRI
because data sets can be easily and quickly calculated.
In radial MRI, a trajectory through the k-space equals
a spoke that crosses the k-space centre. Continuous
radial data acquisition®’ is required for capturing the
joint motion. An image reconstruction frame with a
dedicated frame width which is optimized for joint mo-
tion velocity is laid over the data set [sliding window and
k-space-weighted image contrast (KWIC) reconstruction,
Figure 2]. Equally distributed and therefore adequate
azimuthal profile spacing is indispensable for a flexible



Figure 2 Typical set-up of a temporomandibular joint measurement.
The subject is placed between two multichannel coils that do not
interfere with the jaw motion. Cushions stabilize the head to prevent
motion artefacts and misaligned slices. All measurements were well
tolerated by the subjects

reconstruction. The k-space can be filled incrementally,
interleaved or by an angle based on the principle of
golden ratio.?® Filling up the frequency space in-
crementally or interleaved with a narrow angle yields an
image with high resolution. Because acquisition time of
every single projection requires a certain time, the overall
time to completely fill up the frequency space is quite
long. If the incremental angle is increased, the density of
sampling points, hence the resolution, is lowered. With
these techniques, the decision on trading off spatial
against temporal resolution must be made before the
measurement, requiring a priori knowledge about the
expected motion kinetics.

By contrast, the golden ratio-based increment angle
makes it possible to decide about the reconstruction
window parameter after the measurement. The in-
cremental angle amounts to 111.25°.?® Filling up the
frequency space with projections that include the golden
angle guarantees that two projections never overlap and
that projections are spread uniformly over the entire fre-
quency space. This enables a flexible reconstruction
without a priori knowledge because a reconstruction
window can contain an arbitrary number of projections.

As the fast Fourier transform®’ computation expects
the data to be received in a lattice form, the radial data
points have to be regridded.*” In this special case, a non-
uniform fast Fourier transform designed by Fessler®!
was used.

The sliding window reconstruction®’ is a view-sharing
technique. A certain number of adjacent projections are
pooled to form a reconstruction window (Figure 2).
This window slides along all the acquainted data points.
The image quality and the temporal resolution of the
motion depend on the width and the jump width of this
reconstruction window. If, to diminish the temporal
blurring artefacts, the number of spokes for one frame is
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decreased, one runs the risk of undersampling which
shows up in streaking artefacts in the image. One can
overcome this by filling the growing gaps in outer
k-space with data points farther from the frame centre
(KWIC filter).*>** The filter was originally designed
for dynamic imaging of changing image contrasts, like
in 77 or T, mapping.

After the complete reconstruction of the measure-
ment, a principle component analysis (PCA) was per-
formed on the data set in the image plane. Optimally,
the first principal components contain the image in-
formation, higher components contain noise. By cutting
off higher components, noise in the image can be reduced
and the image quality improved. It is not possible to
reduce MRI-induced artefacts because they are con-
tained in the image and are not normal distributed noise.

Capturing the motion of the TMJ relies on a rapid
imaging method to avoid blurring artefacts. However,
a frame requires a sufficient time span; hence, a radial
sampling pattern was utilized.

To obtain dynamic images, the measured data set was
reconstructed offline with Matlab (MathWorks, Natick,
MA). Notably, all post-processing algorithms could
potentially be implemented in the control computer of
the MRI system, so that the examiner can eye the videos
immediately after the measurement. Post-processing of
the data was achieved by a sequence comprising gridding,
sliding window or KWIC filter selection, a fast Fourier
transform and, optionally, a PCA.

The parameters of the reconstruction, such as number
of spokes, view sharing, principal components, were tuned
to receive an adequate balance in signal-to-noise ratio
(SNR), temporal resolution and spatial resolution. For
one frame, 34 projections were used for the sliding win-
dow reconstruction, which corresponds roughly to a time
window of 0.68 s. When using the KWIC filter, constant
Nyquist sampling was chosen.

To quantify the intra-articular space, the voxels were
counted.

After reconstruction, the animations were viewed by
a clinician and analysed for irregularities of anatomical
structures with emphasis on the articular disc, the con-
dyle and changes of the intra-articular space.

Results

A total of 22 informed and consenting subjects were
examined resulting in data sets, each containing radial
dynamic data from the two joints. All measurements were
well tolerated by the subjects. The average time demand
of a dynamic TMJ examination was roughly 5 min.

MR images of the TMJ before and after a PCA re-
construction are shown in Figure 3. The PCA filtering
process increases the SNR of the images and lead to
a more precise interpretation of the joint’s structures.
Outtakes of dynamic imaging of a healthy joint’s kine-
matics are shown in Figure 4. The dynamic image se-
quence displays selected images taken from one opening

Dentomaxillofac Radiol, 42, 20120436
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Figure 3 Before and after performing a principle component analysis. A considerable amount of noise could be removed from the image, and the

boundaries of the structures become better delineated

and closing cycle. The condyle and the fossa are de-
lineated sharply, the disc (arrow) is visible in the images
owing to the chosen echo time of TE = 12 ms. The disc
slides along normally during the opening movement of
the condyle (images from the closing movement are not
shown).

In Figure 5, a comparison is made between the kine-
matics of one subject’s TMJ at given points in time. The
sequence displays closing movement of the joint with
(left) and without (right) masticatory loading. Under
load, the condyle is depressed farther into the fossa during
terminal occlusion (left). In these images, the disc is not
always directly visible owing to a TE of 5ms. However,
the intra-articular distance provides sufficient information
about the size and localization of the disc.

An examination performed with the proposed method
revealed reasons behind painful symptoms experienced by
one subject, diagnosed with TMD beforehand, where
conventional diagnostics had not yielded conclusive
results able to explain the patient’s condition. In this case,

pain and clicking only occurred under unilateral loading
nearing the closed-mouth position. No pain was felt when
an unloaded closing motion was performed. Although
X-ray imaging indicated a deformed articular disc, it was
not until the dynamic MRI methods were applied that it
was found that the disc was displaced in front of the
condyle under masticatory loading. When the terminal
position was reached while chewing, the disc was
compressed between the condyle and the rear portion
of the articular fossa. Figure 6 illustrates the differences
in the joint space under unloaded (left) and loaded (right)
conditions. The imaging parameters in the static mea-
surement are chosen equally to the dynamic to obtain a
comparable accuracy.

Discussion

The goal of this study was to develop and evaluate a fast
dynamic MRI technique for measurement of the TMJ’s

Figure 4 Exemplary image series of a healthy joint (right side) during opening of the mouth. The mouth is (upper left) closed at the beginning of
the measurement and wide open (bottom right) at the end. The physiological movement of the disc in the intra-articular space is visible (arrow).
The series is reconstructed using the k-space-weighted image contrast filter at constant Nyquist sampling

Dentomaxillofac Radiol, 42, 20120436
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unloaded

Figure 5 Right temporomandibular joint during an ipsilateral loaded (left) and unloaded (right) closing movement of the jaw. At the end of the
series terminal occlusion is reached. While biting on candy, the cartilage in the intra-articular space is more compressed than in the unloaded state

motion with an arbitrary reconstruction window time
point and width, which would extend the work by Chen
et al'® and Shimazaki et al'® by providing real-time
dynamic measurements. The proposed method allows
for choosing the optimal trade-off between spatial and
temporal resolution after the measurement and does not
require any «a priori knowledge about the expected mo-
tion kinetics.

Axiographic methods are able to track the mandib-
ular motion in submillimeter resolution, yet it is not

easily possible to examine the loaded joint owing to the
need to fasten a tray with tracing markers to the man-
dible. With the method described here, loading is ach-
ieved by chewing on a cooled caramel toffee, which does
not interfere with the measurement method. The pro-
posed technique combines the advantages of axiography
(condyle movement) and static imaging (visibility of soft
tissue) under physical load condition, particularly relevant
for subjects claiming pain while chewing. Additionally,
the data are acquired with little effort in contrast to
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Figure 6 The MR image on the left-hand side shows a static
measurement of the temporomandibular joint with imaging parame-
ters comparable with the dynamic measurement. On the right-hand
side, the last image of a dynamic series of the same joint in terminal
occlusion under loading is shown. The deepest point of the fossa is
marked with a line, whereas the dotted and dashed lines indicate the
topmost point of the condyle. Note the different distances

axiography, as in most cases, TMD patients undergo
(static) MRI examinations anyway.

The radial trajectory is suitable for dynamic and
rapid imaging because the k-space is adequately covered
with only few projections. The Nyquist criterion deter-
mines the amount of sample points in k-space per area
unit. Sensitive low frequency information that contains
most of the image contrast is found in the centre of the
k-space, and in the case of radial imaging, the Nyquist
criterion for this part of the k-space is fulfilled with only
a few projections. Classic Cartesian sampling allows a
relatively high resolution but comes with the drawback
of long acquisition time (TA), rendering this method
unsuitable for moving objects.

Echo planar imaging represents a very fast Cartesian
imaging method, where the complete frequency space is
sampled within one pulse shot. Echo planar imaging
sampling substantially shortens TA, albeit by a margin
still not enough to capture rapid motions as they occur in
the TMJ, resulting in strong motion and undersampling
artefacts.
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