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Multi-slice real-time MRI of temporomandibular joint dynamics
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Objectives: The purpose of this work was to improve the clinical versatility of high-speed
real-time MRI studies of temporomandibular joint (TMJ) dynamics by simultaneous record-
ings of multiple MRI movies in different sections.

Methods: Real-time MRI at 3 T was realized using highly undersampled radial FLASH
acquisitions and image reconstruction by regularized nonlinear inversion (NLINV). Multi-
slice real-time MRI of two, three or four slices at 0.75mm resolution and 6 to 8 mm thickness
was accomplished at 50.0 ms, 33.3 ms or 25.5 ms temporal resolution, respectively, yielding
simultaneous movies at 2 X 10, 3 X 10or 4 X 10 frames per second in a frame-interleaved
acquisition mode. Real-time MRI movies were evaluated by three blinded raters for visibility
of the anterior and posterior border of disc, shape of the disk body and condyle head as well
as movement of the disc and condyle (1 = excellent, 5 = no visibility).

Results:  Effective delineation of the disk atop the mandibular condyle was achieved by 7'-
weighted images with opposed-phase water-fat contrast. Compared to 8§ mm sections, multi-
slice recordings with 6 mm thickness provided sharper delineation of relevant structures as
confirmed by inter-rater evaluation. Respective dual-slice and triple-slice recordings of a single
TMIJ as well as dual-slice recordings of both joints (one slice per TMJ) received the highest

visibility ratings of < 2 corresponding to high confidence in diagnostic content.

Conclusions:

The improved access to TMJ dynamics by multi-slice real-time MRI will

contribute to more effective treatment of temporomandibular disorders.
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Introduction

The temporomandibular joint (TMJ) is one of the
important structures aiding in the opening and closing
of the mouth during articulation, chewing and swal-
lowing. Temporomandibular disorders (TMD) refer to
impaired functioning of the TMJ and frequently involve
an abnormal disk-condyle relationship and pain.! The
diagnosis of TMD usually involves conventional MRI at
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several static positions of the closed and opened mouth.
The procedure is considered as gold standard? despite
the fact that it lacks dynamic information regarding the
movement of the joint. This problem may be overcome
by recent advances toward high-speed real-time MRI
which treat the reconstruction of a series of undersam-
pled gradient-echo images as the solution to a nonlinear
inverse (NLINV) problem with temporal regulariza-
tion.> The method has been shown to offer high spatio-
temporal fidelity* for cross-sectional imaging in a large
variety of scientific and clinical settings, in particular
MRI studies ranging from articulation® or brass playing®
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to swallowing,”® cardiac function’, through-plane flow of
blood!*!" and cerebrospinal fluid.'>!3

The aim of this work is a further development of the
NLINV method to extend previous single-slice real-
time MRI studies of the TMJ'*!5 by multi-slice record-
ings with even shorter acquisition times and improved
contrast. While previous applications'*!> mainly focused
on the evaluation of 7/T -weighted or T, -weighted
contrasts, their temporal resolution of 67 ms was
already significantly faster than alternative approaches
to “dynamic” MRI of the TMJ with acquisition times
on the order of 1s.!% Multi-slice approaches have
been suggested as advantageous for real-time cardiac
imaging,? fetal imaging,? swallowing, and the visu-
alization of speech processes.”* However, these studies
were compromised by limited spatial and temporal
resolution, while nominally high frames rates were only
obtained by data sharing with use of sliding-window
techniques. For example, the recent work by Kim et
al** proposed a dual-slice (triple-slice) protocol at 2.4
x 2.4 X 6.0 mm? (3.0 X 3.0 X 6.0 mm?) spatial resolu-
tion within an acquisition time of 156 ms (163 ms). In
contrast, the present work offers real-time TMJ studies
at 0.75 X 0.75 x 6.0 mm? spatial resolution and up to
25.5 ms temporal resolution yielding four simultaneous
movies each at 10 frames per second (fps).

Methods and materials

The study was approved by the institutional review
board of the University Medical Center Gottingen and
all participants gave written informed consent before
MRI. 10 volunteers without TMJ disorders (7 males, 3
females, age 29.3 + 10.1 years, range 21-56 years) were
recruited from the local University after clinical exam-
ination according to RDC/TMD criteria. MRI was
conducted on a commercial 3.0 T MRI system (Prisma
Fit, Siemens Healthcare, Erlangen, Germany) with use
of a dedicated dental 15-channel RF coil (NORAS
MRI Products, Hochberg, Germany).

Multi-slice real-time MRI

Real-time MR1Iwas based on highly undersampled radial
FLASH acquisitions with spoiling of transverse magne-
tizations by randomized RF phases* and image recon-
struction by NLINV with temporal regularization.>*!10
Post-processing involved the application of a modified
non-local means algorithm for spatial filtering.”® Apart
from the data presented here, the actual development
of a multi-slice real-time MRI technique relied on
extensive phantom studies and in vivo trials to optimize
image quality, disk contrast, and artifact-free represen-
tations of jaw movements under natural physiological
conditions. In particular, the possibility to enhance the
signal-to-noise ratio (SNR) by increasing the flip angle
of the FLASH acquisition for spokes-interleaved multi-
slice acquisitions with prolonged TR was discarded,
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because of the concomitant increase of the acquisition
time per frame, i.e. the temporal footprint probing the
TMJ movement. Instead, interleaved multi-slice acquisi-
tions with a maximum temporal footprint of 50 ms per
frame were considered necessary to properly monitor
TMJ mechanics. All protocols proposed here therefore
employ frame-interleaved multi-slice acquisition modes
for real-time MRI of the TMJ.

The request for high in-plane resolution and adequate
SNR led to the choice of a minimum acquisition time
of about 25 ms. Based on previous high-speed real-time
MRI studies*® the resulting acquisition of 11 spokes per
frame represents a robust degree of undersampling for
reliable NLINV reconstructions of moderately sized
data matrices. Finally, in contrast to preceding TMJ
studies favoring a darkened T7,/T, contrast with use
of refocused FLASH acquisitions,'*!> a bright signal
intensity of the disk and an improved contrast of its
anterior and posterior border during movement were
achieved by a T|-weighted spoiled FLASH acquisi-
tion® in combination with a short gradient-echo time
that ensured opposed-phase conditions for water-fat
contributions. Moreover, the resulting short TE values
markedly reduced residual susceptibility differences, e.g
due to the vicinity of the air-filled ear canal, and further
improved overall image quality.

Four different multi-slice real-time MRI proto-
cols of potential clinical utility were evaluated in the
course of this study. Technical details are summarized
in Table 1: (1) Dual-slice recordings of a single TMJ at
50.0 ms resolution, (2) triple-slice recordings (lateral,
central, medial position) of a single TMJ at 33.3 ms
resolution, (3) dual-slice recordings at 50.0 ms resolu-
tion with one central slice covering each joint, and (4)
quadruple-slice recordings at 25.5 ms resolution with
two slices covering each TMJ. All real-time MRI movies

were acquired using 7, contrast with opposed-phase

Table 1 Acquisition parameters for multi-slice real-time MRI of the
T™J

Single Single Both Both
Joint Joint Joints Joints
Number of slices 2 3 2 4
Field-of-view/mm? 128 x 128
Image matrix size 170 x 170
Resolution/mm? 0.75 x 0.75
Flip angle/degree 14
Slice thickness/mm 8/6 6 8/6 8/6
Repetition time/ms 2.38 2.21 2.38 2.32
Echo time/ms 1.33 1.33 1.34 1.33
Bandwidth/Hz pixel™! 820 1090 980 1090
Number of spokes 2x21 3x15 2x21  4x11
Acquisition time per
frame/ms 50.0 332 50.0 25.5
Frame rate/fps 2x10 3x 10 2x10  4x10

fps, frames per second; TMJ, temporomandibular joint.
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water-fat condition (i.e. TE = 1.33 ms at 3 T), a rate of
10 fps, and a temporal footprint of 25 to 50 ms.

Online reconstruction and display of real-time images
was achieved by a parallelized version of the NLINV
algorithm?® and a bypass computer (sysGen/TYAN
Octuple-GPU, 2 X Intel Westmere E5620 processor,
48 GB RAM, Sysgen, Bremen, Germany) equipped with
two processors (CPUs, SandyBridge ES5S- 2650, Intel,
Santa Clara, CA) and eight graphical processing units
(GPUs, GeForce GTX, TITAN, NVIDIA, Santa Clara,
CA). This system is fully integrated into the recon-
struction pipeline of the commercial MRI system via a
1 GBit network connection. Overall online reconstruc-
tion speed was about 20 fps for dual-slice recordings and
28 fps for triple- and quadruple-slice recordings.

Study protocol

All MRI measurements were performed in supine posi-
tion. A timing protocol which schematically visualized
the opening and closing of the mouth was shown to
the subjects during scanning using an LCD monitor
inside the scanner room about 1 m behind the patient
table. Subjects viewed the visual instruction with use
of a mirror atop the head coil. Each measurement had
a total duration of 60 s and consisted of two times
opening and closing of the mouth (8 s for each of the
four movements).

Slice orientations, perpendicular to the condyles,
were chosen according to a set of rapid localizer scans
(1 s per section) performed in sagittal, transversal, and
coronal orientations. The actual study started with
triple-slice recordings at a slice thickness of 6 mm of
both the right and left TMJ. Subsequently, dual-slice
recordings (two slices on a single TMJ, one slice on each
TMJ) and quadruple-slice recordings (two slices on each
TMJ) were performed with a slice thickness of 6 and
8 mm. These recordings were positioned according to
the functional information obtained from the triple-slice
recordings. The total duration of all measurements per
subject, including subject preparation and coil posi-
tioning, was about 30 min.

Data evaluation

Real-time MRI movies were evaluated by three indepen-
dent raters with extensive experience in TMD diagnostics
using MRI. All raters were blinded to both subjects and
clinical examinations. The TMJ internals evaluated were
anterior and posterior border of the disc, shape of the
disk body and condyle head, and movement of the disc
and condyle. Disc location and condyle movement were
evaluated regarding disorders of the TMJ. Inter-rater
scores were defined as 1 = excellent visibility and very high
confidence in diagnostic content, 2 = good visibility and
high confidence in diagnostic content, 3 = just visible, 4 =
poor visibility without confidence in diagnostic content,
and 5 = no visibility of TMJ structures. The mean and
standard deviation were evaluated separately for the left
and right TMJ. The inter-rater reliability for the evaluation
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Figure 1 Effect of slice thickness. Dual-slice real-time MRI of the
right and left temporomandibular joint of a healthy subject during
voluntary opening of the mouth (2 X 10 frames per second, 0.75 mm
resolution): Selected frames (oblique sagittal views) of only one of two
simultaneous real-time MRI movies (right TMJ) with (left) 6 mm and
(right) 8 mm slice thickness. For experimental details see Table 1. TMJ,
temporomandibular joint.

of the quality of visualized TMJ structures was calculated
using Kendall’s coefficient of concordance (W), defined
as: weak agreement with a coefficient between 0.11
and 0.30, moderate agreement between 0.30 and 0.50,
strong agreement between 0.51 and 0.70 and extremely
strong agreement between 0.71 and 0.90.” In addition,
Bland-Altman analysis was performed to compare the
different multi-slice real-time MRI recordings. Further,
p values were evaluated for all real-time MRI movies with
the significance level set to 5% for all statistical tests. All
analyses were performed with the statistics software R (v.
3.1.2, www.r-project.org) and XLSTAT software (Addin-
soft company, Paris, France).

Results

After clinical examination and radiological evaluation
of real-time MRI data none of the subjects presented
with a TMJ disorder. Figure 1 shows selected images
at 6 and 8 mm slice thickness taken from simultaneous
dual-slice recordings of both joints (i.e. one central slice
per TMJ) at an intermediate time point during opening
of the mouth (Supplementary Video 1). In T -weighted
images the condyle and disk are represented by low and
high intensities, respectively. Although slightly better
SNR was observed for acquisitions with 8 mm slice
thickness, recordings at 6 mm slice thickness resulted
in sharper borders of TMIJ structures, especially of
the disk and condyle. Figure 2 shows images at 6 mm
slice thickness selected from triple-slice recordings in
a medial, central and lateral position (Supplementary
Video 2). As observed in previous single-slice real-time
MRI studies,'*!* a double-oblique central orientation
perpendicular to the top of the condyle provides the
most comprehensive information about the movement
of the disk and condyle.

Figure 3 depicts images from a dual-slice recording in
a medial and central position of the right TMJ at 6 mm
slice thickness and 50 ms temporal resolution (Supple-
mentary Video 3). Alternatively, Figure 4 (Supplemen-
tary Video 4) presents images from a corresponding
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Figure 2 Triple-slice real-time MRI of the right temporomandibular
joint of a healthy subject during voluntary opening of the mouth (3
% 10 frames per second, 0.75 mm resolution, 6 mm section thickness):
Selected frames (oblique sagittal view) of three simultaneous real-time
MRI movies in a (left) lateral, (middle) central, and (right) medial
section of the TMJ. For experimental details see Table 1. TMJ, tempo-
romandibular joint.

dual-slice recording of both joints (one central slice per
TMJ). This latter approach offers excellent SNR for
both joints as well as more information regarding the
dynamics of the entire jaw during physiological action.

Figure 5 shows quadruple-slice recordings, i.e. two
medial and two central slices of both joints at 6 mm
slice thickness (Supplementary Video 5). Although the
use of a higher degree of data undersampling per frame
causes a slightly lower SNR in comparison to other
multi-slice recordings, the TMJ structures were clearly
recognizable to allow for a good diagnostic evaluation.
This protocol best covers the regions of both joints and
thereby provides the maximum information.

Figure 6 summarizes the ratings of the multi-slice
real-time recordings by three raters. In general, multi-
slice real-time MRI at 6 mm slice thickness received
a higher rating. A comparison of all 6 mm protocols
evaluated in this study resulted in the highest ratings
for dual-slice and triple recordings of a single TMJ as
well as for dual-slice recordings of both joints (one slice
per TMJ). The ratings of 2 or even slightly lower corre-
spond to good visibility of TMJ structures and high
confidence in diagnostic content.

Kendall’s W values were between 0.74 and 0.91 for all
multi-slice real-time MRI protocols. High Kendall’s W
values indicate extremely strong inter-observer agreement.
Bland-Altman analyses showed higher ratings for acqui-
sitions with 6 mm slice thickness compared to 8§ mm slice

Figure 3 Dual-slice real-time MRI of the right temporomandibular
joint of a healthy subject during voluntary opening of the mouth (2
% 10 frames per second, 0.75 mm resolution, 6 mm slice thickness):
Selected frames (oblique sagittal view) of two simultaneous real-time
MRI movies in a (left) central and (right) lateral position of the TMJ.
For experimental details see Table 1. TMJ, temporomandibular joint.
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Figure 4 Dual-slice real-time MRI of the (left) right and (right)
left temporomandibular joint of a healthy subject during voluntary
opening of the mouth (2 X 10 frames per second, 0.75 mm resolu-
tion, 6 mm slice thickness): Selected frames (oblique sagittal views)
of two simultaneous real-time MRI movies. For experimental details
see Table 1.

thickness over all recording modalities. The bias between
the compared approaches lay between * 0.63 and * 0.80
which was interpreted as clinically significant. Further,
the statistical tests indicated high significance (p values <
0.0001) for all real-time MRI movies.

Discussion

This study successfully extends single-slice real-time
MRI assessments of TMJ dynamics'*" to simulta-
neous movie recordings in multiple sections and with
improved disk contrast and overall image quality during
movement. The proposed methods offer comprehen-
sive and time-efficient volume coverage, preferably at

Figure 5 Quadruple-slice real-time MRI recording of the (top)
right and (bottom) left temporomandibular joint (two slices each)
of a healthy subject during voluntary opening of the mouth (4 X 10
frames per second, 0.75 mm in-plane resolution, 6 mm slice thickness):
Selected frames (oblique sagittal views) of four simultaneous real-time
MRI movies in a central and lateral position of both joints. For exper-
imental details see Table 1.


http://birpublications.org/dmfr
https://www.birpublications.org/doi/suppl/10.1259/dmfr.20180162/suppl_file/Supplementary_Material5.mp4

Single TMJ, 2 Slices,
8 mm Slice Thickness

Real-time MRI of TMJ dynamics
Krohn et a/

50f 6

Dual TMJ, 1 Slice,
8 mm Slice Thickness

Dual TMJ, 2 Slices,
8 mm Slice Thickness

4 ®
T +
3
+ + +
2 L .
T =+ T
1 ®
Single TMJ, 3 Slices, Single TMJ, 2 Slices, Dual TMJ, 1 Slice, Dual TMJ, 2 Slices,
6 mm Slice Thickness 6 mm Slice Thickness 6 mm Slice Thickness 6 mm Slice Thickness
+ Mean *Min/Max o Outlier

Figure 6 Ratings (three observers) of the multi-slice real-time MRI protocols used for studying TMJ dynamics (10 subjects): 1 = excellent visi-
bility, 2 = good visibility, 3 = just visible, 4 = poor visibility, 5 = no visibility.

a slice thickness of only 6 mm, and in particular allow
for an accurate dynamic characterization of the entire
jaw by simultaneous real-time MRI recordings of both
joints. In this context the proposed triple-slice real-
time MRI recordings of a single TMJ served as a very
effective functional localizer for subsequent dual-joint
measurements at similar quality. In fact, despite some
loss in SNR, even quadruple-slice acquisitions with two
real-time MRI movies covering each TMJ resulted in a
comprehensive visualization of jaw dynamics at clini-
cally acceptable image quality.

Further, such data will be advantageous for post-pro-
cessing strategies which aim at four-dimensional visual-
ization and biomechanical analyses of all TMJ structures
during physiological movement. In turn this could aid
in better understanding physiological and pathological
processes, designing improved TMD treatment methods
or even allow for image-guided intervention.

A limitation of this work is the restriction to a group
of normal subjects. While adequate for evaluating meth-
odological progress and demonstrating in vivo feasibility
under normal physiological conditions, future extensive
studies on a large cohort of patients are warranted in
order to further develop clinically optimized sequence
versions and measurement protocols that best match
different clinical questions. Moreover, the current online
visualization of multi-slice real-time MRI acquisitions
relied on the integration of a GPU-equipped bypass
computer into the commercial MRI system to achieve

highly accelerated NLINV reconstructions. Finally,
the entire study benefited from the use of a dedicated
15-channel RF coil.

In conclusion, this study demonstrates the technical
feasibility and potential clinical usefulness of multi-
slice real-time MRI for studying TMJ dynamics. Simul-
taneous access to real-time MRI movies in multiple
sections at a rate of 10 fps each promises a compre-
hensive and time-efficient characterization of TMJ
dynamics and extended TMD diagnostics.
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