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Abstract

Purpose. The objective of this study was to analyse the possibilities of using 4D CT scanning for the
tracking of patients’ mandibles. Methods. A clinical 256-slice Revolution CT was used in obtaining 4D
CT scans without table movement, with a novel mandibular phantom, mounted on a programmable
six degrees-of-freedom Stewart Platform in motion. The phantom was used to simulate mandibular
motions which are combinations of rotations with translations (depression, elevation, protrusion,
retrusion and laterotrusion). The phantom was scanned five times during identical motion patterns
with a dynamic CT acquisition protocol. An image processing workflow consisting of a pairwise rigid
registration and semi-automatic segmentation was developed to extract kinematic parameters (cardan
angles and point-of-interest displacements) from the dynamic sequences. Reproducibility was
investigated by the 95% confidence interval and the absorbed organ dose to organs of interest in the
primary beam were also estimated and compared to those of a standard CT scan of the brain Results.
The maximum average 95% confidence interval for the displacement across all time points for the five
repetitions was 0.61 mm (Y axis). In terms of rotations, the maximum average 95% confidence interval
across all time points for the five repetitions was 1.39° (X axis). The effective dose for the dynamic scan
was found to be 1.3 mSv, for a CTDI,,, of 63.95 mGy and a DLP of 1023.14 mGycm. The absorbed
organ doses were similar to organ doses during a clinical head CT scan. Conclusions. A framework is
proposed to use 4D CT scanning as a possible methodology to evaluate the motion of the
temporomandibular joint. The scanning protocol allows to visualise the motion by applying a semi-
automated segmentation and registration. A graphical representation of all displacements in the three
spatial dimensions can depict multiple points-of-interest at once during the same acquisition. A novel
type of phantom was also introduced which simulates mandibular movement with six degrees-of-
freedom (three translations and three rotations).

Introduction

The temporomandibular joints (TM]Js) are very
complex and unique joints [1] in the human body:
both sides are connected to each other by the
mandible, and it is the only joint in the human body
that allows for a hinge and slide (rotation and
translation) motion during its operation. Non- or

minimally invasive surgery can be applied to most of

the temporomandibular disorders (TMD), but when
tissue-sparing surgery is not an option anymore, a
total temporomandibular joint prosthesis is often
the only remaining option. After surgery, patients
that have undergone such a joint replacement usually
have limited movement capabilities. Research by De
Meurechy et al has shown that post-operative phy-
siotherapy plays an important role in achieving good
postoperative results [2].

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Dynamic six degrees-of-freedom phantom of the mandible.

Even though various methods are described for the
evaluation of occlusion and mandibular movement
registration, limited methodologies exist to monitor
the functionality of the (diseased) temporomandibular
joints, especially the dynamic behaviour. Besides
methods like simply calculating certain condylar posi-
tions by measuring and converting mandibular excur-
sions or the use of a kinematic facebow, there are also
evaluation methods reported using x-ray imaging, e.g.:
single-plane fluoroscopy [3, 4], CBCT (cone-beam
CT) [3], and conventional computed tomography (3D
CT) [5]. They have inherent drawbacks, ranging from
providing only limited information (absence of
motion information due to only static images; only 2D
information) to methodologies that are difficult to
implement in a daily clinical workflow. A detailed ana-
lysis of condylar behaviour during movement can be
of potential interest to evaluate the progress of the
revalidation of the patient. This might be fulfilled by
dynamic 4D CT scanning, which adds a time dimen-
sion to 3D images.

The clinical use of 4D CT scanning has seen a vast
increase in the last two decades, with investigation and
visualization opportunities ranging from cardiac [6, 7]
and lung [8] applications and from research in the cen-
tral nervous system [7, 9, 10, 11] to dynamic MSK
applications in several joints (lower limb [12], wrist
[13, 14, 15]) and many other fields [16]. In addition to
providing 3D morphological information, this
method allows clinicians and radiologists to evaluate
multiple timeframes and thus the motion of the
inspected structures.

A case study by Akashi et al showed promising
results in using 4D CT for the evaluation of jaw move-
ment following mandibular reconstruction [17], but
no further research was done on this subject, especially
regarding optimization and validation of the protocol,
in particular for rehabilitation purposes.

Until now, a few static or rotary phantoms were
used in the validation of 4D CT scanning [18], but
such technical phantoms do not represent the anato-
mical complexity and motion of a mandible. A six
degrees-of-freedom (DOF) phantom is more suited to
evaluate the complex combinations of rotations and
translations of the TM]J.

The goal of this experimental phantom study was
to evaluate the feasibility of using dynamic CT scans to
track the progress of rehabilitating TMJ patients by
recording the motion of this joint. This was done by
establishing a scanning protocol and a realistic mock-
up phantom with detailed anatomical representation.
In addition, the complete image processing workflow
was set in place and the radiation dose to the patient
was simulated using a humanoid virtual phantom.

Materials and methods

To simulate mandibular movements with variable
speeds a 3D printed phantom was developed based on
segmented DICOM CT data of a healthy male jaw
(excluding temporal bone, retrieved from a head CT
from the radiology database) using Mimics Innovation
Suite 23, Materialise, Heverlee, Belgium) (figure 1).
The phantom is based on the Stewart Platform
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Figure 2. The clinical 256-slice Revolution CT (GE Healthcare, Waukesha, Wisconsin, USA) (left) which was used to obtain
continuous scans without table movement while the phantom (right) was in motion.

principle [19], which is a parallel manipulator with six
degrees-of-freedom (DOF) (forward/back, up/down,
left/right, yaw, pitch, roll) and which is often used in
flight simulators, robotics and additive manufactur-
ing. The device consists of a base plate which contains
six servo motors (Reely Standard Analog Servo RS-
606WP MG, 55 Ncm, 4,8-6V) that transform their
rotary motion into translations and rotations of the
upper plate via M3 rods and M3 ball heads. The
motors are driven by a microcontroller (Joy-IT UNO
R3 DIP with an ATMega328 microcontroller, Arduino
compatible) and a separate adjustable switching power
supply (Mean Well LRS-50-5, 10 A, 50 W, 5V/DC),
using different scripts (C/C++) in the Arduino IDE
(Arduino Software, Interaction Design Institute, Ivrea,
Italy) for simulating the five different motions of the
mandible [20]: depression, elevation, protrusion,
retrusion and laterotrusion. Both the upper and lower
platforms and the phantom mandible are manufac-
tured by fused filament fabrication of polylactic acid
(PLA) using an Ultimaker 3 (Ultimaker BV, Gelder-
malsen, The Netherlands) printer. To avoid scattering
and interference of the motors with the scanner, the
platform is mounted sideways, so that only the PLA
mandible is in the scanner field-of-view.

A clinical 256-slice Apex Revolution CT (GE Health-
care, Waukesha, Wisconsin, USA) was used in obtaining
continuous volume scans without table movement while
the phantom was in motion (figure 2). The Dose Length
Product (DLP) and Computer Tomography Dose Index
(CTDI,,) were recorded and the potential organ and
effective doses were calculated by the voxel based

Table 1. Details of the scan parameters used during
the studied scanning protocol.

Scan parameter Value
Tube voltage 120 kV
Tube current 80 mA
Tube rotation time 0.28s
Reconstructed slice thickness 1.25 mm
Reconstructed Field of View 320 mm
Collimation 128 x 1.25 mm
Dose length product 1023 mGycm
CTDI 63.9mGy
ASIR-level 50%
Image matrix 512 x 512
Scan duration 6s

dosimetry model of the National Cancer Institute [21].
Table 1 shows details of the scan parameters. In addition,
the dose of a standard CT scan of the brain (DLP = 1000
mGy, CTDI,, = 60 mGy) was considered for compar-
ison [22]. Figure 3 illustrates the scan range used for
organ dose and effective dose estimations for the
dynamic scan of the jaw and that of a clinical brain scan.

Motion information was obtained by a voxel-
based pairwise rigid registration between the image
data from each time point in the dynamic scan
sequence with a reference image chosen from within
the sequence. The pairwise rigid registration can be
mathematically expressed as

f = argmin C(f(x), g,(T,(x))), (1)

where f represents the reference image (chosen by the
user), g, represents one of the subsequent images

3
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brain scan (right).

Figure 3. The scan range used for organ dose and effective dose estimations for a dynamic scan of the jaw (left) and that of a clinical

posterior axis and Z represents the inferior-superior axis.

Figure 4. The segmented mandible on top of the phantom Stewart Platform. Point-of-interest F-1 is indicated with a circle. The three
axes describing the directions of displacement of the point (black arrows) and the rotations around these axes (grey arrows) are also
shown. The described axes follow the reference frame of the CT, where X represents the left-right axis, Y represents the anterior-

depicting the phantom in the various phases of motion
and x is a vector of the spatial coordinates over the
image. The transformation T which aligns the two
images was optimized over a set of parameters . The
quality of alignment between the reference image and
the dynamic time points is determined by the cost
function C (similarity metric). The segmented refer-
ence image facilitated the computation of the cost
function over the temporomandibular joint and its
immediate vicinity.

A series of rigid transformation matrices (T,t) were
estimated for each time point (¢). Cardan angles were
extracted to describe the motion of the phantom. In

addition, the displacement of a point-of-interest (POI)
manually placed on the right mandibular condyle of
the static image (figure 4) was computed by transform-
ing the point using the obtained transformation
matrices.

The most common mandibular extrusions were
combined in one single motion sequence which was
then scanned and analysed. The movement contained
the following specific order in 4.5 seconds (which was
continuously repeated): a mandibular depression,
protrusion, laterotrusion to the left, laterotrusion to
the right, retrusion and mandibular elevation. The

4
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Figure 5. A coronal (upper row, left), axial (upper row, right) and sagittal (bottom row, left) static image and volume rendered image
(bottom row, right) of the mandible phantom.

C. Closed position
O. Open position
L. Left position

Figure 6. The tracking of point-of-interest F-1 in all three main directions of the scanner during the combined motion of the phantom.
Shaded regions represent the 95% confidence interval for the five repetitions.

Y « axis Z - axis

(maximum) excursions of the phantom jaw motion
are based on measurements done by hand according
to the clinical protocol used in the craniomaxillofacial
surgery department: using a jaw scale (TheraBite
Range of Motion Scale), the maximal positions of the
jaw during depression, left/right laterotrusion and
protrusion are measured and programmed into the
phantom. The magnitudes of these motions were
derived from mandibular excursions on a healthy sub-
ject, which are typically larger and faster than those of
a TM]J patient [23]. The phantom’s movement was
scanned five times (without temporal synchroniza-
tion) and the 95% confidence interval across all time
points for the five repetitions was evaluated as a mea-
sure of reproducibility. This confidence interval was
determined based on the tracked displacement (in the

three main directions of the scanner) of the POI and
the cardan angles of the phantom.

Results

Figure 5 shows CT images of the phantom and a
volume rendered image. Figure 6 shows that the
predominant displacement can be observed along the
Y-axis (of the scanner) which agrees with the motion
of the phantom during the CT acquisition. Cardan
angles describing rotations around the three axes for
the entire jaw phantom are shown in figure 7. The
predominant rotation is observed around the X-axis
with minimal rotation around the Z- and Y-axes. The
average 95% confidence interval for the displacement
across all time points for the five repetitions was
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represent the 95% confidence interval for the five repetitions.

Figure 7. Cardan angles in all three main directions of the scanner during the combined motion of the phantom. Shaded regions

(ww) Z

Displacement of POI on condyle

Figure 8. 3D plot representing the displacement of the POL The different colorscales represent different time frames.

0.41 mm (relative variation: 9.1%), 0.61 mm (relative
variation: 3.9%) and 0.20 mm (relative variation:
4.0%) for the X-, Y- and Z- axis respectively. In terms
of rotations, average 95% confidence interval across all
time points for the five repetitions were 1.39° (relative
variation: 21.4%), 0.31° (relative variation: 62.0%)
and 1.29° (relative variation: 64.5%) for the X-, Y- and
Z-axis respectively. Figure 8 shows a 3D plot repre-
senting the displacement of the POI.

The effective dose for the dynamic scan was found
to be 1.3 mSy, for a CTDI,, of 63.9 mGy and a DLP of
1023 mGycm. Doses to organs of interest are pre-
sented in table 2, including a comparison to doses for a
clinical head CT scan.

Discussion

Our study showed that quantitative information of
TMJ movement can be obtained from a single
dynamic CT scan. The phantom with six degrees-of-
freedom is adaptable for multiple cases: the combina-
tion of a translation in all three directions (X, Y and Z)
and all rotations (pitch, jaw and roll) allows research-
ers to create biomimetic movements, similar to those
of healthy subjects (whose excursions are faster and
larger than those of people with diseased TM]Js [23]).
The rigid registration of the dynamic CT images
facilitated the computation of transformation matri-
ces from which 6 DOF kinematic motion parameters
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Table 2. Comparison between the organ doses in this study and those in a clinical brain scan according to European diagnostic reference

levels.
Organ dose for a dynamic CT scan of the mandible (mGy) Organ dose for a clinical brain scan (mGy) (Effective

Organ (Effective dose: 1.3 mSv) dose: 1.5 mSv)

Brain 10.8 43.0

Salivary glands 49.0 40.3

Pituitary gland 36.6 41.5

Eyelens 27.4 49.5

Oral cavity 36.6 33.8

Spinal cord 8.6 6.3

Thyroid 2.9 1.8

were extracted. The workflow resulted in reproducible
kinematic parameters across all axes (average 95%
confidence interval below 0.6 mm and 1.4°), as is
shown from the five repeated experiments.

Dose to the patient is of importance in any imaging
modality that involves ionizing radiation. The effective
dose for the dynamic scan was 1.3 mSv, comparable to
that of a routine clinical adult brain CT scan (1.5 mSv
[24, 25]), but higher than that of a CBCT
(0.1-0.35 mSv [26]). Since the temporomandibular
joints are located rather close to the eyes, the dose
reaching the eye and other organs in this region is of
concern. The absorbed dose to the eye lens in this
dynamic study was 27.4 mGy which lies below the
reported range of 3050 mGy associated with CT scan-
ning of the head [27]. The positions of the patient’s
head can also be further optimized to reduce this dose.
The head can be tilted backwards to prevent direct
radiation passing through the eyes, but this can influ-
ence the measured motions, since this tensions mus-
cles needed for the movements and prevents a full
range-of-motion of the mandible.

Visual and graphical motion representation of all
mandibular extrusions potentially provide cranio-
maxillofacial surgeons valuable information for post-
operative evaluation and follow-up of patients that
potentially suffer from temporomandibular joint dis-
orders. Such information could potentially contribute
to optimise the patients’ treatment and rehabilitation
plan. The graphical 3D representation of the displace-
ments in all directions of certain points-of-interest can
be an addition to the Range Of Motion measurement
in the Helkimo Index (an index to assess tempor-
omandibular disorders in a specified population) [28],
which is currently measured by hand in only two
dimensions. Especially since multiple points-of-inter-
ests can be evaluated during the exact same motion
(and thus, no inter-cycle variability is present), e.g.,
both condyles and the incisor teeth. These measure-
ments could now be (semi-)automated to allow the
surgeon to investigate these excursions in 3D rather
than a simplified frontal measurement. This metho-
dology can then even be considered to reconstruct a
patient-specific Posselt’s envelope of motion [20] in
3D, both before surgery and during rehabilitation,
which potentially offers useful information to the

surgeon. An additional advantage of this technique is
the fact that the images can be used further in the pro-
cess, during for example the design of patient specific
total temporomandibular joint replacement implants

A limitation to this study is the lack of a validation
of the motion kinematics estimated from the dynamic
images. The use of a Vicon set-up (3D motion capture
system) or a Kinect system (motion sensing input
devices produced by Microsoft) could provide kine-
matics parameters which can be compared to the
motion parameters obtained by dynamic CT. Sec-
ondly, we did not consider the effect of metal artifacts
caused by the potential presence of implants. Thirdly,
different motion ranges and speeds were not eval-
uated. Lastly, this research was performed on a poly-
mer mandible, without representative soft and hard
(temporal bone) tissue materials. However, research
by Keelson et al [29] has shown that this scanning and
registration protocol is also applicable in human sub-
jects (who have both soft and hard tissues). Further
validation (e.g. via clinical trials) should still be carried
out, before applying this protocol to patients.

Conclusion

A framework is proposed to use 4D CT scanning as a
potential methodology to evaluate the motion of the
temporomandibular joint. The scanning protocol
allows to visualise the motion by applying a semi-
automated segmentation and registration. A graphical
representation of all displacements in the three spatial
dimensions can depict multiple points-of-interest at
once during the same acquisition. A novel type of
phantom was also introduced which simulates man-
dibular movement with six degrees-of-freedom (three
translations and three rotations).
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