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Abstract: Clinical use of portable optical tracking system in dentistry could improve the analysis of
mandibular movements for diagnostic and therapeutic purposes. A new workflow for the acquisition
of mandibular kinematics was developed. Reproducibility of measurements was tested in vitro and
intra- and inter-rater repeatability were assessed in vivo in healthy volunteers. Prescribed repeated
movements (n = 10) in three perpendicular directions of the tracking-device coordinate system were
performed. Measurement error and coefficient of variation (CV) among repetitions were determined.
Mandibular kinematics of maximum opening, left and right laterality, protrusion and retrusion of five
healthy subjects were recorded in separate sessions by three different operators. Obtained records
were blindly examined by three observers. Intraclass correlation coefficient (ICC) was calculated to
estimate inter-rater and intra-rater reliability. Maximum in vitro measurement error was 0.54 mm
and CV = 0.02. Overall, excellent intra-rater reliability (ICC > 0.90) for each variable, general excellent
intra-rater reliability (ICC = 1.00) for all variables, and good reliability (ICC > 0.75) for inter-rater tests
were obtained. A lower score was obtained for retrusion with “moderate reliability” (ICC = 0.557) in
the inter-rater tests. Excellent repeatability and reliability in optical tracking of primary movements
were observed using the tested portable tracking device and the developed workflow.

Keywords: kinematics; dentistry; mandible

1. Introduction

Object identification in a 3D spatial system and precise tracking of movements have
always been an issue for non-invasive biomechanical and/or clinical researchers dealing
with motion-tracking systems in any field of movement science. Typically, to detect the
motion of a body segment, active or passive markers are connected to the skin of the
subject and their spatial position is acquired by tracking devices based on different motion-
capturing techniques [1]. In the field of dentistry, several systems have been developed in
the past with the goal of dynamically analyzing jaw motion [2–5]. In contrast with other
body segments, the jaw offered the unique possibility to connect the markers directly to
the dental arches, thus excluding the main source of error due to the motion of the skin
relative to the bones [6]. For their complex experimental set-up, motion-tracking analysis
were originally custom-made devices conceived for laboratory and research purposes.
However, technological developments, as downsizing of the hardware and improvement
of the acquisition techniques, led to more compact and less-expensive instruments also
accessible for clinical set-ups.

A newly commercially available portable system for optical motion-tracking named
Polaris Spectra has been developed in the past years by Northern Digital Inc. (Waterloo
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University Canada) and has been successfully used in several medical fields [7,8], showing
promising results. This device has the advantage of small size and simple set-up require-
ments. Studies using this system were conducted in neurosurgery, spinal surgery, robotic
surgery, and facial transplantation [7] with a distance error of 0.35 mm RMS (root mean
square-85% of cases) [8].

This type of device may be also introduced in a clinical context in the field of dentistry
to quantitatively analyze the range of motion of the mandible. In fact, non-invasive tracking
systems can detect irregularities in the mandibular function that can otherwise appear
clinically normal. For instance, in the case of mandibular movements with a normal mouth
opening, a tracking system can identify a change of the mandibular movements during
mouth opening into their rotatory (lower temporo-mandibular (TMJ) compartment) and
translatory elements (upper TMJ compartment) [9,10]. Furthermore, for a more sophisti-
cated biomechanical analysis of the mandibular motion, a three-dimensional animating
technique called dynamic stereometry, has been developed in the past based on active
markers, optoelectronic motion-tracking and subject-specific anatomical information ob-
tained utilizing standard tomographic methods (e.g., CBCT, MRI). This method allows
the dynamic representation of the relative movement of the mandible with respect to the
head and performs quantitative measurements within the joint of the analyzed subject.
In particular, the intra-articular space can be quantified and any anatomical point on the
articular surface of the joint during functional movements can be tracked [11]. The combi-
nation of motion and anatomy, until now confined mainly within the research field, could
allow innovative dynamic diagnostic tests applicable for example in DC-TMD nosological
classification when translated into the clinical settings [12]. For this reason, a precise and
reliable determination of the mandibular motion relative to the head has to be provided by
the selected tracking system. Effectively tracked motion of mandibular positioning and
movements in 3D could allow precise recreation of its digital dynamic model. Therefore,
its accuracy is crucial for the evaluation of the device’s effectiveness.

Several authors have proposed methods of mandibular movement registration by the
use of a binocular high-precision triaxial electronic translator [13,14], photogrammetry [15],
the combination of a digital caliper rule and 3D ultrasonic Jaw Motion Analyzer [16]
or by the use of an ultrasound system [17]. Moreover, the registration process allows
for the 3D spatial movement record to be combined with 3D-rendered models of the
cranio-facial structures obtained from radiological images (CBCT or MRI) including the
temporomandibular skeletal structures [18]. The new augmented reality-based systems
that are rising in their popularity could in the future largely benefit from optical trackers
since they can be used as the link between the digital and real positions of an object in a
3D system [19]. The precision of the transferred radiological reconstruction to the tracking
system depends on the complete workflow of the experiment: precision of the tracking
device, reliability and reproducibility of the tracking measures, software data processing of
the acquired motion and finally precise measure of the relationship between the anatomical
structures and the system acquisition points chosen.

The present study aimed to develop a new workflow for the use of the portable
Polaris-NDI device and quantitatively validate the proposed operative workflow for the
measurement of the mandibular range of motion in-vitro and in-vivo in a healthy sample
using the developed acquisition technique.

2. Materials and Methods
2.1. Subjects

A convenient sample of five volunteers (4 males and 1 female aged 21 to 28 years, mean
age 23.8 ± 2.77 years,) recruited among the students of the Department of Orthodontics of
the University of Milan, Italy, participated in the study. The number of participants was
kept low because the work was intended as a pilot study.

Inclusion criteria for the participants were the absence of TMJ problems according to
the diagnostic criteria for Temporomandibular Disorders DC/TMD [20] with fully sound
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dentition. Subjects presenting any orthodontic devices were excluded. Participants were
accurately informed about the study procedures and they were ensured that they could
leave the study at any time. The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of the University
of Milan (protocol code IRB012020 doc SO 01).

2.2. Experimental Set-Up

For each subject, upper and lower dental impressions were taken and dental casts were
obtained. A resin model of the vestibular inferior arch was designed to fit the inferior dental
arch. Two copies of a rigid splint were designed using Catia v. R2019x (IBM, New York,
NY, USA) and 3D-printed in resin for each volunteer from dental cast to fit the volunteer’s
buccal dental anatomy in a stable position (3D-Printed dental adapter) (Figure 1).
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Figure 1. Dental resin model designed to fit the patient’s inferior dental arch anatomy without interfering with occlusion.
(a) Top view; (b) Detail of the connector for the standardized external support carrying the markers; (c) side view of the
object in patient’s mouth.

Four retro-reflective spherical markers (diameter 10 mm) were attached with a distance
of 30 mm from each other to a standardized external support. The external support was then
connected by a metal connector to the 3D-printed dental adapter to form the Mandibular
Tracking Support (MTS). Upon mounting of the MTS, the metal connector was scanned
with a professional 3D structured-light scanner (inEos X5, Sirona, Charlotte, NC, USA)
in order to determine the distance between the markers and the dental arch [21,22]. This
geometrical relationship was used to derive the position of the teeth in the data analysis.
Four additional retro-reflective markers were located on a standardized 3D-printed external
set-up on the glabella (Cranial Tracking Support, CTS), well fixed to the head (Figure 2).
The cranial support CTS defined a cranial plane of reference. The mandibular support
MTS defined the movement plane and its movements were described relative to the cranial
plane of reference.

Movements were recorded using a portable optoelectronic three-dimensional motion
tracking system operating at 60 Hz (Northern Digital Inc., Polaris Spectra, Waterloo, ON,
Canada). Briefly, the tracking device consists of two high-resolution infrared-sensitive
charge-coupled-device video cameras coupled with a video processor with a working
volume of 1500 × 1300 × 1450 mm3 (W × H × L). A built-in software able to recognize
the three-dimensional coordinates of the geometric center of up to eight passive markers
during movement acquisition converted all the landmarks of each captured frame into a
set of x, y, and z spatial coordinates. The tracking device was placed on a stable tripod
at a standard distance of 1.5 m from the location of the markers. Its orientation was set
with a double spirit level and controlled between measurements. All metal items were
removed from the field of view (FOV) of the device, including personal objects worn by
the volunteers during the data acquisition (i.e., earrings or glasses).
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Figure 2. The upper and lower marker supports placed on the patient’s head: the cranial support
with reflective markers fits the nasion point with a soft body anteriorly and an elastic band posteriorly.
The lower support fits the lower dental arch with a resin attachment and it is not interfering with
occlusion.

2.3. In Vitro Testing

Before in vivo data collection on volunteer, the reproducibility and reliability of the
system was tested with a series of in vitro recordings performed with prescribed move-
ments using the same settings described above. The CTS and MTS were positioned on
a rigid pedestal. The construct CTS was kept fixed on the support frame, whereas the
MTS was positioned on a moving element and translated along the three main cartesian
directions (x = left-right, y = up-down, z = back-front) in a series of 10 repetitions for
10 times.

The maximum excursion vector of the MTS markers relative to the CTS markers
was obtained and the measurement error calculated with respect to the prescribed mean
value. Repetition variability was assessed by calculating the coefficients of variation (the
percentage ratio of the standard deviation to mean) of the repetitions.

2.4. In Vivo Data Collection

At the time of the experimental session, each volunteer was given a brief explana-
tion of the experimental protocol and was invited to perform the following movements:
maximal mandibular excursions during the active opening, laterotrusion to the left and
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right, retrusion and protrusion with teeth in contact, keeping the head in a natural position.
During laterotrusion, retrusion and protrusion, the volunteers were instructed to move the
mandible at their best, forcing the limit for 2–3 s, to the right and the left, backward and
forward while keeping the opposing teeth in contact [23]. After a few minutes of exercise to
familiarize with the movements, the cranial tracking support was secured to the back of the
head of the volunteer with an elastic band; the frontal point was located at the nasal point.
The MTS was mounted in the subject’s mouth without interfering with dental occlusion, to
avoid disturbances in the movement performance, while keeping the wearing comfort as
high as possible and allowing lip motion. The retention to the dental arch was secured form
the 3D printed fitting of the device to the buccal surfaces of the teeth and their undercuts. If
the fit and stability on the dental arches were not perfect, because for example insufficient
undercuts to assure mechanical retention, few drops of fluid temporary composit resin
(Fermit Ivoclar-Vivadent, Amherst, NY, USA) on the cutting-edge of the MTS were used
to fix it to dental arches. The volunteer seated on a stool in a straight position facing the
device cameras while wearing the marker supports [24] (Figure 3).
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Figure 3. Acquisition set-up. The volunteer is sitting straight facing the cameras with the head in a neutral position and he
is wearing the cranial and mandibular marker supports.

Each volunteer repeated the movements of the protocol three times during the record-
ing session. The starting point for every movement (T0) coincided with centric occlusion
(P0). Any difference with this starting point at the end of every cycle was discarded and
required the repetition of the recording. For each volunteer, five separate sessions were
repeated with a gap of at least 48 h between sessions. Every session was conducted by a
different examiner. In each session, a new calibration of the instrument and new positioning
of the markers were performed.

2.5. Data Analysis and Statistics

Spatial coordinates of the maximal excursion were manually identified on-screen by
the operator recording the session, by marking the point, which coordinates are stored in
the program and used for the further steps of the analysis. This operation leads to variability
in the results of the session (Intra-operator reliability). An automatic detection method
for the maximum excursion can be developed in future following examples available in
the literature [13]. The position of the inter-incisal edge point (IEP) was derived from the
position of the markers in space by knowing the relationship between the Mandibular
Tracking Support (MTS) and the teeth, measured by the 3D-scan of the dental resin models
with mounted external support.
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A dedicated custom-made algorithm automatically detected on-line the measurements
(mm) between the identified spatial coordinates of the lower central incisors inter-incisal
edge point (IEP) at the reference limit points defined as:

1. The mandibular opening difference between IEP coordinates including vertical over-
bite during the active opening.

2. The maximum extent of the lateral mandibular movement difference between IEP
coordinates during active lateral excursions (right and left).

3. The maximal retrusion difference between IEP during active retrusion.
4. The maximal protrusion difference between IEP during active retrusion corrected by

including the horizontal overbite [22].

All measurements were relative to the cranial reference-the volunteer’s head and
neck movements were subtracted from the raw mandibular movement using three cranial
markers and the reference zero point using an application of the original mathematical
algorithms by Ferrario et al. [25].

For the calculation of the mandibular motion relative to the head, a series of mathe-
matical transformations were applied to the collected data. The raw data were recorded in
the fixed coordinate system W, represented by the camera set-up. In this coordinate system,
the head-related and mandible-related systems were defined by the spatial position of
the Cranial Tracking Support CTS and the spatial position of the Mandibular Tracking
Support MTS. The absolute movement of the head in the coordinate system of the cameras
W was described by the transformation matrix WHCTS and the absolute movement of the
mandible was represented by the transformation matrix WHMTS. To obtain the relative
motion of the mandible with respect to the head, the transformation (1) was applied to all
the coordinates of the mandibular points.

CTSHMTS = (WHCTS)−1 · WHMTS (1)

The mandibular range of motion at the interincisor point was calculated starting from
the maximum y value for the mouth opening, x values (right and left) for the maximum
lateral movement, and z values for the retromandibular and protusive movements. Calcu-
lations were performed after 0.10 mm of movement as the precision of the instrument was
set at 0.05 mm.

2.6. Analysis of Operator Reliability In Vivo

To assess the method reliability, the measurements obtained during each in vivo ex-
perimental session were blindly analyzed by three different observers by reproducing the
recordings in the original software in separate sessions. The sessions were compared by
calculating an intraclass correlation coefficient (ICC) for each variable. For each subject,
intra-session variability was assessed by calculating the coefficients of variation (the per-
centage ratio of the standard deviation to mean) of the three repetitions. For each volunteer,
the three repetitions were averaged, and the mean values of the maximum mouth excur-
sions, as expressed by the three-dimensional displacement of the mandibular interincisor
point (in mm) and its vertical projection (on the y-axis, in mm) were calculated. Repeated
sessions were compared by calculating an intraclass correlation coefficient (ICC) based on
single-measurement, absolute-agreement, 2-way mixed-effects model for each variable.
For each subject, intra-session variability was assessed by calculating the coefficients of
variation (the percentage ratio of the standard deviation to mean) of the three repetitions.
The level of significance was set at 5% for all comparisons (p < 0.05).

3. Results
3.1. Reproducibility of In Vitro Tests

The in vitro tests showed a mean error in the excursion vector of 0.45 ± 0.28 mm in
the left right direction, 0.54 ± 0.26 mm in the back-forth direction and 0.42 ± 0.29 mm
in the up-down direction. The coefficient of variation was in the order of 10−3 for both
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left-right and back-forth directions, whereas it was one order of magnitude larger for the
up-down direction (Table 1).

Table 1. Results of the in vitro reproducibility tests. The excursion error [mm] was used as a measure
of the accuracy for the set-up; the coefficient of variation as a measure of its precision.

Movement Excursion Error (mm) (Mean ± SD) Coefficient of Variation (Mean ± SD)

left-right 0.45 ± 0.28 0.002 ± 0.001
back-forth 0.54 ± 0.26 0.005 ± 0.002
up-down 0.42 ± 0.29 0.020 ± 0.008

3.2. Intra-Rater Reliability

In order to determine in vivo the intra- and inter-rater variability, a total of 675 different
motion recordings were analyzed. Overall ICC for each variable was excellent (ICC > 0.90)
except for retrusion which showed only good reliability level (ICC = 0.789). Total overall
intra-rater ICC (all variables together) showed an excellent intra-rater reliability (ICC = 1.00
with 95% confident interval = 1.00–1.00) for 2 observes, and excellent reliability (ICC = 0.999
with 95% confident interval = 0.999–1.00) for third observer. Detailed results are presented
in Table 2.

Table 2. ICC estimates for intra-rater reliability and their 95% confidence intervals.

Observer 1 Observer 2 Observer 3

Movement ICC 95%CI
[Low-Up] ICC 95%CI

[Low-Up] ICC 95%CI
[Low-Up]

Maximal Opening 0.999 0.998–1.000 1.000 0.999–1.000 0.994 0.985–0.998
Laterotrusion Right 0.994 0.986–0.998 0.994 0.985–0.998 0.994 0.985–0.998
Laterotrusion Left 0.996 0.991–0.999 0.994 0.985–0.998 0.994 0.985–0.998

Retrusion 0.951 0.887–0.982 0.994 0.985–0.998. 0.789 0.600–0.919
Protrusion 0.994 0.986–0.998 0.994 0.985–0.998 0.984 0.963–0.994

3.3. Inter-Rater Reliability

Good inter-rater reliability (ICC > 0.75) was observed for all variables, except for
retrusion which exhibited only moderate reliability (ICC = 0.557). Detailed results are
presented in Table 3.

Table 3. ICC estimates for inter-rater reliability of each variable and their 95% confidence intervals.

Movement ICC 95%CI

Maximal Opening 0.764 0.649–0.852
Laterotrusion Right 0.779 0.666–0.863
Laterotrusion Right 0.782 0.679–0.864

Retrusion 0.557 0.390–0.705
Protrusion 0.702 0.561–0.813

Maximal Opening 0.764 0.649–0.852

4. Discussion

To authors’ knowledge, this is the first study describing the reliability analysis of
a mandibular kinematic tracking set-up developed using a simple, light, and portable
hardware with infrared cameras and passive markers, and self-developed software to
relate the mandibular motion to the craniofacial structures of the subject. The aim of
the newly developed procedure was to obtain a method to calculate and mathematically
exclude all supplementary movements of the head and neck from motion tracking. This
was possible using a custom-designed algorithm that subtracted the movements from the
superior anchored markers to the inferior markers in real-time. Similar transformation
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algorithms for the detection of relative mandibular motion were applied in the past by other
authors by using a sophisticated custom-built tracking system based on active-markers
and custom-made software [11].

The proposed workflow included 3D printing of custom-made adapters for the par-
ticipants and 3D-scanning of the parts to obtain the geometrical relationship between
the markers and the anatomy, allowing in short-time, implementation of an anatomically
related tracking system. Previous studies showed that the precision and reliability of 3D
scans and CAD techniques for digitalization of prosthodontic procedures was very high,
although slightly dependent on the selected acquisition system [26,27].

Furthermore, the anchorage method played an important role in the registration of
the movements. For the experiments, the shape of the arches was obtained from 3D digital
scans of the dental cast models [21] and a resin model with a metal connection to the 3D
printed connector was used in order to align with the anatomy of the inferior teeth of each
volunteer. The use of a resin splint was also proposed with good results by Zhao et al. [14]
with a full arch inferior resin splint including the lingual and vestibular surfaces, but this
methodology might not apply to all patients. In contrast, Palla et al. [28] in their dynamic
stereometry studies used metal clutches rigidly connected with dental polymers to the
dental arches and an additional external face-bow carrying a reference for the anatomy
registration. Calixtre et al. [29] described inter-rater reliability of a six-camera motion
system with fifteen individual markers capturing at 120 Hz. The use of a 3D-printed
custom-fitting design, allowed the operator to avoid the use of dental polymers for the
retention in most of the cases.

The precision of the NDI Polaris Spectra was tested in previous works [30], showing a
maximal length error as 0.514 mm and a maximum clinical error, dependent on the markers
configuration, of 1.3 mm during static recordings. In our in vitro tests, the mean error was
calculated based on dynamic data, and gave comparable results as the maximal length
error. As expected, the direction perpendicular to the cameras (z or back-forth) gave the
highest errors. Furthermore, the variability measured with the coefficient of variation was
very low, in the order of 10−3.

The reproducibility of the method by different operators showed the highest precision
(0.7–0.9) during simple movements as mouth opening and laterality, while the lowest
values (0.5–0.7) were observed for retrusion. This was probably related to the difficulty of
the movements and efforts of volunteers even after the training session. In comparison,
Ferrario et al. [10] published ICC values between 0.57 and 0.76 using more complicated
and non-portable instrumentation.

The overall simplicity of the proposed system was reported by all operators, also the
volunteers did not report any discomfort or pain during the measurement sessions. The
advantage of the system is that it could be rapidly applied to patients in different settings
and conditions and in a near future used as a diagnostic tool in the TMD scenario, and
also be used in dental offices in combination with 3D data to the CBCT and the patients
(Figure 4).
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Figure 4. (a) The superimposition of the CBCT craniofacial structures with a photograph of the volunteer during the
experimental session. (b) Combination of CBCT data with the mandibular kinematics recorded during the experiments. The
figure shows the position of the condylar head of the mandible in closed (left), light open (middle) and maximal opening
position (right).

The superimposition of CBCT and digital motion scans can be achieved by the use of
the mucogingival junction as a reference as described by Ioshida et al. [31]. The visualization
of the movement of the craniofacial structures avoids the necessity of performing more
complicate and expensive exams as dynamic RMI and could offer a new method for
gathering dynamic records from the patient in an era where full digitalization of the
patient’s records still represents a challenge [32].
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The study was conducted in a small sample of healthy subjects under controlled
conditions. Further data should be collected under different experimental conditions and
involving dysfunctional patients in a wider population with better distribution considering
the specific variables of the sample. Furthermore, gender- and age-related variables should
be considered to avoid bias as described by other authors [33]. A technical limitation of
the proposed system could be the difficulty to attach the connectors in patients with the
absence or altered anatomy of the inferior teeth. Possible improvements of the system
might include as well the development of an automatic detector for the maximal excursion
position in order to exclude the intra-operator variability and increase the precision of the
method. Based on these results further research is need to describe the variability range
into different stomatognathic pathological conditions or mastication were the mandibular
range of motion could be used as valuer or risk predictor of disease.

5. Conclusions

The study assessed a new method for the precise determination of relative mandibular
movements by means of a portable motion-tracking device with a passive marker obtaining
excellent results in terms of reliability for the majority of the performed measurements both
in vitro and in vivo. This work opens the path to a digital workflow to be employed in
clinical settings allowing the recording, analysis, and dynamic visualization of mandibular
anatomy and kinematics by means of portable equipment.
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