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Abstract: In the rehabilitation of a patient with loss of vertical dimension, repositioning of the
condyle may be crucial to avoid loading on the retrodiscal area of the temporomandibular joint
(TM]). However, establishing a new position of the condyle within the glenoid cavity is not a simple
procedure, and several indications exist in the literature. Digital techniques and 3D visualization
using cone beam computed tomography (CBCT) can help. In this clinical case, the procedure for
the repositioning of the condyle is described on the basis of the restoration of the normal widths
of the intra-articular spaces using a recently introduced software (Avantis3D). After the end of the
rehabilitation with the splint, a second examination confirmed the accuracy of the repositioning with
this full digital procedure which represents, in selected cases, a useful choice.

Keywords: splint; temporomandibular joint disorders; temporomandibular joint; gnathology; oc-
clusal vertical dimension; anterior repositioning splint; removable appliances; digital dentistry

1. Introduction

The position of the mandibular condyle in the glenoid fossa is of great practical
importance in dentistry, since many researchers consider it to be the main criterion for
projecting prosthetics or orthodontic rehabilitations.

There are various opinions upon the correct position of the condyle in the space of the
articular fossa: several authors believe that the heads should be centered on the glenoid
fossa [1]; others individuate it in a forward position, close to the articular tubercle [2,3];
some other researchers collocate condyles in the distal and upper position during their
rehabilitation (reference position) [4]. Finally, some researchers consider that the condyles
can be located at any position, which is finally defined by normalization of masticatory
muscle tone [5]. Condylar positional changes might also be related to condylar shape
alteration; for example, previous studies show that condyles with osteophyte formations
are located significantly more antero-inferiorly in the glenoid fossa at interocclusal position
than reference position [6].

It is reasonably believed that one of the causes of intra-articular pain is compression
of the bilaminar zone caused by uncorrected position of condyles [7], and one of the
manifestations of this condition is a radiologically-diagnosed decrease in the upper and
posterior width of the joint space. Thus, from a therapeutic point of view, if joint space is
increased, allowing smoother condylar translation beyond the disc surface, irregularities
and positional abnormalities disappear [7].

Thus, repositioning of the mandibular condyle can eliminate adverse symptoms
caused by compression of the bilaminar zone, such as joint pain and/or noises [6].

The intra-oral splint is an important device to achieve this new condylar/fossa rela-
tionship while inducing muscle relaxation [8-10], as it changes occlusal vertical dimension
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in a not-definitive way, thus being a guide for the following prosthetic/orthodontic reha-
bilitation, representing a mandatory general step of the entire rehabilitative procedure.

In a recent systematic review, Alhaji et al. analyzed the clinical methods to detect
mandibular repositioning and a new occlusal vertical dimension, depending on clinical
judgment.

This review identified two main streams to determine the occlusal vertical dimension:
with the first method, the initial vertical dimension of the natural dentition is transferred
to the new dentures mainly by intra-oral measurements, profile tracing, and cephalometric
analysis. The other method relies on mandibular rest position, facial aesthetic appearance,
swallowing pattern, craniofacial landmarks measurements, cephalometric analysis, pho-
netics, and existing dentures. The authors underline that all these available techniques
have merits and are helpful for routine clinical use. However, they are empirical in nature,
controversial, and lack the scientific support. Further, the main conclusion of the review is
that no single accurate method exists for occlusal vertical dimension determination.

Their study observed that, in general, all the available clinical techniques have merits
and are helpful for routine clinical use, no matter what kind of approach is adapted, but
they also have significant limitations that should be considered [11].

Therefore, beyond the clinical procedures, a previsualization of the positions of the
condyle—in the habitual intercuspation, and after therapeutic repositioning—certainly
allows a more justified and rational choice for the clinician.

Thus, a suitable strategy for carrying out mandibular repositioning remains a visu-
alization of the condyle in the glenoid cavity, which can be obtained with cone beam
computed tomography (CBCT), which allows to reliably assess the shape, volume, and
position of the condyle head, as well as glenoid fossa [12-17].

In this scenario, mobilizing digital technology and CBCT 3D images could allow the
acquisition of crucial details.

Recently, a computer-aided method to project a mandibular repositioning from a
CBCT was developed [18]. In the study, the orthodontic models of enrolled subjects are
firstly digitized (in .stl format) in maximum intercuspation, after which patients wear
standardized splints that are 2 mm thick (mandibular repositioning) while taking CBCT
imaging. On the CBCT, the mandible is virtually “separated” from the rest of the skull,
and the .stl files of the dental arches in maximum intercuspation are then matched to
the upper and lower jaw. The separated mandibular volume is then registered on the
mandibular dentition using the teeth surfaces as a guide. In that way, the clinician obtains
two 3D images of condyles: one in habitual occlusion, and the other after mandibular
repositioning [18]. That method has the limit that mandibular repositioning is firstly
decided clinically, and only subsequently evaluated with CBCT. Therefore, although this
method may be considered a valid alternative to clinical repositioning, it is not the best
choice.

3D software were recently introduced to assess and modify the position of the
condyles, for example by measuring intra-articular space widths (height) by using CBCT
images [16,19]. These software can also match intra-oral scans with CBCT images, thus
allowing to virtually reposition the mandibular condyles based on the width of the intra-
articular spaces.

Thus, the aim of the present study is to describe a full digital method to design and
CAD/CAM (Computer-Aided Design/Computer-Aided Manufacturing) mill a splint that
can achieve the previously-planned condylar position.

This case report allows to verify whether or not the virtually-planned condylar repo-
sitioning coincides with the position that was obtained by wearing the occlusal splint
designed and milled through this full digital workflow.

2. Case Report

An adult female came to our clinic with complaints about the uncomfortable position
of the lower jaw, which had been present for some months. The patient complained of
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fatigue of the masticatory muscles, increased tension and pain localized in the preauricular
areas, and frequent headaches. Upon examination, no intra-articular noise was present
when she opened her mouth. Mouth opening was full, straight, and without deviation
or deflection. There were two white lines of skin at the corners of her mouth (classic
hyperkeratotic dawn lines). Marked teeth wear on the occlusal surfaces of premolars and
lower frontal teeth were observed (Figure 1). Metal-ceramic bridges and crowns were
present on the elements 16-14, 26, 27, 35-37, 45-47 (Figure 2), and the dental examination
showed that the endodontic therapies and implants present were in good condition.

(a) (b)

Figure 2. Cone beam computed tomography (CBCT) view of the orthopantomography.

Diagnostic data and physical examination of the patient suggested the need of inter-
occlusal splint treatment with mandibular repositioning, to reduce intra-articular pain. In
this clinical case, a full digital workflow was used to design and build the device. The
software used was Avantis3D (LLC Avantis3D, Bolshoy Boulevard, 42/1, Off 137/22,
Skolkovo. 121205 Moscow, Russia).

Full digital workflow to manufacture the splint was based on the following steps [20]:
1.  Import CBCT dicom data of the patient (taken in habitual occlusion), including the den-

tition and the right and left temporomandibular joints (TMJs) into Avantis3D software.
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2. Matching of .stl files from intra-oral scans of dentition, with CBCT data.

3. Selection of condyles and TM]J fossa from CBCT data (Figure 3).

4. Mesh triangulation, to reproduce surfaces of condyles and articular fossa.

5. Calculation of intra-articular spaces width (in mm) (anterior, superior, and posterior
spaces) executed by the software (Figure 4).

6.  Virtual repositioning of the lower jaw obtained by normalizing intra-articular space width.

7. Virtual design of mandibular repositioning splint on the basis of mandibular repositioning.

8.  Milling of the splint.

9. Insertion in the mouth.

10.  Follow up.

Figure 3. Calculation of intra-articular space widths on CBCT taken in habitual position. Colors evidence reduced (red),
normal (green), and increased (blue) intra-articular space widths ranging from 1.9 to 4.2 mm.

X axis Y axis Z axis
(Transversal) (Sagittal) (Vertical)
Left condyle shift -0.4 mm 0.8 mm 0.9 mm
Right condyle shift -0.4 mm 1.2 mm 1.3 mm
Rotation around intercondylar axis 0.4 deg
Habitual occlusion Centric relation
Joint space width, mm Joint space width, mm
Anterior space Superior space Posterior space Anterior space Superior space Posterior space
Left 4,32 + 1.10 3.01 + 0.60 1.69 + 0.14 4.06 + 0.95 3.70 £ 0.36 3.00 £ 0.20
(3.45-7.28) (1.87 - 3.57) (1.53 - 1.95) (3.31 - 6.57) (3.01 - 4.15) (2.80 - 3.47)
Right 3.59 £ 0.49 2.91 + 0.60 1.71 £ 0.15 3.93 £ 0.41 4.07 + 0.40 3.38+0.10
(3.15 - 4.89) (1.99 - 3.69) (1.52 - 1.99) (3.44 - 4.69) (3.42-4.61) (3.27 - 3.60)
Norm 1.70 - 2.70 3.10 - 3.90 3.40 - 4.00 1.70 - 2.70 3.10- 3.90 3.40 - 4.00

Figure 4. Table exported by the software. It reports the values of the intra-articular space width, according to CBCT data,
before treatment (habitual occlusion, on the left part of the table) and in the virtually-planned new position (on the right
part of the table). The entity of condylar repositioning is summarized on the upper part of the table, as condylar shifts and
rotation around the intercondylar axis.
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In the present clinical case, CBCT images revealed a narrowing of the posterior intra-
articular space width, in respect to normal values established by Rabukhina, that are:
1.7-2.7 mm for the anterior width; 3.1-3.9 mm for the superior height; and 3.4—4 mm for
the posterior part) (Figures 3 and 4) [21-23].

The left condyle was repositioned by: —0.4 mm in the transversal plane, 0.8 mm in
the sagittal plane, and 0.9 mm in the vertical direction. The right condyle was repositioned
by 0.4 mm, 1.2 mm, and 1.3 mm, respectively, in the three planes (Figure 4).

The mandibular repositioning was automatically established by the software through
anormalization of intra-articular space widths, and the exact position was visually adjusted
by the clinician in the range of normal values.

The software automatically established a virtual repositioning of the lower jaw and
obtained normalizing posterior and superior intra-articular spaces.

The new occlusal vertical dimension was then established by lower jaw rotation around
a virtual hinge axis passing through the middle points of the condyles (Figure 5 evidences
two red points that are the middle points of the condyles).

Figure 5. Representation of the virtual shifting of the condyles to normalize the values of the intra-articular space width
(yellow contours) and degrees of rotation around intercondylar axis (the virtual hinge axis is the line passing through the red
points in condylar heads) to establish the new vertical occlusal dimension (evidenced by pink contour) that is represented as
a gap between upper and lower digital models, which will be filled by the virtually designed intra-oral repositioning splint.

The virtual rotation was established at 0.4 degrees (Figure 4) to obtain the normaliza-
tion of superior and posterior space widths.

The middle points of the condyles (represented as red points in Figure 5) are deter-
mined automatically by the software on the CBCT 3D reconstruction, connecting the right
and left poles of each condyle, thus individuating the middle point of the major condylar
axes.

This full digital procedure provides a virtual repositioning of the lower jaw, visually
and technically controlled by the clinician, aimed to unload the bilaminar zone in the two
TMJs.

The virtual setting of the lower jaw position allowed to obtain a symmetrical reposi-
tioning of the two condyles in the glenoid fossa, with the width of the intra-articular spaces
never going below the normal range of values. (Figures 4 and 5)
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According to the established new occlusal vertical dimension, a splint was virtually designed
with the software, suitably filling the gap between upper and lower dental digital models
(Figure 6). It was fixed on the virtual mandible, in contact with the upper teeth (antagonists).

&

Fa

Figure 6. Two views of the virtually designed repositioning splint with Avantis3D software (vestibu-
lar and lingual views).

Canine or incisive guidance were not initially modeled on the splint, since the main
purpose of such a splint was to set correct and convenient mandibular repositioning in a
static position.

A CAD/CAM milling procedure was adopted by using a 5-axis VHF 52 machine (VHF
camfacture AG, Ammerbuch, Germany) to manufacture the splint made of transparent
polymethylmethacrylate. The milling provided an accurate fit of the splint on the lower
teeth without performing any adjustments (Figure 7).

Figure 7. (a) the exact fit of the splint on the lower dentition; (b) when closing the teeth, the upper antagonists corresponds

to their prints, guiding the mandible to take the pre-planned repositioning.

After confirming that the splint was comfortable to wear and had sufficient retention,
the patient was recommended to wear it at night and during the day as much as possible.
An optimal compliance was achievable because the splint design does not significantly
interfere with speech and aesthetics.

After three days, the patient came for a checkup, reporting a significant improvement
in her symptoms. After she confirmed feeling comfortable in the new mandibular position,
functional occlusal adjustments were performed (incisive, canine, or group guidance),
analyzing clinically masticatory movements on the splint.

A second CBCT recorded while wearing the splint verified the match between virtually-
planned and the actually-obtained mandibular positioning. The intra-articular space widths
wearing the splint confirmed the achievement of the desired condylar position and the
normalization of the values (Figures 8 and 9). These results seem to validate the precision
of this full digital workflow.
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Figure 8. The position of the condyles adjusted by the repositioning splint (observed on the subse-
quent CBCT recording with splint). Note that it is very different compared with their position before
treatment.

Joint space width, mm Articular Articular Condyle width, Condyle
eminence eminence height, mm height, mm
inclination, deg mm
Anterior space |Superior space |Posterior space
2.56 £ 0.83 3.11 £0.84 4,00 +£ 0.49
Left (1.12-4.97) | (1.21-5.39) | (3.38-5.40) Al 278 B TLAS
2.62 £ 0.66 3.80 £ 0.56 3.68 £0.47
Right .95 5 19.13 11.60
‘9" (1.55-454) | (2.22-5.04) | (2.90 - 4.59) 4.9 232
Norm| 1.70 - 2.70 3.10~-3.90 3.40 - 4.00 20.00 - 50.00 3.50 - 8.00

Figure 9. Normalization of the values of the intra-articular space widths assessed by the repeated CBCT, taken with a splint

in the oral cavity.

The patient was scheduled for a follow-up examination after 4-5 months, during
which the possibility of moving forward with a prosthetic rehabilitation was discussed. In
this case, the patient decided not to proceed with the prosthetic rehabilitation right away
but to wait, and continued to wear the splint.

3. Discussion

In the present case, a full digital workflow was adopted for the patient. Mandibular
repositioning was established automatically by the software, which moved the mandible
to normalize the intra-articular space widths (Figure 4).

The software was set on the following values of intra-articular space width: for the
anterior space in the range of 1.7-2.7 mm, for the superior space in the range of 3.1-3.9 mm,
and for the posterior space in the range of 3.4—4.0 mm. Then, the software calculates the
intra-articular widths of the clinical case. The intra-articular widths are determined with
the software as follows: the most prominent points on the right and left sides of each
condyle are individuated on the contours of the horizontal sections of each condyle; then,
the most distant points are determined on these contours. Then, segments connect these
points, for each condyle, to the glenoid fossa. A total of 45 cross-sections are built along
these segments for each condyle. On each section, the distances between condyle and fossa
for distal, upper, and medial part are measured (the range of measurements in the present
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clinical case are reported in Figures 4 and 9). The final value is determined as mean and
standard deviation of the whole sample of measurements.

The study by Rabukhina (1966) was performed on 300 joints from 150 subjects aged
16 to 35 years (68 men, 82 women) with different types of occlusion: physiological oc-
clusion (orthognathia—60, straight—14, progenia—11, biprognathia—?5) and abnormal
occlusion (progenia—20, prognathia—18, deep—12, macrognathia—2, micrognathia—3,
partial adentia—3, open—2). The author identified four types of temporomandibular joints,
according to the shape of the condyles, to the height of the articular tubercle, to the height
and width of the glenoid cavity, to the condyle position in the glenoid fossa, and to the
inclination of the back slope of the articular tubercle. That study established that there is no
association between the type of joint and the type of occlusion; however, it was determined
that type I of TM] is more common for orthognathic bite, and those data are considered
reference physiological values. For that type of joint (called the type I joint), the average
size of the anterior part of the gap (anterior articular width) is 2-3 mm, the upper part is
3—4 mm (upper articular width), and the distal part is 3-5 mm (posterior articular width).

The Avantis3D software is set on these data, but also allows the clinician to manually
adjust the automatically set mandibular position, by moving the corresponding sliders
to control the position in the three planes of coordinate system, or by moving the virtual
mandible in accordance with the inclination of the articular tubercle slope or in the direction
of the articular path. In the present case report, hinge axes were built between medial poles
of the condyles, according to Dawson [24], but the software allows the clinician to change
the hinge axis position.

After repositioning of the condyle, the parameters of the condyle’s paths are auto-
matically determined by the software as well, according to the patented method [20], or
set arbitrarily in accordance with the data obtained with an axiography. The achieved
mandibular position could be easily reproduced in CAD modeling of prosthetics, or other-
wise registered in a traditional way by using silicone pads, which require to be cut into two
halves and alternatively inserted on the dentition while recording the bite on the opposite
side.

Looking at the CBCT data, the present clinical case shows a reliable procedure to
determine a mandibular repositioning using a full digital virtual modeling, which can
be beneficial in the routine clinic. The main advantages of a full digital procedure for
mandibular repositioning can be summarized as follows: the possibility of defining a
repeatable position of the mandible based on the intra-articular space widths; the possibility
of recording the chosen position and saving it for the subsequent prosthetic rehabilitation
phase; the possibility of defining the millimeters of the intra-articular space widths; the
possibility of designing and milling the splint directly in the dental office; the possibility
of reprinting a splint identical to the first one in case of loss, breakage, or wear of the
device over time; the possibility of designing additional splints in the same position of the
condyles, even after modifications of the occlusal plane due to dental rehabilitation.

This procedure has a limit associated with the fact that CBCT does not show the
anatomy of the TM]J disc, information that can only be inferred indirectly through the
evaluation of the joint space widths. Furthermore, the electromyographic activity of the
masticatory muscles was not evaluated.

In addition, the functionalization of the splint in protrusion and lateral movements
must be adjusted clinically after the delivery of the splint, as the dynamic analyses are not
real, but virtually inferred. Clinical studies should be performed in order to confirm the
repeatability and efficacy of this procedure.

4. Conclusions

An occlusal splint, planned digitally with virtual mandibular repositioning software
based on CBCT data, seems to be able to achieve the position that has been established
by the operator in subjects with TMD. This method can help establish intra-articular
space widths adherent to what is established by the operator, allowing the resolution
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of the symptomatology and facilitating the planning of a potential future permanent
rehabilitation.
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