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Abstract. This study aimed to investigate the effects of bimaxillary advancement
orthognathic surgery on the condylar remodeling of the temporomandibular joint
(TMJ) using voxel-based regional superimposition of cone-beam computed
tomography (CBCT).
In this retrospective study, the sample comprised 56 condyles from 28 healthy

patients (aged from 16 to 50 years) with mandibular retrognathism treated with
bimaxillary advancement. CBCT scans were taken preoperatively and at
14.3 � 4.2 months postoperatively. The scans at the two time points were
superimposed using regional voxel-based registration to assess condylar changes in
the follow-up period. The linear alterations were measured in six different areas of
each condyle to determine the pattern of condylar remodeling.
Although no significant correlation was observed between changes in condylar

surfaces, bone resorption occurred predominantly in the posterior and superior
regions, while bone formation was predominantly on the anterior surface. Medial
and lateral surfaces presented fewer bone changes. The overall bone changes were
smaller than 1 mm bilaterally in 21 patients (75%) and, considering each condyle
individually, were smaller than 1 mm in 48 condyles (85.7%).
The results suggested that mild condylar remodeling in healthy patients is a

common finding after orthognathic surgery. Future studies may clarify the
mechanisms involved in the remodeling and help to understand the reasons for the
remodeling pattern.
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Table 1. Sample demographic data and clinical characteristics.

Mean

Age 31.07 years (16–50 years)
Gender 53.6% female, 46.4% male
Advancement at B point 9.06 mm (5.5–13.2 mm)
Follow-up intervala 14.35 months (12–19 months)

a Interval from the postoperative computed tomography scan (T2) and surgery.
Traditionally, orthognathic surgery has
been used to treat dental and skeletal
malocclusion. More than that, it provides
improvements in the facial esthetics, air-
ways, and the temporomandibular joint
(TMJ). The impact of orthognathic sur-
gery on the TMJ and diseases involving
this joint has been widely discussed. One
of the concerns is the resorption/remodel-
ing process that takes place in mandibular
condyles and could affect the stability, and
compromises the results of the orthog-
nathic surgery1–5.
Cone-beam computed tomography

(CBCT) has become a popular diagnostic
tool, especially for virtual planning and
outcomes assessment. Image superimpo-
sition or registration is a well-established
technique in three-dimensional (3D) im-
aging and considered the gold standard
procedure for evaluating treatment results
in orthognathic surgery6–11.
Cranial base superimposition of CBCT

has been used to evaluate the effects of
orthognathic surgery on the TMJs. How-
ever, when this registration technique is
applied to study mandibular condyles,
only position or displacement can be
assessed. Morphologic condylar changes
cannot be appropriately evaluated using
cranial base superimposition12–18. Re-
gional superimposition, using the con-
dyle neck and the posterior region of
the ramus as the registration area, is
the technique of choice to evaluate con-
dylar remodeling because it eliminates
the bias caused by possible displace-
ments of the condyles and allows differ-
ent types of analysis19,20.
This study aimed to evaluate the mor-

phological condylar changes in patients
subjected to bimaxillary orthognathic sur-
gery using CBCT regional superimposi-
tion through the isolated overlapping of
the condylar segment.

Material and methods

This retrospective study was approved by
the Ethics Committee of the Pontifical
Catholic University of Rio Grande do
Sul � PUCRS � School of Dentistry
(reference number CAAE:
83104417.6.0000.5336). The sample com-
prised patients subjected to orthognathic
surgery for bimaxillary advancement be-
tween 2014 and 2017. The exclusion cri-
teria were syndromes, severe facial
asymmetry, history of previous facial sur-
gery/trauma, and diagnosis of TMJ dis-
ease/dysfunction, such as anterior disc
displacement without reduction, with or
without osteoarthritis.
Overall, 62 condyles were analyzed
from 31 patients. Six condyles from three
patients were excluded from the sample
because osteoarthritis was diagnosed
through CBCT showing joint degenera-
tion before the orthognathic surgery. Fi-
nally, the sample comprised 56 healthy
condyles in 28 patients (Table 1). CBCT
scans were obtained up to a month before
the surgery and 14.3 � 4.2 months after
surgery.
Following the stages of preoperative

examinations, virtual planning, and sur-
gical splint manufacturing, surgical pro-
cedures were performed by the same
surgical team. The surgical sequence
started in the mandible with bilateral
sagittal split osteotomy. After intermedi-
ate splint and intermaxillary fixation
(IMF), proximal segment repositioning
was achieved with the condyle in proper
position and bone contact between seg-
ments was passive with no tension. First,
one bone plate was bent and positioned in
the posterior body area to avoid condylar
torque and, secondly, one bicortical 2-
mm diameter screw was placed in the
ascending ramus on each side. IMF was
released and the condylar position
checked by gentle attempt to verify the
occlusal position. Subsequently, maxil-
lary surgery was performed through con-
ventional Le Fort I osteotomy and rigid
fixation with four bone plates using 2-
mm-diameter screws and bone grafting
when indicated. After the surgery, tem-
porary intermaxillary traction with
intraoral elastics was applied in all
patients for 3–4 weeks to ensure fully
stable occlusion, followed by physiother-
apy involving muscle and mouth-opening
exercises.
All CBCT scans were obtained with i-CAT

scanner (ImagingSciences International,Hat-
field, Pennsylvania, USA), field of view of
23 cm � 17 cm, voxel of 0.3 mm3,
36.90 mA, 120 kV, and 40 s, generating
DICOM (Digital Imaging and Communica-
tions in Medicine) files. The examinations
were performed prior to surgery (T1) and
12–19 months after surgery (T2).
The DICOM files were imported into

the OnDemand 3D software (Cybermed
Inc., Seoul, Korea). The first step con-
sisted in a cranial base superimposition
between T1 and T2 scans, using the
‘fusion’ tool in the software. Mandibular
advancement, between T1 and T2, was
quantified through linear measurements
between the B points at the medium plane
(Fig. 1).
The second step was to use the section-

ing tool to select and to isolate the man-
dibular condyles in both T1 and T2 scans,
right and left sides, creating four new
images: T1R, T1L, T2R, and T2L. Each
condyle selection, containing the same
amount of sections, was exported into a
new DICOM file (Fig. 2).
The new condyle files were opened

using the ‘fusion’ module in OnDemand
3D software. The first step was to perform
a manual preliminary superimposition by
moving the condyle from the T2 as close
as possible to the condyle in T1. After
manual registration, the ‘specific region of
interest’ tool was used to select the con-
dyle area which is less susceptible to
changes due to the surgery: in this case,
the neck of the condyle and the posterior
region of the mandibular ramus above the
lingula. The upper pole region as well as
the region below the lingula were not
included. After manual registration and
selection of the specific area for regional
registration, the next step was to use the
automatic registration to superimpose the
condyles at T1 and T2. The software uses
an automated and voxel-based registration
algorithm that identifies and match similar
voxels (Figs. 3 and 4). After superimposi-
tion was recorded, the T2 files were saved
in their new spatial orientation and
exported as new DICOM files: T2Rr and
T2Lr (‘r’ means registered). These new
files were imported into the ITK-SNAP
software (www.itksnap.org) for bone seg-
mentation and construction of 3D surface
models of the condyles (Fig. 5). These new
ITK-Snap images were exported as STL
(Standard Tessellation Language) files
and imported into the VAM software
(Canfield Scientific, Fairfield, NJ, USA)
for comparative analysis between T1 and
T2. ‘Surface paint area’ tool was used in
five predetermined condylar areas with

http://www.itksnap.org
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Fig. 1. Coronal section of the cone-beam computed tomography scan showing the voxel-based
superimposition using the cranial base as reference. Sagittal section showing the measurement of
mandibular advancement in point B. Example in a randomly selected patient.

Fig. 2. Coronal, sagittal, and axial sections and three-dimensional reconstruction of the area
equivalent to each mandibular condyle cut from each cone-beam computed tomography scan.
similar sizes: anterior surface, posterior
surface, upper surface, lateral surface,
and medial surface (Fig. 6). Evaluating
linear changes in the condyles in T2, the
software provided minimum and maxi-
mum variation values with standard devi-
ation. The most negative values refer to
regions with greater bone resorption,
whereas the highest positive values refer
to regions with greater new bone forma-
tion.
Aselection tool in theVAMsoftwarewas

standardizedona line fromthehighestpoint
of the condyle, in the coronal direction, to a
20-mm distance toward the mandibular ra-
mus for complete evaluation of the changes
in each condyle (Fig. 7). The software
identifies the changes through color-coded
maps, generating visual graphs for the mor-
phological changes. The parts with maxi-
mum bone loss are shown displayed in blue
and bone formation are shown in red.
Statistical analysis was performed

using SPSS for Windows software
(SPSS Statistics 2015 Inc., Chicago,
IL, USA). Descriptive statistical analy-
sis was used to describe the post-surgi-
cal changes in mandibular condyles
(T1–T2).

Results

Demographic data and clinical character-
istics of the sample are shown in Table 1.
Mean interval between surgery and post-
operative CBCT scan date (T2) was 14.3
months (range 12–19 months). Mean dis-
tance from T1 point B to T2 point B, to
measure mandibular advancement, was
9.06 mm (range 5.5–13.2 mm), shown
in Fig. 1.
Morphological changes in the mandib-

ular condyles were observed during the
follow-up period (T2), with the mean
values presented in Table 2. The most
common change found was of the reab-
sorption type; in 100% of the sample, one
or more surfaces showed only negative
values. Nevertheless, in 38 condyles
(67.8%), one or more surfaces showed
only positive values, i.e. new bone forma-
tion.
Overall, the upper and posterior sur-

faces of the condyles had the most nega-
tive values, indicating that these were the
most susceptible areas to condylar resorp-
tion. The anterior surface had the lowest
mean of negative values, being the region
with the least bone loss. Conversely, the
anterior surface had the highest means of
positive values which means new bone
apposition (Table 2). However, indepen-
dent-samples t-test revealed no statisti-
cally significant difference between the
surfaces when the incidences of minimum
and maximum values were compared
(p < 0.05).
Root mean square (RMS) values repre-

sent the sum of condylar morphological
changes, regardless of the type of change
(apposition or resorption). Independent-
samples t-test showed no statistically sig-
nificant RMS difference between the up-
per, posterior, and anterior surfaces
(p < 0.05). However, the difference be-
tween these surfaces and the medial and
lateral surfaces, where the RMS changes
had the lowest values, was statistically
significant.
Considering the condylar area contain-

ing the 20-mm portion, as shown in Fig. 7,
the results are presented in Table 3. No
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Fig. 3. Regional superimposition process observed in the three sections in a randomly selected
patient. The upper part represents T1D, the central part represents T2DR, and the lower part
represents both the T1D and T2DR. After regional superimposition, both exams were in the
same position. In detail, the blue rectangle shows the area of interest selected for voxel
coincidence. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. Axial sections of the same superimposition at different time points, showing the exact
overlap of condyles, with the difference between the zygomatic arches in the detail.
changes were equal to or greater than
3 mm, i.e. no condyle showed resorption
or new bone formation greater than 3 mm.
Negative values between �1 and �3 mm
were obtained in five (8.9%) condyles in
four patients (14.2%). There were changes
ranging from �1 to +1 mm in 48 (85.7%)
condyles in 21 patients (75%). Only three
condyles (5.3%) in three patients (10.7%)
showed changes between +1 mm and
+3 mm. Therefore, although most surfaces
presented measurements indicating
changes in condylar morphology, particu-
larly of the resorption type, the vast ma-
jority of the condyles presented changes
smaller than 1 mm.

Discussion

Assessment of TMJ behavior is a routine
procedure for surgeons and orthodontists.
In this respect, superimposition using
cephalometric radiographs has been wide-
ly presented in the literature. However,
several limitations have been described,
which justifies its recent replacement with
computed tomography to perform super-
impositions to evaluate the changes be-
tween different time points.
There are three basic types of comput-

ed tomography superimposition as fol-
lows: based on anatomical landmarks,
based on surfaces, and based on voxels.
Superimposition based on voxels is the
most efficient method because it com-
pares non-modifiable reference structures
of volumetric data (voxel by voxel), does
not depend on the identification of ana-
tomical landmarks, and does not feature
error limitation during the process of
segmentation, which is required for the
superimposition based on surfaces. Cevi-
danes et al., in 2005, were the first to
introduce superimposition based on vox-
els using the cranial base as reference to
overlay two or more CBCT of adult
patients12. Since then, CBCT voxel-based
superimposition on the cranial base has
been the method of choice for most pub-
lications evaluating the results of orthog-
nathic surgery. It allows an appropriate
assessment of the changes in the maxilla,
mandible, and facial soft tissues in three-
dimensions. However, cranial base super-
imposition only enables the evaluation of
spatial displacements of the structures. In
most orthognathic surgery cases, there are
postoperative adaptations in the mandib-
ular position that may change both occlu-
sion and condylar position over time.
Therefore, cranial base superimposition
can be used for condylar displacement
evaluation, but it is not appropriate for
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Fig. 5. Mandibular condyle bone tissue segmentation in three sections and three-dimensional
reconstruction.

Fig. 6. Regions of interest to evaluate the condylar remodeling process. Clockwise from the top
left image: anterior pole, posterior pole, upper pole, medial pole and lateral pole.
the study of condylar morphological
changes21.
The recommended technique for mor-

phologic analysis of bone structures, such
as size and shape, is to superimpose the
same bone, at the stable areas, in two
different time points. This is the definition
of 3D regional superimposition of CBCT.
Recent studies have shown the potential
use of maxillary and mandibular voxel-
based regional superimposition for bone
graft assessment, implant positioning ac-
curacy, and alveolar resorption19,21. Be-
sides that, the authors stated regional
superimposition is the ideal technique
for morphologic evaluation such as con-
dylar resorption or hyperplasia20.
Several studies have investigated TMJ

changes before and after orthognathic
surgery using cranial base
superimposition1–5. The results are inter-
esting and contribute to a better under-
standing of condylar spatial changes such
as position and angulation. However, the
findings regarding condylar morphology
are limited because cranial base superim-
position does not allow an appropriate
evaluation of morphologic changes in
the condyles. For that reason, the present
study used regional voxel-based superim-
position of CBCTs to study condylar
morphologic changes in patients sub-
jected to bimaxillary advancement sur-
gery. Both current cranial base and
regional superimposition methods used
in this research have been validated by
previous studies, but not applied specifi-
cally to studying the condyles17,20. The
present study showed the application of a
proper method for 3D condyle assessment
after orthognathic that is user friendly.
Our results showed that orthognathic sur-
gery usually promotes minor bone altera-
tions to the TMJs. The evaluation of
morphological changes in the condyles
14 months after bimaxillary advancement
surgery has shown changes smaller than
1 mm in 48 condyles (85.7%). Consider-
ing both condyles of the same individual,
in 21 patients (75%) the changes were
smaller than 1 mm. RMS, which means
the sum of the changes regardless of
direction, was 0.27 mm for all samples.
This study showed that the upper and
posterior surfaces of the condyles were
the most susceptible areas to resorption.
However, the results for condylar resorp-
tion before and after the orthognathic
surgery were not statistically significant.
The anterior surface was the most suscep-
tible area to new bone formation. The
medial and lateral surfaces were the ones
with the least changes.
The present sample included only indi-

viduals with healthy TMJs, according to
imaging exams. In a recent systematic
review by Veldhuis et al. (2017), the
information regarding the effects of
orthognathic surgery on the TMJ is limited
due to the diversity of techniques and
particularly of methods used for condylar
assessment1. The authors concluded that
orthognathic surgery appears to have no or
minimal impact on the TMJ and on oral
function. A systematic review with meta-
analysis by Al-Moraissi et al. (2017) dem-
onstrated similar conclusions, including
the expectation of different results accord-
ing to the preoperative condition of the
TMJ involved2.
In 2017, Al-Moraissi and Wolford con-

ducted a systematic review and meta-anal-
ysis to investigate whether the
preoperative condition of the TMJ could
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Fig. 7. Evaluation of condylar remodeling in the area containing the 20-mm uppermost portion of the condyle with color-coded distance maps.
Example in a randomly selected patient in the right and left sides. In blue are the areas with bone resorption, the color on the left indicates new bone
formation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2. Mean values for postoperative changesa (T1–T2) according to the region of interest.

Min Max sd rms

Anterior surface �0.31 0.51 0.17 0.27
Posterior surface �0.58 0.21 0.17 0.35
Superior surface �0.55 0.27 0.19 0.34
Lateral surface �0.42 0.34 0.19 0.32
Medial surface �0.38 0.41 0.18 0.27
Areab �0.38 0.41 0.18 0.27

Min, minimun; Max, maximun; SD, standard deviation; RMS, root mean square.
a Negative values indicate bone resorption and positive values indicate bone apposition.
b Selected region of interest with the uppermost 20-mm portion of the condyles.

Table 3. Morphologic linear changes at the uppermost 20-mm condylar area; bone alterations
from T1 to T2.

Classification Scale in mma Patients n = 28 Condyles n = 56

Resorption �3 to �1 4 (14.2%) 5 (8.92%)
Few alteration �1 to +1 21 (75%) 48 (85.7%)
Bone apposition +1 to +3 3 (10.7%) 3 (5.3%)

aNegative values indicate bone resorption and positive values indicate bone apposition.
influence the stability of the results of
orthognathic surgery when counterclock-
wise rotation of the maxillomandibular
complex was performed. With a total of
12 studies and 345 patients, the authors
concluded that bimaxillary advancement
with a counterclockwise rotation is a sta-
ble procedure in patients with healthy
TMJs, concurrent with disc-repositioning
surgery or unstable TMJ prosthesis in
patients with displaced discs22.
Park et al. (2012) conducted a metric

analysis of condylar changes using both
anterior cranial base and regional super-
imposition of mandibular condyles and
concluded that orthognathic surgery has
an impact on the remodeling process.
However, the authors only provided sub-
jective interpretation of the observed data,
without a tool to measure these changes3.
Gomes et al. (2017) presented a compre-
hensive evaluation of condylar changes,
including superimposition using the cra-
nial base and regional superimposition.
All the patients were subjected to orthog-
nathic surgery with a concurrent TMJ-
disc-repositioning surgery due to a diag-
nosis of anterior disc displacement. The
authors concluded that the positional
changes of the condyles had a weak asso-
ciation with the condylar remodeling pro-
cess23. Da Silva et al. (2018) evaluated the
volume of the condyles after bimaxillary
surgery in Class II patients. They did not
find correlation between the amount of
advancement and condylar volume
change. Their results also showed that
approximately 33% of the condyles eval-
uated showed volume reduction of 23% of
its initial size, while 21% showed an in-
crease in volume of approximately 17%.
The study did not perform superimposi-
tion, therefore, it was not possible to iden-
tify areas of resorption or deposition24.
The results of this study suggest that

changes in the TMJ after orthognathic
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surgery occur as a natural adaptive re-
sponse in healthy patients and differ from
a pathological process. This hypothesis is
supported by recent publications in which
clinical, radiographic, and tomographic
evaluations were conducted in patients
undergoing orthognathic surgery and
which, despite using different methodolo-
gies, showed similar results that highlight
the adaptational character of condylar
changes4,16,25. The present study showed
an innovative 3D assessment of mandibu-
lar condyles after orthognathic surgery.
However, limited information regarding
mandibular movements (advancement
measurement only) are available to corre-
late with condylar changes. Further stud-
ies can address this limitation using a
similar 3D methodology with a compre-
hensive data analysis of the surgical
movements such as rotations and impac-
tions. It may help to clarify the mecha-
nisms involved in cases in which the
condylar remodeling process is more pres-
ent.
In conclusion, the present study sup-

ports the hypothesis that TMJs in healthy
individuals can experience the changes
caused by orthognathic surgery in the
short term. In their routines, both ortho-
dontists and surgeons should evaluate the
TMJ before offering the treatment to
patients.
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