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Abstract. The aim of this study was to quantify three-dimensional condylar
displacements as a result of two-jaw surgery for open bite correction in patients with
skeletal class IT and class III malocclusion. Pre-surgical (T1) and post-surgical (T2)
cone beam computed tomography scans were taken for 16 patients with skeletal
class II (mean age 22.3 £ 9.47 years) and 14 patients with skeletal class III (mean
age 25.6 + 6.27 years). T2 scans were registered to T1 scans at the cranial base.
Translational and rotational condylar changes were calculated by x,y,z coordinates
of corresponding landmarks. The directions and amounts of condylar displacement
were assessed by intra- and inter-class Mann—Whitney U-test or ¢-test. Class 11
patients presented significantly greater amounts of lateral (P = 0.002) and inferior
(P =0.038) translation than class III patients. The magnitudes of condylar
translational displacements were small for both groups. Skeletal class III patients
had predominantly medial (P = 0.024) and superior (P = 0.047) condylar
translation. Skeletal class II patients presented greater condylar counterclockwise
pitch (P = 0.007) than class III patients. Two-jaw surgery for the correction of open
bite led to different directions and amounts of condylar rotational displacement in
patients with skeletal class II compared to class III malocclusion, with greater Accepted for publication
rotational than translational displacements. Available online 1 February 2019
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Anterior open bite is considered to be one
of the most challenging orthodontic pro-
blems to treat, primarily due to its poten-
tial for relapse over time'?. This
difficulty is largely due to the fact that
the etiology of the open bite, as well as the
propensity for relapse, is often multifac-
torial in nature’.

The etiology of an anterior open bite
can vary greatly and can potentially result
from oral habits of the lip and tongue,
finger sucking, pacifier use, abnormal ton-
gue posture, skeletal abnormalities, and
hereditary factors®. The prevalence of an-
terior open bite ranges from 1.5% to 11%
in the population, typically decreasing as
oral function improves and oral habits
subside, and with variations across ethnic-
ities™”.

Many treatment protocols have been
proposed to correct anterior open bite®
!¢ Treatment options include headgear,
orthodontic treatments with and without
extractions to camouflage the maxillo-
mandibular skeletal vertical discrepancy,
temporary anchorage devices and skeletal
anchorage, multi-loop edgewise archwires
(MEAW), and orthognathic surgery. All
of these methods are applied with the
purpose of achieving functionally esthetic
outcomes that remain stable in the long-
term. In non-growing patients, orthog-
nathic surgery can involve a single jaw
procedure of the maxilla or mandible, or a
combination of both. Bimaxillary proce-
dures should also be considered when
there are functional or esthetic concerns,
as repositioning of the maxilla helps
achieve proper facial height and the man-
dibular surgery corrects any anteroposter-
ior discrepancies or asymmetries that may
exist. Previous studies have attempted to
look at which surgical procedures provide
the greatest stability'’ **, and the findings
have varied: some have found that the
overbite remains stable during the fol-
low-up period'”-'®2>2 while others have
found significant open bite relapse after
surgical treatment'*2%**?* With the dif-
ferent findings seen in terms of relapse, as
well as varying opinions on the stability of
orthognathic surgery for open bite treat-
ment, further studies to better assess skel-
etal changes are merited.

One factor often attributed to skeletal
relapse of the surgical correction is con-
dylar displacement. Previous studies have
shown that displacement of the condyle as
aresult of surgery can lead to instability of
the sagittal split of the mandible® >’
Factors that have been associated with
condylar displacement during and after
surgery include surgeon experience, rota-
tion of the proximal segment, tension on

the surrounding musculature, amount of
displacement, and the type of fixation
used®®. Various studies of surgical correc-
tion in patients with class II or class III
skeletal discrepancies have shown that
condylar displacement is a frequent
occurrence”>’ 2,

A more complete understanding of the
amount and direction of condylar move-
ment from a linear and rotational perspec-
tive is needed for open bite patients, as it
has been stated that control of the proxi-
mal segment is the most vital aspect of
surgical stability and the prevention of
relapse’”.

The advent and increased use of cone
beam computed tomography (CBCT) has
improved the analysis and assessment of
anatomical changes in all dimensions and
planes of space. Previous studies have
shown that measurements based on CBCT
scans are accurate and reliable when com-
pared to lateral cephalograms and dry
skull measurements®**>. Additionally,
validated studies have confirmed the reli-
ability of three-dimensional (3D) CBCT
superimpositions for the assessment of
changes in the mandibular position after
orthognathic surgery®>®>’.

The aim of this retrospective study was
to quantify the condylar changes in all
three planes of space as a result of two-
jaw surgery for the correction of skeletal
open bite malocclusion. The null hypoth-
esis was that condylar changes after two-
jaw surgeries are similar in patients with
class II and class III malocclusions.

Methods

The study protocol was approved by the
University of Michigan Institutional Re-
view Board (IRB). This was a retrospec-
tive study including open bite patients who
had undergone bimaxillary surgery.

Patient selection

A de-identified list of patients attending
the Department of Oral and Maxillofacial
Surgery, University of Michigan Hospital,
was used to select the study patients. One
hundred and twenty-nine patients who had
undergone Le Fort I impaction and ad-
vancement of the maxilla as well as man-
dibular advancement (skeletal class II
patients) or setback (skeletal class III
patients) between January 2008 and
March 2014 were selected. All pre-surgi-
cal (3 weeks prior to surgery — T1) and
post-surgical (6 weeks postoperative, after
splint removal — T2) CBCT scans for
these patients were obtained.

The inclusion criteria were as follows:
(1) presence of anterior open bite, as de-
fined by having a lack of incisal vertical
overlap; (2) bimaxillary surgical correc-
tion with counterclockwise mandibular
rotation; (3) at least one posterior contact
between maxillary and mandibular teeth
to verify the presence of open bite, as seen
on sagittal CBCT cross-sectional slices;
(4) either a skeletal class II or class III
malocclusion, with respective A-point—
nasion—B-point (ANB) angle greater than
4° or smaller than 0°; (5) no craniofacial
anomalies or severe asymmetries present,
and no history of temporomandibular joint
disorders; (6) adequate pre- and post-sur-
gical CBCT image quality. Patients who
did not to meet the inclusion criteria were
excluded from the study. This study in-
cluded 16 patients with skeletal class II
(mean age 22.3 £9.47 years) and 14
patients with skeletal class III (mean age
25.6 + 6.27 years).

All surgeries were performed by a sin-
gle surgeon. All patients underwent rigid
internal fixation with plates or bicortical
SCTews.

Three-dimensional analysis

All scans were taken in centric relation,
using a Picasso Master 3D Vatech CBCT
scanner (E-Woo Technology Co. Ltd,
Gyeonggi-Do, Korea). Scanning parame-
ters were the following: 20s, 90 kVp,
3.3 mA, field of view (FOV) of 13 cm,
and a voxel size of 0.4 mm?®. ITK-SNAP
(open source software, http://www.
itksnap.org) and 3D Slicer (open source
software, http://www.slicer.org) were
used to create 3D surface models. The
VAM module of Vectra software (Can-
field Scientific, Fairfield, NJ, USA) was
used to place anatomical landmarks.
These analyses were all performed by a
single investigator, trained and calibrated
using previously validated methods®’*.
After the segmentation and registration
processes®’, the investigator was blinded
during landmark placement as to the spe-
cific classification of malocclusion for
each patient.

Determination of condylar displacements

Step 1 involved the conversion of individ-
ual slices into a single-file format. ITK-
SNAP software was used to convert the
individual slices of the scan sequence from
DICOM format (Digital Imaging and
Communications in Medicine) into a sin-
gle de-identified image format known as
GIPL (Guys Image Processing Lab).


http://www.itksnap.org
http://www.itksnap.org
http://www.slicer.org

Step 2 involved manual approximation.
As the orientation of the patient’s head was
not likely to be the same across the time
points, a manual approximation of the T1
and T2 scans in relation to the cranial base
was performed using the Transforms tool in
3D Slicer software. The approximated T2
scan was saved as a new file.

Step 3 consisted of the construction of
cranial base 3D volumetric label maps
(segmentations). All automatic segmenta-
tions of the cranial base for T1 and T2
were performed using ITK-SNAP soft-
ware. The constructed image was then
manually checked slice by slice in all
planes of space to clean and correct any
errors that may have occurred during the
automatic segmentation process.

Step 4 was voxel-based registration. T1
and T2 CBCT scans and their correspond-
ing cranial base segmentations were reg-
istered in 3D Slicer using a voxel-based
protocol. This allowed the cranial base to
be used as a reference structure for super-
imposing the head so that condylar dis-
placements as a result of treatment could
be assessed’.

Step 5 comprised segmentation of the
mandible. Using the same methods for the
segmentation of the cranial base, 3D vol-
umetric label maps were constructed for

Three-dimensional analysis of condyles

the mandible at T1 and T2 registered at the
cranial base.

Step 6 involved re-orientation to
achieve a common coordinate system.
The segmentations were converted to
3D surface models (.stl files) using the
Model Maker tool in Slicer. In order to
ensure consistency of the measurements
for comparison between the sample sub-
jects, all models were plotted on a com-
mon coordinate system and re-oriented
using the Transform tool in 3D Slicer.
The cranial base was used as the reference
for sagittal, coronal, and axial orientation.
Once T1 had been re-oriented, a matrix file
was generated and applied to the T2 sur-
face model of the subject, obtaining proper
orientation.

In step 7, landmarks were plotted in
Vectra. To measure condylar displace-
ments, the mandibular surface models
(T1 and T2) were loaded into the VAM
module of the Vectra software (Canfield
Scientific). Four corresponding landmarks
were placed on all condyles: lateral and
medial poles, and superior and anterior
surfaces (Fig. 1). Coordinates (x,y,z) for
all landmarks were generated and
recorded.

Data were collected in step 8. Changes
in the coordinates of the four plotted land-

Fig. 1. Three-dimensional mandibular surface model and the landmarks used to measure
condylar displacement shown in VAM software.
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marks were evaluated to determine both
translational (medial-lateral, anterior—
posterior, inferior—superior) and rotational
changes (pitch, roll, and yaw) (Fig. 2).

For translational displacements of each
condyle, the x,y,z coordinates of the lateral
and medial landmarks were averaged to
determine the coordinates of the ‘geometric
center’ of each condyle. To calculate trans-
lational change from T1 to T2, the corre-
sponding x coordinate (medial-lateral
movements) for the geometric center of
the T2 condyle was subtracted from the x
coordinate of the geometric center of the T1
condyle (T2—T1). This was repeated for the
y (anterior—posterior movements) and z
(inferior—superior movements) coordi-
nates. For angular rotational changes of
each condyle, the T1 and T2 coordinates
were entered into a previously established
Excel spreadsheet, which was able to auto-
matically generate the angular changes for
pitch, roll, and yaw between the two time-
points for right and left condyles. Coordi-
nates for the medial and lateral surface
points were used to calculate yaw and roll,
while coordinates for the superior and an-
terior surface points were used to determine
pitch.

Statistical analysis

Intra-rater reliability was assessed for the
placement of landmarks within the VAM
module of Vectra software. The same
operator placed landmarks on five ran-
domly selected cases from each group.
This was performed three times, each 1
week apart. Intra-class correlation coeffi-
cients (ICC) were calculated, and the ICC
was above 0.95 in all cases.

Statistical testing of the directions and
amounts of condylar displacement was
completed using IBM SPSS Statistics ver-
sion 22.0 (IBM Corp., Armonk, NY,
USA). The sample was assessed for a
normal distribution using the Shapiro—
Wilk test. No significant differences were
found between the right and left sides;
therefore, for statistical purposes, data
for the two sides were pooled. Intra-group
comparisons were performed using the
Mann—Whitney U-test or r-test to deter-
mine differences in linear or rotational
displacements. Inter-group comparisons
were performed using the Mann—Whitney
U-test. The level of significance was set at
P <0.05.

Results

Class II patients had an initial average
overjet of 6.38 mm (standard deviation
(SD) 2.80) and overbite of —2.94 mm
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Fig. 2. Illustration of pitch, roll, and yaw rotational movements.

(SD 1.85), while class III patients showed
overjet of —5.43 mm (SD 3.28) and over-
bite of —4.49 mm (SD 2.37). After sur-
gery, class II patients showed an average
decrease of 3.63° (SD 2.42) in ANB angle,
323mm (SD 2.88) of overjet, and
3.56 mm (SD 1.76) of overbite. Class III
patients showed an average increase of
5.92° (SD 1.73) in ANB angle, 7.71 mm
(SD 3.06) of overjet, and 3.77 mm (SD
2.31) of overbite.

Descriptive statistics of the directions
and amounts of translational and rotational
displacement are displayed in Table 1.

Translational displacements

No statistically significant differences
were detected in the intra-group compar-

isons for class II patients. However, the
condyles of class IIT patients showed sta-
tistically significant greater displacement
towards medial (P =0.024) and superior
(P=0.047) (Table 2). Compared to class
IIT patients, the condyles of class II
patients showed statistically significant
greater lateral and inferior displacements
(Table 2).

Rotational displacements

No statistical analysis could be run for the
intra-group comparison of roll in class II
patients and roll and yaw in class III
patients. Furthermore, inter-group com-
parisons of roll and yaw could not be
run due to the small number of condyles
that presented such displacements

Zupnik et al.

(Table 1). Overall, statistically similar
amounts of yaw, roll, and pitch rotations
were found in the intra-group comparisons
(Table 2). The condyles in class II patients
showed a statistically significant greater
counterclockwise pitch rotation compared
to class III patients (Table 2).

Discussion

The treatment of anterior open bite is
orthodontically challenging. Among the
treatment options are headgear(’, ortho-
dontic treatment with and without extrac-
tions”*’, temporary/skeletal anchorage
devices'>", MEAW'®, and orthognathic
surgery'®. Although not statistically sig-
nificant, condyles from class II patients
showed greater displacement towards lat-
eral, posterior, and superior, while class III
patients showed significant greater displa-
cements towards medial and superior (Ta-
ble 2). This study is novel in measuring
linear changes of the condyles in patients
with an open-bite class III malocclusion.

In terms of rotational displacements,
most condyles in class II patients pre-
sented medial roll (90.6%), medial yaw
(56.3%), and clockwise pitch (59.4%).
These results differ from those of Gon-
calves et al.**, who reported that medial
roll, lateral yaw, and counterclockwise
pitch were the most common rotations
after bimaxillary advancement. However,
the amount of clockwise pitch was smaller
than the counterclockwise rotation (Table
2), which is in accordance with the results
of another previous study?’.

In the class III sample, condyles pre-
sented a medial roll (89.3%), medial yaw
(92.8%), and counterclockwise pitch
(57.1%). Medial roll rotation after surgical
correction for class III malocclusion has
also been reported previously3 L4 but
differs from the lateral roll found by Bayat

Table 1. Descriptive table of the number of condyles that showed translational and rotational displacements for Class II and Class III patients.

Class II (32 total condyles)

Class III (28 total condyles)

Right Left Total % of class II condyles Right Left Total % of class III condyles
Medial 5 6 11 34.4% 9 9 18 64.3%
Lateral 11 10 21 65.6% 5 5 10 35.7%
Anterior 6 8 14 43.8% 6 5 11 39.3%
Posterior 10 8 18 56.3% 8 9 17 60.7%
Inferior 8 7 15 46.9% 4 4 8 28.6%
Superior 8 9 17 53.1% 10 10 20 71.4%
Medial yaw 8 10 18 56.3% 12 14 26 92.9%
Lateral yaw 8 6 14 43.8% 2 0 2 7.1%
Medial roll 13 16 29 90.6% 12 13 25 89.3%
Lateral roll 3 0 3 9.4% 1 2 3 10.7%
CW pitch 11 8 19 59.4% 5 7 12 42.9%
CCW pitch 5 8 13 40.6% 7 9 16 57.1%

CW, clockwise; CCW, counterclockwise.



Table 2. Intra- and inter-group comparison of the amount of translation (in millimeters) and rotation (in degrees); mean (standard deviation) and

P-values.
Translation
Medial/lateral Anterior/posterior Inferior/superior
P-value P-value P-value
Medial Lateral Intra-group  Anterior Posterior Intra-group Inferior Superior Intra-group
Class 11 0.88 (0.6) 1.3 (1.3) 0.81 1.02 (1.11) 1.23 (1.32) 0.968 0.58 (0.4) 094 (0.8) 0.271
Class III 0.6 (0.47) 0.26 (0.33) 0.024*° 0.5(0.47) 0.47 (0.32) 0.795* 0.30 (0.31) 0.70 (0.79) 0.047*°
P-value inter-group  0.193 0.002° 0.218 0.164 0.038" 0.298
Rotation
Yaw Roll Pitch
P-value P-value P-value
Medial Lateral Intra-group Medial Lateral Intra-group CW CCW Intra-group
Class II 7.55(6.33) 3.05(3.17) 0.142 558 (3.61) 25@3.81) ¢ 322 (2.23) 6.07 (5.15) 0.167
Class III 541 (3.07) 0.95(0.78) ° 4.63 (2.35) 2.07 (1.77) 0.081 230 (1.27) 2.47 (1.79) 0.786
P-value inter-group 0.61 ¢ 0.624 N 0.312 0.007*°

CW, clockwise; CCW, counterclockwise.
# Independent #-test.
b o ..
Statistically significant.
“Not computed.

et al.*>. The finding of medial yaw is
consistent with the previous litera-
ture’®*>*. The counterclockwise pitch
is also in agreement with the litera-
ture’®*!. According to Kim et al.*!, the
immediate post-surgical counterclockwise
pitch is influenced by the posterior impac-
tion of the maxilla. However, it continues
a forward rotation for 3 more months after
surgery”'.

The inter-group analysis showed that
even though the overall majority of class
II condyles showed a clockwise pitch, the
amount of counterclockwise pitch was
significantly greater in class II patients
(6.07 £ 5.15°) than in class III patients
(247 £1.79°) (P=0.007; Table 2),
which differs from the findings of Kuehle
et al.**, who reported similar changes in
class II and class III after one-jaw surgery
(bilateral sagittal split osteotomy) to cor-
rect anteroposterior skeletal problems.
The asymmetrical rotations observed in
this study between the right and left sides
were consistent with the patients who had
greater amounts of surgical movement.

According to Proffit et al.*®, traditional
cephalometric studies assessing changes
after treatment typically set the level of
clinical significance at >2 mm or >2°.
Thus, although translational displacement
of the condyle may be a common occur-
rence in the surgical correction of open
bite, the levels of these movements fall
below those of clinical significance estab-
lished previously in the literature. It has
been suggested that if changes are small
enough, physiological adaptation of the
condylar position may occur, but that this

process requires a long time’'. On the
other hand, factors associated with such
limited amounts of rotation, as seen in this
study, may include the skill and experi-
ence of the surgeon, improvements in
fixation techniques and pre-surgical plan-
ning, intraoperative condylar positioning,
and the use of computer-assisted position-
ing methods. In addition, the present study
findings were compared to the outcomes
of surgery for the correction of class Il and
class III malocclusions, most of them
without the vertical component. Neverthe-
less, awareness of such movements and
the amounts of such movements could
benefit those undertaking future surgeries
by minimizing iatrogenic rotations, as
well as surgical relapse. Counterclockwise
rotation of the condyles is not only con-
sidered a risk factor for condylar resorp-
tion®®, but also by positioning the condyle
more posteriorly and superiorly, it could
push the articular disc anteriorly”’ and
induce internal derangement or osteoar-
throsis*®*”.

The main limitation of this study is the
limited sample size. This can be attributed
to the fact that not all patients had double-
jaw surgery, not all patients had pre- and
post-surgical CBCT scans, and there were
cases of poor image quality. Furthermore,
a large number of patients had to be
excluded due to the lack of posterior tooth
contact present in the initial CBCT scan.

Considering the greater rotational con-
dylar changes with surgical correction of
skeletal open bite compared to translation-
al displacements, studies assessing the
relationship to the glenoid fossa, including

long-term studies, are necessary to assess
the potential clinical significance, as well
as the surgical stability.

In conclusion, after mandibular ad-
vancement, the majority of condyles were
displaced laterally, posteriorly, and supe-
riorly, and showed a rotation pattern of
medial yaw, medial roll, and clockwise
pitch, even though the amount of counter-
clockwise rotation was larger. In contrast,
after mandibular setback, the majority of
the condyles moved medially, posteriorly
(but a larger amount of movement towards
anterior), and superiorly, and showed a
rotation pattern of medial yaw, medial
roll, and counterclockwise pitch.
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