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Abstract. The purpose of this study was to apply a novel method to evaluate surgical
outcomes at 1 year after orthognathic surgery for Class III patients undergoing two
different surgical protocols. Fifty patients divided equally into two groups
(maxillary advancement only and combined with mandibular setback) had cone
beam computed tomography (CBCT) scans taken pre-surgery, at splint removal,
and at 1-year post-surgery. An automatic cranial base superimposition method was
used to register, and shape correspondence was applied to assess, the overall
changes between pre-surgery and splint removal (surgical changes) and between
splint removal and 1-year post-surgery at the end of orthodontic treatment (post-
surgical adaptations). Post-surgical maxillary adaptations were exactly the same for
both groups, with 52% of the patients having changes >2 mm. Approximately half
of the post-surgical changes in the maxilla for both groups were vertical. The two-
jaw group showed significantly greater surgical and post-surgical changes in the
ramus, chin, and most of the condylar surfaces (P < 0.05). Post-surgical adaptation
on the anterior part of the chin was also more significant in the two-jaw group
(P < 0.05). Regardless of the type of surgery, marked post-surgical adaptations
were observed in the regions evaluated, which explain the adequate maxillary–
mandibular relationship at 1-year post-surgery on average, with individual
variability.
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Class III skeletal malocclusion can
be corrected with orthodontic–surgical
approaches, which, in addition to improv-
ing aesthetics and function, are expected
to be stable over time. For correction of
skeletal Class III, hard tissue long-term
follow-up with two-dimensional (2D)
cephalometric analyses have shown that
maxillary advancement only or advance-
ment combined with mandibular setback
are stable procedures.1,2 However, despite
improvements in surgical techniques for
mandibular setback, post-operative stabi-
lity still leaves something to be desired.3

Short and long-term three-dimensional
(3D) superimposition studies using cone
beam computed tomography (CBCT)
have evaluated mandibular changes for
ons. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Magnitude of displacement is shown by the colour map from green (0 mm) to red
(5 mm). The directionality is expressed by the vector arrows.
Class II patients.4,5 For Class III patients,
Cevidanes et al.6 evaluated changes in the
condyles and rami with the closest point
distances method at 1 week after surgery.
Other studies on surgical outcomes of jaw
surgery have evaluated short-term soft and
hard tissue changes with landmark coor-
dinates and linear or angular measure-
ments in anatomical crossections.7,8 In
2011, Paniagua et al.9 introduced shape
correspondence as a means of quantifying
surgical displacements to the field of
orthognathic surgery. Shape correspon-
dence has previously been used to analyse
brain morphology10 and condylar resorp-
tion.11,12 This method does not rely on
specific 2D or 3D landmarks or closest
point surface distances, but aims to auto-
matically obtain correspondence points in
‘before’ and ‘after’ surgery 3D models, and
is able to quantify the changes that have
occurred in three axes of space (x, y, z).9

The purpose of this study was to apply
the shape correspondence technique to
evaluate the 1-year post-operative stability
of the maxillary–mandibular complex with
two different surgery protocols in Class III
patients.

Materials and methods

Fifty patients (23 male, 27 female, mean
age 24.7 years) with Class III skeletal
malocclusions were selected for this pro-
spective study, which was approved by the
Institutional Review Board of the Univer-
sity of North Carolina. All patients had a
skeletal Class III jaw relationship with
edge-to-edge or negative overjet. For each
study participant, orthognathic surgical
treatment was the most recommended
treatment option to fully correct the mal-
occlusion and skeletal imbalances. The
patients were divided into two groups
according to the type of surgery (25
patients in each group). The first group
had maxillary advancement only and the
second group had maxillary advancement
combined with mandibular setback (bilat-
eral sagittal split osteotomy); both groups
were stabilized with rigid internal fixation.
Patients with cleft lip and palate, syn-
dromes, and disharmonies due to trauma
were excluded.

CBCT images were acquired before
surgery, at splint removal from 4 to 6
weeks after surgery, and at 1-year follow-
up. The scanning protocol involved a
36-s full head exposure, using the
NewTom 3G scanner (Aperio Services,
Sarasota, FL, USA) with a 12-in. field of
view. Ten patients had at least one CBCT
taken with a NewTom 9000 (Aperio
Services) with a 9-in. field of view.
Due to this smaller field of view, either
the chin or the condyles were missing in
these patients. The voxel dimension
was an isotropic 0.5 mm � 0.5 mm �
0.5 mm. During the scan all the subjects
were biting a thin wax record to maintain
centric occlusion.

After the CBCT acquisitions, semi-
automatic segmentations were completed
for the volumes using open-source soft-
ware ITK-Snap13 (http://www.itksnap.
org). This software allows the construc-
tion of models based on voxel grey
scale intensity. To superimpose different
time-points, all the post-surgical models
were registered to the cranial base of the
pre-surgery volume. The registration
method consists of a fully automated
voxel-wise rigid registration that com-
pares and matches the intensities of
the voxel grey scales at the cranial
base between different time-points and
relocates the image with 6 degrees of
freedom.14

Point-distributed correspondent models
of all the regions of interest were com-
puted using SPHARM-PDM toolbox.15

This method establishes correspondences
based on the inherent geometry of the
population.

Shape analyses and measurements of
surgical outcomes were computed by
subtracting pre- and post-surgery point-
based correspondent models and were
displayed via colour-coded distance
magnitude and vector maps (Fig. 1).
The distance maps show the magnitude
of the position changes between two
point-based correspondent models, while
the vector maps provide the directional-
ity of these positional displacements.
Positive and negative numbers represent
outward and inward displacement,
respectively. Thirteen regions of interest
were selected (Fig. 2), and the largest
displacement for each region was calcu-
lated for pre-surgery to splint removal
(S1) and splint removal to 1-year post-
surgery (S2).

Statistical analysis

Analyses were done with SPSS 17.0 (Chi-
cago, IL, USA). The greatest displacement
for each anatomic region was measured in
two superimpositions. To assess observer
error, 10 randomly selected patients were
measured twice by a single observer in a
10-day interval using intra-class correla-
tion (ICC).

For each anatomic region, the indepen-
dent Student’s t-test was used to test
whether there were statistically significant
differences in the outcomes of the two
types of surgery, (1) between pre-surgery
and splint removal (surgical displace-
ments, S1), and (2) between splint removal
and 1 year post-surgery (post-surgical
adaptations, S2). In addition, percentages
of patients who experienced positive or
negative displacement greater than 2 mm
were calculated. Since the corresponding

http://www.itksnap.org/
http://www.itksnap.org/
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Fig. 2. Regions of interest selected for the study: 1, maxilla; 2, right and left condyle posterior surface; 3, right and left condyle medial pole; 4,
right and left condyle lateral pole; 5, right and left condyle superior surface; 6, right and left posterior border ramus; 7, anterior part of the chin; 8,
inferior border of the mandible.
distances between the superimpositions
have positive and negative signals that
represent inward and outward movement
rather than a single direction, descriptive
statistics and the independent Student’s t-
test were done with the absolute value of
the distances. Statistical significance was
set at 0.05.
Table 1. Descriptive statistics for the greates
superimposition 1 (pre-surgery to splint remova

Anatomic surface Type of su

Maxilla Maxilla-
Two-jaw

Right condyle posterior surface Maxilla-
Two-jaw

Left condyle posterior surface Maxilla-
Two-jaw

Right condyle medial pole Maxilla-
Two-jaw

Left condyle medial pole Maxilla-
Two-jaw

Right condyle lateral pole Maxilla-
Two-jaw

Left condyle lateral pole Maxilla-
Two-jaw

Right condyle superior surface Maxilla-
Two-jaw

Left condyle superior surface Maxilla-
Two-jaw

Right posterior border ramus Maxilla-
Two-jaw

Left posterior border ramus Maxilla-
Two-jaw

Anterior surface of the chin Maxilla-
Two-jaw

Inferior border of the chin Maxilla-
Two-jaw
Results

The agreement between repeated mea-
sures was with all the areas having ICC
coefficients greater than 0.90.

Descriptive statistics of displacement in
each one of the regions of interest are shown
inTables1 and 2 forS1and S2, respectively.
t displacement at each anatomic region for
l, S1).

rgery n
Mean surface

distances (mm) SD

only 24 6.78 2.32
 24 7.45 2.84

only 24 1.56 0.84
 23 1.96 0.90

only 24 1.89 0.92
 24 2.32 0.97

only 24 1.54 0.80
 23 2.13 1.03

only 24 1.69 0.84
 24 2.30 1.16

only 24 1.65 0.92
 23 2.08 0.75

only 24 1.50 0.67
 24 2.12 1.07

only 24 1.52 0.91
 23 2.07 0.76

only 24 1.61 0.69
 24 2.07 1.07

only 24 2.64 1.83
 24 4.35 2.01

only 24 3.27 1.65
 24 5.53 1.81

only 22 3.43 1.92
 18 8.73 2.92

only 19 4.44 2.84
 12 10.22 4.31
Maxilla-only surgery group

In the maxilla-only surgery group (Figs 3
and 4), the maxillary region was displaced
forward and downward or upward more
than 4 mm for 96% (mean displacement
6.78 � 2.32 mm) of the patients in S1.
Post-surgical adaptations (S2) included
mostly vertical changes of 2 to 4 mm or
�2 to �4 mm for 39% of the cases, and
>4 mm or <�4 mm for 13% of the
patients, and there were greater horizontal
and vertical components for negative and
positive values, respectively.

Surgical movements (S1) >2 mm and
<�2 mm of the left and right condyles in
the maxilla-only surgery group occurred
in 33% of the cases at the posterior sur-
face, in 27% of the cases at the medial and
lateral condylar poles, and in 23% of the
cases at the superior surface. Post-surgi-
cal adaptations (S2) >2 mm and
<�2 mm at the posterior condylar sur-
face occurred in 19% of the cases, in 12%
and 21% of the cases at the medial and
lateral poles, respectively, and in 15% of
the cases at the superior surface (Fig. 5).
The left and right posterior ramus
borders presented post-surgical adapta-
tion changes >2 mm and <�2 mm,
respectively, in 38% and 50% of the cases
in S2. The chin and inferior border of the
mandible were the regions with greatest
post-surgical adaptation in S2, showing
adaptive displacements >2 mm or
<�2 mm in 64% and 68% of the cases,
respectively.

Two-jaw surgery group

In the two-jaw group (Figs 6 and 7), the
maxillary region was advanced more than
4 mm for all patients in S1 (mean displa-
cement 7.45 � 2.84 mm). Post-surgical
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Table 2. Descriptive statistics for the greatest displacement at each anatomic region for
superimposition 2 (splint removal to 1 year post-surgery, S2).

Anatomic surface Type of surgery n
Mean surface
distance (mm) SD

Maxilla Maxilla-only 23 2.31 1.09
Two-jaw 21 2.02 0.76

Right condyle posterior surface Maxilla-only 24 1.43 0.76
Two-jaw 23 1.86 0.74

Left condyle posterior surface Maxilla-only 24 1.44 0.61
Two-jaw 24 2.06 0.88

Right condyle medial pole Maxilla-only 24 1.37 0.76
Two-jaw 23 2.03 1.09

Left condyle medial pole Maxilla-only 24 1.33 0.86
Two-jaw 24 1.98 0.91

Right condyle lateral pole Maxilla-only 24 1.43 0.78
Two-jaw 23 1.86 0.75

Left condyle lateral pole Maxilla-only 24 1.57 0.89
Two-jaw 24 1.93 1.16

Right condyle superior surface Maxilla-only 24 1.43 0.91
Two-jaw 23 1.83 0.73

Left condyle superior surface Maxilla-only 24 1.49 0.53
Two-jaw 24 2.05 0.82

Right posterior border ramus Maxilla-only 24 2.14 1.07
Two-jaw 24 3.34 2.60

Left posterior border ramus Maxilla-only 24 2.11 1.39
Two-jaw 24 3.64 1.59

Anterior surface of the chin Maxilla-only 22 2.80 1.35
Two-jaw 18 4.15 2.71

Inferior border of the chin Maxilla-only 19 2.77 1.51
Two-jaw 12 3.63 2.44
adaptations >4 mm in the maxillary
position were not experienced, and
changes between 2 and 4 mm occurred
in 52% of the cases.
Fig. 3. Percentage of patients with changes (>
Maxilla-only group.
Surgical movements (S1) of the con-
dyles in the two-jaw surgery group often
led to some degree of antero-posterior
and lateral condylar rotation. Surgical
2 mm and <�2 mm) between pre-surgery and s
movements of >2 mm and <�2 mm
occurred in 55% of the patients at the
posterior surface of the condyles, in
62% and 49% of the cases at the medial
and lateral condylar poles, respectively,
and in 42% of the cases at the superior
surface (Fig. 8). The left and right poster-
ior ramus borders presented >2 mm and
<�2 mm movements with surgery in 96%
of the cases and post-surgical adaptive
changes in 77% of the cases. The chin
and inferior border of the mandible were
the regions with greatest post-surgical
adaptation in S2, showing adaptive changes
>2 mm or <�2 mm in 83% (mean
4.15 � 2.71 mm) and 75% (mean 3.63 �
2.44 mm) of the cases, respectively.

The Student’s t-test indicated that
changes at the ramus and the anterior
surface of the chin were significantly
different in the two types of surgical
procedure, both for the surgical move-
ments (Table 3) and the post-surgical
adaptive changes (Table 4). The mean
condylar change differences between the
two groups were smaller than 0.6 mm for
all condylar anatomic regions. Maxillary
changes with surgery and post-surgical
adaptations were not statistically
different when the two groups were
compared.

Discussion

This study compared stability after correc-
tion of Class III malocclusion with max-
illary advancement only to two-jaw
surgery, by using a new technique for
3D evaluation of stability post-surgery.
plint removal (S1) for each anatomic region.
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Fig. 4. Percentage of patients with changes (>2 mm and <�2 mm) between splint removal and 1 year post-surgery (S2) for each anatomic region.
Maxilla-only group.
The superimposition method applied
here14 is different from other studies that
have used coordinates16,17 and partial
structures for registration.18 By using the
entire cranial base as a reference, both the
inclination and position in three planes of
space are corrected. All 3D superimposi-
tion measurements in this study refer to
displacements and/or bone remodelling
that describe overall facial changes rela-
tive to the cranial base.

With mandibular setback, post-surgical
stability likely is a technical problem. The
3D superimpositions in the present study
clearly show that during surgery, if the
chin is moved back, but the gonial angle is
Fig. 5. Example of condylar displacement in a m
superimpositions. In 1 the condyle is moved po
Condyle model of T1 and vectors showing chang
image B showing its inward movement. This pati
and superior condylar surfaces.
also pushed back, the musculature usually
returns the ramus to its original orienta-
tion, and the chin is displaced forward
post-surgically (Fig. 9). The 2D cephalo-
metric stability studies of two-jaw Class
III treatment in the last decade provide
some evidence that the technical problem
in setting mandibles back has largely been
overcome using two-jaw surgical proce-
dures.19 Problematic stability in moving
the maxilla down is due largely to changes
within the first few post-surgical weeks,
before bone healing is complete, as occlu-
sal force tends to push it upward (Fig. 10).
There are three logical approaches to
maintaining the position of the maxilla
axilla-only surgery patient. (1 and 2) Semi-tran
stero-superiorly, and in 2 the condyle has returne
es to T2. (B) Condyle model of T2 and vectors sho
ent had an approximate 2.5 mm of movement in o
until it heals: heavy rigid fixation, a rigid
hydroxyl apatite graft in the defect created
by the downward movement, and simul-
taneous mandibular surgery to decrease
the occlusal force. All are reasonably suc-
cessful, but the rigid fixation has to be
much heavier than typical plates and
screws and is still not completely effec-
tive. An initially rigid but ultimately
resorbable graft, rather than one like
hydroxyl apatite that persists indefinitely,
is likely to become available in the near
future and would be preferred.19 Improved
stability has been demonstrated in patients
(usually Class III) in whom downward
movement of the maxilla is combined with
sparency of condylar changes in two different
d to approximately the original position. (A)
wing changes to T3. (C) Only the vectors from
pposite directions for A and B at the posterior
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Fig. 6. Percentage of patients with changes (>2 mm and <�2 mm) between pre-surgery and splint removal (S1) for each anatomic region.
Two-jaw group.

Fig. 7. Percentage of patients with changes (>2 mm and <�2 mm) between splint removal and 1 year post-surgery (S3) for each anatomic region.
Two-jaw group.
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Fig. 8. Two-jaw surgery patient. (A) Posterior view of the ramus showing lateral displacement.
(B) Superior view of the condyle of the same patient showing its rotation. Note that the medial
pole is displaced more than the lateral pole for surgical movements and post-surgical adaptation.

Table 4. Comparison of splint removal to 1 year post-surgery. Changes with two-jaw surgery
independent Student’s t-test.

Anatomic surface Mean difference (mm) Standard error of the differe

Maxilla 0.29 0.29 

Right condyle posterior surface �0.43 0.22 

Left condyle posterior surface �0.61 0.22 

Right condyle medial pole �0.66 0.27 

Left condyle medial pole �0.65 0.26 

Right condyle lateral pole �0.44 0.22 

Left condyle lateral pole �0.36 0.30 

Right condyle superior surface �0.40 0.24 

Left condyle superior surface �0.56 0.20 

Right posterior border ramus �1.20 0.57 

Left posterior border ramus �1.53 0.43 

Anterior surface of the chin �1.35 0.66 

Inferior border of the chin �0.85 0.71 

95% CI, 95% confidence interval.
a P � 0.05, statistically significant.

Table 3. Comparison of pre-surgery to splint removal. Changes with two-jaw surgery by maxill
Student’s t-test.

Anatomic surface Mean difference (mm) Standard error of the differe

Maxilla �0.67 0.75 

Right condyle posterior surface �0.40 0.25 

Left condyle posterior surface �0.44 0.27 

Right condyle medial pole �0.60 0.27 

Left condyle medial pole �0.61 0.29 

Right condyle lateral pole �0.43 0.25 

Left condyle lateral pole �0.62 0.26 

Right condyle superior surface �0.54 0.25 

Left condyle superior surface �0.46 0.26 

Right posterior border ramus �1.72 0.55 

Left posterior border ramus �2.26 0.50 

Anterior surface of the chin �5.29 0.77 

Inferior border of the chin �5.78 1.28 

95% CI, 95% confidence interval.
a P � 0.05, statistically significant.
a mandibular ramus osteotomy.2,19 Auto-
genous bone graft could also be used to
improve stability, but there are some dis-
advantages such as requiring a secondary
surgical site, difficulty in shaping the graft,
the physiologic process of remodelling
and resorption during the healing, and
the amount of bone needed.20,21

Quantifying pre- and post-surgery
changes with CBCT by means of 3D
closest point surface distances has
allowed visual assessment of colour
maps.4–6 This method works very well
for linear movements in one axis; how-
ever, when rotation or large displace-
ments occur, the measurements could be
affected because the closest point will
measure the smallest surface distances
between ‘before’ and ‘after’ surgery mod-
els that do not necessarily imply anato-
mical correspondence. On the other hand,
the shape-based SPHARM-PDM corre-
spondence method used by Paniagua
et al.9 has been validated and shown to
 by maxillary advancement only, using the

nce 95% CI of mean P-Value

�0.29 0.87 0.32
�0.87 0.01 0.05a

�1.05 �0.17 0.01a

�1.21 �0.10 0.02a

�1.16 �0.14 0.01a

�0.89 0.01 0.06
�0.96 0.24 0.23
�0.88 0.09 0.11
�0.96 �0.16 0.01a

�2.36 �0.05 0.04a

�2.40 �0.66 0.00a

�2.68 �0.02 0.05a

�2.30 0.59 0.24

ary advancement only, using the independent

nce 95% CI of the mean P-Value

�2.18 0.84 0.38
�0.91 0.11 0.12
�0.98 0.11 0.12
�1.14 �0.06 0.03a

�1.20 �0.02 0.04a

�0.93 0.06 0.09
�1.13 �0.10 0.02a

�1.04 �0.05 0.03a

�0.98 0.06 0.08
�2.83 �0.60 0.00a

�3.27 �1.25 0.00a

�6.85 �3.74 0.00a

�8.40 �3.16 0.00a
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Fig. 9. Gonial angle pushed back after surgery and returning to its initial position.
accurately identify and quantify critical
attributes of the surgical correction in a
study using surgical simulation. In the
current study, the same idea was applied
for real surgeries on another sample of
patients.

Another feature provided by shape
correspondence analysis is information
on the directionality of the movement.
Vector colour maps show the before-to-
after movements between correspondent
structures, visually demonstrating their
rotation or translation. Such information
was not provided by the other quantita-
tive methodologies that have been used
previously.
Fig. 10. Example of maxillary vertical relapse. (
(C and D) Vectors from T2 to T3 showing that
The mandibular and maxillary post-sur-
gical movements reported in this study are
larger than those of other studies using 2D
or 3D images.8,19,22 A possible explana-
tion for this finding could be the fact that
those studies did not measure displace-
ments in the three planes of space (3D
vectors), and instead refer to projected
distances of horizontal and vertical com-
ponents of 3D movements, often leaving
out the assessment of lateral displace-
ments. In addition the results reported
by Kim et al.8 refer to findings 6 months
after surgery. Most of the surgical adapta-
tions occur within the first 6 months after
surgery,23 but post-surgical adaptations
A and B) Vectors representing forward and down
 the post-surgical adaptation was mostly vertical
continue, particularly during the first year
post-surgery.24

Both groups in this study presented
post-surgical adaptations greater than
2 mm of the mandible and maxilla in
nearly half of the cases, with a predomi-
nantly vertical component in the vectors of
displacement. While in the two-jaw group
post-surgical changes greater than 4 mm
were not observed in the maxillary posi-
tion, in the maxilla-only surgery group,
13% of the patients had changes greater
than 4 mm. These results did not necessa-
rily mean antero-posterior relapse. In pre-
vious studies, different authors have
reported3,19,24 that downward rotational
movements of the maxilla can increase
vertical relapse without leading to
antero-posterior relapse. The mandible
adapts to this movement with clockwise
or counter-clockwise rotation,19,24,25 or
crossbite. Similar findings were observed
in the present study for some cases, as
shown in Fig. 11.

Our findings on condylar movement
corroborate previous reports of posterior
displacement after bilateral sagittal split
osteotomy for Class III patients. After a
few months, the condyles tend to return to
their initial position.7,8 In the present
study, even though the mandible was set
back and not advanced, we observed simi-
lar condylar adaptations as reported by
Carvalho et al.4 when the mandible is
advanced for Class II patients. In this
ward movement of the maxilla from T1 to T2.
 (approximately 4 mm).
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Fig. 11. Clockwise rotation after surgery due to maxillary repositioning and counterclockwise
rotation after maxillary post-surgical adaptation.
study, some of the condyle surfaces did
not present statistically significant differ-
ences between the surgery groups. Clini-
cally, however, the type of movement was
clearly different. In addition to the pos-
tero-superior movement, the two-jaw sur-
gery patients often showed rotation of the
proximal segment. This rotation of the
proximal segment in sagittal split osteo-
tomies has been described in previous
studies as due to: changes in the condyles
and rami area,22,26 and related with the
rotation of the proximal segment. Using
computerized tomograms, Spitzer et al.
observed that the lateral and medial con-
dylar poles tend to move (the lateral pole
anteriorly and the medial pole poster-
iorly)27 because of forces applied by a
screwdriver during the fixation.28 Other
explanations include the use of screws that
result in torque if there is a gap between
the proximal and distal segments,29 and
the effect of rigid internal fixation.30,31 In
two-jaw surgery, even though we had
anticipated better control of ramus incli-
nation, the ramus was still likely to be
pushed posteriorly when the mandible was
set back, and recovery of the ramus incli-
nation change was a major component of
forward movement of the chin after two-
jaw surgery. Additionally, upward move-
ment of the maxilla in some patients
allows the chin to rotate upwards and
forwards post-surgically.

In summary, marked post-surgical
adaptations were observed for the regions
of interest evaluated in the present study in
both groups, with individual variability.
At 1-year post-surgery, the stability of the
maxillary advancement was the same
regardless of the type of surgery. Despite
some instability in the mandibular correc-
tion, the two-jaw surgery group still had
greater correction of the mandibular posi-
tion compared to the maxilla-only surgery
group, where only autorotation changes
occurred. Long-term follow-up at 3 and
5 years post-surgery will elucidate the
pattern of bone remodelling and displace-
ment beyond the completion of orthodon-
tic treatment.
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