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Abstract. The aim of this study was to generate a quantitative dynamic
assessment of facial movement symmetry changes after orthognathic surgery.
Twenty-five patients diagnosed with skeletal class III malocclusion with facial
asymmetry who underwent bimaxillary surgery were recruited. The patients
were asked to perform a maximum smile that was recorded using a three-
dimensional facial motion capture system preoperatively (T0), 6 months
postoperatively (T1), and 12 months postoperatively (T2). Eleven facial
landmarks were selected to analyse the cumulative distance and average speed
during smiling. The absolute differences for the paired landmarks between the
sides were analysed to reflect the symmetry changes. The results showed that the
asymmetry index of the cheilions at T2 was significantly lower than that at TO
(P =0.004), as was the index of the mid-lateral lower lips (P = 0.006). The mean
difference in cheilions was 2.13 + 1.41 mm at TO, 1.33 + 1.09 mm at T1, and
1.00 £ 0.98 mm at T2. The facial total mobility at T1 was significantly lower
than that at TO (P < 0.001), while the total mobility at T2 was significantly
higher than that at T1 (P =0.012). The orthognathic surgical correction of facial
asymmetry was able to improve the associated asymmetry of facial movements.
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Facial expression plays a major role as the facial skeleton, musculature, fat

both in social communication and fa-
cial aesthetics, promoting and mod-
ulating interpersonal relationships, self-
esteem, and quality of life." * A natural
and symmetrical facial expression is
determined by a harmonious relation-
ship among different components, such
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distribution, and skin texture.® For
patients with skeletal dentofacial mal-
occlusions, however, these correlations
may be very different.

Patients with skeletal class III de-
formities often exhibit facial asym-

metry.” They seek orthognathic surgery

to correct their jaw asymmetry. Al-
though many studies have focused on
skeletal and dental stability and static
soft tissue changes after surgery,”’ the
impact of orthognathic surgery on fa-
cial expressions has not been fully in-
vestigated. With increasing aesthetic
demands from patients, an objective
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three-dimensional facial dynamic ana-
lysis is required.® '

Published studies on this topic have
limitations. A previous study evaluated
the facial movement changes after max-
illary osteotomies based on two-dimen-
sional (2D) images using linear
measurements,'’  which underestimate
the magnitude of facial expressions.”
Static three-dimensional (3D) imaging is
more comprehensive than 2D imaging.
However, these methods do not record
or analyse the dynamics of facial motion.
The application of preplaced reflective
markers with a video-based tracking
system can be used to record the 3D
dynamic changes in facial movement.'*'*
Nevertheless, the direct placement of
multiple markers on the face introduces
inaccuracies into the assessment and
could prevent the patient from producing
natural facial expressions.'” In addition,
few studies have provided quantitative
results for dynamic symmetry changes
following surgery.

3D motion capture stereo-
photogrammetry (4D) may provide a
crucial contribution to this field of re-
search. The markerless 3D dynamic
system can capture the natural facial ex-
pression by rapid, non-invasive surface
scanning and precisely quantitate the
changes in surface topology, shape, and
volume.'® Previous research has sug-
gested that patients with skeletal asym-
metry also show asymmetry in soft tissue
functions while smiling.!” If this func-
tional asymmetry persists post-surgically,
it will not only affect the dynamic facial
aesthetics, but there will also be an in-
creased susceptibility to post-surgical
hard tissue relapse in these patients, be-
cause of a lack of soft tissue balance.

Therefore, the purpose of this study
was to analyse the changes in facial
movements after orthognathic surgery
using a 3D motion capture system.
Specifically, it was sought to quantita-
tively evaluate the dynamic symmetry
changes during smiling in patients with
skeletal class III deformities and facial
asymmetry, following orthognathic
surgery.

Materials and methods

This longitudinal study was approved by
the Institutional Review Board of Peking
University School of Stomatology (ap-
proval number PKUSSIRB-201943022)
and followed the guidelines of the
Declaration of Helsinki on human re-
search. All participants provided written

informed consent. The sample size was
determined according to an earlier
study.” A significant difference in bi-
lateral landmarks was set at 1.2 mm. The
expected variability (standard deviation)
of the differences was* 1.5mm. With
the standard assumption of 90% power
and significance set at P < 0.05, a
sample size of 19 study subjects was re-
quired.

Patients

Twenty-five consecutive patients with
skeletal class III malocclusion and fa-
cial asymmetry who consulted for sur-
gical correction were enrolled. They
underwent orthognathic surgery in the
Department of Oral and Maxillofacial
Surgery at Peking University School
and Hospital of Stomatology between
January 2019 and June 2019. The in-
clusion criteria were as follows: (1) pa-
tients clinically diagnosed with skeletal
class III malocclusion; (2) patients with
menton deviation greater than 4 mm'®;
(3) patients who could naturally close
the upper and lower lips; (4) patients
who had undergone bimaxillary sur-
gery and accepted preoperative and
postoperative orthodontic treatment;
(5) patients aged 18-35 years; and (6)
patients with no history of paralysis.
The exclusion criteria were as follows:
(1) patients with a secondary deformity
of the cleft lip/palate or facial trauma;
(2) patients also diagnosed with sys-
temic diseases; and (3) patients who
were unable to complete a 1-year
follow-up.

Conventional  preoperative cone
beam computed tomography scans
with 0.3-mm slices were obtained.
DICOM data were imported into
ProPlan CMF software version 1.3
(Materialise, Leuven, Belgium). For
each scan, the following skeletal land-
marks were located: sella, nasion, ba-
sion, and menton. The midsagittal
plane (MSP) was defined as the plane
passing through sella, nasion, and ba-
sion.'”? All patients included in the
study had a distance from menton to
the MSP greater than 4 mm. For each
patient, the deviated side was defined as
the side that included menton and the
non-deviated side was the side con-
tralateral to the chin deviation.

Orthognathic surgical treatment

All patients underwent a Le Fort I
maxillary osteotomy, Obwegeser type
bilateral sagittal split ramus osteotomy,

and genioplasty. All surgeries were
performed by the same surgeon.

Three-dimensional digital
stereophotogrammetry

Full details of the 3D digital stereo-
photogrammetry system have been
published previously.!” All patients
were analysed before surgery (TO0), 6
months postoperatively (T1), and 12
months postoperatively (T2). Facial
movements were recorded using the
3dMDface dynamic system (3dMD
LLC, Atlanta, GA, USA). The system
is a non-invasive 3D surface scanner
that uses active stereophotogrammetry
and random infrared speckle projection
to capture both pattern-projected and
non-pattern-projected  white  light
images simultaneously.

The patients were asked to perform a
maximum closed smile expression,
which has been regarded as a re-
producible smile in previous stu-
dies.”’*” The operator demonstrated
the facial expression and a rest position
to each patient and trained each parti-
cipant before image capture began. The
facial expression began with the lips
pressed together lightly, without any
tension in the facial muscles (rest posi-
tion) to smile maximally with the lips
closed, while biting the back teeth to-
gether lightly (maximum smile), and
then returning to the rest position.
Prior to each capture session, the ex-
pression was practiced with the op-
erator to ensure that the patients had
fully understood the instructions.

The 3D measurement of each ex-
pression sequence was performed using
3dMDvultus software (3dMD LLC).
Five key frames were chosen for the
measurements, including the initial
frame (rest position), largest frame
(maximum smile), quarter frame, half
frame, and three-quarters frame.
Eleven facial landmarks were placed
manually around the lips for each 3D
key frame by one examiner (Z.X.)
(Table 1, Fig. 1), according to those
described by Farkas™ and others.”**’
Subsequently, all coordinates were
converted to metric data, and a set of
3D coordinates was obtained for each
landmark in each frame that con-
stituted each movement. The cumula-
tive distance moved (D) and the
average speed of the movement (V) of
each landmark from rest to maximum
smile were determined. The sum of all
landmark distances for each patient
was calculated to provide the ‘total
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Table 1. Key landmarks used for dynamic analysis.

Landmark Abbreviation Definition

Alar base al Point on the margin of the base of the ala

Cheilion ch Point located at the labial commissure

Crista philtri cph Point on the crest of the philtrum

Mid-lateral lower lip mll Point midway between cheilion and labrale inferius
Subnasale sn Point at which the nasal septum merges with the upper lip
Labrale superius Is Point indicating the midpoint of the upper vermilion border
Labrale inferius li Point indicating the lower border of the lower lip

mobility’. Differences between the sides
were quantified by the ‘asymmetry
index’, calculated as the absolute value
difference of the distance for the four
paired landmarks (AD = |Dgeviated —

Dnon-deviatedl)'

Reliability analysis

The reliability of the soft tissue scan
measurements was evaluated using the
intra-class  correlation  coefficient
(ICC). Intra-examiner and inter-
examiner reliability were tested using
10 randomly selected patient cases.
Intra-examiner reliability was de-
termined for the same examiner (Z.X.),
who defined the landmarks twice
within 1 week. Inter-examiner relia-
bility was determined for the two ex-
aminers (Z.X. and G.Y.) who defined
the landmarks at the same time.

Statistical analysis

Descriptive statistics were used to show
the variations in the movement for each
acquisition. All data were presented as
the mean t+ standard deviation values.
The normality of the data was assessed
using the Shapiro-Wilk test. The intra-
and inter-examiner reliability was tested
using the ICC. A paired #-test was used
to compare the differences between the
bilateral landmarks at each time point
studied. The Wilcoxon signed rank test
was performed for those variables that
were not normally distributed. Repeated
measures one-way analysis of variance
(ANOVA) was used to compare the total
mobility and the asymmetry index be-
tween the three acquisitions. P-values <
0.05 were considered statistically sig-
nificant. The Bonferroni test was applied
for multiple comparisons adjustment. All
of the analyses were performed using
SPSS Statistics version 17 (SPSS Inc.,
Chicago, IL, USA).

Fig. 1. Landmarks used in the study. Please refer to Table 1 for detailed definitions.

Table 2. Patient demographics (N = 25).

Variable Value
Sex
Female 16
Male 9
Age (years)
Mean 24.4
Range 19-35
Surgical treatment
Le Fort I + BSSRO 23
+ genioplasty
Segmented Le Fort [ 2
+BSSRO
+ genioplasty
Menton deviation (mm)
Mean 6.25
Range 4.04-16.44

BSSRO, bilateral sagittal split ramus os-
teotomy.

Results
Demographic characteristics

In accordance with the inclusion and
exclusion criteria, 25 patients were re-
cruited into the study (16 female, nine
male; mean age 24.4 £ 4.6 years).
Table 2 summarizes the patient demo-
graphics. All enrolled patients com-
pleted the study. No surgery-related
complications or requests for revision
bone or soft tissue surgical interven-
tions were noted during the follow-up.

The intra-examiner reliability for the
measurement of facial landmark cu-
mulative distance was found to be
highly accurate, with ICC ranging from
0.988 to 0.998. The inter-examiner re-
liability coefficients ranged from 0.974
to 0.997, confirming that the landmark
technique was accurate and re-
producible.

The results of the cumulative dis-
tance and average speed for each
landmark at all three time-points are
presented in Tables 3 and 4. Figs. 2-4
show the objective dynamic facial re-
sults for the four paired landmarks
during smiling of a representative pa-
tient before surgery and during post-
operative follow-up.
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Alar base

0.723
12.04 £ 6.18 0.831

4.34 £ 2.06

432 £ 232
12.08 £ 7.12

0.523
0.465

3.41 £ 1.20
9.09 + 3.03

327 £ 1.10
8.63 + 2.57

0.023*
0.021*

492 + 1.54
13.43 £ 4.62

4.25 £ 0.96
11.57 £ 2.85

Speed (mm/s)

Distance (mm)
Cheilion

0.943
0.906

11.77 £ 3.10
32.69 + 8.99

11.75 £ 3.54
32.56 = 9.73

0.330
0.224

10.35 £ 2.78
27.99 £ 8.52

0.001* 9.87 £ 3.33
0.001* 2642 £ 8.97

15.10 £ 3.72
41.66 £ 12.54

13.36 + 3.29
36.80 + 11.12

Speed (mm/s)

Distance (mm)
Crista philtri

0.868
0.868

529 £ 1.71
14.76 £ 5.37

5.19 £ 1.76
1447 £ 5.43

0.523
0.523

4.61 £ 1.72
12.23 + 4.10

4.35 £ 1.66
11.51 £ 3.76

0.330
0.330

6.24 + 1.55
17.16 £ 5.13

6.01 + 1.42
16.53 + 4.45

Distance (mm)
Speed (mm/s)
Mid-lateral lower lip

0.149
0.136

8.16 + 3.01
22.59 + 8.61

8.73 £ 3.00
24.32 + 8.66

0.831
0.738

18.32 + 4.89
Data are expressed as the mean * standard deviation. TO, before the surgery; T1, 6 months after surgery; T2, 12 months after surgery. *Statistically significant, P < 0.05.

6.92 £ 2.12
18.81 + 6.54

7.02 £ 2.27

< 0.001*
< 0.001*

12.70 £ 3.40
34.83 + 10.41

9.95 + 2.70
27.28 + 8.44

Distance (mm)
Speed (mm/s)

Facial dynamic symmetry changes
following orthognathic surgery

The Wilcoxon signed rank test
showed that the magnitudes of the
measurements for the cheilions
(P=0.001) and mid-lateral lower
lips (P < 0.001) were significantly
larger on the non-deviated side than
on the deviated side before surgery
(Table 3). However, no significant
differences were found between the
sides at T1 or T2.

Fig. 5 shows the changes in the
asymmetry index before and after
orthognathic surgery. There were
statistically significant differences in
the asymmetry index of the chei-
lions (ANOVA, F = 7.037; df = 2,
48; P=0.002) and the mid-lateral
lower lips (ANOVA, F=9.629; df =
2, 48; P < 0.001) before surgery, 6
months post-surgery, and 1 year
post-surgery (Table 5). The asym-
metry index of the cheilions at T2
was significantly lower than that at
TO (P=0.004), as was the index
of the mid-lateral lower lips
(P =0.006). The mean difference in
cheilions was 2.13 + 1.4l mm at
TO, 1.33 £ 1.09mm at TI, and
1.00 £ 0.98 mm at T2.

Facial movement amplitude changes
following orthognathic surgery

Fig. 6 shows the changes in the total
facial movement amplitude following
orthognathic surgery. The total mo-
bility during smiling was 90.40 +
18.02mm at TO, 61.58 =+ 15.24 mm
at T1, and 72.98 £ 17.50 mm at T2.
There were statistically significant
differences in  total  mobility
(ANOVA, F = 28.256; df = 2, 48;
P < 0.001) before surgery, 6 months
post-surgery, and 1 year post-surgery
(Table 5). The total mobility at T1
was significantly lower than that at
TO (P < 0.001), while the total mo-
bility at T2 was significantly higher
than that at T1 (P=0.012).

Discussion

Facial expressions are of great im-
portance both functionally and
aesthetically. With increasing aes-
thetic demands from the public, an
objective evaluation of the 3D facial
dynamics should be central to the
evaluation of treatments involving
facial appearance to produce nat-
ural-appearing results.  Skeletal
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Table 4. Summary of midline landmark results.

TO T1 T2
Subnasale Distance (mm) 4.09 + 1.37 2.84 + 1.08 2.99 + 1.37
Speed (mm/s) 11.31 £ 4.53 7.60 + 2.83 8.40 + 4.28
Labrale superius Distance (mm) 5.70 = 1.44 392 + 1.39 4.58 + 1.70
Speed (mm/s) 15.73 = 4.75 10.39 + 341 12.81 + 5.37
Labrale inferius Distance (mm) 8.07 + 2.52 5.02 = 1.67 587 £ 2.13
Speed (mm/s) 22.18 = 7.81 13.28 + 3.76 16.27 + 6.25

Data are expressed as the mean * standard deviation. TO, before the surgery; T1, 6 months after surgery; T2, 12 months after surgery.

14

Magnitudes of cumulative displacement (mm)

Fo F1/4 F1/2 F3/4 F1

Magnitudes of speed (mm/sec)

FO F1/4 F1/2 F3/4 F1
= ==al-D —1aN e ch-D - -ch-N
------ cph-D -cph-N = =mll-D e il -N

Fig. 2. Objective facial dynamic results (three-dimensional stereophotogrammetry) in a representative patient before surgery: at rest
(top), median frame (middle), and maximum smile (bottom). Selected contralateral landmarks showing dynamic changes with the patient
smiling. D, deviated side; N, non-deviated side.
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Fig. 3. Objective facial dynamic results in the same representative patient at 6 months postoperative: at rest (top), median frame
(middle), and maximum smile (bottom). Selected contralateral landmarks showing dynamic changes with the patient smiling.

D, deviated side; N, non-deviated side.

class III malocclusion with facial
asymmetry is among the common facial
deformities that are readily correctable
with orthognathic surgery.”®” A func-
tional assessment of facial movement
after orthognathic surgery is rarely
performed but could have important
implications for the stability of the
surgery through post-surgical soft
tissue adaptation to the new skeletal
relationships and affect the aesthetic
results achieved. Therefore, it is im-
portant for clinicians to evaluate the
dynamics of facial expressions before
and after surgery. In the current study,
the changes in facial movements were
investigated in class III patients with

facial asymmetry, after orthognathic
surgery.

The results of this study demonstrated
that the orthognathic surgical correction
of facial asymmetry was able to improve
the associated asymmetry of facial
muscle movements. Facial expressions
are dependent on the movements of the
facial muscles and their relationships to
the underlying bones. Orthognathic
correction of the facial bones leads to
repositioning of the muscles, fat, and
associated skin into a more symmetrical
position. This positional change in the
muscle attachments may result in
changes to the direction and magnitude
of facial expressions. Furthermore, the
patient’s peri-oral muscle tension will

also undergo adaptive changes as the
patient adapts to the new occlusion im-
proved by orthognathic surgery. In ad-
dition, patients might establish new
expressional habits based on the new
facial appearance and new occlusal re-
lationship. There is an indirect effect of
surgery on the proprioception and
motor activity of the muscles used when
making facial expressions, especially
those in the oral-facial regions. This will
contribute to the balancing effect in both
the direction and magnitude of facial
expressions.

Moreover, this study found that the
amplitude of the movements in smiling
appeared to be lower at 6 months after
surgery and to then return to values
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Magnitudes of cumulative displacement (mm)

Magnitudes of speed (mm/sec)

F1/2 F3/4

F1

-==al-D
cph-D

F1/4

F3/4
ch-N

el I-N

e al-N
cph-N

)

Fig. 4. Objective facial dynamic results in the same representative patient at 12 months postoperative: at rest (top), median frame
(middle), and maximum smile (bottom). Selected contralateral landmarks showing dynamic changes with the patient smiling. D, de-

viated side; N, non-deviated side.

closer to the pre-surgical values at the
12-month evaluation. The variations in
movement amplitude might be con-
sequent to oedema and tissue detach-
ment. Residual swelling can still be
expected at 6 months post-surgery, and
this swelling could affect facial move-
ment.”®* The study findings at 12
months post-surgery may be more re-
liable and valid, because by 1 year post-
surgery, most of the swelling should be
resolved, hence facial movement char-
acteristics will be seen more clearly
without any hindrance.

Al-Hiyali et al."” compared the facial
expression changes of 13 patients with
maxillary hypoplasia before surgery

and at 6-18 months after orthognathic
surgery and found that Le Fort I
maxillary osteotomy advancement de-
creased the magnitude of lip move-
ments. The authors thought this might
be caused by the stretching of the at-
tached muscles to the maxilla. Cullati
et al.”’ analysed the facial mimicry of
class III patients after orthognathic
surgery and found no significant var-
iations during the 24 months of follow-
up. Nonetheless, for the patients who
just underwent Le Fort I osteotomy
and bilateral sagittal split ramus os-
teotomy, total mobility between 6 and
12 months after surgery showed a sharp
increase and then returned to values

similar to the pre-surgical values at the
24-month evaluation. However, de-
creased mimicry performance post-sur-
gery was found in patients who
underwent genioplasty during the same
period. In the present study, all patients
enrolled underwent genioplasty at the
same time, which showed consistent
results. This suggests that further re-
search is needed to clarify the changes
in facial movements with different sur-
gical methods.

Consistent with a previous study,'” it
was found that pre-surgical patients
with skeletal asymmetry also had
asymmetry in soft tissue functions while
smiling. Both the distance and the
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Aal
3.00
2.50

2.00

1.50

Asymmetry index

1.00

0.50

0.00
T0

Ach A cph

Amll

Tl T2

Fig. 5. Facial asymmetry index changes over time: before surgery (TO) and during
postoperative follow-up (T1, 6 months; T2, 12 months).

speed of movement of the cheilion and
mid-lateral lower lip points on the non-
deviated side were significantly larger
than those on the deviated side before
the treatment. The existence of soft
tissue dynamic functional compensa-
tion in patients with skeletal asymmetry
is indicated. The peri-oral muscles can
establish a dynamic ‘symmetry’ based
on the asymmetric skeleton.'’

Human faces are fundamentally dy-
namic, but experimental investigations
of face perception have traditionally
relied on static images of faces. One of
the first studies to investigate changes
in facial movement following orthog-
nathic surgery analysed differences in
an instructed smile expression in pa-
tients who underwent maxillary

osteotomies.'' This was a 2D study
performed using video tracking of re-
flective markers placed on seven peri-
oral landmarks. However, earlier re-
search has shown that 2D analysis of
3D landmark displacement can under-
estimate the magnitude of 3D dis-
placement by up to 43%.'” With the
development of medical imaging tech-
nology, the evaluation method of facial
motion has progressed from 2D to 3D
and from static to dynamic. This study
further confirmed that markerless 3D
digital stereophotogrammetry provides
a precise, quantitative assessment of
facial soft tissue dynamics.

This study is subject to several lim-
itations. First, owing to the small
sample size, the probability of a non-

significant P-value is higher than would
be observed in a higher-powered study.
Second, a longer follow-up is still de-
sirable. This might show that the mag-
nitude of facial expressions gradually
returns to the preoperative measure-
ment at 1 year post-surgery. A more
complete trend of facial movement
changes might be observed by further
extending the follow-up. Third, this
study did not deeply explore the
changes in the subcutaneous soft tissues
between the bones and facial skin.
Future studies should employ high-
precision imaging techniques to stratify
each soft tissue position to evaluate the
effect of different soft tissue structures
on the dynamic changes. Fourth, the
analysis focused on landmark move-
ments, which could have omitted other
facial surface movements when smiling.
Future studies may include surface as-
sessments of the entire face.

In conclusion, the non-invasive, mar-
kerless 3D motion capture system is a
feasible objective method for the quan-
tification of facial movements. This
study emphasizes the possibility of using
real-time 3D motion imaging to measure
the dynamics of orofacial muscle move-
ments following orthognathic surgery.
Orthognathic surgical correction of ske-
letal asymmetry improves the symmetry
of facial movement during smiling.
Patients should be warned of the ex-
pected restriction in facial expressions
during the first 6 months that will gra-
dually return in 1 year. Further studies
on larger, more diverse surgical proce-
dures will be conducted to expand on
these significant findings.

Table 5. Total mobility and asymmetry index before surgery and during postoperative follow-up.

TO T1 T2 P-value

Total mobility (mm) 90.40 + 18.02 61.58 £ 15.24 72.98 + 17.50 < 0.001%*
Asymmetry index

Alar base 1.19 £ 0.74 0.91 * 0.59 0.94 + 0.56 0.251

Cheilion 2.13 £ 1.41 1.33 £ 1.09 1.00 £ 0.98 0.002*

Crista philtri 1.02 + 0.76 0.95 + 0.91 0.97 £ 0.47 0.954

Mid-lateral lower lip 2.75 £ 1.79 142 £ 091 1.62 + 0.64 < 0.001*
Data are expressed as mean * standard deviation. TO, before the surgery; T1, 6 months after surgery; T2, 12 months after surgery.

*Statistically significant, P < 0.05.
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Fig. 6. Facial total mobility changes over time: before surgery (T0) and during post-
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