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Abstract

Background Because of the limitation of specific preop-
erative design and surgical templates, orthognathic surgery
and mandibular contour osteoplasty are generally per-
formed in two stages. Three-dimensional printing tech-
nology has improved the accuracy of the surgery and
results in good surgical predictability easily. This study
aims to confirm the effectiveness, feasibility and precision
of simultaneous mandibular contour osteoplasty and
orthognathic surgery with the assistance of 3D printing
technology.

Methods Ten patients, who were diagnosed with
mandibular hypertrophy and bimaxillary deformities, were
included in the study. In addition to conventional orthog-
nathic surgery, mandibular angle ostectomy, mandibular
outer cortex grinding or mandibular border ostectomy was
designed for mandibular hypertrophy. Optimal osteotomy
lines and simulated surgeries were designed according the
3D printing model of the mandible. Then, surgical tem-
plates were made on the 3D printing model. No muscle
excision was performed in any patient. Preoperative, pre-
dicted and postoperative measurements were taken,
including the gonial angle (Ar—Go-Me) and the mandibu-
lar width (Go-Go).

Results All the patients had a reposeful postoperative
recovery, with no indication of obvious infection, facial
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paralysis, osteonecrosis or bone displacement. The gonial
angle was improved from 110.3° & 11.1 to 121.3° £ 2.9,
and the mandibular width was improved from
117.5 mm £ 6.8 to 111.9 mm =+ 4.2. The discrepancies
between simulation and postoperation of the left gonial
angle, the right gonial angle and the mandibular width were
0.56° £ 022, 0.65°+03 and 0.49 mm + 043,
respectively.

Conclusions The results of our study illustrated the pre-
dictability, feasibility and reliability of simultaneous
mandibular contour osteoplasty and orthognathic surgery
with the assistance of 3D printing technology. Our tech-
nique could achieve functional improvement and an aes-
thetic profile at the same time.

Level of Evidence IV This journal requires that authors
assign a level of evidence to each article. For a full
description of these Evidence-Based Medicine ratings,
please refer to the Table of Contents or the online
Instructions to Authors www.springer.com/00266.

Keywords Orthognathic surgery - Mandibular contour
osteoplasty - Three-dimensional printing technology -
Surgical template - Dentofacial deformities

Introduction

Unlike Westerners, Orientals prefer an ovoid and slender
outline rather than a square and salient one, so they hope to
change their appearance by surgical approaches [1]. The
position of the maxilla and mandible is usually altered by
orthognathic surgery (OGS) to treat dentofacial deformities
and obtain functional improvement in the dentoalveolar
complex [2]. Besides the postoperative function, more and
more emphases on aesthetics have been put forward.
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Particularly the mandibular contour including the angle of
the mandibular angle and the width of mandible has great
influence on the frontal and lateral views. However, with-
out specific preoperative design or surgical templates,
mandibular contour osteoplasty and orthognathic surgery
are generally performed in two stages [3]. It is difficult to
perform the two types of operations in a single-stage sur-
gery precisely. Due to much time and expense spent on
two-stage treatment, the desire for one-stage treatment has
become increasingly strong. But the reports regarding
simultaneous procedures of orthognathic surgery and
mandibular angle osteoplasty are few.

Three-dimensional printing technology has gained sub-
stantial popularity in recent years, such as the 3D-printed
intermediate and final occlusal splint, computerized fabri-
cation of osteotomy and locating guides, individually
designed 3D-printed patient-specific implants (PSI) and the
simple 3D printing model of bones [4-8]. As simulated
surgeries can be performed on the 3D-reconstructed images
and surgical templates can be made on the 3D printing
model, the surgeon can improve the accuracy of the sur-
gery easily and achieve good surgical predictability and
low incidence of complications [9]. Thanks to 3D printing
technology, the accuracy of orthognathic surgery has been
improved extraordinarily [10, 11].

In view of the shortcomings of two-stage surgery and
the desire for one-stage surgery, it is essential to explore
the feasibility, effectiveness and security of simultaneous
mandibular contour osteoplasty and orthognathic surgery.
In this study, several primary practices were taken with the
help of 3D printing technology to overcome the drawbacks
of one-stage surgery.

Patients and Methods

Ten patients who were diagnosed with mandibular hyper-
trophy and bimaxillary deformities were recruited from our
hospital from July 1, 2015, to June 30, 2016. They were all
within the index of orthognathic functional treatment needs
(IOFTN) score of 4 (Great Need for Treatment) or 3
(Moderate Need for Treatment) [12]. The patients included
seven females and three males ranging from 18 to 36 years
old, with an average age of 25 years old. All the patients
were informed of the therapeutic process before treatment
and gave consent for participation. Patient information,
diagnosis and clinical treatment are summarized in
Table 1. With the help of the 3D printing model and the
surgical templates, all the patients had orthognathic surgery
and mandibular contour osteoplasty simultaneously. The
institutional review board approved the study protocol, and
all the participants signed the informed consent form.
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Definite Diagnosis and Preoperative Design

The preoperative three-dimensional scan data of the max-
illofacial skeleton and the dental biting casts were exported
as communication in digital imaging (DICOM) format files
and imported into a specific computer graphics software
(Mimics17.0). The corresponding coordinate system and
the relevant landmarks were calibrated, as well as the base
center line and the reference plane. According to the 3D-
reconstructed images, a definite diagnosis can be made,
such as asymmetric deformity, mandibular protrusion or
retrusion and square mandible deformity.

In the view of individual treatment, besides the
objective aesthetic and functional requirement, patients’
aesthetic wishes were also taken into consideration while
designing the osteotomy lines. In addition to conventional
orthognathic surgery, mandibular angle ostectomy
(MAO), mandibular border ostectomy (MBO) or
mandibular outer cortex grinding (MOCG) were also
designed for mandibular hypertrophy. For MAO and
MBO, similar to Han and Kim [13], the osteotomy line
was designed according to the following three standards:
Firstly, the new gonion (Go) would be located below the
auricular lobule 2.5 £ 0.5 cm. It should be within the
regular range of the mandibular plane (MP) angle
(31.1° & 5.6) and on the angle bisecting the MP-RP (ra-
mus plane). Secondly, the osteotomy line must be
designed under the mandibular nerve tube. The prior end
of the osteotomy line might arrive at the mental region,
and the posterior end should not be above the occlusion
plane. Thirdly, the osteotomy line must be natural and
smooth. For MOCG, the borderline resectable area of the
lateral cortex is 10.0 mm lateral to the mental foramen
and 10.0 mm below the sigmoid notch. The mandibles of
most patients were asymmetric accompanied by protru-
sion, so the resection must be different on both sides to
achieve a new facial symmetry. The excised bone was
removed on the relatively larger side according to the
method above. The osteotomy line of the other side was
planned referenced to the mirror graph of the contralat-
eral. All the preoperative designs were made on the 3D-
reconstructed image through the software.

Creating the 3D Printing Models and Surgical
Templates

The 3D printing model of the 1:1 ratio emulational lower
jaw bone was fabricated by rapid prototyping (Objet Eden
250, Israel). The 3D printing model reproduced the actual
anatomy of the mandible, especially the location of the
inferior alveolar canal and the thickness of the lateral
cortex of the mandible.
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Table 1 Information of the patients included in the study and surgical procedures

Patient no. Gender Age, yr Dentofacial deformity Surgical treatment

1 F 30 Square mandible deformity with prominent angle L II, IV and VI

2 F 20 Mandibular protrusion with prominent angle L IL, IIT and IV

3 F 22 Mandibular retrusion with prominent angle II, III and IV

4 M 18 Square mandible deformity with prominent angle 1L, III and IV

5 M 24 Asymmetric deformity with mandibular protrusion L II, III and V

6 F 31 Asymmetric deformity with prominent angle I, 1L, IIT and IV

7 F 21 Asymmetric deformity with mandibular protrusion 1, left II, right VII, III and VI
8 F 36 Asymmetric deformity with prominent angle L II, IV and IV

9 F 20 Asymmetric deformity with mandibular protrusion 1, left VII, right II, IIT and VI
10 M 25 Asymmetric deformity with prominent angle L II, III and IV

The surgical procedures are as follows:

I, Le Fort I osteotomy of maxilla

11, sagittal split ramus osteotomy,(SSRO)

111, genioplasty

IV, mandibular angle ostectomy,(MAO)

V, mandibular border ostectomy (MBO)

VI, mandibular outer cortex grinding (MOCG)

VII, inverted-L osteotomy of ramus

The 3D printing model was used to simulate the
actual operational process by segmenting, moving and
spelling. The preoperative design was transferred to the
3D printing model, and the surgical templates were made
with self-curing plastic according to the designed
osteotomy lines (Fig. 1). To locate the templates on the
mandible accurately, the templates were appropriately
extended to the inferior border and lingual surface of the
mandible.

Surgical Procedures

All the patients were operated on through the intraoral
approach under general anesthesia. Equal lidocaine (2%)
mixed with epinephrine (1:100,000) was injected along the
incision line, and the mucosa was incised to expose the
maxilla and mandible. The surgical sequence was as fol-
lows. We did the Le Fort I osteotomy first and then
mandibular angle ostectomy or mandibular border

Fig. 1 Osteotomy was designed on the 3D printing models of the mandible, and the surgical templates were made of self-curing plastics. a,
b The template for MAO. ¢ The template for MBO. d The template for MOCG

@ Springer



1416

Aesth Plast Surg (2017) 41:1413-1424

ostectomy, sagittal split ramus osteotomy or unilateral
inverted-L osteotomy of the ramus. Mandibular outer
cortex grinding and genioplasty were performed last. While
performing the conventional orthognathic surgeries, the
new position of the jaw was routinely determined by
intraoperative and postoperative bite plates. While per-
forming MAO (Fig. 2a, b) and MBO (Fig. 2¢c), the
osteotomy was easily performed along the edge of the
surgical templates. While performing MOCG (Fig. 2d), the
mark with a reciprocating saw was performed along the
edge of the surgical template first and the grinding was
performed after the template was taken out. It should be
noted that to avoid excessive grinding, the grinding
thickness must be strictly according to the preoperative
design. While performing genioplasty, patented instru-
ments were used, including the precise repositioning
instrument and the appropriate retractors for genioplasty
[7, 14]. It took approximately 2-3 h for the whole surgical
procedure. No muscle was resected, and no alveolar neu-
rovascular bundle was directly injured in any patient. A
negative pressure drain device was kept for one day.
Pressure dressings were applied for 5 days, cold packs for
3 days and antibiotics for 3—4 days after operation.

Postoperative Evaluation
The follow-up of each patient was more than one year. The

3D-reconstructed graphs of the maxillofacial skeleton were
performed preoperatively and three months after operation,

whereas photographs were taken preoperatively and six
months after the operation, including occlusive, frontal and
lateral photographs. Preoperative, predicted and postoper-
ative measurements were taken, including the gonial angle
(Ar-Go-Me) and the mandibular width (Go—Go). The
deviations between simulation and postoperation were
calculated.

Results

All the patients had a reposeful postoperative recovery,
with no indication of obvious infection, facial paralysis,
osteonecrosis or bone displacement. As summarized in
Table 2, the gonial angle was improved from
110.3° = 11.1 to 121.3° £ 2.9 and the mandibular width
was improved from 117.5 mm =+ 6.8 to 111.9 mm =+ 4.2.
The discrepancies between simulation and postoperation of
the left gonial angle, the right gonial angle and the
mandibular width were, respectively, 0.56° £ 0.22,
0.65° £ 0.3 and 0.49 mm =+ 0.43. All the patients were
satisfied with the cosmetic and functional consequences.

Typical Cases
Patient 1
A 30-year-old female patient was diagnosed with asym-

metric deformity, prominent angles and class I malocclu-
sion (patient 1 in Table 1). Her lower face was asymmetric

Fig. 2 Placement of the surgical templates. a, b For MAO. ¢ For MBO. d For MOCG

@ Springer
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Table 2 Patients’ preoperative, predicted and postoperative measurements of the gonial angle (Ar—Go—Me) and the mandibular width (Go—-Go)

Patient Ar-Go-Me(°) Go-Go(mm)
ne: Left Right
Pre- Predicted Post-  Discrepancy Pre- Predicted Post-  Discrepancy Pre- Predicted Post-  Discrepancy
op op op op op op
1 110.3 1200 1199 0.1 108.8  120.0 120.5 0.5 115.6  107.0 1074 04
2 103.6  119.1 119.8 0.7 110.1  119.1 120.1 1.0 119.6 108.8 108.2 0.6
3 115.6 124.8 1253 0.5 117.2 1248 1252 04 117.1  113.0 1137 0.7
4 99.7 1226 122.1 05 95.8 1226 1219 0.7 127.7  120.0 1195 05
5 138.2 1235 1241 0.6 138.2 123.0 1235 05 110.5 1105 1105 0.0
6 101.8 125.6 126.3 0.7 108.8 125.6 126.5 0.9 116.6  109.6 1092 04
7 112.6  120.2 1194 0.8 1123 120.2 119.6 0.6 105.8 105.8 1058 0.0
8 100.5 1204 119.8 0.6 99.8 1204 1194 1.0 1143  106.8 1079 1.1
9 107.4 119.1 1194 03 112.6  119.1 119.1 0.0 113.8 113.8 113.8 0.0
10 108.6 118.0 1172 0.8 104.1 118.0 117.1 0.9 128.6 119.0 117.8 1.2

The gonial angle was improved from 110.3° &+ 11.1 to 121.3° &+ 2.9, and the mandibular width (Go-Go) was improved from 117.5 mm =+ 6.8 to
111.9 mm =+ 4.2. The discrepancies of the left gonial angle, the right one and the mandibular width were 0.56 =+ 0.22, 0.65 =+ 0.3 and
0.49 mm =+ 0.43

Fig. 3 Preoperative design was transferred onto the 3D printing model, and the surgical templates were made. a The osteotomy line for MOCG.
b, ¢ The osteotomy lines for MAO. d The template for MOCG. e, f The templates for MAO

and wide, while the right side of the mandible was sig-
nificantly bigger than the left. The maxilla was minorly
overdeveloped, while the chin was not too weak. The data
were obtained through the software, including SNA 83°,
SNB 86.5° and ANB —3.5°. The gonial angle of the left
was 110.3°, the right 108.80, and the mandibular width
115.6 mm.

The preoperative plan and simulated operation were
performed according to the 3D-reconstructed model,
including Le Fort I osteotomy, SSRO, bilateral mandibular
angle ostectomy and right outer cortex grinding. The right
mandibular angle was cut off about 15.0 mm high, whereas
10.0 mm was done on the left side. Part of the right
mandibular bone cortex was ground, while the thickness of

@ Springer
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Fig. 4 Placement of the
surgical templates for MAO.
a The right mandibular angle.
b The left mandibular angle

Fig. 5 Resection of the gonial angles. a The outline of the resection was almost the same as that of the templates. b The resections fitted the

surgical templates tightly

Fig. 6 Placement of the surgical template for MOCG on the right of
the mandible

@ Springer

the remaining part was at least 2.0 mm. No orthodontic
treatment was needed. The postoperative occlusion can
attain individual normal occlusion by grinding off the high
points and occluding interferences. According to the plan
above, two bite plates were manufactured and three sur-
gical templates were made to guide the osteotomy (Fig. 3).

Under general anesthesia, intraoral surgical approaches
were used to expose the upper and lower jaw. The surgical
sequence was as follows. Firstly, Le Fort I osteotomy was
performed to treat the maxillary hypoplasia and cant with
the help of an intermediate splint. Secondly, the surgical
template for mandibular angle ostectomy was fixed on the
mandibular angle (Fig. 4). The ostectomy could be easily
performed along the edge of the template (Fig. 5). Thirdly,
SSRO was performed with the help of a final occlusal
splint. Finally, the template for mandibular outer cortex
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Fig. 7 3D reconstructed images of the patient before the operation and red lines. a Lateral view of the left side. b Front view. ¢ Lateral
showed the square mandible deformity. The central lines of the face, view of the right side
maxilla and mandible are, respectively, represented by the blue, black

377

Fig. 8 3D reconstructed images of the patient 3 months after the operation show the basic symmetry and narrowed, and bone healed well. The
central lines of the face, maxilla and mandible were overlapped. a Lateral view of the left side. b Front view. ¢ Lateral view of the right side

Fig. 9 Preoperative photographs show the facial deformities of the patient

@ Springer
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Fig. 10 Photographs 6 months after operation show the facial symmetry of the patient

Fig. 11 a Designed osteotomy line was marked. b The surgical template was made along the designed osteotomy line

%
A >
et R a9

Fig. 12 Station of the surgical template for MBO

grinding was fixed on the right mandibular angle. The mark
with a reciprocating saw was performed along the edge of
the surgical template first, and grinding was performed
after the template was taken out (Fig. 6). All the rigid
internal fixations were achieved with screws and plates
routinely.

The patient showed good jaw bone symmetry by CT
scan (Figs. 7, 8) and good facial symmetry (Figs. 9, 10)

@ Springer

after six months of follow-up. The data after operation
were obtained, including SNA 82°, SNB 79° and ANB 3°.
The gonial angle of the left was 119.9°, the right 120.5°,
and the mandibular width 107.4 mm. The gonial angle and
the facial width were improved markedly. The wide lower
face had been converted to slender, and the overall facial
contour was symmetrical, balanced and harmonious. No
osteonecrosis or bone displacement happened.

Patient 2

A 24-year-old male patient was diagnosed with asym-
metric deformity and class III malocclusion (patient 5 in
Table 1). Facial characteristics: His mandible was asym-
metric with the hyperevolutism of the right side. The
maxilla, mandible and chin deviated to the right. The
anterior cross-bite and the posterior centric occlusion
were obvious. The data were obtained through the soft-
ware, including SNA 81.5°, SNB 87.0° and ANB —5.5°.
The both gonial angles were 138.2°, and the mandibular
width was 110.5 mm.

The preoperative plan and simulated operation were
performed according the 3D-reconstructed model,
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Fig. 13 Resection of the mandibular border. a The outline of the resection was almost the shape of the template. b The resection fits the surgical
templates tightly

Fig. 14 3D images before the operation show the asymmetric deformity. The central lines of the face, maxilla and mandible were, respectively,
represented by the green, black and red lines

Fig. 15 3D images 3 months after the operation show the basic symmetry. The central lines of the facial bones, maxilla and mandible were
superimposed

@ Springer
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Fig. 16 Preoperative photographs show the asymmetric deformity of the patient

Fig. 17 Photographs 6 months after the operation show the facial symmetry of the patient

including Le Fort I osteotomy, SSRO, genioplasty and right
mandibular border ostectomy. According to the design
above, two bite plates and one surgical template were made
(Fig. 11).

The patient was prepared under general anesthesia. The
upper and lower jaws were exposed. The surgical sequence
was as follows. First, Le Fort I osteotomy was performed
and then the mandibular border ostectomy. SSRO and
genioplasty were last. While performing mandibular border
ostectomy, the surgical template was fixed (Fig. 12) and
the osteotomy was performed along the edge of it (Fig. 13).
No alveolar neurovascular bundle was directly injured
during the surgical procedure. All the rigid internal fixa-
tions were achieved with screws and plates routinely.

The patient showed good jaw bone symmetry by CT
scan (Figs. 14, 15) and good facial symmetry (Figs. 16, 17)
after six months of follow-up. The data after operation
were obtained, including SNA 83°, SNB 80° and ANB 3°.
The gonial angle of the left was 124.1° and the right
123.5°. The asymmetry and hyperevolutism of the mand-
ible were improved markedly. The overall facial contour
was symmetrical, balanced and harmonious. No
osteonecrosis or bone displacement happened.

@ Springer

Conclusion

The results of our study illustrated the predictability, fea-
sibility and reliability of simultaneous mandibular contour
osteoplasty and orthognathic surgery with the assistance of
3D printing technology. Our technique could achieve
functional improvement and an aesthetic profile at the same
time.

Discussion

It is a proverbially accepted concept in Oriental culture that
prominent facial bones tend to express a forceful temper-
ament and ovoid facial features tend to express a soft
temperament [1]. So our clinical study is relatively unique
to Orientals. According to our study, the single-stage sur-
gery, which combines orthognathic surgery with
mandibular contour osteoplasty, was confirmed feasible
with the aid of 3D printing technology.

The 3D printing technique plays a significant role in the
mandibular contour osteoplasty. The precise 3D printing
model shows the anatomical details of the mandible,
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especially the location of the inferior alveolar canal and the
thickness of the lateral cortex of the mandible [15].
Accurate diagnosis, preoperative plans, simulated opera-
tion and surgical templates could be made before the sur-
gical procedures. Besides, the surgical template is an
accurate way of transferring the preoperative plan to the
actual operation. The surgeons can perform osteotomy
easily and achieve accurate reconstruction of skeletal
constructs with the help of the 3D printing technique. Some
unfavorable results could be avoided, such as overcorrec-
tion/undercorrection, inferior alveolar nerve injury and
facial asymmetry. So the extra time and expense (about
250 dollars) spent on the 3D printing model are worth it.
What is more, it provides an effective way for communi-
cating with the patients.

There were tiny deviations between simulation and
postoperation in our study. Several authors have proposed
the success criteria—a difference of a maximum of a
2.0 mm between the expected and the actual outcome
[16, 17]. Our study showed that the deviations of the gonial
angle and the mandibular width were 0.61° 4+ 0.27 and
0.49 mm =+ 0.43, respectively. There was no significant
difference between simulation and postoperation (Table 2).
Furthermore, it is reported that the CT scan data are highly
accurate with a mean error of less than 0.5 mm, whereas a
mean error of less than 0.3 mm may occur because of the
course of 3D rendering [18, 19]. Our sample capacity was
relatively less. We could not subdivide the sample into
smaller groups to analyze the effects of different surgeons
and methods. In addition, although the surgical template
could guide the range of bone grinding in MOCG, there
was still some unpredictability in the thickness of bone
resection. It is a significant issue to be addressed in a future
study [20].

The problem of mandibular bone segments healing has
been considered. According to oriented animal experiments
and clinical trials about postoperative skeletal stability,
MAO Xiao-bin et al. [21] and Kim et al. [15] had proved
that mandibular angle ostectomy and SSRO could be car-
ried out simultaneously. They have confirmed that post-
operative blood supply returns to normal and necrosis of
bone segments generally does not occur. Our team did not
find the case of poor healing or long-term resorption of
bone during the follow-up. So we come to the conclusion
that indication and preoperative design are keys to favor-
able outcomes.

The hameochronous resection of partial masseter muscle
has been reported [22]. Nevertheless, it is not certainly
necessary at all times, even if requested [23]. As masseter
atrophy may occur spontaneously after the operation, the
hameochronous resection of muscle may lead to excessive
atrophy and too narrow of a facial outline [24, 25]. The

postoperative soft tissue swelling or absorption is contro-
versial in any osteotomy. For these situations, secondary
repair is sometimes suggested, such as injection of botu-
linum toxin, lipectomy of buccal pads or excision of partial
masseter muscle, which can be performed under local
anesthesia [26].

Orthognathic surgery is becoming more and more pre-
cise, and many new cross-designs of multiple surgical
procedures have been achieved. Our team has proposed the
concept of “Precision Technique in Orthognathic Sur-
gery.” The precision technique in orthognathic surgery
relies on the progress of multidisciplinary coordination,
such as digital technology, 3D printing, navigation tech-
nology and special surgical instruments for orthognathic
surgery, which pushes orthognathic surgery toward the
digital and personal direction. We believe that the concept
will become increasingly popular.
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