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The aim of this study is to analyse the biomechanical effects of bilateral sagittal split ramus osteotomy
(BSSRO) on temporomandibular joints (TM]Js) of a patient with mandibular prognathism. Two three-
dimensional models of the maxilla, mandible, and articular disc were constructed based on pre- and
postoperative cone-beam computed tomography (CBCT) images of the patient’s head. Meanwhile, based
on the preoperative model, numerical surgery of BSSRO was performed to predict the optimized postop-
erative model (named Num-post). Contact elements were used to simulate the interactions between the
discs and articular cartilages and between the upper and lower dentitions. Muscle forces and boundary
conditions corresponding to centric occlusion were applied on the models. Stresses on the disc, condy-
lar, and temporal cartilages were significantly reduced after the optimized numerical surgery. Meanwhile,
the stress distributions in the TM] in the Num-post-operative model were uniform without stress con-
centration compared to Pre-operative model and Post-operative model, which suggests that the optimized

numerical surgery can be beneficial to orthognathic surgeries.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The temporomandibular joints (TM]s) are a pair of complex
and highly mobile joints, that undergo more than 2000 move-
ments daily in chewing, biting, swallowing, talking and snoring
[1]. The structural and morphological characteristics of TM]Js in
patients with maxillofacial deformities are anomalous. Mandibular
prognathism is a common deformity with a prevalence of 20%
[2]. T™M] clicking, pain, disc displacement, disc perforation and
osteoarthritis were found in patients with mandibular prog-
nathism [3,4]. Bilateral sagittal split ramus osteotomy (BSSRO)
is currently a standard surgery for the correction of mandibular
prognathism [5], however, different views on the effects of BSSRO
persist [6-8]. Although BSSRO can alter mandibular structures,
morphological changes of the TM] are not considered in the design
of orthognathic surgery. Data suggest that BSSRO is beneficial for
the functional improvement of the TM], in terms of relieving tem-
poromandibular disorders (TMD) [9,10]. In contrast, BSSRO could
give rise to the anterior disc displacement, impaired TM] function
and other complications [11-13]. Moreover, reports indicated that
the symptoms of TMD were unchanged from the preoperative
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state after BSSRO [14,15]. From a biomechanical point of view, the
location of the mandibular condyle and disc and the internal force
of the TM]J can be influenced by BSSRO, thus influencing the post-
operative TMJ. Hence, the changes in the stress distribution within
TM]Js may be a decisive cause for the occurrence of postoperative
TMD. That is, orthognathic surgery without consideration of TM]J
loads could be a crucial factor leading to complications.

Because of difficulties in the experimental measurement of
stress, finite element (FE) analysis is considered as the best way to
analyse stress distribution in the TM]. FE models of the mandible
were used to predict the changes of stress in the TMJ implant and
evaluate the biomechanical performance of the hybrid technique
for fixation [16-18]. Contact elements were introduced to accu-
rately simulate interactions in the TM] [19,20]. Moreover, the FE
models can be used to simulate the mandibular movement. Sim-
ulations of jaw opening or lateral excursions were performed to
obtain the stress distributions of the disc and retrodiscal tissue
[21,22]. The high precision of FE analyses was experimentally vali-
dated using 3D printing models, digital speckle pattern interferom-
etry and cadaveric experiments [16,23,24].

The preoperative and postoperative FE models of a patient with
mandibular prognathism were used in our study to analyse the
stress differences in the TM]. Furthermore, virtual surgery with
biomechanical design was performed to obtain the differences
with respect to actual surgery.
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Fig. 1. Numerical surgery process of BSSRO. (a) Pre-operative model and the local
region of TMJ; (b) preoperative mandible and osteotomy plane; (c) splitting can-
cellous and cortical bone; (d) Post-operative model; (e) Num-post-operative model.
BSSRO, bilateral sagittal split ramus osteotomy.

2. Materials and methods
2.1. Modelling

2.1.1. Preoperative and postoperative models

The data comprised images from a 24-year-old female patient
with mandibular prognathism. The patient underwent BSSRO to
retract the mandible at the Affiliated Hospital of Stomatology of
Chongqing Medical University. The study was approved by the In-
stitutional Review Board of Chongqing Medical University and the
patient provided written informed consent to the use of CT data
for the purposes of this study. The patient provided the written
informed consent. No signs or symptoms of TMD were found pre-
operatively, however a clicking joint was detectable at six months
post-operative follow-up. The pre- and postoperative (six months
post-BSSRO) cone-beam computed tomography (CBCT) scans of
the head consisted of 219 images each, with a slice thickness of
0.4mm. The models including teeth, mandible, and maxilla were
reconstructed in MIMICS (Materialise, Leuven, Belgium) based on
the levels of grey values. Articular discs were rebuilt in accor-
dance with anatomical characteristics and the shapes of articular
surfaces. Subsequently, the models were imported into ABAQUS
(ABAQUS. Inc, US.A.) and 3D FE models were obtained (Fig. 1(a),
(d)). The pre- and postoperative models were named Pre-operative
model and Post-operative model, respectively.

2.1.2. Optimized numerical surgery model

Optimized numerical surgery of BSSRO under the guidance of
an experienced surgeon was executed on the Pre-operative model
in MIMICS. First, three connected incisions on the mandible were
performed, i.e. the horizontal, sagittal and vertical osteotomy lines
(Fig. 1(b)). Cortical and cancellous bones were completely split by
each osteotomy line (Fig. 1(c)). Secondly, the proximal segment and
teeth were moved 8 mm backwards and 2 mm upwards, respec-
tively. Meanwhile, the magnitude of the inside rotation was 2° for
the right and left mandibular segment. Finally, the overlapped re-
gions of the bilateral mandibular segments were tied together. The
mandibular segments were restored at six months post-operation,
implying that the mandible healed well without screws in the
Num-post-operative model (Fig. 1(e)).

2.1.3. Elements
Cable elements were used to simulate the temporomandibu-
lar, sphenomandibular and stylomandibular ligaments [19,25,26].

Table 1
Material properties of TM]J components.

Young's modulus (E) Poisson’s ratio

(units: MPa) (v)
Cortical bone [30] 13,700 0.3
Cancellous bone [30] 7930 0.3
Articular cartilage [29] 0.79 0.49
Articular disc [28] 441 04
Teeth [31] 18,600 0.31

Fig. 2. Loads and boundary constraints of the models. SM, superficial masseter; DM,
deep masseter; MP, medial pterygoid; AT, anterior temporalis; MT, middle tempo-
ralis; PT, posterior temporalis; ILP, inferior lateral pterygoid; SLP, superior lateral
pterygoid; AD, anterior digastric.

The condylar and temporal cartilages were modelled as shell el-
ements with a thickness of 0.5 mm [27]. Interactions between the
interfaces were considered as contact with a frictional coefficient
of 0.001 [19,26]. The modified 10-node quadratic tetrahedron el-
ement (C3D10M) and 4-node linear tetrahedron element (C3D4)
were used for the contact regions and other structures of the mod-
els, respectively. C3D10M elements were used to obtain more ac-
curate results in contact regions, while C3D4 elements were used
in other regions to avoid extra calculation time due to more nodes.
The 3-node triangular general-purpose shell element (S3) was used
for condylar and temporal cartilages. The models were composed
of about 100,000 nodes and 210,000 elements.

2.2. Material properties

According to related studies [28-31], the mechanical properties
of cortical bone, cancellous bone, articular cartilage, and articular
disc were assumed to be homogeneous, isotropic and linearly elas-
tic (Table 1).

2.3. Loading and boundary condition

The loading condition of the central occlusion was applied in
the three models. Magnitudes and directions for muscle forces
were derived from data available in the literature [32-34]|. Nine
principal muscle forces were involved in this study (Fig. 2). Each
muscle force was evenly distributed on the ten nodes as concen-
trated force where the load locates, according to the muscle region.
The sum of the 10 forces was the same as the corresponding mus-
cle force at the central occlusion. The top surface of the maxilla
was fully constrained (Fig. 2).

3. Results

The contact stresses between both the disc and condyle car-
tilage and the disc and temporal cartilage in the Pre-operative
model were greater than those in the Num-post and Post-operative
models (Fig. 3). In addition, the maximum contact stress on the
disc-condyle cartilage interfaces was higher than that on the disc-
temporal cartilage interfaces in the Pre- and Num-post-operative
models. However, the opposite trend was found in the Post-
operative model.

The tensile and compressive stresses of the disc in the Pre-
operative model were much greater than those in the Post- and
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Fig. 3. The maximum contact stresses on the disc-condyle cartilage and disc-temporal cartilage interfaces. Pre, Pre-operative model; Post, Post-operative model; Num-post,

Num-post-operative model.
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Fig. 4. The maximum tensile and compressive stresses of the disc. Pre, Pre-operative model; Post, Post-operative model; Num-post, Num-post-operative model.

Num-post-operative models (Fig. 4). Moreover, in comparison to
the Post-operative model, the Num-post model had lower tensile
and compressive stresses.

The maximum von Mises stress of the disc in the Pre-operative
model was 1.31 MPa at the posterior band (Fig. 5). The stress con-
centration nevertheless occurred at the posterior band in the Post-
operative model, but the magnitude decreased. In the Num-post-
operative model, with the reduction of the stress level, the stress
concentration disappeared and the maximum von Mises stress was
located at the intermediate zone (Fig. 5).

The von Mises stress of the condylar cartilage was much higher
than that of the temporal cartilage in the three models (Fig. 6).
Unexpectedly, the maximum von Mises stress of the condylar carti-
lage in the Post-operative model was located in the anterior region
with 242.0Pa, and it was greater than that of the Pre-operative
model. In contrast, the maximum von Mises stress of the condylar
cartilage in the Num-post model was located at the anterior re-
gion with 113.7 Pa, and it was lower than that of both the Pre- and

Post-operative models (Fig. 6). In addition, the maximum von
Mises stresses of the temporal cartilage in the Pre-, Post-, and
Num-post-operative models were located at the posterior articular
eminences, with the magnitude of 20.2, 15.5, and 11.6 Pa, respec-
tively.

4. Discussion

Although BSSRO is usually used to correct jaw deformities,
postoperative complications were reported frequently [8,11]. These
include postoperative instability, reoperation, and particularly
symptoms of TMD [35]. The position and morphology of the
TMJ are found to be changed after BSSRO [3,15], however the
biomechanical effects of BSSRO for the patients with mandibular
prognathism on the TM] are still of paucity. Meanwhile, the in-
crease of load on the TM] is considered as one of the main risks of
postoperative complications [3,36]. Thus, decreasing the stresses in
the TM] after the surgery is crucial. Therefore, numerical surgery
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Fig. 6. The maximum von Mises stresses of condyle and temporal cartilages in the three models. Pre, Pre-operative model; Post, Post-operative model; Num-post, Num-post-

operative model.

with biomechanical design was introduced in this study, and
the stress differences in the TM] between the actual and virtual
surgery were compared. This might be helpful to clinicians for
deciding on the strategy of BSSRO.

The interaction on the interfaces between the disc and articu-
lar cartilages was considered as frictional contact, which proved to
be an effective method to simulate the biomechanics of the TM]J
[19,26]. 3D printing model experiments with the pre-defined ge-
ometry, material properties, loads, and boundary conditions were
performed to validate the precision of FE models [24]. Ten strain
rosettes recorded vertical and horizontal strains with the same
locations as the FE models. The differences between the exper-
imental and simulated results were less than 5%, which indi-
cates the reliability of the simulations of the TMJ in the current
study.

As the anterior teeth of patients with mandibular prognathism
cannot bite together, the movements of the TM] were limited be-
fore the surgery. The clinical case reported that occlusion and mo-
tion range of the patient improved after the surgery. Moreover, the
stresses in the TM] were improved by BSSRO, but to an extent
not comparable with the optimized numerical surgery. The contact
stresses of the disc at the two interfaces in the Num-post model
were lower than those in the Pre- and Post-operative models. This
suggests that the squeezing and extension in the TM] were reduced

after the optimized numerical surgery, and the preoperative pain
of the patient was relieved, which is consistent with other stud-
ies [37-39]. It is worth mentioning that the contact stresses of the
disc-condylar cartilage were lower than those of the disc-temporal
cartilage only in the Post-operative model, compared to those in
the Pre- and Num-post-operative models. The postoperative click-
ing may be attributed to the abnormal contact stress distributions
at the upper and lower surfaces. Reduction and normalization of
the contact stress in the TM] could recover the normal relation-
ship of the condyle-disc and the temporal bone-disc after the opti-
mized numerical surgery. This could be a factor consider avoiding
postoperative clicking.

Furthermore, the high contact stress in the Pre-operative model
can lead to excessive tensile and compressive stresses in TM]Js.
The maximum tensile stress of the disc located at posterior band
of the disc in the Pre-operative model, with the magnitude of
0.93MPa, is close to the tensile failure stress of the posterior
band (1.35MPa) [40]. This high tensile stress in the disc may lead
to degenerative changes, such as thinning of the disc, or disc
perforation. The decrease of the tensile stresses is beneficial to the
postoperative recovery of the TMJ. Meanwhile, the maximum com-
pressive stresses of the disc in the Num-post and Post-operative
models were 40.91% and 60.45% of that in the Pre-operative model,
respectively. The decreased compressive stress in the Post- and
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Num-post-operative models improved the ability to sustain greater
pressure, thereby protecting from condylar resorption [41].

The von Mises stresses of the disc in the Post- and Num-post-
operative models were also lower than that in the Pre-operative
model. However, the maximum von Mises stress was also located
at the posterior band of the disc with stress concentration, which
is inconsistent with the anatomical structure [42]. The stress
distribution of the Num-post model was found to be normal with
no stress concentration. Meanwhile, the von Mises stress of the
post-condylar cartilage exhibited a significant increase compared
to the Pre-operative model, which may result in the postoperative
clicking. Therefore, biomechanical predictions should be involved
in designing the strategy of BSSRO. Moreover, past orthognathic
surgeries did not account for the mechanical environment. In fu-
ture, it is recommended that virtual surgery is used to predict the
postoperative stress distributions following orthognathic surgery.
Surgeons could make decisions in the surgical planning according
to the simulated results to avoid postoperative TMD.

5. Conclusion

The magnitudes of the stresses in TMJs were reduced and the
stress distribution was improved following simulated BSSRO. More-
over, the optimization process predicts postoperative outcomes
well, and such numerical models may be used as a tool to provide
guidance to surgeons engaged in the treatment of patients with
mandibular orthognathism.
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