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Three-dimensional finite
 element analysis of
temporomandibular joints in patients with jaw
deformity during unilateral molar clenching before
and after orthognathic surgery
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Abstract
To analyze the effects of orthognathic surgery on stress distributions in the temporomandibular joint (TMJ) of patients with jaw
deformity during unilateral molar clenching (UMC) by using three-dimensional (3D) finite element method.
Nine patients with jaw deformity (preoperative group, 26.1±5.6years old) and 9 asymptomatic subjects (control group, 22.0±6.0

years old) were selected. Furthermore, the patients with jaw deformity were also considered as the postoperative group after
undergoing orthognathic surgery. Finite element models for the mandible, articular disc, and maxilla were developed through cone
beam computed tomography. Contact was used to simulate the interaction of the articular disc, condyle, fossa, and upper and lower
dentition. The muscle forces and boundary conditions corresponding to the UMC were applied on the models.
The stresses on both TMJs of the control group were significantly different, whereas there was no significant difference on both

sides for the preoperative group. All the stresses of the preoperative group were greater than those of the control and postoperative
groups, except the minimum principal stress on the ipsilateral fossa.
Orthognathic surgery is beneficial for alleviating the abnormal stress distributions on TMJ.

Abbreviations: 3D = three-dimensional, CBCT = cone-beam computed tomography, DICOM= Digital Imaging and
Communications in Medicine, DOF = degrees of freedom, SSRO = sagittal split ramus osteotomy, TMD = temporomandibular
disorder, TMJ = temporomandibular joint, UMC = unilateral molar clenching, UMC-L = unilateral molar clenching by left, UMC-R =
unilateral molar clenching by right.

Keywords: jaw deformity, orthognathic surgery, temporomandibular joint (TMJ), three-dimensional finite element analysis,
unilateral molar clenching (UMC)
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1. Introduction

Jaw deformities not only negatively affect a patient’s appearance,
chewing, and other oral functions but also cause self-abasement
and other psychological disorders. Moreover, they can cause
temporomandibular disorder (TMD). Mandibular prognathism
is the most common maxillofacial deformity, which accounts for
about 43%of all maxillofacial deformities.[1] Facial asymmetry is
another common jaw deformity with an incidence ranging from
8.7% to 23.3%.[2] Combined orthognathic surgeries have been
often performed for these jaw deformities. Sagittal split ramus
osteotomy (SSRO) is a common surgery for mandibular
treatment; however, there has been a concern about its effect
on temporomandibular joint (TMJ).[3–5] Le Fort I osteotomy is a
treatment method for maxillary deformities,[6,7] which was first
described byObwegeser in 1969.[8] Themethod has been popular
owing to esthetic considerations[9]; however, it can cause some
issues, such as relapse, fracture, poor stability, and cranial nerve
injuries.[6,10–12]

Le Fort I osteotomy, particularly its postoperative stabili-
ty,[6,13–16] has always been a topic of intense discussion. Most
researchers pay more attention to the impact of surgical processes
on patients, such as fixation location of the inner steel plate and
other materials.[7,17–21] However, the impacts of surgery on
patients’TMJ are not thoroughly investigated. The TMJ, which is
one of the important load-bearing organs and the only bilateral
linkage joints of the human body,[22] needs our attention during
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orthognathic surgery. Together, both TMJs control chewing,
swallowing, speech, and other functions. Therefore, it is
necessary to better understand the impacts of osteotomies on
TMJs.
Previous studies have well revealed the influence of SSRO on

TMJ stress distributions.[3–5] Many scholars also conducted
biomechanical studies on Le Fort I.[7,17,20,21] 4-plate fixation has
been proven to be better than 2-plate fixation in alleviating
stresses in the mandible after treatment of Le Fort I.[7,20,21]

However, studies that investigate the impact of surgery on TMJ
are lacking. Previous studies did not clearly explain the influence
of Le Fort I on the biomechanics of TMJs. It is known that
unilateral molar clenching (UMC) is a negative habit that can
easily cause malocclusion and occlusal disorder.[23] The effects of
surgery on patients stress distributions during UMC were
unclear. Therefore, the aim of the study was to evaluate the
changes in stress distributions in TMJs during UMC after
orthognathic surgery on patients with jaw deformity.
2. Materials and methods

2.1. Data source and acquisition

Nine patients with jaw deformity (five males and four females,
22.0±6.0years old, 4 of them had mandibular prognathism and
5 had facial asymmetry) were selected as the preoperative group.
The inclusion criteria for patients in our study were:
1.
 exceeding 18 years old;

2.
 without prior TMJ procedures;

3.
 diagnoses of mandibular prognathism with their upper

dentitions covered by lower ones or facial asymmetry with
their deviations from the facial midline were greater than 3
mm;
4.
 combined treatment of SSRO and Le Fort I osteotomy.

Among them, 4 patients withmandibular prognathismwere all
Angle Class III malocclusion. And 3 of 5 patients with facial
asymmetry were also Angle Class III malocclusion, and the
remaining 2 were Angle Class I malocclusion. After all the
patients underwent Le Fort I and SSRO, they were further
classified as the postoperative group. Only one postoperative
patient, with preoperative Angle Class III malocclusion, was
Angle Class I malocclusion, and the rest of patients were normal
occlusion. Another nine asymptomatic subjects (5 males and 4
females, 26.1±5.6years old) were recruited as the control group.
And the inclusion criteria for asymptomatic subjects were:
1.
 no jaw deformities;

2.
 no TMD symptoms and degenerative joint disease;

3.
 without prior TMJ procedures;

4.
 healthy physical condition and normal occlusion.

This study was approved by the Affiliated Hospital of
Stomatology of Chongqing Medical University Institutional
Review Board. All the patients were followed up for more than 6
months after surgery and signed informed consent agreements.
The clinical cases showed three patients with facial asymmetry

of preoperative TMD symptoms in the left TMJ. One had TMJ
clicking and incongruous bilateral joint movement, and one had
TMJ clicking and incomplete closure of mouth, but neither of
them had postoperative TMD symptoms. Another one with TMJ
clicking still had postoperative TMD symptoms. The other 6
patients had no TMD symptoms before and after surgery.
2

Complete head views of all the patients, including the
asymptomatic subjects, were scanned using a cone-beam
computed tomography (CBCT) machine (KaVo 3D exam,
Germany) before and after surgeries. All the images were taken
in accordance with the standardized patient orientation and
exposure parameters (120 kVp, 3–8mA, 20second) and each
CBCT scan consisted of 290 to 340 images with a section
thickness of 0.4mm. Finally, all the CBCT data were saved in
Digital Imaging and Communications in Medicine (DICOM)
format.

2.2. 3D modelling and materials

The DICOM data were imported into Mimics 15.0 (Materialize,
Leuven, Belgium). The maxilla and mandible were separated
according to different thresholds. Then, the 3D solid models were
generated by surface triangulation technique (Fig. 1). Based on
previous related studies and on the concepts of anatomy,[4,24,25]

articular discs were established between the condyles and
articular fossae according to the geometry and anatomical
position of the discs (Fig. 1).
As the TMJ was the focus, 10-node modified quadratic

tetrahedron elements (C3D10M) were used in the TMJ regions
and the remaining regions were meshed by 4-node linear
tetrahedral elements (C3D4).[26] Using Eq. 1,[27–32] which relates
the material properties of bone tissue and grey value, the elastic
modulus (Eq. 2) was calculated to simulate the heterogeneity.

Density ¼ �13:41017 � Gv; ð1Þ

E ¼ �388:8þ 5925 � Densit: ð2Þ

Where Gv is the grey value, E is the Young’s modulus, and all
parameters were in SI units.
The Poisson’s ratio of maxilla, mandible, and teeth was set to

0.3 based on previous related studies[33–36] while the articular
disc was set to 0.4. After assigning the material properties, the
model was imported to ABAQUS 6.13 (Dassault SIMULIA, RI)
to generate a three-dimensional finite element model.
2.3. Contact, boundary conditions, and loading

Based on related finite element studies,[35,36] contact was used to
simulate the interaction between articular disc-condyle, disc-
fossa, and upper and lower dentition. Further, the normal contact
attribute was set as hard contact and the friction coefficient of the
tangential contact attribute was set as 0.001.[4,5]

Owing to the symmetry of the maxillofacial structure of the
asymptomatic subjects, the stress distributions on both sides of
TMJ during right side UMC were similar to those during left side
UMC. Thus, a random side was selected for the analysis of the
control group.
Five patients with facial asymmetry were surveyed, 3 of them

hadmandibular deviations to the right side and 2 hadmandibular
deviations to the left side.[5] The results from patients with
mandibular prognathism under left side UMC were combined
with those from patients with facial asymmetry under deviated
side UMC. The combined group was denoted as UMC-L.
Similarly, the results from right side UMC were combined with
those from non-deviated side UMC, and the combined group was
denoted as UMC-R.



Figure 1. Left view of a patient with prognathism and front view of 2 patients with mandibular deviation to the right and left. The red triangles indicated the
corresponding UMC of the patients in the UMC-L group, which is UMC by left side in the patients with prognathism and by deviated side in the patients with facial
asymmetry.
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Furthermore, a full constraint of 6 degrees of freedom (DOF)
was set on the top surface ofmaxilla. Based on previous studies,[4]

14 muscle forces in 7 groups were chosen.

2.4. Data analysis

The stress parameters for each group of the TMJs were analyzed
to explore the biomechanical effects on them. Data were
statistically analyzed using SPSS 20.0 (SPSS Inc, Chicago, IL).
In addition, the following comparisons were performed on the:
1.
 ipsilateral and contralateral sides of the control and the pre-
and postoperative groups by paired-samples t test, and the
Wilcoxon signed rank test for the groups without the normal
distribution;
2.
 ipsilateral sides of the UMC-R in the control group and the
UMC-L in the pre- and postoperative groups by independent-
samples t test, and use the Mann–Whitney U test for the
groups without the normal distribution;
3

3.
 contralateral sides of the UMC-R in the control group and the
UMC-L in the pre- and postoperative groups by independent-
samples t test and Mann–Whitney U test;
4.
 ipsilateral sides of the UMC-R in the control and pre- and
postoperative groups by independent-samples t test and
Mann–Whitney U test;
5.
 contralateral sides of the UMC-R in the control and pre- and
postoperative groups by independent-samples t test and
Mann–Whitney U test.

The difference was considered statistically significant if P< .05.
3. Results

The stresses on the left and right TMJs in the asymptomatic
subjects were statistical different (P< .05), while the principal
stresses on the contralateral side were greater than those on the
ipsilateral side (Table 1). Results from the patients showed
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Table 1

Comparisons of the peak stresses on the preoperative and postoperative patientswith jawdeformity and on the asymptomatic subjects at
both ipsilateral and contralateral sides under unilateral molar clenching (MPa).

Control group Preoperative UMC-L Preoperative UMC-R Postoperative UMC-L Postoperative UMC-R

Contact stresses
Disc
Contralateral side 0.36 4.82† 4.87† 1.26† 1.54
Ipsilateral side 1.35 4.13† 6.28 2.01 2.53
P value .028

∗
.859 .612 .091 .264

Condyle
Contralateral side 0.49 3.77† 5.08† 1.12 2.05
Ipsilateral side 1.10 3.50 6.21† 1.70 3.65
P value .025

∗
.214 .423 .018

∗
.200

Fossa
Contralateral side 0.29 3.49† 2.46† 0.64 1.12
Ipsilateral side 0.77 2.86 3.61† 0.82 1.82
P value .012

∗
.580 .333 .220 .103

Maximum principal stresses
Disc
Contralateral side 2.17 6.69 4.85† 1.60 2.17
Ipsilateral side 1.15 3.82† 5.95 1.99 1.53
P value .005

∗
.594 .594 .576 .340

Condyle
Contralateral side 4.76 5.74 5.23 3.73 3.98
Ipsilateral side 2.55 5.83† 5.56 1.82 2.52
P value .000

∗
.441 .594 .033

∗
.006

∗

Fossa
Contralateral side 1.77 3.88 3.13 2.11 2.59
Ipsilateral side 1.03 3.78 3.26 3.07 1.43
P value .015

∗
.948 .914 .767 .201

Minimum principal stresses
Disc
Contralateral side –2.79 –8.92 –6.56† –2.25 –2.41
Ipsilateral side –1.25 –6.63† –7.82 –2.03 –1.71
P value .008

∗
.638 .859 .746 .260

Condyle
Contralateral side –5.64 –7.65 –7.61† –4.81 –6.32
Ipsilateral side –3.72 –9.53† –8.97 –2.91 –4.39
P value .003

∗
.453 .482 .000

∗
.000

∗

Fossa
Contralateral side –2.25 –5.17 –3.96 –2.36 –4.75
Ipsilateral side –0.99 –5.15† –4.87† –4.13 –1.70
P value .008

∗
.989 .444 .441 .210

∗
Comparison between ipsilateral and contralateral sides of control, preoperative, and postoperative groups (P< .05).

† Comparison between control group and preoperative or postoperative groups (P< .05).
UMC-L = unilateral molar clenching by left, UMC-R = unilateral molar clenching by right.
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differences only in the postoperative group, i.e., UMC-L on
contact stress and UMCs on principal stresses of condyle.
Under the UMC-L condition, the stresses on the TMJs in the

postoperative group were lower than those in the preoperative
group. The parameters of the TMJs were not significantly
different for the control group, except for the contact stresses on
the contralateral side of the disc. In addition, only the minimum
principal stresses on the contralateral side of the articular fossa
did not reduce under the UMC-R, and there was no significant
difference between the stresses of TMJs and the control group.
Furthermore, the stresses on the ipsilateral and contralateral sides
of the TMJs of the preoperative group were greater than those on
the corresponding sides of the TMJs of the control group under
the UMC condition (Fig. 2).
Figure 3 shows the distributions of contact stress at four

different conditions on asymptomatic individuals and patients
(only three patients as examples). The stresses on patients with
4

facial asymmetry were greater than on those with UMC-R
mandibular prognathism. The stresses on patients with TMD
were also greater than those on the Control group and on those
without TMD. Moreover, the patients with TMD manifested
higher stress level than individuals without TMD after the
surgeries.

4. Discussion

In this study, 9 patients with jaw deformity were treated with Le
Fort I and SSRO. Stresses on TMJs under UMC were simulated
based on CBCT image modelling. Then, the results were
compared with those from the control group in order to explore
their influence on the stress distribution on the TMJs of the
patients with jaw deformity. The mandible, maxilla, and disc
were considered as homogeneous materials in previous stud-
ies.[34,37] In this study, Eqs. 1 and 2 given earlier were used to



Figure 2. Comparisons of the peak stresses on the preoperative and postoperative patients with jaw deformity under unilateral molar clenching (MPa).
∗
Comparison between preoperative group and postoperative group (P< .05).

Teng et al. Medicine (2021) 100:7 www.md-journal.com
calculate the model’s Youngs modulus for the simulation of
heterogeneity.
4.1. Finite element verification

This study provided a reasonable simulation of the interaction
between the articular disc and fossa and between the disc and
condyle. In a previous research, the validity of the method was
5

verified through five 3D printing model experiments.[38] Five
loadings of 100, 150, 200, 250, and 300Nwere applied to the 3D
printing models to simulate the central occlusion experiment. The
finite element and the 3D printed experimental models shared the
same geometry, material properties, loads, and boundary
conditions. The maximum differences between the measured
strain (from the 3D printed models) and predicted strain (from
the finite element models) were less than 5%. Hence, it was
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Figure 3. Contact stress distributions on TMJ for (a) 2 healthy asymptomatic individuals under the UMC-R, (b) a mandibular prognathism patient without pre- and
postoperative TMD under the UMC-R, (c) a mandibular asymmetry patient without pre- and postoperative TMD under the UMC-R, (d) a mandibular asymmetry
patient with pre- and postoperative TMD under the UMC-R. A = anterior, B = bottom, L = left, P = posterior, R = right, T = top.
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reasonable to consider the interactions between articular discs
and fossae and between discs and condyles as frictional contacts
in this study.

4.2. Stress distribution of the TMJs between the ipsilateral
and contralateral sides

The principal stresses on the contralateral TMJs of the control
group were significantly greater than those on the ipsilateral side.
On the contrary, the principal stresses of the contralateral TMJs of
the UMC-R preoperative patients were lower than those of the
ipsilateral side (Table 1). The increased stresses of the ipsilateral
side may be related to facial asymmetry.[38] It has been explained
that UMC-Rwas not conducive to deformed patients. The stresses
on the ipsilateral side were lower under the UMC, but the
deformity increased the loads on the ipsilateral side. Furthermore,
the contact stresses on the contralateral TMJs of the UMC-L
preoperativepatientsweregreater than thoseon the ipsilateral side,
contrary to what was observed from the asymptomatic subjects. A
related study[5] showed that the load on the contralateral side was
greater than the ipsilateral side during UMC, consistent with the
principal stress distributions. As the contact stress described the
mutual squeezing of 2 objects in contact, the forces on the
ipsilateral side was greater. The abnormal distributions were also
considered to be associated with the facial asymmetry. The stress
distributions on both TMJs of the postoperative patients were
consistent with those of the asymptomatic subjects. From the
follow up with the patients, no bilateral discomfort or limited
opening were found after the surgeries. Le Fort I and SSRO could
alleviate jaw deformity and abnormal stress distributions between
the ipsilateral and contralateral sides of TMJ.

4.3. Effects of orthognathic surgery on stress distributions
of TMJs

Previous studies[3,4,38] had suggested that morphological changes
in TMJ with jaw deformities were the reason for abnormal stress
6

distributions. The contact stresses on both TMJs of the UMC
preoperative patients were greater than those of the asymptom-
atic subjects (Fig. 2). After surgery, the average contact stresses on
TMJ were decreased to normal levels (Fig. 2). The reduction of
the postoperative contact stress to normal levels would be
beneficial in relieving joint pain and other symptoms caused by
the increased contact stress from jaw deformity. The contact
stresses on the condyle and fossa were significantly lower in the
UMC-L group than those in the preoperative patients. Contact
stresses on the disc were also reduced. However, only the contact
stresses on the contralateral fossa of the UMC-L group were
statistically different from those of the control group. At the same
time, the left side was also the deviated side, so it was clear that
the effect of Le Fort I and SSROon patients with facial asymmetry
was inconspicuous. Clinically, there was still one case with TMD
after surgery.
The maximum and minimum principal stresses indirectly

reflected the tensile and compressive properties. The maximum
principal stresses on both sides of the TMJs of the UMC
preoperative patients were greater than those of the asymptom-
atic subjects. (Fig. 2). Moreover, the maximum principal
stress of the postoperative group was not significantly different
from that of the control group. The results show that surgeries
could alleviate the tension characteristics of the TMJs of patients
with jaw deformity. The peak value of the maximum principal
stresses of the UMC-L patients occurred in the disc of the
contralateral side, which was about 3.06 times of that of
the Control group (Fig. 2). The disc of the patients with
jaw deformity bear high tension and this stress could lead to
disc thinning or perforation.[4] The stresses on the condyle and
fossa were correspondingly increased as well. In addition,
the tensile stresses on the TMJs of the postoperative patients
tended to be normal; hence, postoperative complications were
avoided. Finite element analysis was performed to determine
whether therewere abnormal stress distributions before and after
surgery.
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The minimum principal stresses on the TMJs of the
postoperative patients were lower than those in the UMC-L
preoperative patients but the minimum principal stresses on the
fossa at the contralateral side of the UMC-R postoperative
patients did not decrease (Fig. 2). Furthermore, there was no
significant difference between the postoperative and the control
groups. It could be seen that although surgeries could improve the
compression characteristics of the patients’ TMJs, the effects on
the fossa of the UMC patients were limited. At the same time,
after surgery, the minimum principal stresses on the disc at the
contralateral side were decreased by at least 55%, while the stress
on the condyle was decreased by 37% (Fig. 2). Arnett et al
showed that the increase of condylar compression was the key
factor leading to condylar resorption and mandibular recur-
rence.[39] Therefore, the recurrence after surgery might be related
to the weak improvement on the condylar stresses.
4.4. Different deformities and TMD

The contact stress described the characteristics of extrusion,
where high friction could wear the TMJ. Before surgery, the
contact stresses on the TMJs of the patients with prognathism
were greater than those of the asymptomatic subjects, but less
than those of the patients with facial asymmetry (Fig. 3). Thus,
patients with facial asymmetry are more prone to wear due to
greater load. The three patients with TMDwere found with facial
asymmetry. Furthermore, previous studies have shown that
TMD was prone to occur in patients with facial asymmetry,
especially on the deviated side.[23] Hence, patients with facial
asymmetry are more likely to induce TMD that are related to
abnormal stresses of the TMJ. The TMJ of the patients with
TMD showed symmetrical stresses under asymmetric load and
the stresses on both sides were greater compared with those on
the subjects without TMD. It indicated that TMD could cause not
only high stresses on the affected side of the patients with facial
asymmetry but also on the contralateral side.
After surgery, the abnormal stresses on patients with jaw

deformity were distinctly improved, whereas for patients with
TMD, stresses still remained in the affected side (Fig. 3). The
clinical manifestations from the patients with TMD were still on
the left side after surgery. Therefore, orthognathic surgery could
help correct the stress distributions in patients with jaw
deformity, but it could not improve the conditions of patients
with TMD.
A major limitation of the study is that the sample size of each

group is relatively low, mainly because this is a preliminary study
on the effect of the orthognathic surgery combined treatment on
the patients with different jaw deformities. Of course, we still
need to increase the sample size to further verify the results and
conclusions. Additionally, individual muscle forces cannot be
detected due to the ethical consideration. Future detection of
individual muscles could help improve the research.
5. Conclusion

Jaw deformities would cause significantly greater stresses in the
TMJ of the patients, especially those accompanied by TMD. Le
Fort I and SSRO could improve abnormal stress distributions on
the TMJs of patients with jaw deformities, close to asymptomatic
subjects. However, the improvement on TMDwas not obvious. It
was recommended to focusmore on the stress distributions on the
TMJ during surgical treatment.
7

Table. Subjects’ detailed data (Mpa), http://links.lww.com/
MD/F620.
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