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Abstract: Mandibular prognathism causes functional and esthetic problems. Therefore, many studies
have been conducted to understand its etiology. Following our previous study, which revealed that
the major characteristic of the mandible with prognathism is the volume/length ratio of the mandibu-
lar body and condyle, we analyzed the volume and orientation of the masseter muscle, which inserts
into the mandibular body, expecting that the difference in the size of the masseter muscle causes
the difference in the mandibular size. This study compared the masseter muscle of the participants
in the prognathic group to those in the normal group on the volume/length ratio and orientation.
The masseter muscle ratios (volume/length); the angle between the superficial and deep head of
the masseter muscle; and the three planes (the palatal, occlusal, and mandibular) were analyzed.
A total of 30 participants constituted the normal group (male: 15, female: 15) and 30 patients, the
prognathic group (male: 15, female: 15). The results showed that the volume/length ratio of the
masseter of the normal group was greater than that of the prognathic group (p < 0.05). In addition,
the orientation of both the superficial and deep head of the masseter of the participants in the normal
group was more vertical with respect to the mandibular plane than that of the prognathic group
(p < 0.05). We concluded that the mechanical disadvantage of the masseter muscle of the prognathic
group is attributed to mandibular prognathism.
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1. Introduction

In the oral and maxillofacial field, mandibular prognathism is considered to be one
of the major issues since it causes functional and esthetic problems, which cannot be
treated without surgery in most adults [1,2]. However, in young patients, it is possible
to prevent or relieve mandibular prognathism by regulating the growth pattern, and
predicting mandibular growth and the timing of treatment, which are considered to be the
most important factors [3,4]. Therefore, many studies have been carried out to understand
mandibular growth and factors that affect it.

In 1968, Moss first described the functional units of the mandible to be composed of
symphysis, body, angle, coronoid, and dentoalveolus [5]. He proposed the concept of a
functional matrix, which is the soft tissue surrounding the bone, and that a functional matrix
regulates the growth of bone [6]. Several studies have reported the relationship between
the masticatory muscles and craniofacial morphology [7-9]. Sella-Tunis et al. showed that
wider mandibular shape is associated with larger masticatory muscle force [10]. Marques
associated brachycephalic pattern with a strong bite force and the dolichocephalic pattern
with a relatively weaker bite force [11]. Gionhaku and Kiliaridis described the relationship
between brachycephalic morphology and large masticatory muscles [12,13]. Van Spronsen
suggested that the combined action of the mandibular muscles can induce a specific stress
pattern and mandibular remodeling [14].
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In our previous study, the volumetric characteristics of normal and prognathic mandibles
were demonstrated by skeletal unit analysis [15]. The results of the study showed that
the mandibular body and condyle of prognathic mandibles had a statistically lower vol-
ume/length ratio than that of normal mandibles. As the masseter muscle attaches to the
mandibular body and the lateral pterygoid muscle attaches to the condyle, we assumed
that these two muscles are mainly associated with mandibular growth in prognathism.

There are four bilateral masticatory muscles, and the masseter muscle is one of them.
It originates from the zygomatic arch and inserts into the angle of the mandible. It is
derived from a single muscle mass at gestational day 11, matures with the branching of
the trigeminal nerve, and establishes complexity before birth [16]. During this period,
differentiation occurs during the 22nd week of gestation, following that of the skeletal
muscles of the trunk and limb [17].

In this study, we compared the masseter muscle of the normal mandible with that of
the prognathic one. To evaluate the force of the muscle, we investigated the volume/length
ratio and the orientation to the mandibular plane, the former for the magnitude of the force
and the latter for the direction of the force. We compared the orientation of the masseter
muscle to three planes: palatal, occlusal, and mandibular. The palatal and mandibular
planes indicate the origin and insertion of the masseter muscle, respectively. The occlusal
plane indicates where upper and lower teeth meet. We assumed that the masseter muscle
of the normal group would be thicker and more vertical with respect to the mandibular
plane, which means that the masseter muscle of the participants in the normal group would
have a mechanical advantage over those of the prognathic group.

2. Materials and Methods
2.1. Participants

The data of 60 Korean subjects (30 men and 30 women), who visited Wonkwang
University Daejeon Dental Hospital, were evaluated. CT images were taken for various
reasons according to the patient’s chief complaint such as orthodontic diagnosis, mandibu-
lar third molar assessment, and maxillary sinusitis. Skeletal and dental measurements
were recorded using 3D CT scans. The inclusion criteria were as follows: age between
18 and 29 years, presence of full dentition except permanent third molars, and a will-
ingness to undergo 3D CT of the skull. The hemi-mandible of the 3D CT was used for
analysis. The exclusion criteria were chronic periodontitis, congenital deformities, severe
asymmetry, history of trauma on both sides of the mandible, or orthognathic surgery.
Participants with asymmetry, who had more than 2 mm of menton deviation from the
mid-sagittal plane, were excluded. Among the participants with trauma, the non-involved
hemi-mandibles were analyzed. A total of 60 hemi-mandibles from 60 participants were
analyzed. This study was approved by the Institutional Review Board of Daejeon Dental
Hospital, Wonkwang University (W1906/001-001).

2.2. Group Classification

The participants were divided into two groups according to the Steiner’s analysis and
the Delaire’s analysis. In Steiner’s analysis, we calculated the sella-nasion-A point angle
(SNA), sella-nasion-B point angle (SNB), and the A point-nasion-B point angle (ANB). In
Delaire’s analysis, we calculated the angle between the C1 plane, which is a constructed
horizontal reference plane, and the Me-based F1 plane, which is a naso-fronto-maxillary
point to menton point [18]. These values were calculated on the midsagittal plane of the 3D
CT image. The participants with normal SNB value and normal C1-Me-based F1 angle were
classified into the normal group (n = 30, 15 men and 15 women) and participants with high
SNB values and high C1-Me-based F1 angle were classified as the prognathic group (n = 30,
15 men and 15 women). The normal group showed 78.42° £ 0.76° of SNB, 86.82° £ 0.99°
of C1-Me-based F1 in average, and the prognathic group showed 83.59° &+ 1.07° of SNB
and 92.63° £ 1.07° of C1-Me-based F1 on average (mean =+ standard deviation). The age
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range of the normal group participants was 18 to 29 years (mean age 22.4 + 3.4) while that
for the prognathic group was 18 to 27 years (mean age 21.0 £ 2.7).

2.3. 3D CT and Segmentation

A 3D analysis was performed using a SOMATOM Definition Dual Source CT (DSCT;
Siemens, Forchhelm, Germany) with the following imaging conditions: field of view,
20.8 cm; 100 kV; 76 mAs; scanning time, 1 s; and 0.5 mm thickness. The participants were
instructed to be static and maintain centric occlusion to avoid changes in the masseter
volume [19]. All cross-sectional CT images were stored in Digital Imaging Communication
in Medicine (DICOM) format, and the reconstruction was performed using Mimics 10.0
(Materialize n.v., Leuven, Belgium). Subsequently, the superficial and deep layers of the
masseter muscle and skull were outlined.

Outlines of the skull were automatically drawn using the ‘threshold” method in
Mimics. The outlines of the superficial and deep layers of the masseter muscle were
drawn manually for each participant. Per five serial sections, one outline was drawn in the
horizontal, sagittal, and coronal planes individually. As a result, approximately 20 outlines
were drawn in each plane.

2.4. 3D Image Reconstruction and Revision

Surface outlines were reconstructed using Mimics. Among the high-, middle-, and
low-quality surface reconstruction options, we used the low-quality option because high-
and medium-quality surface models were difficult to handle in the next procedure owing
to the file size.

Skulls were automatically reconstructed with a real shape owing to automatic whole
segmentation. However, each layer of the masseter was not smoothly and realistically
reconstructed because whole segmentation was not performed. The outlines were sparsely
drawn. Therefore, using Maya version 2018 (Autodesk, Inc., San Rafael, CA, USA), surface
models of the sphere were created and wrapped in each layer of the masseter. Thus, the
layers of the superficial and deep masseter muscles were accurately reproduced (Figure 1).

2.5. Volume and Length Measurement of the Masseter Muscle

The volumes of the two layers of masseter were measured using the “poly volume’
function in the ‘Head-up Display” menu in Maya Bonus Tool. The value of volume
displayed in the ‘Script” window was collected. The volume of the masseter muscle
is presented in Figure 2.
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Figure 1. Surface reconstruction of the skull and masseter muscle. The skull and superficial part
of the masseter muscle were surface-reconstructed (a). The surface-reconstructed superficial part
of the masseter muscle is not smooth and realistic due to a whole segmentation that was not
performed (b). The surface model of the sphere is made (c) and wrapped (d) to the superficial part of
the masseter. The superficial part of the masseter is accurately reproduced (e). (Maya, version 2018,
www.autodesk.com accessed on 6 May 2021).

Figure 2. Volume of the masseter muscle. Yellow represents the superficial part of the masseter
muscle and blue represents the deep part. Masseter muscle volumes of the (a) normal group and
(b) prognathic group. (Maya, version 2018, www.autodesk.com).
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Surface models of the ruler were created to measure the lengths of the two layers of the
masseter. The length of the ruler was displayed in the “Transform Attributes” window, and
the value was obtained. Because of individual differences in masseter muscle morphology,
a ratio was obtained by dividing the masseter muscle volume by its length; this ratio
was analyzed.

2.6. Measurement of Angles between the Masseter Muscle and the Reference Planes

The orientations of the two layers of masseter between the reference planes were
measured using curves. Firstly, surface models of the palatal, occlusal, and mandibular
planes (horizontal plane) were created based on the skull morphology. The palatal plane
runs parallel to Plane C1 in Delaire’s analysis and represents the superior cranial base
plane [18]. The reference planes are presented in Figure 3. Secondly, an angled curve
was drawn along the plane in the previously created surface model of the ruler in the
midsagittal plane. The definitions of the planes are as follows:

- Midsagittal plane: Plane through the foramen cecum, falx cerebri, and center of the
foramen magnum [20].

- Horizontal plane: Plane through the midpoints of the bilateral eyeball and bilateral
orbital canal [21].

- Palatal plane: A plane perpendicular to the midsagittal plane passing through the
anterior nasal spine and posterior nasal spine [22].

- Occlusal plane: Plane through half distance point between the incisal edges of the
maxillary and mandibular incisors and the mesial cuspid tips of the mandibular
bilateral permanent first molars [23].

- Mandibular plane: A plane perpendicular to the midsagittal plane passing through
Go (Gonion) and Me (Menton) [24].

Figure 3. The angle between the masseter muscle and reference planes measured in the sagittal view
of computed tomography. Information on the masseter muscle is shown in Figure 1. The upper red
line is the palatal plane (ANS-PNS). The middle red line is the occlusal plane (Half distance point
between the incisal edges of the maxillary and mandibular incisors and the mesial cuspid tips of the
mandibular bilateral permanent first molars). The lower red line represents the mandibular plane
(Go-Me). The angles between the superficial and deep masseter muscle and the three reference planes
were measured. Superficial and deep masseter muscles and three reference planes of the (a) normal
group and (b) prognathic group (Maya, version 2018, www.autodesk.com).

Thirdly, the angle of the curve was measured using the “Measure Angle Tool” script.
The most inferior and superior anterior points of the masseter were the two reference points
of two layers of the masseter muscle, respectively. In sagittal view, the angle between the
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masseter muscle and reference planes was measured. The value of the measured angle was
displayed on a display view and collected for analysis.

2.7. The Reliability of Measurements

The method error associated with indicating the reference points on the 3D CT images
(measured as an intraobserver and interobserver error) was evaluated for 20 randomly
selected reference points by two authors. Each author digitized the 20 reference points on
3D CT images 20 times in 2-week intervals. The results were assessed using Dahlberg’s
formula and analyzed statistically by ICC as follows:

E(xory,orz) :\/Z[(xn - xn—l)Z or (yﬂ - yn—l)ZOT (Zﬂ - Zn—l)z]/ZN

where x,, denotes the positional value of point x;;, and x;,_; is the positional value of point
X;_1 in the x coordinate.

2.8. Statistical Analysis

The results are shown as mean =+ standard deviation (SD). An independent ¢-test was
used to evaluate the relationship between normal group and prognathic group participants.
A p-value < 0.05 was considered statistically significant. All analyses were performed using
IBM SPSS Statistics 23.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Reliability of Measurements

The intraobserver error ranged between 0.2 and 0.8 mm for the reproducibility of the
reference points. The intraclass correlation (ICC) with 95% confidence intervals was 0.992
(p > 0.0001) for intraobserver reliability and 0.929 (p > 0.0001) for interobserver reliability.

3.2. Comparison of the Masseter Muscle Ratio between the Normal Group and Prognathic Group

There was a significant difference in masseter size between normal and prognathic
individuals. Prognathic individuals demonstrated a significantly smaller masseter volume-
to-length ratio compared with individuals with normal face type. The independent t-test
showed significantly smaller masseter muscle ratio in the prognathic group (350.0 £ 90.0)
compared with the normal group (472.6 &= 105.6), p < 0.05 (Figure 4, Table 1).
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Figure 4. The distribution of masseter muscle volume/length ratios of the normal group and prognathic group. The

normal group is dotted in white and the prognathic group is dotted in black. The blue dotted line indicates the trend line.

Participants of the normal group are mostly distributed over the trend line, while those of the prognathic group are mostly
distributed under the trend line.
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Table 1. Masseter muscle volume/length ratios of the normal and prognathic participants.

Normal Group Prognathic Group
(n = 30) (n = 30) p Value
Ratio 472.6 £105.6 350.0 £ 90.0 0.000 *

Note: Values are presented as mean & SD; Ratio = Volume (mm?)/Length (mm); Abbreviation: SD, standard
deviation; p: p-value of paired ¢-test; * p < 0.05.

3.3. Comparison of the Angle of the Masseter Muscle Orientation to Three Reference Planes

There were significant differences in the orientation of the superficial masseter mus-
cle and the three reference planes between the normal and prognathic groups (Figure 5,
Table 2). The independent f-test revealed a significantly larger angle between the mandibu-
lar plane in the normal group (80.4° & 10.2°) than in the prognathic group (68.0° & 10.1°,
p <0.05). A greater angle was found between the palatal (78.7° & 8.2°) and the occlusal
planes (80.7° £ 7.0°) of the prognathic group than that of the palatal plane (68.6° £ 11.7°)
and occlusal plane (74.2° & 8.6°) in the normal group, with a significant difference (p < 0.05).
The orientation of the deep masseter muscle to the palatal plane and mandibular plane
showed significantly different data (Figure 6, Table 2). The independent ¢-test showed a
significantly greater angle between the palatal plane (77.4° &= 9.3°) in the prognathic group
than in the normal group (70.7° £ 12.0°, p < 0.05). Although the mean angle between the
deep masseter muscle and the occlusal plane in the prognathic group was larger, there
was no significant difference (p > 0.05). A significantly greater angle was found between
the mandibular plane in the normal group (75.9° & 11.0°) than those in the prognathic
group (64.9° + 13.1°, p < 0.05), which means that the normal-group participants had a
more vertical angle to the mandibular plane.

110
100
90

80

Angle

70 : ®Normal group

Prognathic group
60

40

30
Palatal plane Occlusal plane  Mandibular plane

Figure 5. The distribution of the angle of superficial masseter muscle in three planes: palatal, occlusal,
and mandibular. All three angles showed significant differences. The participants of the normal
group had a greater vertical angle to the mandibular plane than those of the prognathic group.
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Table 2. Angle between the masseter muscle and the reference planes.

Normal Group Prognathic Group

(n =30) (n =30) p Value
Palatal plane 68.6 +11.7 78.7 £8.2 0.000 *

Masseter
(Superficial) Occlusal plane 74.2 £ 8.6 80.7 £7.0 0.002 *
Mandibular Plane 80.4 +10.2 68.0+10.1 0.000 *
Masseter Palatal plane 70.7 +12.0 774+93 0.018*

(Deep) Occlusal plane 743 +£93 788+ 9.1 0.066

Mandibular plane 759 £11.0 64.9 £13.1 0.001 *

Note: Values are presented as mean + SD; Abbreviation: SD, standard deviation; p: p-values of the paired ¢-test;
*
.p<0.05.

110
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90
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70 4 = Normal group
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40
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Figure 6. The distribution of the angle of deep masseter muscles to three planes: palatal, occlusal,
and mandibular. Angles to palatal and mandibular planes showed significant differences. The
participants of the normal group had a more vertical angle to the mandibular plane than those of the
prognathic group.

4. Discussion

In our study, we used a three-dimensional computed tomography (3D CT) to analyze
the relationship between the mandibular skeletal units and masseter muscle. Numerous
studies in the past have described an association between craniofacial morphology and
the surrounding muscles, but these studies were performed using electromyography or
ultrasonography [25,26]. The development of 3D CT made it possible to measure the
volume and orientation of the muscle and skeletal units.

Our previous study analyzed the differences in the mandibular skeletal unit vol-
ume/length ratio between a normal group and a prognathic group [15]. According to this
study, the total mandible ratio and the condylar part and body part of the mandible ratio,
which is the volume divided by length, were significantly smaller in the prognathic group,
which implies that the condyle and body may be the key units underlying the etiology
of mandibular prognathism. We aimed to evaluate the force of the masseter muscle that
attaches to the body of the mandible.

Our study revealed significantly greater masseter muscle volume/length ratio in
the participants of the normal group than in the prognathic group. As tension develops
during muscle contraction, which correlates to muscle thickness, the muscle thickness of
the masseter is significantly correlated to the bite force and occlusal tooth contact [25].
Therefore, the difference in masseter thickness may be attributed to the difference in muscle
contraction force. This result corresponds to other studies that have elucidated that the
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masseter muscle is large in brachycephalic, short- faced, and narrow-mandibular-angled
participants [27,28].

We studied the orientation of the masseter muscle and calculated the angles from the
three reference planes. We chose these three planes because the palatal plane is related to
the origin of the masseter muscle, the occlusal plane is where the maxillary and mandibular
teeth meet, and the mandibular plane is related to the insertion of the masseter muscle.
Among them, we focused on the mandibular plane because it is where the force actually
acts and is the only plane that moves following the mandibular movement.

We found that the angles to the mandibular plane of both the superficial and deep
masseter muscles of participants in the normal group were closer to the right angle than
those of the prognathic group. This suggests that the participants in the normal group had
a mechanical advantage over those in the prognathic group, since the masseter muscle is
orientated vertically along the line of action of the mandible [11,29]. Additionally, studies
revealed that the bite force and the occlusal contact area increases after surgical correction
in prognathic participants, which supports our analysis [17,29,30].

We also thought about the possibility that the muscular difference is due to the
secondary effect of mandibular difference. However, it is well-known that mandibular
prognathism is affected by both heredity and environmental influences [31,32]. In addition,
there are many studies or examples related to the action of soft tissue on hard tissue. Moss
suggested the concept of a functional matrix, saying that all mandibular units are influenced
by nearby soft tissue [5,6]. Muscular dystrophy, a neuromuscular disorder that results
in a greater mandibular angle and excessive vertical growth of the mandible, is a good
example of a muscle affecting craniofacial growth [33]. Another example is the decrease in
mandibular bone quality after botulinum injection [34]. In addition, a study on the Foxc1
gene, which causes bony fusion of the maxilla and mandible and defects in the craniofacial
musculature when missed, shows the relationship between bones and muscles during
development [35]. Even though it is uncertain whether prognathism affects nearby muscles,
it is certain that differences in the action of nearby muscles affect mandibular growth.

There are many studies on whether the vertical dimension affects the mandibular
morphology and masticatory muscles. Kim et al. showed a positive correlation between
the thickness of masticatory muscle and vertical dimension of the mandible [36]. Choi
et al. suggested that the patients with higher mandibular plane angle showed an increase
in the thickness of the soft tissue pogonion after bimaxillary surgery [37]. However,
Lee et al. showed that the vertical facial types do not cause any differences in relapse
after mandibular setback surgery [38]. Vertical dimension is one of the important topics
in this field. However, in our study, we focused on the difference in masseter muscle
between normal and prognathic group, following our previous study [15]. Further studies
considering vertical dimension are needed.

This study is one of the first to analyze the differences in masseter muscle force
between participants of normal and prognathic groups. Although the exact etiology of
mandibular prognathism remains to be elaborated, it is certain that thin masseter muscles
with inefficient orientation are closely related to mandibular prognathism. As remodeling
of the mandible occurs throughout life, understanding masticatory muscles in relation to
prognathism will be useful in regulating mandibular growth in young patients, surgical or
non-surgical orthodontic treatment in adult patients, preventing relapse after orthognathic
surgery, and even estimating the mandibular changes in the elderly. Further studies on
lateral pterygoid muscle, which is another key muscle related to prognathism, are required.

5. Conclusions
In this retrospective study, the following conclusions were drawn:

(@) The volume/length ratio of the masseter of the normal group was greater than that of
the prognathic group.
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(b) The orientation of both the superficial and deep head of the masseter of the partici-
pants in the normal group was more vertical with respect to the mandibular plane
than that of the prognathic group.
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