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Abstract
Objective

To analyze the stress distribution and displacement trends after on craniomandibular complexes with
different degrees of bone seam fusion MARPE and RME for arch expansion using three-dimensional
finite element analysis to provide biomechanical guidance for future clinical applications of MARPE.

Methods

A 26-year-old adult female patient with transverse maxillary hypoplasia underwent CBCT, and a 3D finite
element model of the craniomandibular complex with unfused and partially fused sutures and two
different arch expansion techniques, MARPE and RME, was constructed by setting the material
parameters. Four groups of models were created according to the experimental design: Model A was of
MARPE with an unfused bone suture; Model B was of MARPE with a partially fused bone suture; Model C
was of RME with an unfused bone suture; and Model D was of RME with a partially fused bone suture.
Ansys Workbench 2019 software was used to design a transverse forced displacement of 0.25 mm for
the model with reference to the clinical arch expander load once and to analyze the stress distribution
and displacement of the craniofacial bone, teeth and periodontal tissues under these loading conditions.

Results

The stress distributions on the left and right midpalatal sutures were not completely symmetrical in all
the models, and the midpalatal suture was subjected to greater stresses and displacements during
MARPE than during RME. The midpalatal suture was closer to a parallel flare with the anterior part
slightly larger than the posterior part after MARPE, and the midpalatal suture in Model A was subjected
to greater stresses and displacements than Model B was. RME led to a wedge-shaped flare with a large
anterior and small posterior area, and the stresses on and displacements of the midpalatal suture in
Model C were greater than those in Model D. The jaws were largely displaced laterally in Models A, B, and
C and minimally displaced in Model D. The sagittal displacements of the four models tended to be
posterior, with outward and backward displacements. The maximum periodontal hydrostatic stresses in
all four models were greater than - 0.0047 MPa for all teeth except the abutment teeth and greater than
- 0.0047 MPa for the first molar in Model A, whereas the first molar in Model B and the first premolar
and first molar in Models C and D were all less than - 0.0047 MPa. The magnitude of the periodontal
hydrostatic pressure of the first molar was as follows: Model D > Model C > Model B > Model A. The
magnitude of hydrostatic pressure of the periodontium of the first premolar was as follows: Model D >
Model C > Model B > Model A.

Conclusions
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MARPE led to greater lateral displacement of the jaws and teeth, and the midpalatal suture was closer to
parallel expansion with asymmetric stresses on the left and right sides. The stresses on the craniofacial
skeleton and lateral displacement of the midpalatal suture, jaws and teeth are greater after MARPE than
after RME, suggesting that MARPE is more appropriate for late adolescents and young adults with
underdeveloped transverse maxillary structures who have highly fused bone sutures.

1. Introduction

Maxillary transverse deficiency (MTD) is a common malocclusion characterized by a mismatch in the
width of the upper and lower dental arches and the underlying bone. This condition may present as
unilateral or bilateral crossbite in the posterior teeth area, commonly accompanied by anterior crowding,
excessive buccal corridor spaces during smiling, and a high-arched palate“' 2 The prevalence of MTD is
8% in patients with primary dentition, 21% in those with mixed dentition, and less than 10% in adultsi®9,
MTD not only affects aesthetic appearance but also impacts functionality, leading to masticatory
dysfunction and poor occlusal function, and may even influence nasal development, causing nasal
airway constriction, which could contribute to obstructive sleep apnea syndrome[6]. Consequently, issues
related to the transverse dimensions associated with MTD as well as its diagnosis and treatment have
become the focus of attention among clinicians and scholars.

Currently, various types of palatal expanders are used in clinical settings to treat MTD, including Rapid
Maxillary Expansion (RME), Surgically Assisted Rapid Maxillary Expansion (SARME), and Mini Screw-
Assisted Maxillary Palatal Expansion (MARPE). RME involves the application of forces along the upper
teeth and alveolar ridge to the palatal vault, causing separation of the midpalatal suture and thus
increasing the width of the maxillal”l. As patients age, substantial expansion of the bony arch through
the application of orthopedic force during RME in adult MTD patients becomes increasingly challenging.
This difficulty arises from the inherent complexity of opening the midpalatal suture, and RME can lead to
uncontrollable side effects such as expansion failure, alveolar bone fractures, tooth tilting, root
resorption, a reduction in the buccal cortical bone thickness, pain, swelling, and gingival recession!® 9.
To minimize these side effects, SARME is used in clinical settings to overcome the increased resistance
to expansion in young adult patients with MTD due to increased fusion of the midpalatal and posterior
maxillary sutures!'%. Although SARME can effectively address the issue of insufficient width
development in young adults with high degrees of suture fusion, it still requires general anesthesia, may
cause damage to the palatal artery or cranial nerves, is costly and difficult to perform, and is associated
with a risk of recurrence [ 2. As a nonsurgical alternative for treating MTD patients with high suture

fusion, Lee ['Slet al. proposed MARPE. MARPE involves the transmission of orthopedic forces generated
by expansion directly to the palatal bone through mini screws, overcoming more resistance at the
posterior maxilla and achieving more bone-based expansion!® 14161,

Furthermore, the efficacy of maxillary expansion is contingent not only on the midpalatal suture but also
on the influence of the surrounding tissues and structures of the maxilla. Researchers have determined
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that the midpalatal suture region experiences elevated levels of stress following MARPE. Additionally,
other bones within the craniofacial skeleton exhibit stress distribution, with the pterygoid, zygomatic,
frontal, and nasal bones being particularly affected. Concurrently, periorbital tissues undergo stress
concentration!®], and the bony sutures surrounding the maxilla demonstrate stress distribution 71 1t has
been demonstrated that the width of the bone suture surrounding the maxilla undergoes augmentation
subsequent to MARPE for bow expansion[1 8, Consequently, it can be concluded that MARPE not only
opens the midpalatal suture but also produces certain forces on the perimandibular structures, thereby
resulting in enhanced bony bow expansion. In recent years, MARPE has been widely used in late
adolescents and young adults with MTD, as it reduces the risk of surgery-related complications and
increases the success rate of expansion!'”..

From a biomechanical perspective, the analysis of stress, strain, and displacement in craniomaxillofacial
tissue structures following MARPE will facilitate a more comprehensive understanding of the response
of these structures to the spreading process. A plethora of research methodologies, including laser
holography, strain gauges, and photoelasticity techniques, have been employed to estimate the stress
distribution within tissues!'® 2%, However, these methods are inadequate for accurately quantifying the
stresses within tissue structures. Three-dimensional finite element analysis (FEA) is a research method
that effectively analyzes the stress distribution and predicts the displacement of each tissue structure
after MARPE for arch expansion without causing any damage to the tissues. The use of FEA for stress

and strain simulation is beneficial for improving the efficacy of MARPE['7- 2], Three-dimensional finite
element analysis (3D FEA) is a noninvasive method that allows virtual simulation of clinical scenarios
and evaluation of displacement and stress distribution patterns across different clinical plans. It serves
as an effective tool for analyzing the mechanical principles of mini screw-assisted maxillary palatal
expansion (MARPE) and determining the stress distribution, displacement, and biomechanical impacts
on the surrounding maxillary tissues!® 22 23],

However, few 3D finite element studies on MARPE exist, especially analyses that explore the mechanical
characteristics of MARPE under varying degrees of suture fusion. Therefore, 3D finite element analysis
was performed in this study to evaluate the effectiveness of MARPE by examining the stress distribution
and displacement trends in various tissue structures after expansion under different degrees of suture
fusion, thereby providing guidance for clinical applications.

2. Materials and methods
2.1 Acquisition of Cone beam CT (CBCT) Data:

Patients are positioned in a seated posture, maintaining a natural head position where the orbital-aural
plane is parallel to the ground. During the CBCT scan, patients are instructed to bite gently in a central
occlusal position. The scanning range of CBCT encompasses the region from the brow ridge to the base
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of the chin, capturing a total of 528 scan images with a slice thickness of 0.25 mm, thereby enabling the
acquisition of comprehensive CBCT data.

2.2 Establishment of the finite element model

In Mimics 21 software, finite element modeling differentiates between tooth and bone tissues on the
basis of their distinct grayscale values, adjusting thresholds for each tissue type through threshold
selection. The selected bone threshold values for this study range from 868 to 5803, whereas the tooth
threshold values range from 1300 to 5803. A preliminary three-dimensional model of the cranial maxilla
and maxillary dentition is established. Referring to the positions and trajectories of the sutures in the CT
images, corresponding bone junctions are selected for offsetting and Boolean operations to construct a
0.5 mm suture, including the palatine midline suture, nasomaxillary suture, frontonasal suture, left and
right zygomaticomaxillary sutures, left and right zygomaticotemporal sutures, left and right
pterygomaxillary sutures, left and right nasomaxillary sutures, and left and right zygomaticofrontal
sutures, for a total of 13 suturesi2%. The outer surface of the maxillary tooth roots was uniformly moved

laterally by 0.2 mm, and a periodontal ligament model was obtained through Boolean operations!24-28l,
Using the offset command, the maxillary bone was moved inward by 1.3 mm, and then models of
cortical and cancellous bones were established through Boolean operations and assembled onto the
cranial maxillary bone and dental arch model. On the basis of this established cranial maxillary bone
complex model, the Young's modulus of the sutures was set to 500 MPa and 0.68 MPa in Ansys
Workbench 2019 software, establishing finite element models of the cranial maxillary bone complex with
partially fused and unfused sutures?% 39, |n Siemens NX 1911 software, a model of the expander was
created on the basis of the MSE solid structure and the traditional Hyrax expander, and the established
MSE expander model was assembled with the aforementioned cranial maxillary bone complex model.
Four experimental models were established, as shown in Fig. 1. Model A is the unfused MARPE model
with 337,025 elements and 626,682 nodes; Model B is the partially fused MARPE model with the same
number of elements and nodes; Model C is the unfused RME model with 294,169 elements and 556,655
nodes; Model D is the partially fused RME model with the same number of elements and nodes.

To achieve greater simulation accuracy in this study, the craniofacial bones and sutures are set to
bonded contact; the expander and the mini-screw implants are also set to bonded contact; the palatal
bone and implants are in bonded contact; the tooth roots and periodontal ligament are in bonded
contact; and adjacent teeth are designed to have frictional contact. According to previous studies?3.30]
the region around the foramen magnum of the occipital bone is set to zero rotation and zero
displacement.

2.3 Material property setting and meshing

In Ansys Workbench 2019 software, the mechanical properties of the materials for the model were
assigned on the basis of previous literature. According to prior research, the elastic properties of
different tissue structures in the models have specific Young's modulus ratios and Poisson's ratios, as
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shown in Table 11521 23,311 | this study, teeth, craniofacial bones, sutures, periodontal ligaments, mini
screws, and expanders were considered continuous, homogeneous, isotropic linear elastic bodies. In
this study, a tetrahedral ten-node model was utilized for meshing, as it has been demonstrated to
facilitate enhanced stress transmissibility[32]. A primary finding of the study pertains to the mesh
delineation of craniofacial bones, teeth, periodontium, and bone joints within the range of 0.5-4 mm,
ensuring superior accuracy (see Table 2 for further details).

Table 1
Material properties for each model
model Young's modulus(MPa) Poisson's ratio
Bone: Cortical bone; Alveolar bone 13700 0.3
periodontal membrane 0.69 0.49
enamel 20700 0.3
Cancellous bone 1370 0.3
stainless steels 2.e+005 0.3
Table 2
Mesh sizes for each model
model Mesh size(mm)
Skeleton 4.0

periodontal membrane 0.5

enamel 2.0
crevice 0.5
micro-implant 0.5

2.4 Coordinate system setting

This study established two coordinate systems. One is for analyzing the stress, strain, and displacement
of the jawbone: the X-axis is perpendicular to the sagittal direction (horizontal), with the X-axis pointing
to the left of the model for positive values and to the right for negative values; the Y-axis is perpendicular
to the coronal plane (sagittal), with the Y-axis pointing backward for positive values and forward for
negative values; the Z-axis is perpendicular to the horizontal direction (vertical), with the Z-axis
perpendicular to the orbital-ear plane, pointing upward for positive values and downward for negative
values to analyze the stress, strain, and displacement of the bone block.

The other coordinate system is for analyzing the stress, strain, and displacement of the teeth: the X-axis
represents the mesio-distal direction of the teeth, with the X-axis pointing mesially for positive values
and distally for negative values; the Y-axis represents the buccal-lingual direction, with the Y-axis pointing
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toward the lingual (palatal) side for positive values and the buccal (cheek) side for negative values; the Z-
axis represents the vertical direction, with the Z-axis pointing downward for compression as positive
values and upward for extension as negative values.

2.5 Measuring markers

The measurement points along the palatal suture are marked as shown in Fig. 2: the posterior part of the
palatal suture is labeled 1, and the anterior part is labeled 2. Starting from point 1, forty-seven evenly
distributed points are selected between points 1 and 2 along the line segment, and their transverse
displacements are measured. The measurement landmarks for the dental crowns are defined as the
midpoint of the incisal edge for the incisors, the cusp tips for the canines, the buccal and palatal cusps
for the premolars, and the mesial-distal buccal and mesial-distal palatal cusps for the molars. The
landmarks for the dental roots include the apical points of the roots for the incisors, canines, and
premolars; the mesial-distal buccal and palatal root apices for the first molars; and the buccal and
palatal root apices for the second molars. The tooth point designations are as follows: C for crown, B for
the buccal/labial side, P for the palatal side, M for the mesial side, and D for the distal side, as illustrated
in Fig. 3.

2.5 Model loading

Referring to previous finite element studies on maxillary arch expansion and clinical practice, this study
analyzed the stress distribution and displacement trend of the jawbone, teeth and periodontal membrane
with spiral activation of 0.25 mm forced lateral displacement to make the experimental results closer to

those of clinical practicel® 33 34

3. Results
3.1 Displacement of and stress on the midpalate suture

The transverse displacements of each marked point on the midpalate joint following stress loading were
meticulously recorded and subsequently arranged in a statistical table, as illustrated in A of Fig. 3. The
lateral displacement of the palatal raphe in Model A was slightly larger than that in Model B, Model C
was significantly larger than that in Model D, and Models A and B were significantly larger than those in
Model C and Model D. Model A and Model B palatal median sutures were closer to parallel expansion,
and the front was slightly larger than the back. The opening trends of the palatal media in Models C and
D were large at the front and small at the back. The left and right palatal media of the four models were
not completely symmetrically expanded. The stress distribution trend of the palatal center suture was
similar to that of Model A and Model B, and that of Model C was similar to that of Model D. The
equivalent stress of Model B > Model A > Model D > Model C, Model A was obviously smaller than that of
Model B, Model C was slightly smaller than that of Model D, and the stress distributions of the left and
right palatal raphe were not completely symmetric.
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3.2 Fracture strain analysis

The strain of the bone sutures was analyzed, as shown in Fig. 4. The equivalent strain produced by the
left and right pterygoid maxillary sutures in Model A was the greatest. The strains produced by the other
bone sutures except the nasofrontal suture were Model A > Model B > Model C > Model D. The
nasofrontal suture in Model C presented the greatest strain, with the maximum strain in Model B
occurring in the nasofrontal suture relative to that in Model A. However, the range of strain produced by
the nasofrontal suture was diminished, and the strains produced by all the bone sutures in Model D were
minimal.

3.3 Cranial maxillary stress distribution and displacement
trend

Equivalent stresses and displacements were analyzed for the cranial maxilla, with red showing the areas
of greatest stress concentrations or displacements and blue showing the areas of least stress
concentrations or displacements. Figure 5 and Fig. 6 show that the craniofacial complexes of Models A
and B presented significantly elevated stress levels compared with those of Models C and D. In contrast,
the range of stress concentration in Model B was lower than that in Model A, and the magnitude of the
stress values exhibited a notable increase. The distribution of stress concentration areas was similar
between Model C and Model D, with the greatest concentration observed in the periorbital, nasal, and
buccal alveolar bone of the supporting teeth. Model D exhibited higher stress values in these areas than
Model C did. The maximum stress distribution between Model A and Model B was observed near the
four implant nails, with Model B displaying higher stress values than Model A did. Model B also
presented greater stress.

concentration in the palatal bone area surrounding the implant nails. The results demonstrated that
Models C and D presented elevated stress concentrations in the alveolar bone in the vicinity of the
supporting teeth. All three models (A, B, and C) exhibited substantial lateral displacement, whereas
Model D demonstrated comparatively minor lateral displacement. The four models exhibited a backward
sagittal displacement trend, with outward and backward displacement.

3.4 Mechanical distribution characteristics and equivalent
stress analysis of tooth roots and periodontal hydrostati
cpressure

Models A and B had similar trends in the distribution of equivalent force, which was mainly concentrated
in the maxillary first molar, with the maximum equivalent force distributed in the root bifurcation of the
maxillary first molar. Models C and D had similar trends in the distribution of stress, which was mainly
concentrated in the maxillary first premolar and the first molar, with the maximum equivalent force
distributed in the palatal region of the cervical part of the first premolar (Fig. 7A).
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The analysis of the stress distribution of the roots revealed that the branch resistant teeth of Models C
and D were subjected to the greatest stress, with Model D exhibiting a greater stress level than Model C.
Similarly, the first molars of Models A and B presented the highest stress levels, with Model B exhibiting
a significantly greater stress level than Model A. The equivalent stresses on the roots of the first molars
were found to be in the order of Model D > Model B > Model C > Model A. Additionally, the stresses on the
roots of the first molars were greater than those on the roots of the second molars (Fig. 7B).

In this study (Fig. 7C), we calculated and analyzed the maximum hydrostatic compressive stress of the
periodontal membrane of the maxillary right dentition, which was negatively correlated with compressive
stress. The maximum hydrostatic compressive stress of the periodontal membrane of the remaining
teeth in the four models, in addition to those of the supporting teeth, were greater than - 0. The
maximum hydrostatic compressive stress of the periodontal membrane of the first molar of Model A
was also greater than - 0.0047 MPa, whereas the maximum hydrostatic stresses on the periodontal
membrane of the first molar of Model B, the first premolar of Model C, and the first molar of Model D
were all less than - 0.0047 MPa. The magnitude of the first molar periodontal hydrostatic stress was as
follows: Model D presented the greatest value, followed by Model B, Model C, and Model A. The
magnitude of the first premolar periodontal hydrostatic stress was as follows: Model D presented the
greatest value, followed by Model C, Model B, and Model A.

3.5 Analysis of three-dimensional displacement of tooth
marks

The displacement of crowns and roots in the X-axis of Models A, B, and C(Fig. 8) exhibited a consistent
trend, whereas the displacement of crowns and roots of maxillary molars in Model D displayed an
opposite trend. The displacement of crowns and roots on the X-axis was found to be consistent across
all four models, with Model A exhibiting the greatest displacement, Model B demonstrating the least,
Model C showing intermediate values, and Model D displaying the most significant displacement.
Additionally, the crown—root ratio was the smallest in Model A and the largest in Model D, which
presented a significantly larger ratio than did the other three models. Model B also demonstrated a larger
ratio than Model C did, with both models displaying ratios that were slightly larger than those observed in
Model A. The four models exhibited a uniform trend of displacement on the Y-axis, with all four models
displaying negative values along the Y-axis. This was indicative of a distal movement of the tooth toward
the middle of the tooth. Model A exhibited the greatest magnitude of displacement, followed by Model B,
Model C, and Model D. Model A was found to be significantly larger than the other three models. The
crowns and roots of the molars in Model A exhibited movement in the positive direction of the Z-axis,
which was characterized by tooth depression. In contrast, the right molars in Model B moved in the
negative direction of the Z-axis, which was characterized by tooth elongation. The left molars in this
model moved in the positive direction of the Z-axis, which was characterized by depression. The molars
in Models C and D also moved along the negative direction of the Z-axis, which was characterized by
tooth elongation. The crowns and roots of the anterior teeth of all four models exhibited negative
movement along the Z-axis, indicative of elongation of the crowns. Uneven movement of the buccal and
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palatal cusps of the supported teeth was observed in all four models on the Z-axis, which suggests that
the supported teeth may exhibit a tendency toward buccal inclination.

4. Discussion

4.1 Properties of the Bone Suture Material

The bony suture is a fibrous tissue used to connect the bones of the craniofacial region, helps to act as a
shock absorber during impact 357371 and plays a more important role in craniofacial growth and
development. Exogenous forces acting on the maxilla are transmitted through the bone seam to
structures farther from the craniofacial region, resulting in mechanical stresses. Owing to the limitations
of the previous state-of-the-art methods, some researchers!38! have attempted to construct the bone
seam on the maxillary model without assigning its material properties and set it as a discontinuous unit.
More satisfactory research results were obtained by assuming that the bone seam was linear in the
constructed model. 13939 40\when linear bone joints are assumed in the models developed, more
satisfactory results can be obtained. In the present study, the elastic modulus of the bone suture was
estimated on the basis of connective and bone tissues and was simulated with Young's modulus (MPa)
and Poisson's ratio, and the suture was set to have the mechanical properties of linear elasticity[s' 29]
The degree of fusion of the bone suture affects the biological properties of the material, and the material
properties of the craniofacial bone suture vary depending on the degree of ossification; previous studies
have revealed that different degrees of ossification of the bone suture result in different displacements
of different structures!*' 42, In some finite element studies?® 43 44l the researchers constructed models
by varying the elastic modulus of the bone suture material to simulate different degrees of bone suture
fusion. Therefore, in this study, the elastic modulus of the bone suture was set at 0.68 MPa and 500 MP
to construct the craniofacial complex model to simulate the unfused and partially fused bone sutures,
respectively, with reference to previous studies. Since the present study only simulated the force of
maxillary expansion once and the change in stress was found to be insignificant in the fully fused model,
a fully fused model can be developed in the future to further investigate the effect of the degree of fusion
of the bony sutures on the expansion of the arch.

4.2 Osseointegration degree

The resistance observed during maxillary expansion mainly originates from the midpalatal suture and
the surrounding bone suture, and the expander increases the maxillary width by separating the
midpalatal suture and the surrounding bone suture, thus achieving the purpose of treating MTD.

Expansion forces promote the bone remodeling process of the crestal suture [45.46] \whereas cyclic loads

such as mastication affect the formation process of the crestal suture [47- 48], Different spreaders
produce different spreading results for different degrees of suture fusion, so assessing the degree of
suture fusion is important in choosing the spreading method and timing of spreading. In infancy, the

midpalatal suture does not fusel*, and it is generally accepted that with age, the midpalatal suture
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gradually develops right posterior to anterior ossification fusion!®. There are morphological changes in
the midpalatal suture during growth and fusion; the midpalatal suture is an unfused morphology that
manifests as a straight line in the first few years of life, and generally, after the age of 15 years, it tends
to ossify and fuse to form interlocking and interlocking morphologies[5”. With the increasing number of
clinical applications of CBCT, many researchers have staged the midpalatal suture by observing its
morphologic features using CBCT to explore the distribution of physiologic age at different stages [30, 52]
However, individual differences in the degree of fusion of the midpalatal suture have also been reported,
and incomplete fusion of the midpalatal suture can be found even in adults!®3 54 n addition, although it
is generally accepted that the palatal suture is completely fused in adults aged 20-25 years, the degree
of fusion cannot be determined by age alone, and CBCT is still needed to determine the fusion status of
the palatal suture when choosing the treatment plan and timing for patients with maxillary transverse
hypoplasia. In MTD patients with unfused palatal sutures, traditional tooth-supported expanders can
transmit orthopedic forces through the abutment teeth to the jawbone, opening the palatal suture and
increasing the maxillary width. As ossification of the midpalatal suture increases, traditional tooth-
supported expanders produce more side effects, leading to an increased failure rate. The emergence of
MARPE, anchored to the maxillary palate by implant nails, increases the strength of the bony spreading
arch and offers the possibility of increasing maxillary width in adolescents with a high degree of
midpalatal suture fusion as well as in adults with transverse maxillary hypoplasia[ss' 5] However, there
are fewer MARPE studies on the biomechanical characteristics, efficacy, and long-term stability of MTD
patients with varying degrees of suture fusion. In future studies, researchers can further refine the
analysis of the degree of fusion by CBCT and digitally simulate a biomechanical analysis of different
degrees of fusion by altering the material properties to more accurately model the different degrees of
fusion.

4.3 Influence of MARPE and RME bow expansion on the
midpalatal seam

The morphology and magnitude of displacement of the midpalatal suture opening are usually used
clinically to evaluate the effect of maxillary expansion, and many studies have revealed that the
midpalatal suture is almost parallel to the opening after MARPE 57759 and that the midpalatal suture is
wedge-shaped after RME 160611 | the present study, by measuring the transverse displacement of
points on the midpalatal crease, it was found more intuitively that the midpalatal crease was more
similar to a parallel widening after reaming for MARPE than to an anterior and posterior V-shaped
widening after reaming for RME, which is consistent with the results of most studies. The difference in
the midpalatal crease opening pattern between the two expanders may be due to the different
biomechanical principles of the two expanders. MARPE typically involves the use of two or four implants
anchored to the posterior portion of the palatal bone so that the orthopedic forces generated by the
expansion of the arch are applied directly to the palatal bone and distributed along the midpalatal
crease, promoting more parallel widening of the midpalatal crease. In addition, during MARPE, the nails
implanted are usually fixed with two layers of bone cortex, which can increase the stability of the nails
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and reduce the likelihood of deformation and fracture of the nails, thus promoting more parallel widening
of the palatal fold[2 63l |n this study, we measured the transverse displacement of the right and left
midpalatal sutures and found that the midpalatal sutures were asymmetrically widened and that there
were differences in the amount of stress on the right and left midpalatal sutures. The cause of
asymmetric widening of the midpalatal suture is not well understood, and it was found that regardless of
the MARPE design, almost half of the patients did not always have symmetric widening in the transverse
direction, and that patients with an asymmetric initial position of the midpalatal suture had a higher
chance of having asymmetric widening of the midpalatal suture[64].Asymmetric widening of the
midpalatal suture may also be related to external forces, such as unilateral retrognathia that restricts
maxillary movement on one side, resulting in asymmetric widening of the midpalatal suture, and more
clinical and biomechanical studies are needed to explain the cause of asymmetric widening of the
midpalatal suture. Angelieri et al.!®Z found that the D stage showed greater widening, and the results of
this study are similar to the clinical findings of Angelieri et al. In this study, we found that as the degree
of fusion of the midpalatal suture increased, the morphology of the opening of the midpalatal suture
during MARPE and RME was similar to that of the unfused suture, but the flaring of the midpalatal suture
decreased, and the magnitude of the decrease during RME was significantly greater than that during
MARPE, and the stresses exerted on the midpalatal suture were significantly increased, which can be
interpreted by stress analysis to mean that with the increase in resistance to opening of the midpalatal
suture, the orthopedic forces generated by the flaring of the arch are applied more to the resistance of
the midpalatal suture to the stringer.

4.4 Skeletal and Dental Effects of MARPE and RME of the
Arch

For the clinical treatment of patients with lateral maxillary underdevelopment, there is a need to achieve
more osseous effects and reduce the likelihood of dental side effects. In this study, we found that the
maximum stress distributed during MARPE was mainly concentrated near the implant nails in the
maxillary palate, which is consistent with the results of many finite element studies®5 ¢!, and the
stresses generated during MARPE in the craniofacial bone and the displacement of the maxilla in all
three directions were significantly greater than those during RME, possibly because the implant nails
provide greater support resistance during the expansion process, which transmits the orthopedic force
of expansion directly to the bone, producing a greater bone effect. In contrast, the stress concentration
in the alveolar bone on the buccal side of the supporting teeth was greater during RME, which may be
the cause of alveolar bone bending during RME [97- 681 |n addition, this study revealed that as the degree
of bone fusion increased, the stress generated by MARPE near the maxillary implant nails increased, and
the stress in the per-maxillary bone tissue also increased slightly, suggesting that our implant nails can
generate greater orthopedic force to expand the maxilla and that at the same time, there may be stress
overload that leads to deformation and loosening, which should be closely observed in clinical settings.
In contrast, as the degree of bone fusion increases, craniofacial bone stress decreases after RME, but
the stress on the buccal side of the tooth bone of the supporting teeth increases significantly, which may
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explain why patients with a greater degree of bone fusion have greater alveolar bone curvature after arch
expansion with RME. Copello et al.2%! compared the effects of MARPE and RME on buccal alveolar bone
thickness and marginal alveolar bone and reported that, compared with MARPE, conventional RME may
result in greater bone thickness loss®® and buccal tilting of the supporting teeth after RME for arch

expansion, whereas MARPE reduces the likelihood of this side effect!'3 7% 71 Furthermore, in addition to
differences in the type of appliance and the degree of osseointegration, the design of the appliance, the
quality of the appliance material and welds, the size of the microimplant nails, the single layer of cortical
fixation or bilateral cortical fixation, and the number of arch expansion activations may lead to adverse
side effects that cause buccal movement of the teethl’”]. In this study, we found that both MARPE and
RME produced buccal tilting movement of the teeth by measuring the lateral displacement of the crowns
and roots and the crown—root ratio, respectively, and this result is consistent with the study of Lagravere
et al.l7. In addition, we found that the buccal tilting movement of the teeth after MARPE was
significantly less than that after RME. As the degree of fusion of the osseous suture increased, the
degree of buccal tilting of the teeth increased, and the RME increased by a greater amount, suggesting
that in patients with a high degree of osseous fusion, RME has a greater risk of bone dehiscence and
bone dehiscence.

Vertical control has always been an issue that orthodontists pay close attention to in clinical practice,
and once the vertical direction is out of control, it can lead to aesthetic problems such as deterioration of
the facial shape, especially in patients with high angles and their disadvantages. In the present study, we
found that more elongation of the molars was observed in the Z-axis of the RME expansion model; the
molars in the MARPE expansion model tended to be depressed, and the slight elongation of one side of
the molars with the increase in the degree of fusion of the bone sutures may be due to the asymmetry of
the initial two sides of the maxillary model, which resulted in asymmetry in the conduction of the
orthopedic force of the expanded arch. The key to successful adult expansion is to apply effective
orthopedic forces to the midpalatal suture of the maxilla to produce a large bony effect with few dental
side effects. Therefore, the results of this study and previous studies!® 13 62 66l syggest that MARPE may
be more appropriate for late adolescent and young MTD patients with a high degree of suture fusion,
which can produce a greater osseous effect but still has a dental effect, and that tooth movement should
also be closely monitored clinically. On the basis of clinical observations and individual differences,
MARPE may still require appropriate overcorrection in clinical practice.

4.5 Influence of MARPE and RME on periodontal tissues

The periodontal ligament (PDL), along with bone tissue, is the supporting tissue for teeth and is

subjected to many forms of stress during orthodontic treatment [73l. Finite element analysis has been
shown to be a noninvasive method that can analyze the distribution of mechanical stresses on the

periodontium after the application of orthodontic forces!”4l. In many studies, researchers have used
finite element analysis to analyze and evaluate the biomechanical properties of the PDL in various

simulation scenarios, and commonly used measures include equivalent stressi2% 75781 (von Mises
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equivalent stress) and periodontal hydrostatic pressurel8 827851 |n vascularized dental tissues, the
presence of higher hydrostatic pressures causes ischemia, necrosis, and further loss of periodontal
tissue, but in less vascularized tissues, such as teeth and bone, the presence of higher hydrostatic

pressures may not result in more significant tissue loss!8el. I the hydrostatic pressure on the
periodontium exceeds the capillary pressure in the area, circulatory disturbances will occur, increasing
the risk of root resorption!®’]. Therefore, the value of hydrostatic stress in the periodontium can also be
an indicator of root resorption. According to previous studies, the threshold value of capillary pressure in
the PDL was found to be 0.0047 MPa, and there is a risk of root resorption when the hydrostatic stress is
greater than 0.0047 MPal®2 87.88 | this study, we analyzed the effects of MARPE and RME on
periodontal tissues by measuring the hydrostatic pressure of the periodontium and the equivalent force
of the periodontium and reported that the hydrostatic stresses on teeth in the MARPE model with
nonfused bone sutures were less than 0.0047 MPa, whereas the hydrostatic stresses on the
periodontium of the supporting teeth in the MARPE model with partially fused bone sutures were greater
than 0.0047 MPa, indicating a risk of root resorption. The magnitude of hydrostatic stress in the
periodontium of the supported teeth in both the unfused and the fused RME models was greater than
0.0047 MPa, and the hydrostatic stress in the periodontium of the supported teeth in the MARPE model
was much lower than that in the RME model under the same conditions. These findings suggest that the
risk of root resorption in supported teeth increases with increasing bone fusion after MARPE and RME,
but the risk of root resorption in supported teeth after MARPE for arch expansion is lower than that after
RME. In this study, we found that the periodontal equivalent force was greater in the supported teeth
than in the remaining teeth after both MARPE and RME. As the degree of fusion increased, the equivalent
force on the supported teeth increased, and the stress after MARPE was less than that after RME, which
is consistent with the trend of the hydrostatic stress distribution. This result is consistent with the
hydrostatic stress distribution. These findings suggest that MARPE may be more suitable for young MTD
patients with a high degree of osseointegration and that we should pay attention to the root condition of
the supporting teeth and apply light forces in clinical practice.
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Figure 1

depicts four models of spread bows: Model A is a MARPE bow with unfused bone sutures; Model B is a
MARPE bow with partially fused bone sutures; Model C is an RME bow with unfused bone sutures; and
Model D is an RME bow with partial suture bone fusion.
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Figure 2

Measurement points in the center seam of the palate and dental measurement markers
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Figure 3

shows the displacement trend and stress distribution of the midpalatal suture following arch expansion,
presented in the form of a cloud diagram.

Page 24/28



0.20-
o o Model A

\ / Model B
o Model C
P4 a Model D

0.15-

0.10q o |

0.05- \. ./. i .
= \

0'00__l—l_l-—l—l_l_l_l_—l—l_l_l_
@ @ @
> \9‘0\.&

Equivalent Elastic Strain(mm/mm)
o

Figure 4

shows the displacement trend and stress distribution of the midpalatal suture following arch expansion,
presented in the form of a cloud diagram.
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Figure 5

show the stress clouds and displacement trends, respectively, of the cranial maxilla.
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Figure 6

show the stress clouds and displacement trends, respectively, of the cranial maxilla.
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Figure 7

A shows the distribution of the equivalent stresses on the tooth roots in a cloud view.B shows the
distribution of equivalent forces in the context of tooth root structures.and C shows that the value of
hydrostatic stress in the periodontium may serve as an indicator of root resorption. A previous study
revealed a threshold value of capillary pressure in the periodontal ligament (PDL) of 0.0047 MPa.
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illustrates the three-dimensional directional displacement of tooth marker points.

Figure 8



