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Objective: The objective of this study was to evaluate the effect of
the rapid palatal expansion (RPE) on the pterygoid process (PP),
spheno-occipital synchondrosis (SOS) and sella turcica (ST) in the
skull of a patient with transversal maxillary collapse, and identify
the distribution of mechanical stresses and displacement, by fi-
nite element analysis (FEA).

Methods: Cone-beam computed tomography (CBCT) was em-
ployed to examine the skull of a patient in this study. The pa-
tient was a 13-year-old boy, with Class II skeletal relationship
due to transverse atresia and maxillary protrusion. The com-
puter-aided design (CAD) geometry of skull was imported into
the SimLab v.13.1 software, to build the finite element mesh.
For the simulation, a displacement of 1mm, 3 mm and 5 mm
in a transverse direction was defined at the midpalatal suture,
thereby representing the RPE. For the analysis of results, maxi-
mum principal stress (MPS) and displacements were evaluated
by identifying different nodes, which were represented by the
points as per the areas of interest in the study.

Results: In MPS, the maximum tensile stress was found at point 2
(366.50 MPa) and point 3 (271.50 Mpa). The maximum compressive
stress was found at point 8 (-5.84 Mpa). The higher displacements
in the transversal plane and the lateral segment were located at
point 1 (2.212 mm), point 2 (0.903 mm) and point 3 (0.238 mm).

Conclusions: RPE has a direct effect on PP, SOS and ST in the
Class II model skeletal relationship with a transversal maxillary
collapse. PP supported a higher tensile stress and displacement.

Keywords: Finite element analysis. Palatal expansion technique.
Skull.
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Posterior dental crossbites and transversal maxillary collapse
are often treated with rapid palatal expansion (RPE), which
involves increasing the perimeter of the dental and skeletal
arches and skeletal Class Ill treatment combined with maxil-
lary protraction.”” The main anatomical objective is to open
the midpalatal suture (MPTS), which becomes harder with the
age of an individual. However, there is not an absolute correla-
tion between the ossification and the biological age.?

In majority of adult patients with transversal maxillary collapse,
for whom surgery does not remains a viable option, RPE protocols
were proposed thatinvolved more tooth than skeletal movement.*>
Through the application of bone anchorage via micro-implant
assisted rapid palatal expansion (MARPE), the opening of the MPTS
was made possible in adult patients.®” The stress that can be with-
stand by the craniofacial structures during the RPE has been regis-
tered for both conventional approach®® and MARPE."°

Due to bone elasticity," the stress generated on the craniofacial
structures during RPE are correlated with age and the ossification
degree from the bone sutures, especially in adult patients. Many
sutures around maxillary bones are opened during RPE, but pter-
ygopalatine suture was found to be among the ones that offered
a greater resistance to MPTS.'> However, partial success has been
achieved when the sutures were even opened with the MARPE."
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There is an important anatomical relationship between the
maxillary region of the skull base and the pterygoid pro-
cesses (PP) of the sphenoid bone. It happens because RPE also
affects the deep regions and the neurocranium and viscerocra-
nium. The transmission of mechanical stress produced by the
expander appliance during the opening of the MPTS may affect
the anatomical structures directly or indirectly,' for example
in the case of the spheno-occipital synchondrosis (SOS),121>16
PP,2914 sella turcica (ST)" and some cranial base foramina with
itsvascularand nerve content.'”'® Although therewas described
in the literature that human bone has the ability to adapt to
the application of mechanical loads, these must be functional
and cyclical,” which is not achieved during RPE.

The finite element analysis (FEA) allows the simulation of the
system of mechanical forces that act on the human skull during
the process of a conventional RPE or MARPE, and analyses the
response of such mechanical loads on the neurocranium and
viscerocranium.’ Knowing that this delicate structure might
be affected by heavy loads generated during the process of
RPE, the knowledge of these effects presents a great impor-
tance for the monitoring and programming of the treatment of
transversal maxillary collapse.
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The presentresearch evaluated the effect of RPE on PP, SOS and
ST in the skull of a patient with transversal maxillary collapse,
in order to identify the distribution of mechanical stresses and
displacements at the specific points of these anatomical struc-
tures, by the FEA method.

The ethics committee of Piracicaba Dental School - State
University of Campinas approved this study (Protocol num-
ber: 056/2013).

Cone-beam computed tomography (CBCT) was employed to
examine the patient’s skull in this study. The case used is of a
13-year-old male with Class Il skeletal relationship by maxillary
protrusion, transversal maxillary collapse, complete perma-
nentdentition, posterior dental crossbite and non-ossified SOS.
The CBCT images, presenting slice thickness at the intervals of
0.25 mm, were imported in the InVesalius 3.0 software (Center
for Information Technology “Renato Archer”, Campinas, Brazil)
and segmented through the grayscale threshold, to obtain the
three-dimensional (3D) surface of maxilla and skull base (Fig 1).
The selected bone structure was converted into a 3D stereoli-
thography (STL) surface.
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Table 1: Mechanical properties used in previous studies.

Bone? 14000 Mpa 0,3
Midpalatal suture?' 1 Mpa 0,3
Spheno-occipital synchondrosis?? 24 Mpa 0,3

The boundary condition was defined by zero displacement and
zero rotation on the nodes along with the foramen magnum mar-
gin. Also, the shape and loads were made symmetric around the
X-axis (transverse). The activation was only performed by forced
displacement for the purpose of the maxillary expansion. In the
region of the MPTS, a mathematical condition was specified for
symmetry and load, which was reproduced symmetrically on the
opposite side. A transversal movement of 0.5mm, 1.5mm and
2.5 mm per side was simulated in the model. Due to the symme-
try condition, this simulation was equivalent to an activation of
1 mm, 3mm and 5 mm, respectively.

Using the SimLab v. 13.1 software, the displacement and max-
imum principal stress (MPS) were evaluated by identifying the
different nodes, which were represented by points used in pre-
vious studies (Fig 3 and Table 2).#
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Figure 3: Points for stress evaluations in the sagittal view.

Table 2: Points and anatomical structures.

Point Selected nodes on
The most inferior and posterior point of the medial pterygoid plate.
The most posterior and middle point of the medial pterygoid plate.
The most upper and posterior point of the medial pterygoid plate.
The most inferior point of the posterior surface of the sphenoid body.
The most inferior point of the anterior surface of the basilar part of the occipital bone.

The point of intersection between the S-Ba line and the anterior surface of the basilar of the
occipital bone.

The point of intersection between the S-Ba line and the posterior surface of the sphenoid body.
The deepest point of the floor of the sella turcica.
The uppermost point of the tuberculum sellae.

Dental Press ] Orthod. 2021;26(6):€2120162



11 Sevillano MGC, Kemmoku DT, Noritomi PY, Fernandes LQP, Capelli Junior ], Quintao C

New highlights on effects of rapid palatal expansion on the skull base: a finite element analysis study

The analysis of MPS presented the positive values (tensile
stress) and negative values (compressive stress). When a
5-mm expansion was produced, the MPS was found at points
2 (366.50 MPa), 3 (271.50 MPa) and 4 (146.50 MPa). When the
expansion was limited to 3 mm, the values of high tensile stress
were registered on the same points 2, 3 and 4 (219.90 MPa,
162.90 MPa and 88.08 MPa, respectively).

When the 5-mm expansion was produced, higher tensile stress
wasfoundonthepreviousregionof SOS atpoints4(146.80 MPa)
and 7 (35.14 MPa), as compared with the posterior region at
points 5 (21.41 MPa) and 6 (4.36 MPa). The same tensile stress
pattern was observed with the expansions of 1 mm and 3 mm.

Compressive stress was found in ST for expansion simulations
of T mm, 3mm and 5mm at point 8 with stress of -1.17 MPa,
-3.51 MPa and -5.84 MPa, respectively. The tuberculum sellae
showed a higher tensile stress at point 9 (39.32 MPa) as com-
pared with the 5-mm expansion (Video 1, Fig 4 and Table 3).

=] e]

Video 1: Analysis of maximum principal stress during ==
rapid palatal expansion simulation. The color scale
shows the high tensile stress areas in red colors and
low tensile stress areas in green. Dark blue color shows
the compressive stress areas.
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Figure 4: View in the axial and sagittal plane of MPS in megapascals in (A) Tmm, (B) 3mm and
(C) 5mm of expansion. The color scale shows the high tensile stress areas in red colors and
low tensile stress areas in green. Dark blue color shows the compressive stress areas.
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Table 3: MPS values at the anatomical points evaluated.

O N O MWIN| =

1.00 3.00 5.01
73.30 219.90 366.50
54.30 162.90 271.50
29.36 88.08 146.80
4.28 12.85 21.41
0.87 2.61 4.36
7.03 21.08 35.14
-1.17 -3.51 -5.84
7.86 23.59 39.32

*Displacement: Tmm, 3mm, and 5mm.

When the 5-mm expansion was performed, the higher displace-
ments were registered on the transversal plane (X-axis) at points 1
(2.212 mm), 2 (0.933 mm) and 3 (0.238 mm) with a lateral displace-
ment (Fig 5 and Table 4). The same points were also displaced to
the upper and posterior positions, with the displacement being
larger in magnitude at point 1 (-1.093 mm and -0.721 mm, respec-
tively) and smaller in magnitude at point 3 (-1 mm and -0.473 mm,
respectively). The points located at the anterior area of the SOS
(points 4 and 7) and the ones located at the posterior zone (points
5 and 6) registered displacements in the upper and posterior
positions, with smaller magnitude observed at the points in the
posterior region. The ST region (point 8) and the tuberculum sel-
lae (point 9) were also displaced in the superior (-1.003 mm and
-0.884 mm, respectively) and posterior (-0.294 mm and -0.091 mm,
respectively) directions. Points 4, 5, 6 and 7 did not showed dis-
placement in the lateral direction (Figure 5, Table 4 and Video 2).
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Figure 5: View in the axial and sagittal plane of displacement in (A) Tmm, (B) 3mm and
(C) 5mm of expansion. The color scale shows the high displacement areas by red colors
and low displacement areas by light blue. A pattern of displacement can be clearly seen in
a “V” pattern in the axial view.

Dental Press ] Orthod. 2021;26(6):€2120162



15

Sevillano MGC, Kemmoku DT, Noritomi PY, Fernandes LQP, Capelli Junior ], Quintao C
New highlights on effects of rapid palatal expansion on the skull base: a finite element analysis study

Table 4: Displacement fromm 5mm at the anatomical points evaluated.

- x. ] Yy ]z |

1 2.212 -0.721 -1.093
2 0.903 -0.604 -1.072
3 0.238 -0.473 -1

4 0 -0.555 -1.055
5 0.01 -0.135 -0.944
6 0 -0.178 -0.919
7 0 -0.469 -1.108
8 0 -0.294 -1.003
9 0 -0.091 -0.884

*Axis: X, Y and Z.

Video 2: Analysis of displacements during rapid palatal
expansion simulation. The color scale shows the high dis-
placement areas in red color, and low displacement ar-
eas in light blue. A pattern of displacement can be clearly
seen in a “V" pattern in the axial view.

[=]

Transverse atresia of the maxilla is mainly corrected by con-
ventional RPE, which involves the application of lateral forces
on the palate and the teeth for opening the MPTS."! Also, it has
been determined that the “V” pattern that has been opened via
MPTS is related to the difficulty of circuit breaker to open the
pterygopalatine suture.'?

The conventional RPE and the MARPE cause the MPTS opening,
and transversal forces may be transmitted to the skull base via
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a connection between the maxilla and PP.>™ It significantly
prevents the forces to reach the skull base, thereby achieving
the opening of the pterygopalatine suture, which would fur-
ther imply the separation of pyramidal process of the palatine
bone from PP.?> The opening of pterygopalatine suture in ado-
lescents and young adults is accompanied by fractures due to
the strong interdigitation between bone surfaces,?® therefore,
some studies claim that conventional RPE would not be able
to open it."? Using a different type of MARPE, a success rate
of 53% was achieved in the opening of the pterygopalatine
suture’™ and 100% of the MPTS. Reaching the opening of the
MPTS and not the pterygopalatine suture suggests that strong
stress would be transmitted to the base of the skull causing
collateral biomechanical effects.’'®

Wolff'® stated that, when human bone is subjected to mechani-
cal loads, the bone structure in its internal and external consti-
tution undergoes a remodeling as a mechanism of adaptation
to these forces. A fundamental characteristic of these forces is
that they are functional and cyclical,” such as occlusion forces.
During the RPE, some intense forces created are neither func-
tional nor cyclical; therefore, we suggest that itis difficult to find
a healthy adaptation remodeling in the compromised internal
bone structures.
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Conventional RPE and MARPE simulation through FEA has been
identified as an effective method in the field of orthodontics
for the study of the forces produced on the craniofacial struc-
tures.>’” Since the extent and effects on the skull base should
also be known to every orthodontist, the present study simu-
lated the displacement of the palatal process after assuming
to overcoming the resistance of the MPTS, circummaxillary
sutures, teeth and periodontal ligament with openings of 1 mm,
3mm and 5 mm, as it was performed in previous studies®and
without opening the pterygopalatine suture as in many clinical
situations, especially in adults.’® The displacement of the pala-
tal process was simulated in almost parallel way, following the
clinical responses obtained in a study in CBCTs by Cantarella
et al.”® Regardless of whether the load force was applied to
the teeth or micro-implant, only the opening of the MPTS was
simulated as reported protocols.??’

In the MPS analysis, tensile stress was found at points 1, 2 and
3 of the medial pterygoid plate, with point 1 showing a lower
value. This stress distribution agrees with the findings in the
studies of Iseri et al®, Baldawa and Bhad.?® If the pterygopal-
atine suture is not open, it is likely that these tensile stresses
occur due to lateral bend of PP during the RPE, as described by
Jafari et al® and Iseri et al.® In another study that involved the
simulation of opening of the pterygopalatine suture, a signifi-
cant reduction in tensile stress on PP and SOS was observed.?’
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Itis important to note that tensile stress decreases at points 3 and 4,
as compared with point 2, what could be related to the proximity to
the SOS cartilage and its ability to absorb the forces.? This effect can
be clearly observed by the difference in the tensile stress between
points 4 and 7 (before SOS) and points 5 and 6 (after SOS). Thilander
and Ingervall*® found collagen fibres in SOS, arranged in the longitu-
dinal direction of the clivus, which could probably mean the prepara-
tion for tensile stress distribution. It is possible to suggest that when
SOS is fully ossified, the tensile stress on the base of the skull could
be much higher. The tensile stresses that SOS receives were also
observed in previous studies.'”82

Although tensile stress reduces its value at point 3 in relation to
point 2, itis one of the highest found in this study, and because
of its proximity to the base of the skull, it could be transmit-
ting forces on the foramina of the base of the skull with vas-
cular and nervous content, causing bone responses such as
microfractures or bone resorption.''® However, Thilander and
Ingervall?® found the cartilage regions at the ST of skulls in
older patients, which could cause lower values of stress in this
region. Not only tensile stress was identified at the base of the
skull, but also compressive stress at ST (point 8), which is in
agreement with the findings of Holberg et al.?” The magnitude
of the stress recorded in patients could be related to age, since
Holberg', Holberg and Rudzki-Janson' performed compara-
tive simulations by using different values of Young's modulus
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and Poisson coefficients to identify the young bone and adult
bone. They found greater stress and smaller displacements for
the adult bones.

In addition to the body, that was considered elastic and linear,
it can be seen in Tables 3 and 4 that point 1 had greater dis-
placement and less tensile stress than points 2 and 3, and point
3 had less displacement and less tensile stress than point 2.
We suggest that this result is due to the presence of cartilage
and the complex geometry of the anatomical structure.?®

When the 5-mm expansion was performed, the greatest displace-
ments were recorded in the transverse plane in PP at points 1,
2 and 3, which are consistent with the results of previous stud-
ies.#92 The same points were also displaced in the superior and
posterior directions, which suggest an opening of the MPTS in “V"
pattern in the axial and coronal planes. The movements recorded
in the points before the SOS (points 4 and 7) and the later ones
(points 5 and 6) would be related to SOS movements, as described
by other studies.’™>'®'® The movements was simulated with the
objective of finding significant displacements at the maximum
expansion of 5mm, and at points 8 and 9, the movement was
found to be almost negligible. By observing the simulation of the
movement of the MPTS in the axial plane, the opening pattern
can be observed in all models with the expansions of 1 mm, 3 mm
and 5 mm, as described in previous studies.
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Knowing that stress difference found between the skull model is
based on morphology, because the geometry is fundamental to
the mechanical response,'"?® the present study has certain lim-
itations. In order to be able to simplify and represent the biome-
chanical procedure, the complete skull model was assumed to be
isotropic and linearly elastic.?® Since it is important to know the
different types of stresses that occur on the craniofacial struc-
tures, the MPS analysis was selected instead of the equivalent
von-Mises and the minimum principal stress analysis. This also
allows a qualitative and quantitative assessment of stress forces.
The bone structures were analyzed by MPS to determine the ten-
sile (positive values) and compressive (negative values) stresses.
Although the analysis has expressed the MPS stress values, this
study was notintended to determine absolute stress magnitudes,
but assisted in the localization of high and low stress distribution
based on PP, SOS, and ST geometry.*

The meshes corresponding to spongy bone tissue, teeth, peri-
odontal ligament and circummaxillary sutures were not indi-
vidualized since, in this study, the beginning of the expansion
simulation starts assuming that the initial resistance of these
anatomical structures had already been overcome (after the
initial opening of the MPTS), as described in a previous study.®?’
Also, the application of molar and premolar forces was not sim-
ulated, but the opening of the MPTS following the protocols of
previous studies.?”3°
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The present study did not compare the effects of conventional
RPE and MARPE. Since both have as their main objective the
opening of the MPTS, the biomechanical effects are highlighted
after the MPTS begins to open.*® The points used to identify
the researched anatomical structures were selected from a
previous study, which aimed to examine the biomechanical
response of the SOS to RPE.*

The FEA is a strong tool to create hypotheses in the field of
biomechanics, since the results obtained may differ from the
actual clinical results, because a computational model cannot
reproduce all the biological variables that occur in the real clini-
cal situations. Asingle finite element model could not represent
each and every clinical situation, so future mechanical tests
and the analyses of conventional clinical models are required
to corroborate the present results. Therefore, this study does
not induce to limit the use of conventional RPE or MARPE, but
it seeks to know the biomechanical impact of extreme forces
on the delicate craniofacial anatomical structures that could
occur in adolescents patients.
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1. RPE has a direct effect on PP, SOS and ST in a patient with
Class Il model skeletal relationship with transversal maxil-
lary collapse.

2. The Class Il model undergoing RPE supports a higher ten-
sile stress and displacement at PP.

3. The compressive stress on the ST is relatively lower in
Class Il model.
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the Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior
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Amparo a Pesquisa do Estado do Rio de Janeiro (FAPER)).
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