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Abstract: AIM: The purpose of this study is to compare the stress effects developed on the periodontal
ligaments and teeth by three different types of mandibular advancement devices (MADs) using a
finite element method (FEM) analysis. Introduction: Obstructive sleep apnea (OSA) is a disease with
a high prevalence and, in recent years, the use of MADs as an alternative or support treatment to the
continuous positive airway pressure (CPAP) has spread. Their use finds relative contraindications in
the case of partial edentulism and severe periodontal disease. Given the widespread of periodontal
problem:s, it is essential to know the effects that these devices cause on the periodontal ligament of
the teeth. Materials and methods: Starting from the computed tomography (CT) scan of a patient’s
skull, 3D reconstructions of the maxilla and mandible were implemented. Three different MADs
were prepared for the patient, then 3D scanned, and lastly, coupled with the 3D models of the jaws.
The devices have two different mechanics: One has a front reverse connecting rod (Orthoapnea™),
and two have lateral propulsion (Somnodent™ and Herbst™). A FEM analysis was performed to
calculate the stress applied on periodontal ligaments, on every single tooth and the displacement
vectors that are generated by applying an advancement force on the mandible. Results: Herbst™
and Somnodent™ devices present very similar stress values, mainly concentrated on lateral teeth,
but in general, the forces are very mild and distributed. The maximum stresses values are 3.27 kPa on
periodontal ligaments and 287 kPa on teeth for Somnodent™ and 3.56 kPa on periodontal ligaments
and 302 kPa on teeth for Herbst™. Orthoapnea™ has, instead, higher and concentrated stress values,
especially in the anterior maxillary and mandibular area with 4.26 kPa and 600 kPa as maximum
stress values, respectively, on periodontal ligaments and teeth. Conclusions: From the results, it is
concluded that devices with a bilateral mechanism generate less and more distributed stress than an
anterior connecting rod mechanism. Therefore, they may be advisable to patients with compromised
periodontal conditions in the anterior area.
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1. Introduction

Obstructive sleep apnea (OSA) is characterized by various and recurring episodes of reduction
(hypopnea) or cessation (apnea) of the airflow during sleep. It results from the obstruction due to
the collapse of the upper airway [1]. The pathophysiology of OSA is multifactorial and includes a
reduction in upper airway dimensions that is caused by both anatomical and functional alterations
(obesity or maxillofacial structural changes) and increased pharyngeal collapsibility due to reduced
neuromuscular compensation and lack of the pharyngeal protective reflex during sleep [2-6].

OSA is one of the most prevalent chronic respiratory disorders. In recent population-based studies,
the estimated prevalence of moderate to severe sleep-disordered breathing ranges from 3% to nearly
50% depending on the age group and sex. Recent studies suggest an increase in the incidence that is
probably related to the growing prevalence of overweight and obese individuals [7,8].

Extensive population-based studies have shown that untreated moderate or severe OSA is
associated with severe complications. The most important are the increased cardiovascular and
cerebrovascular disease, stroke, chronic inflammation, hypertension, and metabolic syndrome resulting
in increased morbidity and mortality. The main symptoms are snoring, day sleepiness, nocturia,
frequent nocturnal waking caused by choking or gasping sensations, psychological or cognitive
dysfunction, morning headaches, low concentration, irritability, and erectile dysfunction. Many patients
report a reduction in their life quality due to obstructive sleep apnea [9-13].

OSA is an under-estimated problem even though there are many screening tools such as the
STOP-BANG questionnaire, Epworth scale, and Berlin questionnaire [14-17]. The gold standard for the
diagnosis of OSA is polysomnography (level I study), which consists of an instrumental examination
carried out in dedicated structures.

Polysomnography involves the collection of seven or more data channels, including respiratory,
electrocardiogram, electroencephalogram, and electrooculogram for sleep staging and electromyogram.
Another solution for the diagnosis is the home-based polygraphy [18-20].

CPAP (continuous positive airway pressure) is the gold standard treatment for severe OSA,
but since the 1980s, even mandibular advancement devices (MADs) were used as a therapy for OSA.
MADs are widely used for mild and moderate OSA treatment, and several studies have demonstrated
their effectiveness even in the treatment of severe OSA [21,22]. MADs present higher compliance and
are more convenient for the patient than CPAP [23-27].

Although mandibular advancement devices represent the gold standard in the treatment of mild
and moderate OSA, they cause skeletal and dental modifications due to their use [28].

MAD:s are responsible for a small but statistically significant change in the dentition of long-term
wearers. Skeletal changes are generally secondary to dental changes. Major dental modifications
feature the tendency towards a reduction of overbite and overjet, maxillary incisors palatal tipping
and mandibular incisor labial tipping. A moderate linkage exists between the length of treatment time
(how long the device is worn), and the number of dental changes experienced [29].

Even if the modifications are not significant compared to the benefits that the use of the MAD
brings, it is crucial to evaluate the periodontal consequences of these devices. Periodontal health is
defined to be a state free from inflammatory periodontal disease. This situation, in turn, means that
absence of inflammation associated with gingivitis or periodontitis [30]. An analysis of the literature
reveals an epidemiological picture of the uneven periodontal disease with methodological discrepancies
that make it difficult to compare the prevalence and severity of data [31].

In 2007, the Centers for Disease Control and Prevention and the American Academy of
Periodontology determined that population-based epidemiological studies should use the definition of
moderate and severe periodontitis proposed by Page and Eke [32]. In the European area, the prevalence
of moderate periodontitis is between 33.3% and 50%, while the severe one is between 17.6% and
35% [33-35]. Periodontal disease is a prevalent problem; it is estimated that more than 46% of the
population in the United States is affected. The advanced forms of periodontitis that result in severe
loss of supporting structures and substantial tooth loss affect 8.9% of the population [36].
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The American Academy of Sleep Medicine stated that edentulism and severe periodontal disease
represent a counter indication to the use of MADs. However, it is not verified how the stresses related
to wearing MADs are discharged on the periodontal ligament of teeth [37].

Ethical or instrumental limits and increased complexity often put a limitation to research, and many
questions cannot be answered given the impossibility of obtaining satisfactory results. In these cases,
reverse engineering (RE) with the finite element method (FEM) represents a solution. RE is a technique
used to generate a 3D virtual model from a real-world tangible object. FEM is an engineering
instrument used to calculate stress and deformations in complex structures and has been widely
applied in biomedical research. In the field of structural engineering, the use of FEM aims to establish
the state of tension and deformation of a solid subjected to external actions.

By taking advantage of this engineering resource in orthodontics, it is possible to model and
analyze any dental and maxillofacial material or structure [38]. The FEM principle is based on the
division of complex structures into smaller sections called elements in which physical properties are
applied to study the response of the object to external stimulation such as an orthodontic force. All this
represents a significant advantage since the degree of simplification can be controlled.

The study aims to analyze how different types of MADs stress and deform teeth and periodontal
ligaments of the individual dental elements of both arches, using a finite element method analysis.
To the author’s knowledge, this is the first work that compares the effects of three different types of
MAD:s through a FEM. The predictable behavior of teeth and periodontal ligaments (PDLs) suggests
to the clinicians the choice of the most suitable OSA treatment device depending on the patient’s
dental condition.

2. Materials and Methods

The finite element model employed in this study included the maxilla and the mandible with
associated teeth and periodontal ligaments and a mandibular advancement device (Figure 1). The model
was developed according to the dental cone beam computed tomography (CBCT) (Voxel size 75 micron,
FOV 11 x 13 cm. NewTom Giano, Cefla, Italy) images of a 29-year-old female patient. The patient is
in good health and does not suffer from OSA or mandibular disorders. Before proceeding with the
CT scan, the patient was informed of the purpose of the study and gave her consent to the procedure.
Her data were used anonymously in the simulations. The volumetric image of the anatomy was
reconstructed in Mimics (v.12.11, Materialise NV, Leuven, Belgium) using an appropriate threshold
based on the Hounsfield unit. The periodontal ligaments (PDLs) were reconstructed through the 3D
modelling software Rhinoceros (v.5.0 by McNeel & Associates, Seattle, WA) since soft tissues are not
identifiable in CT scans. Although the average thickness of periodontal ligament is 0.15 to 0.38 mm
and it has an hourglass shape (it is thinnest at the middle third of the root [39]), PDLs were modelled
by offsetting each tooth root surface of 0.3 mm to fill the space between each tooth and the alveolar
socket [38,40,41]. The devices chosen are among the most used in OSA therapy. The authors have
selected to consider two different types of mechanics: Lateral and anterior propulsion. In Herbst's™
case, two lateral telescopic arms protrude the mandible. Somnodent™ also has a lateral mechanism,
but the propulsion is no longer given by arms but by two screws that push the wings of the lower
splint forward as they move forward. Orthoapnea™
inverse connecting rod that is activated through the central screw that produces the protrusion of the
mandible. In the simulations, Somnodent™ was reproduced without vertical elastics that are used to
improve the outcome of the therapy. To simulate the effect of different MAD models, three MADs were
created through a RE approach starting from the physical prototype due to the personalised nature.
An optical laser scanner (Konica Minolta Range 7) was used for digitising a model of MAD to be used
as a reference for the design of the two other devices. All the triangular mesh models were further

is an entirely different device that has an anterior

processed and reconstructed to obtain the non-uniform rational basis spline (NURBS) models ready
to be imported into Ansys v.19 R1 (Canonsburg, PA, USA) for the final arrangement of the model in
terms of material properties, meshing, boundary conditions, and loading conditions.
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Figure 1. 3D finite element model.

The material properties of teeth and MAD as presented in Table 1 were assumed to be linear
elastic, homogeneous, and isotropic. At the same time, a hyperelastic law was used to simulate large
non-linear strains associated with the non-linear nature of PDLs [42].

Table 1. Material properties used in the finite element model.

Material Young’s Modulus [MPa] Poisson’s Ratio
Acrylic MAD 8300 0.28
Tooth 18,300 0.31

A 2nd-order Ogden model was used to define the strain energy function [43-45]. The parameter
values listed in Table 2 were obtained through the fitting of uniaxial experimental data by Natali et
al. [46].

Table 2. Parameters of the second-order Ogden model.

Model Parameter Value
o ~3.4761
o 18.679
. —0.034004
H lastic-Ogd H1
yperelasicigaen o 0.00088691
d; 0
d; 0

Perfect bonding was assumed between the bodies since MADs are anchored on teeth to force the
mandible to a protruded position, and PDLs strongly bind the tooth root to the supporting alveolar
bone. Thus, a continuous mesh (shared topology) has been created between MAD and teeth and teeth
and PDLs with common nodes at the boundary between the parts. The contact between the bone and
the PDL was set as bonded meaning that no sliding or separation is allowed. The two splints of the
MAD were coupled in a configuration that will enable mutual sliding without separation. The bony
components were assumed as rigid bodies since they have more rigid behaviour than PDLs. Moreover,
they were constrained in all directions to prevent rigid body motion.

The authors decided to not differentiate bone in its cortical and cancellous components since the
main objective of the study is to compare the results in the three devices. The results, therefore, must be
understood as comparative and not in absolute terms.

As a boundary condition, a load associated with the force applied by the MAD to protrude the
mandible was applied in the connecting region between the two MAD splints. According to the
methodology developed by Bruno et al. [47], it was possible to correlate the amount of advancement



Appl. Sci. 2020, 10, 6932 50f13

of the mandible due to the MAD settings to the magnitude of the force exerted by the device and
experimentally determined by Cohen-Levy etal. [48]. The application of a pressure transducer toa MAD
allowed measuring the force produced by a progressive mandibular advancement. The advancement to
which the MADs have been subjected is 9.5 mm, a reasonable value for the treatment of OSA [38]. Thus,
an overall force of 11.18 N was applied on each splint in correspondence of the connection mechanism.
The 3D models were then discretised in 5,705,381 linear tetrahedral elements with three degrees of
freedom per node. A mean mesh size of 1 mm was used to discretize the model. A mesh convergence
study was performed to ensure the adequacy of the results from the simulation. The obtained numerical
solution will tend toward a unique value of Von Mises stress by increasing the mesh density in the
PDLs from 0.26 to 0.154 mm. The physical memory of the workstation did not support further mesh
refinement (0.118 mm). Thus, according to the values provided in Table 3 an element size of 0.2 mm
was considered an acceptable trade-off between the quality of the mesh and the computational effort of
the workstation. A dense and tight mesh was obtained in the thickness of the bodies ensuring at least
two elements in the ligaments” wall.

Table 3. Mesh convergence study.

Mesh Size Von Mises Stress Elapsed Time Memory Used
(mm) Nodes/Elements (MPa) (hour) (GB)
0.26 631,362/3,317,272 8.07 x 1073 3 18.972
0.20 1,073,911/5,706,491 426 x1073 22 33.212
0.15 1,928,454/10,404,873 4.48x1073 36 70.366
3. Results

In this study, three finite element simulations were carried out by varying the MAD design to
analyze the stress distribution and deformation of teeth and PDLs. Tooth movement and pain are the
biomechanical response of the stress that develops in teeth and PDLs under the application of a load.
Therefore, to evaluate the teeth that are more loaded and the areas that are prone to be compressed
and stretched, results in terms of von Mises stress and deformation of teeth and PDLs were presented.
(Figure 2).

Figure 2. Three models of mandibular advancement devices: OrthoApnea (a), Herbst (b), Somnodent (c).

Regarding the analysis of stress on the periodontal ligaments, significant differences emerge
between Orthoapnea™ (Grupo Dental Ortoplus, Malaga, Spain), Herbst™ (Somnomed, Sydney,
Australia), and Somnodent™ (Somnomed, Sydney, Australia).

In the case of OrthoapneaTM, which has an anterior reverse rod activation mechanism, the stresses
on the individual teeth develop mainly on the coronal portion, while apically, the stresses are minor.
The most involved teeth are the lower and upper incisors, with the PDLs exhibiting a maximum
expression of strength in correspondence of the anterior cervical margin reaching 4.26 kPa (kilopascal).
The teeth of the posterior sectors (premolars and molars) are less stressed. The stresses are slightly
uneven in the various portions of the arches, as shown in Figure 3.
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Figure 3. Contour plots. Periodontal ligaments (PDLs) stress distribution (kPa), frontal and
occlusal view.

Herbst™ is a bilateral telescopic activation device. It presents periodontal stresses that are
concentrated in the most coronal portion of the teeth similarly to Orthoapnea™™. The main difference
with the first device is that tensions caused by Herbst™ are much more uniform in the arches. The most
stressed teeth are the upper and lower premolars and molars (but the differences are not significant
while compared with other teeth). The PDLs are mainly affected by stress in the medio-distal cervical
region with a peak of pressure that reaches 3.56 kPa.

Somnodent™ is activated with two lateral propulsion screws and this case also presents
concentrated stresses, especially in the coronal portion of the teeth. Stresses are concentrated in
the periodontal ligaments of the second molars and, with a minor component, the anterior teeth of
both arches. The stress mainly affects the medio-distal cervical sides of PDLs and the lingual sides
of mandibular PDLs associated with molars. The maximum pressure achieved is about 3.27 kPa.
Somnodent™ is the device that generates the least stresses among the three considered in the study.
In Figure 4, the stress analysis of dental elements reflects periodontal tensions. In Orthoapnea™,
the most loaded teeth are the upper and lower incisors. The most affected dental portions are the incisal
margins with a maximum value of 600 kPa. Herbst™ has less intense stresses that are concentrated
mainly in the maxillary molars and the mandibular premolars. The maximum load value reached
is 302 kPa. Somnodent™ has stresses concentrated on the upper molars and mandibular second
premolars in correspondence of the splint’s wings. The highest pressure is 287 kPa. The analyses also
allowed us to obtain images, from the occlusal view, representing the stresses and deformations on
periodontal ligaments (Figure 3) and teeth (Figure 4).
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Figure 4. Colour plots. Stress distribution (kPa) in the teeth, frontal and occlusal view.
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A lateral representation of the arches shows the deformation vectors to which the individual dental
elements of both arches are submitted to (Figure 5). The model shows a right-side view, but the left side
is considered symmetrical. In all three devices, the forces tend to displace the teeth of the upper arch
downwards and backwards when considering the anterior teeth. In contrast, the deformations on the
posterior teeth are directed back and upwards. The deformations are more significant in Orthoapnea™;
in particular, incisor teeth are the most affected teeth, as shown in Figure 5, while the deformations are
more uniform in Herbst™ and in particular in Somnodent™, which is characterized by the lowest
intensity of deformation (Figure 5). This image does not report the advancement of the 9.5 mm MAD

at which the simulations were made but is only indicative of the direction of displacement.

Orthoapnea Herbst Somnodent
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Figure 5. Deformation (mm) on teeth from a lateral view. Arrows indicate the direction of tooth
displacement and its intensity (red for higher displacement; blue and grey for lower displacement).

4. Discussion

Mandibular advancement devices are efficient in reducing the apnea-hypopnea index (AHI) under
the score of 5, a value below which sporadic apnea episodes are considered physiological, in both mild
and severe OSA. The resolution of the apneic syndrome is obtained in 48% of treated patients who
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presented a mild-severe OSA and AHI under 10 in 64% of the patients, which is considered a good
result starting from a severe OSA [18,49]. The reduction of snoring and daily sleepiness, which are
the most common symptoms of sleep apnea, is referred in 82% of patients who wears a mandibular
advancement device [50-52].

The effectiveness of MAD therapy has been widely verified in the literature. Still, it is essential also
to consider the side effects caused by the treatment. The treatment is indicated for the entire duration
of the subject’s life. Therefore, as this is not a short-term treatment, the consequences at the dental,
skeletal, and articular level have to be taken into consideration. Even though a slight mandibular
advancement can also be considered a safe procedure for an extended period and should not cause
permanent side effects on the temporomandibular joint [51], dental effects are more evident, resulting
in a reduction of both overjet and overbite [53].

Dental displacement is the result of the application of the MAD forces on the attachment system
of the teeth and the consequent remodeling at the periodontal level. A study that uses a finite element
analysis to investigate the optimal orthodontic force establishes that in a range of orthodontic pressure
between 4.7 kPa and 16 kPa, dental movements are generated in the biological respect of the periodontal
and dental structure [54]. The pressures highlighted by our study turned out to be lower than this range
of optimal orthodontic forces. Therefore, a slight tooth movement is obtained, which is compatible
with wearing the MAD for long periods. This conclusion is supported by the results of a study showing
that occlusal changes (reduction in overjet and overbite) occur in 86.7% of patients [55]. Another
recent research evaluating a 10-year follow-up also demonstrates the presence of dental modifications
resulting from the use of MAD; these changes are progressive over time [56]. Given the significant
prevalence of the periodontal disease, it is crucial to know the stress levels generated at the level of the
individual dental elements in the different types of appliance.

Previous studies investigated the effects of forces applied on periodontal ligaments by orthodontic
appliances on both healthy and reduced periodontal attachment. It has been demonstrated that the
maximum stress value is located in the ligament portion close to the alveolar crest, because of the
pressure generated by the mandibular advancement splint on the arch [57-59].

The analysis found that the Somnodent™ and Herbst™ appliances exhibited lower levels of
stress than an Orthoapnea™ device. Orthoapnea™ releases the activation forces in a concentrated
manner on the anterior teeth of both arches. At the same time, Herbst and Somnodent™ concentrate
their stresses on the posterior teeth. This result agrees with a previous study demonstrating a stress
concentration at the molars wearing a MAD with the lateral mechanism [38]. The results of the paper
agree on a study comparing the dental effects of using a Somnodent™ device and TAPTM (which is
a MAD that has the same mechanics as Orthoapnea™). In the study, it was shown that the dental
modifications are lower in the case of Somnodent™ [60]. According to the authors, the difference
depends on the two different mechanics that promote the activation of the three devices. Somnodent™
has a bilateral activation screw located at the level of the molar teeth, Herbst™ has two telescopic
technology pistons that join the two arches bringing the jaw forward. Even in this case, the point of
application of the forces is at the latero-posterior level on both sides. Orthoapnea™, on the other hand,
has an anterior reverse connecting rod, which discharges the forces on the frontal elements of both
arches. The advantages of using a device such as Orthoapnea™
having lateral excursions, useful, for example, in the bruxist patient and the ability of the device to force
the jaw to advance further if the patient tends to open mouth during sleep. This phenomenon, which is
a typical tendence in OSA, decreases the efficiency of MAD (causing mandibular postrotation and
retroposition) and, therefore, the effectiveness of the therapy [61,62]. In lateral mechanical devices such
as Somnodent™ or Herbst™, since there is no real limit to the opening of the mouth, vertical elastics
of adequate length and strength can be used to keep the two parts of the splint in contact. The use of
elastics is not necessary in the case of OrthoapneaTM, having included this feature in its mechanics.
t™ t™, on the other hand, have the advantage of being less

are, in particular, the possibility of

Devices such as Herbs and Somnoden
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aggressive with regards to the stresses applied at the periodontal level and therefore represent a better
option in the case of periodontally compromised patients in the anterior mandible area.

Since it is not possible to perform an in vivo validation of this study, a comparison of the
results with previous studies assessed its reliability. Earlier articles on orthodontic tooth loading and
mandibular advancement devices evaluation from both a clinical point [60] of view and an engineering
point of view (finite element analysis) [38,57-59] have been taken into account.

A study carried out using FEM simulations has shown that in the case of a reduced periodontium
it is necessary to reduce the application of orthodontic forces to generate lower and more uniform
stresses that do not worsen the already compromised situation [59]. This result aids practitioners in
deciding the type of appliance to be used so that the applied forces are uniform. The forces applied
to the MAD do not depend only on the type of device, but also on the degree of activation: Higher
activations correspond to higher stresses. In particular, when 70% of the maximum advance is exceeded,
the risk of root resorption begins to increase (PDL pressure exceeds 4.7 kPa). A study shows that only
below 40% of advancement is safe to avoid root resorption, but this is not a sufficient advancement to
obtain the therapeutic effect of MAD [38].

This study provides critical clinical results that may influence the choice of the device. The analysis,
however, has some limitations: The stress simulations are static, no load cycles have been performed,
so they detach from the model of orthodontic forces applied intermittently. The simulation focuses on
the investigation of the response of the periodontal ligament disregarding the effects at the bone level.
Since the study is comparative with a focus on the behavior of the three devices, the authors decided
to not discriminate bone in its cortical and cancellous components; this represents a limitation of the
study, but as future work, the discrimination between cortical and cancellous bone will be considered
following the approach proposed by Toniolo et al. [63]. With this improvement, it will be possible to
analyze patients suffering from periodontitis (bone resorption and edentulism). The model used to
carry out the analyses refers to a young female, without significant temporomandibular or orthodontic
problems, not affected by periodontal disease and who has all the dental elements of both arches.
In clinical practice, it is difficult to find patients with these characteristics. Therefore, the authors plan
to continue the work with analysis on the reduced periodontium and with cases of partial edentulism
or implant rehabilitations to make the study more comparable with the cohorts of adult patients with
OSA. Other simulations can be performed using different levels of MADs’ activation.

5. Conclusions

This work represents a step of more complex work for evaluating the effects caused by a mandibular
advancement device for OSA treatment. The study, which is based on FEM, allowed authors to assess
stress and deformation caused by MADs on periodontal ligaments and teeth surfaces.

The findings of this study suggest that by changing the design of the mandibular advancement
device, there is a significant difference in terms of stress between a bilateral propulsion mechanism
and an anterior rod system. In the case of the anterior mechanism model, the stresses are much more
concentrated and intense in the anterior area, creating a situation that could be contraindicated in
patients presenting periodontal problems. In a subsequent study, stress and deformations applied to a
patient with a reduced periodontium and partial edentulism can be studied.
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