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Abstract: Extreme atrophy of the maxilla poses still challenging for the clinicians. Some of the techniques used
could be complex, risky, expensive, time consuming and should be performed, preferably, only by skilled
surgeons. Most the commonly used techniques have been reported to have very high success percentages;
however, sometimes complications may occur. In this regard, Premaxillary Device (PD) is a technique that has
been devised to render more simple the reconstruction of extremely atrophic maxilla, trying to avoid more
complicated and risky surgical procedures. Finite Element Analysis (FEA) allows evaluation of several
different aspects of dental implant biomechanics. Our results showed that the use of PD allows an optimal
distribution of the stresses on the basal bone, avoiding tension peaks that could determine bone resorption or,
even, implant failure. ANSYS has been used to perform this type of localized finite element analysis; with this
type of analysis, it was possible to analyze the peri-crestal area of the plant more precisely and the PD through
a more accurate reconstruction of the mesh element, which allowed us to mathematically solve the FEA
solution. A most favorable biomechanical behavior has been found for the materials such as titanium alloys
and reduce stress levels for bone, implants, screws, and abutments. Moreover, the stress values did not exceed
bone strength limits for basal bone and titanium alloy. In conclusion, from a biomechanical point of view, PD
could be considered a viable alternative for rehabilitation of severe atrophic maxilla.

Keywords: maxilla atrophy; axillary rehabilitation; sinus augmentation; pterygoid implants;
zygomatic implants

1. Introduction

People with edentulism feel disabled due to various reasons such as reduced chewing efficiency,
speech difficulties and poor facial aesthetics. Dental implantology has overcome the challenges of
anatomical consequences and has been recognized as a successful rehabilitation option. One of the
fundamental aspects of implantology is certainly osseointegration, described for the first time by
Branemark in 1986 and which led to a revolution in dentistry [1]. Osseointegration is the phenomenon
whereby the dental implant integrates completely with the native bone where it is sufficient in
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quantity and quality thus ensuring its long-term stability. However, often the amount of bone is
insufficient, the same edentulism with consequent lack of bone stimulation, generates problems such
as bone resorption and bone atrophy. Treatment of severe atrophy of the maxilla is still a major
challenge for clinicians. A severe maxillary atrophy is a serious resorption of alveolar bone, under
the upper jaws of the jaw, a strategic area, for the insertion of any dental implant, to support a screwed
dental prosthesis for future chewing to be restored.

Generally, this severe maxillary atrophy is resolved with large maxillary sinus lifts, with bank
bone insertion, or with autologous bone grafts [2]. In both cases, they are long, expensive, painful
procedures, and require a considerable higher amount of time to see if the treatment will lead to
success or failure. Finally, there are no guarantees of healing and predictable recovery of the amount
of alveolar bone and complications have also been reported, mainly including sinusitis. Alternatively,
several other surgical and reconstructive techniques have been proposed such as: inlay/onlay grafts
and dental implants; guided bone regeneration (GBR); distraction osteogenesis; splitting of the
alveolar ridge; Lefort I interpositional graft; use of inclined implants; zygomatic implants; pterygoid
implants. [1,2,3,4-6].

All of these, however, could be extremely complex to perform, should only be performed by
very experienced surgeons, could be expensive and time consuming. Even though most of these
clinical approaches have been reported to have very high success rates, complications can occur,
sometimes very serious [2,4]. Among the various techniques mentioned, zygomatic implants (ZI)
offer a valid alternative to more invasive techniques, offering safe, reliable, and predictable results
[1-5]. ZI have a lower cost, apparently fewer complications, that seem to be mostly mild and easy to
manage, are reported, need a shorter time for the prosthetic rehabilitation, and present fewer
prosthetic needs [1]. The complications reported with the ZI are probably underestimated but are
many such as sinusitis, intraoral soft tissue infection, oro-antral fistula, facial-periosteal hematoma,
gingival hyperplasia, infraorbital paresthesia, penetration and perforation of the orbital cavity, links
in the prosthetic fit, temporary sensory nerve deficits, moderate nosebleeds, subcutaneous malar
emphysema, and peri-implant soft tissue infection [2]. Pterygoid implants (PI) have been used
successfully in the treatment of extreme jaw atrophy [3]. These implants are generally stable allowing
anchorage of the atrophied/resorbed posterior maxilla without sinus lift or bone grafts, achieving
long-term stability.

The latter is a key point of all the aforementioned techniques and to guarantee the long-term
durability of an implant system the biomechanical interaction between bone and implant plays a
fundamental role. In this regard, the main methods for stress assessment around implant systems
include photoelasticity, finite element analysis and strain measurement on the bone surface. In
particular, the Finite Element Method (FEM) analysis (FEA) aimed to solve the difficulties of
structural analysis concerning mechanical, civil and aeronautical engineering. FEA basically stands
for a numerical model that uses numerical algorithms that analyze stresses and deformations for any
type of geometry. Therefore, three-dimensional geometry is discretized into elements called meshes
and joined through nodes. The accuracy of the results is determined by parameters such as: element
size used to discretize and the type of element and the number of elements that are used to study the
particular model of study. Recently, FEA analysis has also been used to study the interaction between
the dental implant and the bone, reporting numerous information useful for clinical application.
Some authors [3] compared FEA studies and showed that these results, when combined with in vivo
strain gauge measurements, correspond to clinical results. The aim of this study was to perform a
biomechanical evaluation of a new subperiosteal device (PD), inserted in the anterior region of the
premaxilla. The application of the FEA methodology subjected to physiological and pathological
loading conditions in the mouth is useful for providing clinically relevant information on the failure
and fatigue of the implant structure and on the effects of osseointegration.
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2. Materials and Methods

2.1. Modeling

A 3D model was created using the Autodesk Inventor CAD software of the implant system
formed by the Premaxillary Device (PD), fixing implants and its corresponding abutments (Aldo
Corbo Research and Innovation Srl, Canicatti (Agrigento), Italy (Figure 1). A virtual 3D model of a
completely edentulous jaw was selected from the computed tomography (CT) database of the Renato
Archer Information Technology Center (CTI, Campinas, Sdo Paulo, Brazil). Using various 3D editing
tools, the jaw was cut to simulate severe bone atrophy (Figure 2). Based on similar studies, [4] an
atrophy of 8 to 15 mm was targeted. The removed portion was later used to create the simplified
model, and then the PD was placed on the bone model (Figure 3).

Figure 1. Premaxillary Device (PD) components.

Figure 2. 3D model of the jaw with severe atrophy of the maxilla.
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Figure 3. 3D model of PD placed on bone model.

The conventional insertion of an implant must be supported by an adequate amount of bone.
Considering that for the upper maxilla it is possible to exploit all the bone height available between
the bone crest and the floor of the maxillary sinus, implants of 12 mm in length were considered
considering the thickness of the PD of about 2.5 mm.

2.2. Materials

The bone on which the PD is positioned is the basal bone which has different mechanical
characteristics from both cortical and trabecular bone. The elastic properties (elastic modulus and
hardness) of the bone in contact with the implant play a fundamental role in determining the stability
and success of the implant. In this regard, several publications have described the mechanical
properties of cortical and spongy bone, but there are few studies in the literature regarding the
characteristics of basal bone. However, through the knowledge of the density and through
mathematical relationships it was possible to trace the value of the stiffness. Clinical bone density
data can be accurately detected by computed tomography analyzed with specific programs for
dentistry. The CT data assigns to each voxel a number that is dependent on the average density of
tissues in that specific unit volume. This number, which can be highlighted on the X-ray Areas of
Interest (ROI: Region Of Interest), is part of a standardized scale of densities expressed in Hounsfield
Units (HU). It can take values between -1500 and +2595 and associates the density of water with a
value of 0 while that of air with values close to -1500. Bone structures on the Hounsfield scale vary
between +150 and +1500. It is possible to relate the data in Hounsfield units according to the Misch
classification, as shown below in Table 1.

Table 1. Correspondence between Hounsfield Unit and bone density classification.

HOUNSFIELD UNIT BONE DENSITY
CLASSIFICATION
HU > 1250 Misch D1
850 < HU < 1250 Misch D2
350 < HU < 850 Misch D3
150 < HU < 350 Misch D4
HU <150 Misch D5
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From a study carried out (Figure 4) it can be assumed, in first approximation, that the HU density
of the jaw turns out to be around 650 HU, therefore the jaw can be classified according to Mish type
D3. The estimated density is 0.62g/cm?3.
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Figure 4. Measurement of bone density in Hounsfield units at a fixture virtual insertion site using CT
image processing with Simplant software (Materialise, Belgium).

Through a study performed by Seong et al. [5], who evaluated the elastic properties of the
edentulous maxilla and mandible, it was possible to obtain the following mechanical properties,
reported in Table 2.

Table 2. Mechanical properties of basal bone.

Young’s modulus (Gpa) Poisson ratio

BASAL BONE
14.5 0.3

For implants, abutments, and PD the Ti6Al4V titanium alloy was used as a material, the related
mechanical properties are shown in Table 3 [6]. Titanium, used for the realization of all components,
presents some problems among which it can induce the problem of stress shielding and therefore
loss of the implant and bone. This phenomenon is caused by its high elastic modulus (110 Gpa)
compared to bone (14 Gpa).

Table 3. Mechanical properties of titanium alloy used for PD.

Young’s modulus (Gpa) | Poisson ratio

Titanium (Ti6Al4V)
110 0.35

For both materials, isotropic behaviors have been assumed, in which the mechanical
characteristics did not change with the direction.
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2.3. FEM Modeling

Models previously built with CAD software (Inventor) were processed and exported to finite
element software (ANSYS Inc.,, Canosburg, PA, USA). The hypothesis that was used for the
simulation is that the materials had linear elastic behavior and homogeneous and isotropic
characteristics. Their properties have been described by Young's module and Poisson's ratio in Tables
2 and 3.

The PD was securely attached to the jaw. Abutment-implants have been inserted in the
corresponding housings. To achieve high computational accuracy, the mesh used to discretize 3D
into small elements to facilitate resolution was 0.5 mm There are four distinct types of mesh elements:
linear tetrahedral, quadratic tetrahedral, linear hexahedric and quadratic hexahedral. A quadratic
mesh element employs a nonlinear form function in which nodes are interpolated using a higher-
order polynomial. According to Ansys, the preferred choice for complicated nonlinear geometry is
tetrahedral mesh elements. Therefore, the default option for creating the element type is left [7]
(Figure 5). The tetrahedral elements have been adapted for all structures with minimum and
maximum dimensions (from 0.15 to 0.7 mm). All the regions where greater stress has been noted,
have been manually finished with the aim of better controlling the actual distribution of stresses at
fittings and edges. The 3D models had a large number of 2,658,021 elements.

Figure 5. PD mesh model.

Before performing the FEA, it was necessary to simulate the PD screw and PD abutment contact,
through the assignment of the corresponding contact surface and assigning the contact conditions
that would simulate the system more accurately. In particular, as regards the type of connection
between implant and PD, observing the figure [1] we note how the taper made on the hole of the
PD is the same as the screw head, for this reason we can say that there is a conical connection to the
screw-PD interface.

Figure 6. Cone-Morse screw-PD type connection.
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A further aspect, extremely fundamental, concerns the problem related to any relative
micromovement existing at the bone implant interface. It is now evident that to ensure bone
regeneration and to avoid implant failure, it is necessary to achieve an optimal level of
osseointegration, the fundamental prerequisite is the immobility of the implant within the implant
site. To model, therefore, the bone-implant contact was used the option of fixed connection between
bone and screw. This option constrains the movements in the three directions x, y, z and the
corresponding rotations; with this precaution the immobility of the screw inside the bone is
guaranteed (Figure 7).

Bounded contact
between screw and
bone

Figure 7. Contact between screw and bone.

The occlusal surface of the abutment has been subjected to two loading conditions, the first,
provides for the application of a load of 200 N along the apical direction, the second provides for the
application of the same inclined load instead at 45 ° (Figure 8). In this way, the variation of the
maximum Von Mises stress as the inclination changes is highlighted [8].

200 N 45°

Figure 8. Application of the 200 N load.

3. Results

Regarding the application of the 200N load along the apical direction, Figure 9 shows the Von
Mises stress distribution for the entire system.
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10,000 (mm)

Figure 9. Von-Mises stress for a load of 200 N in the apical direction.

The Von-Mises distribution is uniformly distributed over the entire surface of the PD, presenting
alterations in the proximity of the abutments in which the forces are exchanged with the outside. In
particular, we observe that on the PD there are stress values between 5 Mpa and 15 Mpa. While as
far as abutments are concerned, being the only components subject directly to the load, they are the
most stressed. In particular, the conic geometry shows how the distribution decreases from the upper
area of the abutment (yellow part), 27 Mpa up to about 13.62 Mpa (green part). The narrow section
at the threaded connection, turns out to be the area where tickling, reach values of about 34.40 Mpa.
Therefore, it is the most critical area of the whole system as higher stress values are recorded. The
abutments are connected with the PD through a threaded connection as shown in Figure 10. This
connection involves the application of a tightening torque equal to 10N*cm. This torque stresses the
threads of the torsion and traction abutment. Since this area is the most critical, Figure 11 shows the
Von Mises distribution between the abutment threads and the PD. It can be observed that the first 3
threads are the most stressed, in fact there are stress values between 20 Mpa and 45 Mpa. In a future
structural optimization, it can therefore be thought to further decrease the thickness of the PD
considering the fact that not all the length of the abutment thread exchanges efforts with the PD.

R

Threaded connection

Figure 10. Threaded connection between abutment and PD.
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Figure 11. Von-Mises stress distribution in the threaded connection.

The application instead of the load of 200 N inclined at 45 ° shows an increase in stress on all
components including the bone that has been simulated in this configuration as it is the most critical.
The maximum Von Mises stress values are shown in Figure 12. Maximum stress on the basal bone
was concentrated mainly in the bone interface region and PD (3-15 Mpa). Regarding the PD, because
of its geometry it can evenly distribute the Von-Mises stresses. In fact, looking at Figure 13, stress
values between (40 Mpa and 250 Mpa) are reached. These values suggest that it is possible to further
make a structural improvement on the PD in order to decrease its thickness and further limit the
damage to soft tissues since, considering that the yield stress of the Ti6Al4V titanium alloy turns out
to be about 800 Mpa we have a safety factor of about 3. With regard to implants, on the other hand,
the maximum stress value is observed around the neck of the implant and between the first and third
threads (22 Mpa). The abutments instead are the most stressed components (270 Mpa) due to the fact
that the application of the inclined load at 45 ° induces the bending at the base of the abutment.
Therefore, a design improvement in correspondence of this area could further improve the
mechanical resistance considering also that the masticatory loads are variable over time and this
means that the whole system is subject to the phenomenon of fatigue that leads to failure with loads
that turn out to be lower than static ones [9,10-13].

5,000 10,000 (mrm)

2,500 7,500

Figure 12. Von Mises stress on Pd.
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Figure 13. Von Mises stress on Basal bone.

Comparing the results with the application of the load in the direction and inclinator at 45°, we
can deduce the following graph (Figure 14) in which it is noted that the stress acting on the bone is
little dependent on the angle of the load. Instead, observing in particular the abutment we notice how
it went from a stress value of 34.40 Mpa to a value of about 270 Mpa. This shows how the tangential
component of the load is critical for the System.

300

250

200

150

100

50
0 | [ = I - .

Abutment PD Screw Bone

Von Mises stress (Mpa)

W Axial load ®Inclined load at 45°

Figure 14. Von Mises stress on all components in the case of axially applied load and inclined load at
45°.

4. Discussion

Maxillary sinus augmentation is a viable technique that can be used to insert implants in a
maxilla with reduced height. However, several complications can occur with this technique which
can be classified into intraoperative, acute postoperative and chronic postoperative complications. In
particular, the most frequent complications may be perforation of the Schneiderian membrane,
intraoperative hemorrhage, infraorbital nerve injury, orbital wall perforation, implant displacement
within the sinus, edema, infection of the inserted graft, flap dehiscence and formation of a fistula [14-
25].

Thus, a valid alternative could be to use the ZI procedure, it has been reported to have a very
high survival, but even with this procedure there are numerous studies which mention that the use
of the Zi is not without complications.. The insertion of ZI represents a major surgical procedure that
should be performed under general anesthesia by properly trained surgeons. The learning curve can
be very long, and the brain and orbita may be interested in the procedure [26]. In recent years, static
and dynamic navigation techniques have been used [27]. Sometimes, in the case of implants inserted
in a more palatal position, a more complicated prosthetic restoration may be necessary [26]. Also, the
eventual removal of failed implant could be a more complex procedure. Sinusitis has been reported
in 3.9% of the cases, and a failure to obtain implant osseointegration in 2.44% [27]. In another review,
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the rate of complications was 7.2% when using an intrasinusal technique and 1.8% with an
extrasinusal technique [16]. A 4.9% prosthetic complication rate was reported, with a 0.69 implant
failure rate. In a clinical study on 141 implants inserted in 45 patients, an overall complication rate of
5,67% was reported [28]. In another clinical study on 182 ZI in 82 patients, a low complication rate
was reported, sinusitis 10% and peri-implant hyperplasia 0.8%. Other reported complications have
been oro-antral fistula, foreign body reaction, difficulties in maintaining proper oral hygiene in the
posterior palatal region, transversal mobility, paresthesia, bruising, laceration of the lips, injury to
the orbit and periorbital hematoma, cranial penetration, temporary deficts of some sensory nerves,
soft tissue hypertrophy, abutment and prosthetic screw loosening, mucositis, prothesis fracture [28-
30]. In a recent systematic review, the Authors conclude that ZI are not recommended as a first
therapeutical option [25]. In pterygoid implants (PI) a success rate, after one year of 97.05% was
reported [4]. In a systematic review, a cumulative survival over a 10 years period was riported for PI
[23]. In another systematic review on 1983 PI in 634 patients a mean survival rate of 94.87 was
reported [31]. Bidra et al reported [3] in another systematic review of PI, a 95.5% cumulative survival
rate after 6 years. Recently, Wilkirson et al. reported on a FEA study on PI [32] . Subperiosteal
implants were proposed and introduced in Sweden during the “40s, and have been extensively used
in the '50 and 60 [33]. However, they had a too high percentage of complications and failures. In
those years, the construction technique of this type of implant was extremely complex, a perfect
adaptation of the implant to the underlying bone was very difficult to obtain, the surgical technique
was very complicated and very time consuming. Moreover, these implants tended to be very large
and they required very large flaps to position them on the underlying bone bed. Two surgeries were,
furthermore, needed, with a high biological cost: one for the impression of the bone, the second for
implant positioning. The used materials were chrome-cobalt and vitallium [34]. Stvrecky e coll,,[35]
in a 15-year retrospective study, reported a 5-10-year survival rate of 58.3%. In the past few years,
thanks to the introduction and widespread use of new digital technologies and metals, subperiosteal
implants have been proposed again [36-38]. 3D metal printing has allowed a much better accuracy
during the implant manufacturing [37,38]. The use of different metals, i.e., titanium, has allowed to
obtain a smaller implant structure [36]. Nowadays, subperiosteal implants could offer advantages,
e.g., reduction of treatment period, reduction of costs, avoidance of complex and risky surgical
procedures [39]. In recent years, several studies point to the fact that with these subperioseal implant
of the next generation no resorption of the underlying bone, mobility or fracture of the implant have
been reported [39]. Moreover, 95% survival rates have been reported. However, only small numbers
of patients with very short periods of follow-up can be found in the literature. Some reported
complications have been swelling, edema, pain, implant exposure [37]. Overall, the response of the
patients has been extremely positive regarding their comfort, chewing capabilities and the stability
of the prosthetic restauration [38]. These results are probably related to the use of all the new digital
technologies, which allow an extremely precise and close apposition of the implant structure to the
underlying bone. Ten patients have been followed for one year; the Authors reported a 100% implant
survival percentage, and 10% of early complications and 20% of late complications [39]. No
complications or implant loss were reported in 16 patients, with a one year follow-up [40]. In a clinical
study on 16 patients, with a 6 months follow-up, only one implant loss, without other relevant
complications, was present.

The stresses caused by the prosthesis during chewing cannot be measured in vivo. The methods
used can be experimental such as strain gauges using electrical strain gauges and photoelasticity.
However, each method has its limitations, for example the disadvantage of strain gauges is that the
measurement is limited by the area where the strain gauge is applied, which may not include the area
of interest. The method instead of photoelasticity allows instead to identify gradients of stress over
the entire structure. Its disadvantage consists in recreating a reflective model that in the case of
complex structures is difficult [41-43]. FEA has proven to be a useful tool for estimating stress and
strain in this innovative implant system. One of the peculiarities of FEA lies in its physical similarity
between real results in vivo and numerical ones. However, further simplification of the geometry can
inevitably lead to inconsistent results [41-44]. Consistent results in FEA must provide the complete
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geometry of the implant and surrounding bone to be modeled, material properties, loading
constraints and conditions, and mesh convergence tests. The main advantages of the FEA
methodology are essentially to be found in the non-invasive technique, static and dynamic tests can
be performed, the study can be carried out several times and there is no need to sacrifice animals,
therefore also from an ethical point of view it is extremely useful.

However, this methodology also has drawbacks which substantially concern the knowledge of
the software, the fact that the results are dependent on the configuration parameters and the need for
in-depth information on the behavior of the analyzed components.

One of the last aspects to consider are the results, they are provided through Von Mises
solicitation and the best way to validate these FEA results is to simultaneously perform in vivo
experimental studies [41]. In fact, FEA is a numerical investigation method that cannot realistically
simulate the behavior of tissues, but can reproduce it approximately and provide predictive results.
Also, since FEA is a numerical method, it suffers from possible numerical errors. Therefore, although
there are advantages to using this method, randomized clinical trials on this topic must be performed
to obtain accurate and definitive results.

5. Conclusions

In this work, the stress distribution in the PD device in its abutment and implant components
was numerically investigated by means of three-dimensional linear elastic static finite element
analysis. The three-dimensional geometry of the jaw was generated using computed tomography.
The perfect jaw photos were prepared using CT-scan technology. The three-dimensional numerical
models were created using Autodesk Inventor software.

Based on the results of the present study, it can be concluded that:

e The PD treatment concept has shown a most favorable biomechanical behavior and can be
considered a viable alternative for rehabilitation of severe atrophic maxilla;

e The most rigid materials, such as titanium alloys, showed the most favorable biomechanical
behavior and reduced stress levels for bone, implants, screws, and abutments;

e Stress values did not exceed the bone strength limits for basal bone and titanium alloy;

e The application of inclined load increases stress on all areas.

However, these results were obtained through a mathematical model, which cannot fully
represent the complexity of the biological field.

All materials were considered homogeneous, isotropic and linearly elastic and It has been
assumed that between the bone and the implant there is 100% osseointegration. Although such
assumptions do not occur in clinical practice, they are common in FEA studies. Bone is a biologically
complex structure without a defined pattern of behavior; Its characteristics differ between
individuals and mechanical properties may vary over time [45]. The current assumptions adopted in
this study are consistent with other FEA studies [46,47]. Also in this study, a unilateral static load was
applied. Cyclic loads such as those that occur during chewing could lead to different behavior for
titanium structures, given the fragile nature of the material. In the initial chewing phase, food is
placed on one side of the prosthesis and no type of occlusal contact occurs on the contralateral side,
so for a first analysis the unilateral load can be assumed as a real hypothesis [48]. More studies are
needed that simulate all treatment alternatives for atrophic jaw that also include dynamic forces that
occur during chewing and consider the anisotropic and regenerative properties of bone. A more
accurate investigation of the PD inserted into the mandibular bone requires a simulation of
oral cavity conditions such as humidity, temperature, and the presence of a medium that
also simulates saliva conditions. However, due to the difficulties involved, researchers often
use the finite element method to simulate implants and bones. However, there are
limitations when simulating the entire oral environment. But in conclusion, we can say that
the FEA method with good approximation is able to study the biomechanical behavior of
the implant.
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