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Abstract: In finite element (FE) simulations, the peak bone stresses were higher when loading with a
cantilever extension (CE) than when loading without a CE by 33-49% in the cortical bone. In the
in vitro experiments, the highest values of principal strain were all within the range of the minimum
principal strain, and those peak bone strains were 40-58% greater when loading with a CE than
when loading without a CE (p < 0.001). This study investigated how varying the implanted position
and angulation of anterior implants in the All-on-Four treatment influenced the biomechanical
environment in the alveolar bone around the dental implants. Ten numerical simulations of FE models
and three in vitro samples of All-on-Four treatment of dental implants were created to investigate the
effects of altering the implanted position and angulation type of anterior implants. A single load
of 100 N was applied in the molar region in the presence or absence of a CE of the denture. The
3D FE simulations analyzed the von-Mises stresses in the surrounding cortical bone and trabecular
bone. For the in vitro tests, the principal bone strains were recorded by rosette strain gauges and
statistically evaluated using the Mann-Whitney U test and the Kruskal-Wallis test. Loading in the
presence of a CE of the denture induced the highest bone stress and strain, which were 53-97% greater
in the FE simulation and 68-140% in the in vitro experiments (p < 0.008) than when loading without
a CE. The bone stresses in the FE models of various implanted positions and angulation types of
anterior implants were similar to those in the model of a typical All-on-Four treatment. In vitro tests
revealed that the bone strains were significantly higher in the samples with various angulation types
of anterior implants (p < 0.008). In the All-on-Four treatment of dental implants, the bone stress
and strain were higher when the load was applied to the CE of dentures. Altering the position or
angulation of the anterior dental implant in the All-on-Four treatment has no benefit in relieving the
stress and strain of the bone around the dental implant.

Keywords: All-on-Four treatment; anterior implants; implanted position and angulation; in vitro
test; finite element simulation

1. Introduction

Before dental implants became popular, patients with complete edentulism could only receive
conventional removable complete dentures for oral reconstruction. Such dentures are easy to wear
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and enable the wearer to perform basic mastication through the absorption capability of his or her
gums. However, some functional problems can be experienced by elderly patients [1], such as needing
more time for chewing and experiencing pain when chewing [2]. These aspects result in such patients
only being able to masticate soft food, which impairs the quality of their daily living in terms of
diet. Additionally, patients who use conventional removable complete dentures are also subject to
ulcerations and dissatisfied with the high vertical dimension of the dentures, which affects the chewing
function [3].

Treatment with dental implants can overcome the problems mentioned above and improve the
quality of life [2], and is nowadays the leading choice for edentulous patients. However, dental
implantation is not always advantageous, especially in full-mouth reconstructions, since its high cost
can result in many patients not receiving it. In 2003, Malo et al. developed a treatment concept called
“All-on-Four” [4], which involves supporting full dentures with only four implants. Two of the four
implants are planted in the incisor zone, and another two implants are embedded in the molar region
at angles from 18° to 45° to avoid the maxillary sinus [5] or the inferior alveolar nerve [6], which is
the small branch of the third trigeminal nerve below the posterior jawbone area. According to the
statistical study of Babbush et al. [7], the All-on-Four treatment costs less, reduces the complexity of
the treatment, and increases patient comfort relative to conventional implant treatment modalities.

While the All-on-Four treatment of dental implants seems to win favor with some patients,
they often report biomechanical challenges related to the use of dentures with cantilever extension
(CE) and tilted implants. Shortening the cantilever extension (CE) by applying tilted implants in the
posterior molar region was reported to decrease the burden (both stress and strain) of the bone around
the posterior implants [8-11]. However, this burden in the bone was still high [12], and the idea of
using only four implants to support a complete denture still raises concern among some patients.

Surgical implant guidelines have made the placement of tilted implants easier in clinics. Using a
tilted implant may also provide some biomechanical benefits [13], such as increasing the contact area
with the cortical bone and thereby also the implant’s stability. Rearranging the position of implants
supporting partial prostheses [14,15] and complete dentures [16] reportedly alters the stress and strain
distribution in the bone around the implants and can improve their biomechanical performance.

In addition to the posterior tilted implants, altering the position or angle of anterior implants in
the All-on-Four treatment might also change the biomechanical environment in the peri-implant bone;
however, this has been investigated by only a few studies [11,16]. Therefore, the objective of the present
study was to determine how changing the implanted position or angulation of anterior implants in
the All-on-Four treatment influences the stress and strain in the bone around the implant. This study
applied both the technologies of three-dimensional (3D) numerical simulation—finite element (FE)
analysis and in vitro strain gauge experiment—to explore this topic.

2. Materials and Methods

2.1. Features of Bone Sample and Implantation Designs

A synthetic jawbone model (#8571, Synbone, Malans, Switzerland) with mild atrophy was
employed (Figure 3) in this study. This bone model includes a dense outer layer that replicates the
cortical shell and a softer inner content that imitates a cancellous bone. The use of this type of synthetic
jawbone also helps to reduce the associated ethical issues [17].

Implantation designs of anterior implants of All-on-Four treatment were classified into two groups:
(1) alterations of the implanted position and (2) alterations of the angulation type of the implants. For
the first group, there were four implanted positions designed in the models (Figure 1 a—d). Model
Typical was the typical All-on-Four concept that included two vertical implants in the anterior incisor
region and two implants tilted at 30° in the posterior molar region of the mandible. Model Position 1
(P1) was like Model Typical but with the two anterior implants implanted closer to the central incisor.
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Similarly, in Model Position 2 (P2) and Model Position 3 (P3) the anterior implants were moved to the
molar area.

Figure 1. The ten designs (test type, position of anterior implants, titled type of anterior implant),

including (a) Model Typical (typical model, incisor region, vertical implantation), (b) Model P1
(implanted-position test, central incisor region, vertical implantation), (c) Model P2 (implanted-position
test, incisor-canine region, vertical implantation), (d) Model P3 (implanted-position test, canine region,
vertical implantation), (e) Model T1 (titled-type test, incisor region, 30°-tilted implants toward the
distal direction), (f) Model T2 (titled-type test, incisor region, 30°-tilted implants toward the mesial
direction), (g—j) Model T3-Model T6 (titled-type test, incisor region, one vertical implant and one
30°-tilted implants toward the mesial or distal direction), were investigated for All-on-Four implant
treatment. (k) The 3D computer-aided design (CAD) model of Model Typical.

Six models with various angulation types of anterior implants were created for comparison with
Model Typical, which was set as the control model. Models Tilted 1 (T1) and Tilted 2 (T2) had two pairs
of 30°-tilted implants placed in the posterior molar region and in the anterior incisor region toward the
mesial and distal directions, respectively (Figure le,f). The designs of Models Tilted 3 (T3), Tilted 4
(T4), Tilted 5 (T5), and Tilted 6 (T6) were based on Model Typical, Model T1, and Model T2, where
there was one anterior vertical implant and one anterior tilted implant toward the mesial or distal
direction (Figure 1g—j).

All of the ten analyzed models used an implant with a diameter of 4 mm and 11.5 mm long
(NobelSpeedy™ Groovy, Nobel Biocare, Goteborg, Sweden), along with straight abutments (Multi-unit
Abutment, Nobel Biocare) and 30°-angled abutments (30° Multi-unit Abutment, Nobel Biocare), as well
as a customized titanium framework.

2.2. 3D FE Modeling

Based on a series of cone-beam computed tomography images of the synthetic jawbone model
(#8571, Synbone), the 3D model of a mandible with mild atrophy was created in medical imaging
software (Mimics version 15.0, Materialise, Leuven, Belgium). 3D models of the implants, the straight
and angled abutments, and the customized frameworks were constructed using computer-aided design
(CAD) software (SolidWorks 2017, SolidWorks Corporation, Concord, MA, USA). After the bone model
was imported into the CAD software, Boolean operations were performed and all the 3D models
were assembled for analysis (Figure 1k). The modeling complexity was also reduced by setting the
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abutment and implant as an integrated component. Once the 3D models had been constructed, they
were exported to commercial FE software (ANSYS Workbench, Swanson Analysis, Huston, PA, USA).

The thickness of the cortical bone in the 3D mandibular model is about 2 mm. Ten-node tetrahedral
h-elements (ANSYS solid 187) were used to generate the FE model. In order to achieve the required
accuracy for the results while reducing the solution time (computing resources), different element
sizes were used in the FE models. For example, elements as small as 0.5 mm were used in the area of
interest close to the peri-implant bone (Figure 2). The material properties of all components are listed
in Table 1. [10,18,19]. The implants, abutment, framework, and bone were assigned to be homogeneous
and have isotropic elastic properties. The interface between the bone and the implant was set as bonded
based on the assumption of 100% osseointegration after the full healing time of the implant. The
boundary condition of the FE models involved fixing the surface of the condyle to zero displacement
in the x, y, and z directions (Figure 2). Two kinds of loading conditions were tested in this study. One
was applied on the framework near the premolar position (without CE of denture), and another was
added on the framework near the second or third molar (with CE of denture) (Figure 2). In both cases,
a vertical load of 100 N was applied to the framework close to the posterior tilted implant. After the
FE solution, the von-Mises stress of the cortical bone near the implants of each model was the focus
of observation.

: Load with CE
Load without CE

Figure 2. The finite element (FE) mesh model of Model Typical. The red circles indicate the areas of
boundary condition.

Table 1. Material properties in the FE model. [10,18,19].

Material YounEg’(sl\zflla(;;iulus Poisson’s Ratio
Cortical bone 14,800 0.3
Trabecular bone 1480 0.3
Titanium (implant) 110,000 0.35
Titanium alloy (framework) 114,000 0.34

Trabecular bone - -
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2.3. In Vitro Experimental Tests

Three kinds of experimental samples were constructed for the in vitro tests: Sample Typical,
Sample P2, and Sample T2, which related mainly to Model Typical, Model P2, and Model T2 in the FE
simulations, respectively. For Sample Typical (Figure 3a), with the assistance of professional dentists,
two NobelSpeedy implants (Nobel Biocare) with straight abutments (Multi-unit Abutment, Nobel
Biocare) were placed upright and bilaterally in the incisor area of the synthetic jawbone model (#8571,
Synbone). Two tilted implants with 30°-angled abutments (30° Multi-unit Abutment, Nobel Biocare)
were placed about 30° relative to the occlusal plane into the posterior region of the mandible, bilaterally.
For Sample P2 (Figure 3b), the anterior implants were located toward the molar area. For Sample T2
(Figure 3c), the anterior implants were angled 30° toward the mesial direction.

~ Load with CE
Load without CE ; :
o @

w,

Figure 3. Three samples involving (a) Sample Typical (typical model, incisor region, vertical
implantation), (b) Sample P2 (implanted-position test, incisor-canine region, vertical implantation),
and (c) Sample T2 (titled-type test, incisor region, 30°-tilted implants toward the mesial direction) were
used in the in vitro tests. (d) Four strain gauges were attached to the buccal side of the alveolar bone
around the four implants. Two kinds of loads were applied to the denture with and without a CE. A, B,
C, and D refer to the location of each individual implant.

For all three experimental samples, the tilted implants were about 5 mm anterior to the foramina.
A custom-made titanium framework was then joined to the abutment with titanium screws (Nobel
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Biocare). The CE was about 20 mm long. Rectangular rosette strain gauges (KFG-1-120-D17-11L3M3S,
Kyowa, Tokyo, Japan) were attached to the buccal side of the crestal cortical bone around the implant
using cyanoacrylate cement (CC-33A, Kyowa) (Figure 3d).

The loading conditions applied to the experimental samples were similar to those in the FE
simulations (Figure 3d), with vertical loads applied to the framework close to the posterior tilted
implant with and without a CE. For each type of loading, the maximum load was 100 N, and the head
speed was 1 mm/min (Figure 4a). The full jawbone model was constrained on the testing platform
of the loading machine (JSV-H1000, Japan Instrumentation System, Nara, Japan) by a self-developed
jig (Figure 4b). This special jig meant that the regions between the condylar and coronoid processes,
as well as the mental protuberance, were fixed. This jig included a rotational screwing device that
could be adjusted to vary the direction of loading.

Figure 4. (a) The loading machine. (b) The experimental sample in the All-on-Four treatment was fixed
to the self-developed jig, which was then attached to the platform of the loading machine for applying
a single occlusal force to the denture of the sample.

The signals corresponding to the three independent strains ¢,, ¢, and &. on the rosette strain
gauge were detected by a data acquisition system (NI CompackDAQ, National Instruments, Austin,
TX, USA) and the associated software (LabVIEW SignalExpress 3.0, National Instruments) as each
loading condition was applied (Figure 4b). After each measurement had been repeated five times for
each sample, the maximum (emax) and minimum (¢pin) principal strains were obtained as follows:

€max = 1/2 (€a + €c) + 1/2‘/[(5a - 5(:)2 + (2ep — €4 - 5(:)2] 1)

Emin = 1/2 (€2 + &) — 1/2\/[(5a - sc)2 + (2ep — €4 - 5c)2] )

The values of the maximum and minimum principal strains around the four implants under each
loading condition were summarized as median and interquartile-range values. The Mann-Whitney U
test was used to compare the difference in peak magnitudes of the principal strains of four implants
between the two loading with and without CE The significance level was set at 0.05. In addition,
the Kruskal-Wallis test was used to compare the difference in peak values of the principal strains of
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four implants among the three groups (sample typical, sample P2 and sample T2), and the significance
level was also set at 0.05. Furthermore, the post hoc pairwise comparisons were conducted using the
Mann-Whitney U test with the Bonferroni adjustment, and the significant difference was set at 0.0167
(0.05/3). All statistical analyses were performed using SPSS Version 19 (IBM Corporation, Armonk, NY,
USA).

3. Results

3.1. Loading with and without a CE

The stresses were always highest in the crestal cortical region of bone around the distal implant
near the load, regardless of the implantation design (Figures 5 and 6, and Tables 2 and 3). In the FE
simulations, the peak bone stresses were higher when loading with a CE than when loading without a
CE by 53-97% in the cortical bone (Tables 2 and 3). In the in vitro experiments, the highest values of
the minimum principal strain (Table 4, Figure 7) and those peak bone strains were 89%, 140%, and 68%
greater when loading with a CE than when loading without a CE (p < 0.001) in the Sample Typical,
Sample P2, and Sample T2, respectively.

© @

Figure 5. Distributions of von-Mises stresses in cortical bone in (a) Model Typical, (b) Model P1,
(c) Model P2, and (d) Model P3. The arrow shows where the load was applied.

Table 2. Peak values of von-Mises stresses of the cortical bone in models with anterior implants at
different positions in the All-on-Four treatment.

Type Loading without CE (MPa) Loading with CE (MPa)
Model Typical 24.61 38.43
Model P1 24.89 48.90
Model P2 23.74 36.53

Model P3 25.17 38.66
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Figure 6. Distributions of von-Mises stresses in cortical bone in (a) Model Typical, (b) Model T1,
(c) Model T2, (d) Model T3, (e) Model T4, (f) Model T5, and (g) Model Té.

Table 3. Peak values of von-Mises stresses of the cortical bone in models with anterior implants at
different angulations in the All-on-Four treatment.

Type Loading without CE Loading with CE

(MPa) (MPa)

Model Typical 24.61 38.43
Model T1 24.52 37.44
Model T2 24.60 47.42
Model T3 24.60 39.03
Model T4 24.65 40.61
Model T5 24.80 38.80

Model T6 2493 40.74
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Table 4. Maximum principal strains (P_Max values) and minimum principal strains (P_Min values) in
the bone near the buccal side of the implants in the All-on-Four treatment. A, B, C, and D indicate each
implant in the All-on-Four treatment from right to left, respectively. IQR, interquartile range.

Type Loading Style Loading without CE Loading with CE
Implant Site A B C D A B C D
Microstrain, P_Max 30.1 221 54.5 36.6 13.7 70.1 169.1 65.4
Sample median P_Min -188 -360 -130.3 —4448 146 -623  -900 -8405
Typical
Microstrain, P_Max 1.1 9.7 4.1 3.4 4.4 6.8 2.4 10.5
QR P_Min 2.0 4.0 6.2 13.2 3.1 44 4.1 7.8
Microstrain, P_Max 129 1.3 -131.1 -5.6 23.0 157.9 445.6 134.4
Sag‘zple median P_Min -44  -369 -197.6 -380.5 -189  -48 -2327 -9148
Microstrain, P_Max 7.5 4.3 9.2 3.0 2.5 7.6 14.2 5.6
IQR P Min 82 58 34 9.6 3.6 43 106 261
Microstrain, P_Max 23.6 35.4 6.0 101.5 25.0 103.5 80.4 276.8
SafT“zple median P_Min -185 377  -543 —6135 -180 -1027 -71.6 —1030.6
Microstrain, P_Max 4.8 2.8 4.7 34 2.3 2.0 10.2 40.2
IQR P_Min 3.8 2.3 8.2 159 7.2 5.2 10.2 314
Sahple Typical- Sample Pi- Sﬁmple T2- Sample typi(‘:fl— Sample P2- Salflple T2- -
-300 - Loading without Loading without Loading without Loading with CE Loading with CE Loading with CE
CE CE e :

-500 | - :

3

-
v —

s : : . i
- -700 4 . T %

B.... : : : e
g ;

'2 : ;

Figure 7. Peak values of the minimum principal strain in (a) Sample Typical, (b) Sample P2, and (c)
Sample T2 when loading with and without a CE. Data are median and interquartile-range values. An
asterisk indicates a significant difference (p < 0.008).

3.2. Implanted Positions and Angulation Types of Anterior Implants

For the implanted positions of anterior implants, Models P1, P2, and P3 showed stresses of
23.7-25.2 MPa in the cortical bone when loading without a CE, which were similar to those in Model
Typical (24.6 MPa) (Table 2) in the FE simulations. When loading with a CE, all of the models also
exhibited comparable bone stresses of 36.5-38.7 MPa in the cortical bone, with the exception of Model
P1, in which it was 48.9 MPa (Table 2).

For the angulation types of anterior implants, all of the models other than Model Typical showed
similar stresses of 24.5-24.9 MPa in the cortical bone when loading without a CE (Table 3) in the FE
results. When loading with a CE, the stresses in the cortical bone were 37.4-40.7 MPa in all models
except Model T2, in which the stress value was 47.2 MPa (Table 3).

In the in vitro tests, the highest values of principal strain all occurred within the minimum principal
strain (Table 4), and those peak bone strains differed significantly among the Sample Typical, Sample
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P2, and Sample T2 in the Kruskal-Wallis test results (p <0.002). On the samples of Loading without
CE, those peak bone strains were significantly higher in Sample T2 (-613.5 p¢), followed by Sample
Typical (—444.8 pe), and the lowest were those of Sample P2 (-380.5 p.e) (Figure 7) (p <0.008). For the
cases of Loading with CE, those peak bone strains were significantly greater in Sample T2 (-1030.6 pe),
followed by Sample P2 (—914.8 ne), and the lowest were those of Sample Typical (—840.5 ne) (Figure 7)
(p <0.008).

4. Discussion

The concept of All-on-Four treatment of dental implants involves using only four implants
to support a complete denture, and many researchers have used FE simulations [8,10-12,20-22] to
investigate the related biomechanical issues. FE simulations make it easy to determine the peak values
and the distribution of internal bone stresses and/or strains. However, only few studies used in vitro
tests [9,23] to explore the biomechanical environment of the All-on-Four treatment of dental implants.
While those experimental studies have produced some valuable results, such tests are also subject to
limitations. For example, the bone models used in those previous studies [9,23] have neglected the
differences between cortical bone and trabecular bone by using only one resin material to represent
the entire bone structure. Moreover, the anatomical complexity of the jawbone makes it difficult to
carry out experiments on a whole jawbone with implant-supported fixed full-arch dentures, given that
constraining the full jawbone model in a loading machine using a standard procedure is particularly
troublesome. The present study standardized the fixation process of each experimental model using a
self-designed jig. Moreover, both structures of the cortical bone and trabecular bone were contained in
the bone model in both the in vitro tests and the 3D FE simulations. These features of the investigations
performed in this study should therefore facilitate the understanding of the biomechanical mechanisms
that are especially relevant to the surrounding bone in the All-on-Four treatment of dental implants.

Excessive load and strain on the peri-implant bone may cause bone loss around the dental
implant [24-28]. In the All-on-Four treatment, the biting force in the molar area may be located on the
CE of the complete denture, and thereby induce a bending moment. The biomechanical influence of a
bending moment has attracted the interest of many researchers [8,21,29-31]. The findings of the present
study are consistent with those of previous studies [21,32], in that both the present FE simulations and
in vitro tests indicate that applying a biting force in the region of the CE of a complete denture clearly
increased the stress and strain in the peri-implant bone in the All-on-Four treatment [12]. Therefore,
reducing the length of the CE or modifying the occlusal contact point so as to reduce the magnitude of
the occlusal force applied to the CE of dentures might help to reduce the negative influence of the CE
in clinical applications of the All-on-Four treatment of dental implants.

When loading without a CE, the present study showed that the bone stress and strain changed
slightly in the All-on-Four treatment after the implanted position of anterior implants was moved
to the central incisor or molar region. This result is similar to that found by Hussein and Rabie [16].
In their FE model, changing the implanted position of anterior implants from the incisor to the canine
area reduced the peak stress in the peri-implant bone from 68.6 to 63.9 MPa. Additionally, when
loading with a CE, the present study found that the stresses in the surrounding bone increased in
some cases, such as Model P1. Because changing the implanted position of anterior implants does not
relieve the stress in the surrounding bone and may actually worsen the biomechanical environment in
the All-on-Four treatment, altering the implanted position of anterior implants does not appear to be
beneficial from a biomechanical point of view in the All-on-Four treatment of dental implants.

One of the biomechanical advantages of using tilted implants is to engage more cortical bone [13],
which might help to increase the implant’s stability [33]. In the present FE simulations, as compared
with Model Typical, inclining the anterior implants did not reduce the bone stress in the All-on-Four
treatment. Moreover, in some models (e.g., Model T2), when loading without a CE, inclining the
anterior implants actually increased the bone stress. The results of the in vitro tests showed a similar
trend, with the inclination of the anterior implants increasing the bone strain. The findings of this



Metals 2020, 10, 280 110f13

study are consistent with previous FE simulations [11,16] showing that inclining anterior implants did
not cause significant changes in stress in the surrounding bone in the All-on-Four treatment. Therefore,
inclining anterior implants does not seem to be a good choice for improving the biomechanical
environment in the All-on-Four treatment of dental implants. However, some recent clinical studies
found no difference in the survival rate between tilted and upright implants [34]. In addition, the
results of marginal bone loss related to tilted implants are still controversial [13,35-38]. Therefore, the
effects of inclining anterior implants in the All-on-Four treatment still need to be investigated in further
long-term trials to confirm their clinical effects.

The main limitations of this study were the simplified loading and boundary conditions. The
occlusal loads were reduced to a single force, and the boundary condition was set to be fixed at
specific locations. Future research should include local multibite forces as loading conditions and
add more muscle attachments as boundary conditions. Additionally, even though a rigorous process
involving experienced dentists was used to prepare the samples in the in vitro tests, the sample was
small due to the cost of each sample. Finally, the results of this study need to be validated in future
clinical investigations.

5. Conclusions

Within the limitations of this study, FE simulations and in vitro experimental tests have revealed
that the stress and strain in the bone around distal implants in the All-on-Four treatment both clearly
increase as the occlusal load is moved to the denture’s CE. Changing the position of anterior implants
has only a minor effect on the stress and strain in the surrounding bone. Similarly, inclining anterior
implants might even increase the bone stress and strain in the All-on-Four treatment.

From a biomechanical point of view, this study has confirmed that varying the implanted position
and angulation of anterior implants produces no benefits in terms of reducing the stress or strain in the
surrounding bone in the All-on-Four treatment of dental implants.
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