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BACKGROUND/AIMS
We sought to compare the biomechanical behavior of dental implants with that of natural teeth under identical situations in accordance
with Ante’s law.

MATERIAL and METHODS

We used finite element analysis to compare identical cases. We designed different combinations [footh-supported models (TSMx) and
implant-supported models (ISMx)] [TSMO: full-arch dentition, TSMI: 5-7 tooth-supported fixed dental prosthesis (FDP); TSM2: 4-7 tooth-
supported FDP; TSM3: 3-7 tooth-supported FDP; ISMO: full-arch dental implant-supported artificial crowns for each tooth; ISMI: 5-7
dental implant-supported FDP; ISM2: 4-7 dental implant-supported FDP; ISM3: and 3-7 dental implant-supported FDP]. We used Cobalt-
chromium supported ceramic as the prosthetic material. We used a foodstuff model to apply a 100 N of load for each tooth in the case
of mastication.

RESULTS

In general, ISMs showed higher stress values than identical TSMs. The distribution of stress in the cortical bone was similar in identical
models regardless of the abutment type. The maximum and minimum principal stress values in the cortical bone increased with the
number of missing teeth. The trend in stress values was different between ISMs and TSMs.

CONCLUSION

Within the limitations of this study, stress distribution was similar in both abutment types. However, there was a difference in the magnitude
and change in the magnitude of stress values of dental implants and tooth abutments. Our findings reveal that Ante’s law may not be
suitable as a guideline for dental implant treatment due to the difference in the trends of the maximum and minimum principal stress values.
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INTRODUCTION

Implantation of partial fixed dental prosthesis (FDP) typically requires splinting of additional abutments to overcome the
loss of bone support of the abutment. Ante’s law is used as a guide to plan an FDP with an optimal number of abutments
(). In the glossary of prosthodontics, the Ante’s law for FDPs states: “in fixed dental prosthodontics, the combined perice-
mental area of all abutment teeth supporting a fixed dental prosthesis should be equal to or greater than that of the tooth
or teeth fo be replaced” (2). Based on this, more abutments may be needed as the edentulous span of an FDP increases (1).

In current practice, most people prefer dental implants as replacement for missing teeth (3). The high survival and success
rate of dental implants is widely acknowledged (4-9). Application of biomechanical principles is therefore key to sustain
these rates (5, 6, 8-12).

Well-known theoretical approaches are often not supported by clinical observations (such as the number of dental im-
plants to be used for FDPs) (13). One common approach is to place a dental implant for each missing tooth (14). From
another theoretical perspective, the solution is to place dental implants fo support FDP with a central pontic (I5). However,
there is a lack of consensus on the optimal number of dental implants required to provide adequate support (5,7, 16).
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Direct clinical evaluation is the most accurate method to analyze
the biomechanical effects of dental implant treatment. Howev-
er, the complexity of the structures involved makes direct clinical
evaluation of the biomechanical behavior of intraosseous struc-
tures nearly impossible. The potential difficulties for this type of
study include possible ethical issues, applicability of method-
ology, and time required for the procedure. To overcome these
limitations, several studies have employed computational, ana-
lytical, and experimental models fo evaluate the biomechanics
of dental implants. These include finite element analysis (FEA),
photoelasticity, and the use of strain gauges (I, 17, 18).

FEA involves the use of virtual models to simulate and test the
progressive resistance and stress distribution of complex struc-
tures. This method enables for the investigation of mechanical
problems by dividing the problem into many smaller and sim-
pler elements. This approach creates a mesh of elements and
solves the problem using mathematical functions. This allows
for the simulation and evaluation of the biomechanical behavior
of bone, dental implants, and prosthetic component interfaces,
which otherwise would be impossible to analyze in vifro or in
vivo (Il 17).

The purpose of this study was to evaluate the differences in the
distribution and magnitude of stress values in dental implants
and tooth abutments of an FDP in identical situations. Further-
more, we sought fo investigate the optimal number of dental
implants in comparison with the identically placed tooth abut-
ments according to Ante’s law. The first null hypothesis stated,
“the type of abutment (dental implant and tooth abutments)
does not affect the magnitude of stress” The second null hy-
pothesis stated, “the type of abutment does not affect the stress
distribution in cortical bone in identical situations” Moreover,
the third null hypothesis stated, an “an increase in the number of
missing teeth does not affect the distribution and magnitude of
stress in tooth abutment models!” Finally, the fourth null hypoth-
esis stated, “an increase in the number of missing abutments
does not affect the distribution and magnitude of stress in den-
tal implant models”

MATERIAL and METHODS

We created, homogenized, meshed, and analyzed three-di-
mensional (3D) models using a computer (Intel Xeon ® R CPU
3,30 GHz processor, 500 GB hard disk, 14 GBRAM, Windows 7 Ul-
timate Version Service Pack 1) with Activity 880 (Smart Optics
Sensortechnik GmbH, Sinterstrasse 8, D-44795 Bochum, Ger-
many), computed tomography (CT; ILUMA, Orthocad, CBCT, 3M

Main Points:

e The increase in the missing tooth resulted with higher
stress values in peripheral bone.

e Dentalimplants and natural tooth abutments had similar
stress distribution behaviour.

e The different stress trends were observed in identical
treatment plans with dental implants/natural tooth
abutments.

e Ante’s law may not be suitable for planing dental im-
plants because of the difference in stress trends. Further
studies are recommended.
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Imtec, OK, USA), Rhinoceros 4.0 (Seattle, WA, USA), 3D-Doctor
(Able Software Corp, MA, USA), VRMesh (VirtualGrid, Bellev-
ue, WA, USA), and Algor Fempro (ALGOR, Inc. Pittsburgh, PA,
USA).

We constructed a CT data of mandible from a human cadaver
using a 3D model of the edentulous mandible with 2-mm corti-
cal bone layer. Then, we transferred the data into the 3D-Doctor
and Rhinoceros software in order fo generate a 3D finite ele-
ment model with a |-mm thick slice.

We scanned dental implants, abutments, and dental gypsum
models using Activity 880 in order to construct 3D models of
teeth and the dental implant-abutment complex. We used
a bone-level dental implant (diameter: 4 mm; length: 10 mm)
for all dental implant-supported models (ISMs). Moreover,
we scanned the teeth models for reconstruction according to
Wheeler standards using the Rhinoceros software. Then, we re-
formed the abutment teeth in accordance with tooth prepara-
tion principles. We designed superstructure models of FDPs with
modified ridge-lap pontics using Wheeler standards as a guide.
We also designed frameworks of the restorations with a thick-
ness of 0.3 mm and a 3-mm connector width of FDPs. Finally, we
used cobalt-chromium-supported ceramic as the prosthetic
material for the process.

Models

There were two main model types: teeth-supported models
(TSMs) and dental ISMs. We created the first group of models
without any missing teeth (TSMO0) or dental implants (ISMO).
The second group of models comprised of a missing mandib-
ular right first molar and FDPs with supports at the mandibu-
lar right second molar and second premolar (tfeeth-supported,
TSMI; dental implant-supported, ISMI). We removed the man-
dibular right first molar and second premolar and abutments
(teeth-supported, TSM2; dental implant-supported, 1ISM2) at
the mandibular right second molar. We then supported the four-
unit FDP in the third group of models using the first premolar
region. We considered the mandibular right first molar, second
premolar, and first premolar missing and the supports of the res-
toration were at the mandibular right second molar and canine
(teeth-supported, TSM3; dental implant-supported, ISM3). In to-
tal, we created eight models.

Mesh Creation

We transferred models created in the Rhinoceros software to
Fempro while preserving the 3D coordinates. The models were
rigidly solid meshed using bricks and tetrahedral elements. In the
bricks and tetrahedral solid modeling system, Fempro uses as
many as eight nodes in the model. We used seven-, six-, or five-
node elements when eight-node elements could not achieve
the required detail. All the models were linear, homogeneous,
and isotropic. Table | displays the properties of the materials
used in the study.

Boundary Conditions
We fixed the models at the base and the mesial and distal edges
of the mandible with zero degree of freedom.

Loading Conditions
Overall, we applied a force of 700 N fo the model by means of
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FIGURE I. a-h. Maximum principal stress analysis in the cortical
bone of TSMO (a), TSMI (b), TSM2 (c), TSM3 (d), ISMO (e), ISMI (f),
ISM2 (g), and ISM3 (h). The red color indicates the highest stress
distribution area whereas the blue color indicates the lowest stress
distribution area. The highest stress values which were used to
compare the models are displayed at the left corner of each model

TABLE I. Material properties

Materials Young modulus (MPa) Poisson ratio
Feldspathic porcelain 82.800 035
Cobalt-Chromium alloy 218.000 0.33
Enamel 82.500 033
Dentin 18.600 03l
Periodontal ligament 170 0.45
Ti-6Al-4V 110.000 0.35
Cortical bone 13.700 03
Trabecular bone 1.370 03

seven foodstuffs. Each foodstuff applied 100 N of vertical force
to each tooth’s occlusal surface. We used TSMO and ISMO as
control groups. We used the highest maximum principal stress
values (omax) and minimum principal stress values (omin) in the
cortical bone for comparison. We also used these values to cal-
culate the ratio between identical situations or similar support-
ing-abutment types. We considered a more than 10% difference
in the values as clinically important. There was no need for any
statistical method due to the nature of our study.

RESULTS

Figure I-3 present the results of FEA. Figure -2 demonstrate the
maximum and minimum principal stress analysis, respectively.
Figure 3 shows a graphical representation of the highest stress
values. The positive values in the graphical illustrations reflect

FIGURE 2. a-h. Minimum principal stress analysis in the cortical bone
of TSMO (), TSMI (b), TSM2 (c), and TSM3 (d), ISMO (e), ISMI (f),
ISM2 (g), and ISM3 (h). The blue color indicates the highest stress
distribution area, whereas the red color indicates the lowest stress
distribution area. The highest stress values which were used to
compare the models are displayed at the left corner of each model

the omax values (Figure 3a), whereas the negative values re-
flect the omin values (Figure 3b). The red color in Figure | and
the blue color in Figure 2 indicate the highest stress distribution
area. The left lower corner of each figure displayed the highest
stress value of the models. We then used these values fo com-
pare the models.

In general, ISMs resulted in higher stress values than TSMs. ISM
models had 32%-80% higher omax stress values and 181%-342%
higher omin values than their corresponding TSMs. The distribu-
tion of stress in the cortical bone was similar in identical models
regardless of the abutment type. In TSMO and ISMO, stress was
well-distributed. However, the loss of tooth/teeth resulted in
more stress concentration at the edentate (pontic) area.

The omax and omin values in the cortical bone increased with
increase in the number of missing teeth. TSMI, TSM2, and TSM3
showed higher omax stress values (12%, 26%, and 55%, respec-
tively) (Figure Ib-d) and higher omin stress values (51%, 21%, and
26%, respectively) (Figure 2b-d) than TSMO (Figure lq, 2a). We
observed similar emax and omin stress values in ISMO (Figure |E
and 2E), ISMI (Figure If, 2f), and ISM2 (Figure Ig, 2g). Meanwhile,
ISM3 showed 14% higher omax stress value (Figure Ih) and 10%
lower omin stress value (Figure 2h) than the others (Figure 2e-g).

DISCUSSION

We rejected the first null hypothesis based on the differences
in stress values between the numbers of tooth abutments and
dental implants in the different combinations of the posterior
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FIGURE 3. q, b. Graphical illustration of the maximum (a) and
minimum (b) principal stress values in the cortical bone of TSMs

and ISMs. The positive values reflect the omax values, whereas the
negative values reflect the omin values

edentulism. We accepted the second null hypothesis was ac-
cepted based on the similar stress distribution in the identical
models. We rejected the third null hypothesis based on the dif-
ferences between TSMs with respect to stress distribution and
levels of omax and omin. We partially accepted the fourth null
hypothesis based on the similarity of the stress distribution and
magnitude of omax and omin among ISMs, with the exception
of the stress values of ISM3.

According to the results, the magnitude of stress depends not
only on the number but also on the type of abutment (tfooth or
dental implant). Dental implants increase the stress values in
the cortical bone and were compared with tooth abutments.
An increase in the number of missing teeth in an FDP may also
lead to higher stress values in the cortical bone regardless of
the abutment type (dental implant or tooth). Reduced number
of dental implants can be compensated by increasing the num-
ber of dental implants. (I9). The diameter and length of dental
implants were constant in the present study for the standard-
ization of ISMs.

In vivo and in vitro methods for stress analyses of living tissues,
such as bones, teeth, and periodontium, are typically challeng-
ing (and sometimes even impossible) (Il 17, 18). Each method has
advantages and limitations (17). FEA is a suitable method for
stress analysis of structures with complex geometry (Il, 7). We
evaluated the stress in all models with FEA in the present study
as stipulated by literature.

Ismail et al. (20) compared two-dimensional (2D) and 3D FEA
and reported that 2D analysis was sufficient to assess principall
stress distribution. However, the 2D method did not reflect the
normal stress distribution in detail. In another study, minor differ-
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ences were observed between 2D and 3D analyses. The authors
opined that the 3D model may provide a better geometrical rep-
resentation (21). Meijer et al. (22) reported that a 3D model of
the region to be examined is sufficient and less time-consuming
compared with creating a model of the entire mandible. In this
study, we preferred the 3D FEA and we used a 3D image of the
working region rather than modeling the entire mandible to ob-
tain realistic models and results.

The maximum occlusal force during mastication varies with nat-
ural dentition and dental implants due to muscle size, shape of
bones/temporomandibular joint tissues, and the extent of jaw
separation (23, 24). Furthermore, factors such as the bite direc-
tion and sex of the patient are known to affect the maximum
bite force (24, 25). Paphangkorakit and Osborn (24) reported
that the maximum occlusal force in the anterior region is in the
range of 90-307 N, whereas Waltimo and Kéndnen (25) reported
that the maximum physiologic occlusal force in the mandibular
right molar region is approximately 300 N. In a study by Harald-
son et al. (26), the median value of the maximal force in dental
implants was [43.5 N. In the present study, we applied a static
100 N load for each tooth with a food-shaped model, which is
within the reported physiological limits. This kind of loading may
present a more realistic load distribution, thanks to the replica-
tion of food-shaped model.

We used principal stress (compressive and tensile stress) values
to evaluate brittle materials such as bones. Failure occurs if the
compression stress in bone is equal fo or exceeds the highest
compression stress. Thus, principal stress allows evaluation by
determining the difference between the tensile and compres-
sive stress (27). Hence, we used principal stress in this study for
the analysis of stress values in bone.

A comparison of the natural tooth with the dental implant re-
vealed that anintrusion in natural dentition occurs during masti-
cation, and stress accumulates around the dental implant. Over-
load may impose high stress on the supporting bone, which
leads to bone resorption. The direct opposite of this phenome-
non may result in disuse atrophy of bone (28). Most FEA studies
evaluate stress levels, implying that lower stress represents a
more favorable result. However, in the present study, we evalu-
ated the magnitude and distribution of stress only.

The highest tensile strength of the cortical bone as 12| MPa and
the maximum compression strength was reported as 167 MPa
(29). In this study, the highest tensile stress value was 29 MPa in
the cortical bone of ISM3. This value is lower than the highest
tensile strength of bone. The highest compression stress value
was 27 MPa in the cortical bone of ISMO. This value is lower than
the maximum compression strength of bone.

In a systematic review, Heydecke et al. (7) evaluated the surviv-
al rates with regard to the required number of dental implants.
They reported that a dental implant-to-replaced-units-ratio
of 2/3 can be considered adequate. However, for full-arch
dental implant-supported FDPs, the corresponding ratio is
between |/3 and /2, which is lower than the first calculated
ratio. In present study, we compared the ISMs with identical
tooth-supported planning by means of stress transmission to
the peripheral bone, and dental implants transmitted higher
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stress values to bone. The maximum-stress-ratio (ISM/iden-
tical TSM) was between 1.32 and 1.80 for maximum principal
stress value and between 2.8| and 4.42 for minimum principal
stress values in the cortical bone. This ratio is not a dental im-
plant-to-replaced-units ratio; however, it seems plausible that
dental implants present higher stress on the bone than tooth
abutments, and the importance of avoiding overload is a key
consideration during planning of dental implant treatment.
The trends in the change of stress values differed according
fo types of abutments in identical situations. These findings re-
veal that the behavior of dental implants is different from that
of tooth abutments in supporting an FDP. Furthermore, these
findings also revealed that it is not suitable to use Ante’s law
in the planning of dental implants. We therefore recommend
further studies to determine the biomechanical conditions of
dental implant treatment.

To the authors’ knowledge, this was the first study comparing
the stress distribution in natural teeth and dental implants in
identical conditions by using Ante’s law. Undoubtedly, the cur-
rent study has some limitations. In dentistry, 3D FEA models
have been widely used to study the biomechanics of loaded
stress. However, in the current study, use of the FEA program
was limited by unrealistic assumptions such as homogeneous,
linear elastic, and isotropic conditions for the bone, footh, and
periodontal ligament. The design and material of the dental
implant and prosthesis were constant to simplify the models.
It should be kept in mind that the variations in type of materi-
al, diameter, length, angulation, and surface treatment of den-
tal implants and the design and material of the prosthesis can
affect the stress in peripheral bone (9, 23, 30). Furthermore, we
assumed that the bonding of the bone and dental implant was
perfect and that the masticatory forces were static and loaded
axially using a suitable model (fitting for the foodstuff in the oc-
clusal surface of the crowns) as compared to the dynamic mas-
ticatory forces, (oblique to the occlusal surface). Consequent-
ly, the reconstruction did not replicate all the natural details.
Mathematical models can be used only to explain experimental
results, and in science, their predictive power is used for com-
parisons (18). In the present study, we evaluated the distribution
and magnitude of stress in identical edentulous treatment plans
with different types of abutments. However, the numbers and
distribution of abutments were not changed. Although we could
not replicate the natural stress values because of these limita-
tions, we observed differences with respect to the magnitude
and distribution of stress between differently planned edentu-
lism models. We recommend further studies to understand more
about the biomechanical needs for bone stimulation and the ef-
fects of other variables on stress distribution of tooth and dental
implant supports.

Within the limitations of this finite element study, dental ISMs
showed higher stress values than TSMs. The increase in the
number of missing footh enhanced the stress in peripheral bone
for both abutment types (tooth or dental implant). We observed
a similar behavior with respect to the distribution of stress with
dental implant and natural tooth abutments supporting par-
tial FDP. However, we recorded different trends with respect
to the change in the magnitude of stress with increase in the
number of missing teeth in identical tfreatment plans. We con-
sidered the importance of avoiding overload in dental implant
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planning because of the higher stress values occurring in the
peripheral bone of ISMs. Our results reveal that it may not be
suitable to use Ante’s law to plan dental implants because of
different frends of change in the magnitude of stress in identi-
cal treatment plans, even if the distribution of stress was similar.
We recommend further studies to understand more about the
biomechanical effects of the number and distribution of dental
implants and to determine the biomechanical differences be-
tween dental implants and footh abutments.
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