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ABSTRACT

Purpose: The purpose of the present study was to evaluate the biomechanical environment of immediately placed implants,
before and after osseointegration, by comparing three different implant-abutment connection types.

Materials and Methods: A computer tomography-based finite element model of an upper central incisor extraction socket
was constructed containing implants with either external hex, internal hex, or Morse-taper connection. Frictional contact
elements were used in the bone, implant, abutment, and abutment screw interfaces in the immediately placed simulations.
In osseointegrated simulations, the repair of bone alveolar defect and a glued bone-to-implant interface were assumed. By
analysis of variance, the influence was assessed of connection type, clinical situation, and loading magnitude on the peak
equivalent strain in the bone, peak von Mises stress in the abutment screw, bone-to-implant relative displacement, and
abutment gap.

Results: The loading magnitudes had a significant contribution, regardless of the assessed variable. However, the critical
clinical situation of an immediately placed implant itself was the main factor affecting the peak equivalent strain in the bone
and bone-to-implant displacement. The largest influence of the connection type in this protocol was seen on the peak
equivalent stress in the abutment screw. On the other hand, a higher influence of the various connection types on bone
stress/strain could be noted in osseointegrated simulations.

Conclusions: The implant-abutment connection design did not significantly influence the biomechanical environment of
immediately placed implants. Avoiding implant overloading and ensuring a sufficient initial intraosseous stability are the
most relevant parameters for the promotion of a safe biomechanical environment in this protocol.
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INTRODUCTION

In the last decade, promising results have been observed
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when nonsubmerged dental implants were subjected to
immediate functional loads."” Immediate loading of

function and aesthetics are immediately restored. In
some situations, this protocol has been associated to
the immediate implant placement into fresh extraction
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after placement, the predictability and long-term success
of implant treatment are greatly influenced by the bio-
mechanical environment. The intimate bone-implant
contact at the interface allows the direct transmission of
the loads applied over the implant prosthetic device to
the surrounding bone. The stress concentration can
exceed the bone’s tolerance level, can cause microdam-
age accumulation, and can induce bone resorption.®™®
Under certain conditions, this excessive occlusal loading
may cause implant failure, even in osseointegrated
implants.”"” In addition, the bone supporting level is
one of the most important factors for the maintenance
of peri-implant aesthetic harmony because the bone
level determines the peri-implant soft tissue position.
Even if not progressive, marginal bone resorption in the
buccal or proximal aspects of the implant can lead to
recession or absence of papilla, respectively.'""* In the
immediate loading protocol, the overall requirement
is to control interfacial movement between the im-
plant and the surrounding bone. Micromovements that
exceed 150 m can induce fibrous connective tissue for-
mation instead of the desirable bone regeneration."™'°
Some studies have demonstrated that the initial
breakdown of the implant—tissue interface generally
begins at the crestal region in successfully osseointe-
grated implants.®”>'° Also, the majority of the mechani-
cal failures occurs in the implant neck.' ' Therefore,
efforts have been made to evaluate the effects of different
implant-abutment connections on the stress/strain
distributions and magnitudes in the bone and in implant
components. Merz and colleagues® compared, by experi-
mental and finite element methods, the stresses induced
by off-axis loads on tapered and butt-joint connections.
They concluded that the tapered interface distributed the
stresses more evenly when compared with the butt-joint
connection. In another finite element study, Hansson
observed that a Morse-taper implant-abutment at the
level of the marginal bone substantially decreased peak
bone stresses. Moreover, it improved the distribution of
stress in the supporting bone. On the other hand, the
shear stress was found to be located at the very top of the
marginal bone, for a “flat-to-flat” implant-abutment
interface. With a conical interface, the peak bone-implant
interface shear stress had a more apical location, which
could reduce marginal bone resorption.*>*
There are already some experimental, numerical,
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and clinical studies evaluating the influence of

implant-abutment connection on osseointegrated

implants. Nevertheless, there is limited information on
many different outcome variables of immediately placed
implants.”” As well, no finite element (FE) studies were
encountered on the biomechanical environment of
dental implants placed into a fresh extraction socket.
The evaluation of the stress/strain and displacement of
the prosthesis/implant/bone complex in this clinical
situation could contribute to the insight into the impact
of abutment connection design.

Therefore, the purpose of the present study is to
evaluate the biomechanical environment of dental
implants placed into extraction sockets, before and after
osseointegration. The influence of external hex, internal
hex, and Morse-taper connections on the strain in
peri-implant bone and on the stability of implants and
abutments was compared.

MATERIALS AND METHODS

The computer tomography (CT) images of a dry
maxilla, provided by the Department of Anatomy of the
Faculty of Odontology at Araraquara (Sao Paulo State
University, Sao Paulo, Brazil), were taken by a Picker
UltraZ® CT scanner (Picker International Inc., Cleve-
land, OH, USA) with a gantry tilt of 0°, at 120 kV accel-
eration voltage and 1 mA current. The projection data
were exported using the Digital Imaging and Commu-
nication in Medicine file format. The data set had
a voxel size of 0.391 x 0.391 X 1.000 mm and consisted
of contiguous slices with respect to the Z-axis.

Bone segmentation and reconstruction of an upper
central incisor extraction socket geometry were accom-
plished by thresholding within an image-processing soft-
ware (Mimics® 9.11; Materialise, Haasrode, Belgium). As
the interest in this study was on the biomechanical envi-
ronment in the vicinity of the implant, only the relevant
part of the maxilla was reconstructed. A reconstruction
of the entire maxilla would have led to a larger finite
element model, with unacceptably high computational
costs.

The computer-aided design (CAD) solid models
of conical 13-mm implants, with a 4.3-mm-diameter
shoulder, abutments, and abutment screws were pro-
vided by the implant producer (Neodent, Curitiba,
Brazil). Morse-taper abutment and abutment screw are
one single piece.

First, one implant model was imported in Mimics
and positioned 1-mm deep inside the extraction
socket, in a central position, to a palatal direction. The
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Figure 1 Implant positioned inside the extraction socket. A, Vestibulo-palatal view. B, Occlusal view. C, Proximal view.

contralateral teeth and the socket anatomy were used as
a guide (Figure 1).”

After having obtained the correct position of the
implant, its inner part was removed and each implant-
abutment connection was added. An external hex, an
internal hex, and a Morse-taper implant with the very
same external design and position were created. This
procedure allowed having the same bone mesh and
bone-implant interface for the three different implant-
abutment connections. The implant insertion hole in
the extraction socket solid model was obtained by
means of Boolean subtraction.

The abutment and abutment screw models were
then imported and aligned to the implant in their
correct positions, following the instructions from the
implant producer. No simplifications were made regard-
ing the implant external and internal threads (ie, the
spiral characteristic of the threads was maintained).
However, the threads of the abutment screw CADs were
edited to match perfectly the internal threads of the
implants, to improve the contact status in this region.
Second-order effects resulting from the tightening of the
abutment and the preload in the abutment screw were
not considered in the present study.

Bone, implants, abutments, and abutment screw
models were meshed separately in MSC.Patran® 2005r2
(Figure 2) (MSC.Software, Gouda, the Netherlands).

A convergence study of the FE models was per-
formed to verify the mesh quality. The convergence cri-
terion was set to be less than 5% change of the peak von
Mises stress (EQV stress) at the bone-implant edge.” In
this region, the highest stress levels were encountered in

the first test analysis. These peaks were found to be in the
same coordinates for all five mesh element sizes tested.
The time of processing was also considered as an exclu-
sion criterion in the study. Based on the result of the
convergence study, the optimal global element size for
bone mesh was 0.75 mm. Figure 3 shows the result for
the convergence study. Tetrahedral meshes were con-
structed with different degrees of refinement for feature
recognizing (ie, at threads). The smaller elements used
were about 50 um. Total number of elements and nodes
in the models were an average of 110,000 and 15,000,
respectively.

During meshing of the bone solid model, the entire
volume that is contained within the outer bone surface
was meshed. This means that the mesh consists of tet-
rahedral elements located in either cortical or trabecular
bone. To discriminate between both tissues, different
elastic properties were assigned, based on the gray values
in the CT images.”

The values of the Young’s modulus and Poisson’s
ratio for the materials used in the present study were
adopted from the relevant literature® and are summa-
rized in Table 1.

For simulating the immediately placed implant,
nonlinear, frictional contact elements (Coulomb fric-
tional interface) were used. A friction coefficient u of
0.3 was assumed between the bone and the implant.***!
Between implant, abutment, and abutment screw
regions in contact, a frictional coefficient of 0.5 was
assumed.””” Frictional contact configuration allows
minor displacements between all components of
the model without interpenetration. Under these
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Figure 2 Implants, abutments, and abutment screws meshes. A, External hex. B, Internal hex. C, Morse taper. Note that the
Morse-taper abutment and abutment screw are one single piece.

conditions, the contact zones transfer pressure and  was assumed to be a bonded contact. In this configu-

tangential forces (ie, friction), but no tension.
For simulating the stage after socket healing and  implant interface. In addition, a hard tissue bridge was

ration, no relative motion could occur at the bone-

implant osseointegration, the bone-implant interface = modeled at the alveolar ridge region. The interface
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Figure 3 Influence of element size (1.25, 1.0, 0.75, 0.50, and 0.25 mm) on bone mesh density and peak equivalent (EQV) stress in bone

model.
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TABLE 1 Mechanical Properties of Bone, Implant, and Prosthetic Materials

Materials
Properties Titanium Cortical Bone Trabecular Bone
Young’s modulus (E) — MPa 110,000 13,700 1,370
Poisson’s ratio (V) 0.33 0.30 0.30

conditions for implant system components remained
the same.

Models were fully constrained in all directions at
the nodes on mesial and distal borders. A palato-buccal
static load was applied as a point load centrally on the
top of the abutment. The load inclination was 40 degrees
in relation to the alveolus longitudinal axis. Load-
ing magnitudes of 50, 100, and 200 N were adopted
for both the immediately placed and osseointegrated
simulations.”®* The analysis and postprocessing were
performed for each model by means of the MSC.MARC/
Mentat® 2005r3 software (MSC.Software).

The data for peak equivalent strain (EQV strain) in
the bone, bone to implant relative displacement, peak
von Mises stress (EQV stress) in the abutment screw,
and abutment gap were assessed and analyzed using a
general linear model analysis of variance (ANOVA)
(SAS/STAT® statistical software, version 9.1; SAS Insti-
tute, Cary, NC, USA). This procedure allowed calculat-
ing the percentage contribution of each of the evaluated
parameters (connection type, clinical situation, and
loading magnitude) and their interactions on the
assessed results.”

RESULTS

The EQV strain for the 100-N loading models was used
to display the strain state in bone, for immediately
placed simulations (Figure 4, A-F) and for osseointe-
grated simulations (Figure 5, A—F). The scale was set to
range from 100 to 4,000ue.” In Figures 4, A—C and 5,
A-C, the implants were kept in order to make it easier to
verify the influence of the strain transmission through
the implant connection to the bone.

Data for EQV strain in the bone, bone-to-implant
relative displacement, EQV stress in the abutment screw,
and abutment gap are listed in Table 2. The EQV strains
were also assessed in the implant median buccopalatal
and mesiodistal paths in bone, 250 um from the implant
surface, for both 50-N loading immediately placed and

osseointegrated simulations (Figures 6 and 7). In addi-
tion, shear stress was assessed along the path in the
implant median marginal buccal bone for the osseoin-
tegrated simulation (Figure 8).

The ANOVA results on the percentage contribution
of the connection type, clinical situation, loading
magnitude, and their interactions on the EQV strain in
the bone, bone-to-implant relative displacement, EQV
stress in the abutment screw, and abutment gap are
shown in Tables 3-6, respectively.

Regardless of connection types, the highest strain
concentration was seen at the buccal aspect of the
peri-implant bone. Some high strains were also found
at the outside of the ridge in both immediately placed
and osseointegrated simulations. In immediately placed
simulations, higher strain levels were seen for the
Morse-taper connection, though in a more evenly
distributed way, compared with the internal hex and
external hex connections. External hex presented inter-
mediate strain values, which were concentrated mostly
in the buccal aspect of the bone. The lowest strain levels
were seen for the internal hex. For this connection type,
the strains were more evenly distributed than for the
external hex. In a different way, for the osseointegrated
simulation, external hex and internal hex showed similar
strain levels, while Morse taper presented considerably
lower strain values. Also in this clinical situation, the
strain distribution was most even for the Morse taper,
followed by internal hex and external hex, respectively.
Strain distribution and values assessed in the bone paths
followed almost the same pattern for all three connec-
tions. A greater influence of connection designs could be
noted only for the marginal regions in the osseointe-
grated simulations. In this region, the peak shear stress
was much higher for the external hex followed by the
internal hex. These peak shear stresses for the external
and internal hex were located at the very top of the
marginal cortical bone. In a different way, for the Morse-
taper connection, the shear stress was evenly distributed.
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Figure 4 Occlusal view of equivalent (EQV) strain (ue) distribution for external hex (A and D), internal hex (B and E), and Morse
taper (C and F) in the immediately placed simulations. Note that the implants were removed for clarity in parts D-F.

Regarding the bone-to-implant relative displace-
ment in immediately placed simulations, the differences
between the connection types were minor.

The von Mises stress (EQV stress) distribution in
implant components is shown in a buccopalatal mesial
plane in Figure 9, A—C. The stress is mostly concentrated
in the abutment conical part in the Morse-taper connec-
tion. Minor EQV stress values were found in the implant
and in the abutment screw. On the contrary, for external
hex connection the major stress was concentrated in the
abutment screw and in the implant region that remained
in contact with the abutment. The same trend was seen
for internal hex. However, comparing both connections,
the external hex presented considerably higher stress
concentration in the abutment screw than the internal
hex.

Abutment stability was evaluated by means of
the abutment vertical gap®® in both immediately placed
and osseointegrated simulations. However, it is impor-
tant to emphasize that the gap reported in the present

study is because of the movement and deformation of
the abutment as a direct consequence of the loading
applied. It is related to the capability of the connection
to provide stability. No preexisting misfit between
implant and abutment, as is normally observed for
internal hex and external hex connections,® was
included in the model. The Morse-taper abutment
showed the smallest gap. The internal hex was more
stable and presented a smaller gap compared with
the external hex. Comparing the clinical situations,
abutment instability was higher in immediately placed
simulations.

The percentage contributions of each parameter
evaluated are presented in Tables 3—6. Regardless of the
assessed result, the loading magnitudes have a signifi-
cantly high contribution. The clinical situation has a
greater contribution on the peak EQV strain in the bone
and bone-to-implant displacement. The largest influ-
ence of the connection type was seen on the peak EQV
stress in the abutment screw.
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Figure 5 Occlusal view of equivalent (EQV) strain (ue) distribution for external hex (A and D), internal hex (B and E), and Morse
taper (C and F) in the osseointegrated simulation. Note that the implants were removed for clarity in parts D-F.

DISCUSSION

The present finite element analysis (FEA) was carried
out to evaluate the biomechanical environment of
immediately placed and loaded implants. Morse-taper,
internal hex, and external hex connections were com-
pared. It was demonstrated that the implant-abutment
connection design did not significantly influence the
bone strain and the implant displacement of immedi-
ately placed implants. On the other hand, the Morse-
taper connection presented superior abutment stability
and the least stress concentration in the abutment screw.
In the immediate implant placement protocol, sufficient
initial intraosseous stability and a safe biomechanical
environment, which avoids overloading, are the most
relevant parameters on implant survival. Adverse forces
over the implant-supported prostheses could not only
cause abutment screw loosening and mechanical
failures'’' but could also impair osseointegration.®”*!°

The immediately placed implant simulations
showed slightly higher values of bone strain for the
Morse-taper connection. On the contrary, the internal
hex and external hex implants presented the lowest
strain levels. These findings are in agreement with the
results previously reported by Palomar and colleagues™
in an FE study of an immediately loaded implant.
Comparing rigid and resilient implant-abutment con-

nections, they found greater stress values in the bone
for the rigid ones. A resilient component in the con-
nection was shown to absorb some of the load, which
resulted in a smaller stress in the bone for this kind of
implant.” The connection type, however, had the
lowest percentage contribution on the values of the
peak EQV strain in the bone for immediately placed
implants and was not statistically significant. The
loading magnitude and the critical clinical situation of
immediately placed implants were the major contrib-
uting factors for the bone strain in this protocol. Also,
Hansson® observed that when the implant-abutment
connection was positioned 2 mm coronally from the
bone level, the effects of different connections were the
same. In the present study, similar tendencies were
observed in immediately placed implant simulations,
probably because of the initial bone defect at the mar-
ginal region. This bone gap positioned the implant-
abutment connections far from the bone.

On the other hand, the statistical analysis showed
a significant contribution of the interaction between
the connection type and the clinical situation on the
EQV strain in the bone. It seems that the influence of
the connection became higher by changing the clinical
situation from immediately placed to osseointegrated.
In osseointegrated models, the repair of bone alveolar
defect and a glued bone to implant interface were
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Immediate placement and loading
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Figure 6 Equivalent (EQV) strains [—] assessed along a path in bone, 250 um from implant-bone interface in the implant median
buccopalatal and mesiodistal planes for 50-N loading immediately placed simulations.

assumed. In this way, the particular stress/strain distri-
bution observed in each implant-abutment connection
will result in different stress/strain patterns in the bone,
mainly when the bone reaches levels close to the implant
crest.” The results of the current FEA for the osseointe-
grated model are in accordance with the findings of
Hansson.” Using FEA, Hansson* showed that a conical
implant-abutment interface at the level of the bone crest
decreases the peak bone-implant interfacial stress as
compared with the flat top interface. For the conical
implant-abutment interface, this peak interfacial shear
stress was located at some depth in the marginal bone.
For the flat top implant-abutment interface, the shear
stress was located at the top marginal bone.”>” In the
present study, the shear stress assessed in a path in the

marginal buccal bone region also showed the same
trend. Comparing the external and internal hex connec-
tions, a smaller amount of shear stress occurred at the
cervical area for the internal configurations. This can
be explained by the difference in surface area between
connections. The conical interface of the Morse taper,
as well as the lateral wall of the internal hex abutment,
helped to dissipate the forces to the fixture.*’

Another interesting observation is the fact that
some strain was encountered at the outside of the ridge
for immediately placed implant simulations. Analogous
results were observed by Cehreli and colleagues*' in a
cadaver model. The authors argued that minimal load
was transferred to the labial marginal bone because of
the absence of direct contact with the implant, because
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Figure 7 Equivalent (EQV) strains [—] assessed along a path in bone, 250 um from implant-bone interface in the implant median
buccopalatal and mesiodistal planes for 50-N loading osseointegrated simulations.

of the site-specific three-dimensional shape of the bone
defect. However, in the real clinical situation, once an
implant is immediately placed, the coagulum and there-
after the initial connective tissue in the bone defect
could transfer functional load and stimulate the bone
that is not contacting the implant.*>*> One can speculate
whether such stimulus could avoid disuse atrophy of the
marginal bone.>**

In the present FEA, to facilitate the visualization of
the strain state in the bone, the scale was set to range
from 100 to 4,000pe. Frost* considered 4,000 W strain
as a possible threshold for pathologic bone overload.
Also, Duyck and colleagues,® by FEA based on CT
images, estimated the value associated with overload-
induced resorption as 4,200ue. Nevertheless, although

the peak of bone strain exceeded 4,000upe for all
implant connections in our immediately placed implant
simulations, this does not necessarily imply bone over-
loading and implant loss. Rather than only strain ampli-
tude, loading frequency and number of loading cycles
are also parameters capable to greatly influence the
cortical bone adaptive response.*™® Furthermore, the
loading applied in the present study was static, and bone
responds to dynamic rather than to static loads.>”’ In
this way, it must be clear that the modeling of bone
adaptive processes was not one of the aims in the
current FEA.

In addition, the peaks of strain appeared locally in a
minor part of the marginal bone for 50- and 100-N
loading magnitudes (see Figure 4, D—F), where indeed
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Figure 8 Shear stress (MPa) assessed along a path in marginal bone, 250 pm from implant-bone interface in the implant median

buccopalatal plane for 50-N loading osseointegrated simulations.

some localized bone resorption is likely to occur.*** This
statement is also corroborated by the strain values along
paths in the bone for 50-N loading at 250 um from
the implant surface. The graphs showed peaks of strain
lower than 1,200Le, independently of implant connec-
tion, bone region, and clinical situation. The present

study focused only on the relative influence of implant
connection type on bone strain values.

In essence, one of the most critical elements for an
uneventful bone tissue formation around an immedi-
ately loaded implant is a stiff bone-implant interface,

allowing low implant micromovement in the bone.'®*

TABLE 3 Analysis of Variance for the Peak Equivalent Strain in the Bone

Parameter Degrees of Freedom Sum of Squares Mean Square p Value Contribution (%)
Connection type 2 83,004.42 41,502.21 0.6799 0.06
Clinical situation 1 69,652,650.49 69,652,650.49 <0.0001* 49.94
Connection type X clinical situation 2 2,301,719.20 1,150,859.60 0.0210* 1.65
Loading magnitude 2 63,012,208.21 31,506,104.10 <0.0001* 45.18
Connection type X loading magnitude 4 340,997.31 85249.33  0.5503 0.24
Clinical situation x loading magnitude 2 4,068,982.43 2,034,491.22 0.0077* 2.92

p<.05.
*Statistically significant.

TABLE 4 Analysis of Variance for the Relative Displacement between Implant and Bone

Parameter Degrees of Freedom Sum of Squares Mean Square Contribution (%)
Connection type 2 0.50 0.25 0.10
Loading magnitude 2 538.16 269.08 99.83
Connection type X loading magnitude 4 0.44 0.11 0.08

Saturated experimental design; no p values were reported.
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TABLE 5 Analysis of Variance for the Peak Equivalent Stress in the Abutment Screw

Parameter Degrees of Freedom Sum of Squares Mean Square p Value Contribution (%)
Connection type 2 172.88 86.44 <0.0001* 29.16
Clinical situation 1 14.58 14.58 0.0031* 2.46
Connection type X clinical situation 2 1.25 0.63 0.2841 0.21
Loading magnitude 2 401.33 200.66 <0.0001* 67.69
Connection type X loading magnitude 4 0.38 0.10 0.8864 0.06
Clinical situation x loading magnitude 2 2.48 1.24 0.1338 0.42

p<.05.
*Statistically significant.

In the present study, all three connection types showed  tudes and directions, the results presented in the current
similar values of displacement ranging from 5 to 25 um,  study are in line with other FEAs of immediately loaded

for the immediately placed simulations. Though impor-  implants. Huang and colleagues® reported a maximum

tant differences exist regarding, for example, the implant  sliding distance of 12.5 um between threaded implants

designs, the clinical situations, and the loading magni-  and bone, for a 100-N force over an immediately loaded
Parameter Degrees of Freedom Sum of Squares Mean Square p Value Contribution (%)
Connection type 2 69.35 34.68 0.4758 6.95
Clinical situation 1 76.88 76.88 0.2308 7.70
Connection type X clinical situation 2 60.30 30.15 0.5168 6.04
Loading magnitude 2 589.43 294.72 0.0430* 59.04
Connection type X loading magnitude 4 88.75 22.19 0.6972 8.89
Clinical situation x loading magnitude 2 113.72 56.87 0.3312 11.39

p<.05.
*Statistically significant.

EQV stress (MPa)

150

Figure 9 Equivalent (EQV) stress (MPa) distribution inside implant connections (A, external hex; B, internal hex; C, Morse taper).
The deformation is 10-fold magnified for visualization. Note abutment gap as a result of the loading for the external hex and internal
hex (black arrows).
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maxillary implant. Comparing resilient and rigid abut-
ments by an FEA of immediately loaded implants
in a mandibular premolar region, Palomar and col-
leagues® found maximum vertical implant displace-
ments of 12.67 and 12.47 um, respectively. This
difference in implant displacement is qualitatively
similar to the one found in this study for internal hex
(11.1 um) and external hex (11.7 um). However, as
shown in the statistical analysis, the connection type did
not significantly influence the bone to implant relative
displacement.

The current FEA showed that the connection
type has a significant contribution to the EQV stress
in the abutment screw and to the abutment gap. In these
parameters, Morse-taper implant presented a consider-
ably lower EQV stress in the abutment screw and lower
abutment gap values, in both simulated clinical situa-
tions. The internal hex presented the intermediate values
and the external hex the highest connection instability.
This observation corroborates data presented by Merz
and colleagues,” who stated that a tapered connection is
mechanically more stable than the butt-joint configura-
tions. Also, Khraisat and colleagues,” using repeated
loading, observed a significantly better fatigue strength
for a tapered joint design, compared with an external
hex connection. The reduced stress in the abutment
screw and reduced gap observed for the Morse taper in
the present study was probably provided by its superior
joint stability.”®

The same factor could also be used to explain the
differences in stress distribution among the three
implant-abutment connections. Basically, the Morse-
taper and the butt-joint configurations have quite dif-
ferent functional behavior. In a taper connection, the
loading is resisted mainly by the taper interface. It
prevents the abutment from tilting off, allowing stable
retention of position by frictional forces.” Differently,
an external hex configuration determines the rotational
position, but there is no form or positive locking. In this
way, the lateral loading is absorbed mainly by the abut-
ment screw.?’ On the other hand, in an internal hex
connection, the lateral wall of the abutment also helps to
dissipate the lateral forces and protects the abutment
screw from excessive stress. Substantially lower EQV
stresses were observed in the internal hex abutment
screw in the current FEA, compared with the external
hex. Also, the bone-to-implant interface condition and
the clinical situation have a significant contribution to

abutment stability. Slightly higher abutment stability
and less EQV stress in the abutment screw were seen for
the osseointegrated situation.

The intricate implant designs and their relationship
with the supporting tissues and prosthetic restoration
prevent the use of simple formulas to evaluate the effect
of external loading on the internal stresses/strains
and displacements. In this way, the FE method can offer
some information unavailable from clinical or experi-
mental studies.”® In addition, numerical simulations
permit the evaluation of possible explanations for in
vivo and clinical findings, and also suggest directions for
further investigations. Nevertheless, the results obtained
in the present FEA should be interpreted with some care.
It was not possible in this study to answer the question as
to whether bone overload does actually occur in imme-
diately placed implants. The answer to that question is
indeed patient specific and requires a patient-specific
finite element model that incorporates patient-specific
bone anatomy, bone density distribution, implant posi-
tion, and in vivo measured implant loads.”” On the other
hand, the statistical analysis on the FEA results allowed
the assessment of the real relative effects of each inves-
tigated factor on the mechanical response of the bone
and implant components in various clinical situations.
The relevance of efforts to develop implant designs
capable of providing a safe biomechanical environment,
especially for the newer protocols of implant usage, is
not disputed. However, varying the implant-abutment
connection type was not able to significantly improve
the biomechanical environment in the immediately
placed implant protocol.

CONCLUSIONS

Within the limitation of this FE analysis, it can be con-
cluded that:

1. different implant-abutment connection types do
not significantly influence the biomechanical envi-
ronment of immediately placed implants;

2. loading magnitude and the critical clinical situation
of immediately placed implants itself are the main
factors affecting the equivalent bone strain and
implant displacement;

3. the Morse-taper connection provided the best abut-
ment stability and the lowest von Mises stress con-
centration in the abutment screw compared with
the internal hex and external hex connections;



232 Clinical Implant Dentistry and Related Research, Volume 12, Number 3, 2010

4. the effect of the various connection types on bone
stress/strain may be higher for osseointegrated
implants.
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