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Purpose: A 3-dimensional finite element model was developed to investigate the cause of different cre-
stal bone loss patterns observed around sintered porous-surfaced and machined (turned) threaded
dental implants used for orthodontic anchorage in a previously reported animal study. Materials and
Methods: Twenty-noded structural solid elements with parabolic interpolation between nodes were
used for modeling the bone-implant interface zone. A 3-N traction force acting between either 2
porous-surfaced or 2 machined threaded implants placed in canine premolar mandibular sites and
bone profiles observed at initiation and 22 weeks of orthodontic loading were modeled. Results:
Higher maximum stresses in peri-implant bone next to the coronal region of the implants were pre-
dicted with the machined threaded implants at both the initial and final time points, with the values
20% greater than those predicted after the 22-week loading period. These values were approximately
200% greater than those predicted for the porous-surfaced implants, for which a more uniform stress
distribution was predicted. Discussion: The finite element model results indicated that the observed
greater retention of crestal bone next to the porous-surfaced implants was attributable to lower peak
stresses developing in crestal peri-implant bone with this design, which decreased the probability of
bone loss related to local overstressing and bone microfracture. Conclusion: The predicted lower
stresses were a result of the more uniform transfer of force from implant to bone with the porous-sur-
faced implants, which was a consequence of the interlocking of bone and implant possible with this
design. INT J ORAL MAXILLOFAC IMPLANTS 2006;21:879-889
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he use of osseointegrated dental implants as
anchorage units for orthodontic procedures
offers advantages in complex cases and eliminates
the need for extraoral sources of anchorage such as
headgear.'? Essential for success of this approach is
the assurance of adequate implant stability for the
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period for which orthodontic force application is
needed. Threaded commercially pure titanium
implants meant to be removed following completion
of orthodontic treatment, including special mini-
implant designs with diameters < 2 mm, have been
used for such procedures with successful out-
comes,>* but on occasion they do loosen and fail
before completion of treatment. To date, implants
placed for use as orthodontic anchorage units have
been limited to machined (turned) threaded designs
with or without surface modifications.>=8 Long
implant length and the availability of suitable bone
into which the implant can be placed (ie, dense bone
with adequate blood supply and sufficient bone
height to accept the implants) are prerequisites for
the successful use of threaded implants. Threaded
mini-implants, for example, have been recom-
mended for use in lengths of 9 to 15 mm?; however,
such long lengths do increase the risk of damage to
adjacent tooth roots or vital structures.
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Endosseous dental implants with a sintered
porous surface structure and a press-fit design have
been used successfully for conventional dental
implantation for more than 15 years.'%"" The 3-
dimensional interconnected porous network form-
ing the surface region of such implants allows
implant fixation by bone ingrowth and can result in
effective anchorage. As a result, successful osseointe-
gration of very short implants (< 7 mm) is possi-
ble.'?-1* Endopore implants (Innova, Toronto, ON,
Canada) are porous-surfaced implants made of Ti-
6Al-4V alloy. The porous surface layer is approxi-
mately 0.3 mm thick and is prepared by sintering Ti-
6Al-4V alloy powders over a machined titanium alloy
core to form a structure with approximately 35% of
its volume consisting of interconnected pores.'®> The
resulting open-pored structure (average pore size
about 75 to 100 um) is suitable for virtually uninhib-
ited bone ingrowth and gives secure implant-to-
bone fixation.

Conventional use of implants of this design for
tooth replacement has demonstrated that the
required initial stability can be achieved using press-
fit placement techniques; in fact, successful out-
comes can be achieved with shorter implants than
are normally used with other threaded or press-fit
designs.' The porous surface structure has been
shown to be osteoconductive’® and to result in faster
osseointegration compared with plasma-sprayed
implants.'”” The former characteristic is believed to be
related to the surface features of the porous sintered
region, while the latter appears to be due to the
establishment of a more osteogenic stress state at
the implant-bone interface in accordance with
Carter’s tissue differentiation hypothesis,'® as shown
in a finite element analysis (FEA) by Simmons and
colleagues.’ This, as well as the additional benefits
of efficient implant fixation and long-term stability
resulting from the 3-dimensional (3D) interlock of
bone within this region, suggested the possible use
of porous-surfaced implants as orthodontic anchor-
age units.

An animal study using dogs was undertaken to
explore this possibility. The results of that study were
encouraging and have been reported elsewhere.??!
An interesting observation in that study was the sig-
nificantly different peri-implant bone loss that devel-
oped over the 24-week implantation period for
machined (turned) threaded versus sintered porous-
surfaced implants, with significantly greater crestal
bone loss observed next to the machined implants.

Development and maintenance of rigid implant
fixation during a period of orthodontic loading is
essential for effective treatment. Secure fixation can
be compromised by significant peri-implant bone
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loss. Crestal peri-implant bone loss can be the result
of a number of factors, including biomechanical fac-
tors: high localized stresses can cause bone
microfracture and subsequent resorption, while
abnormally low stresses related to implant-related
stress protection can lead to disuse atrophy.

To determine whether the difference between
machined threaded and sintered porous-surfaced
implant designs might have resulted in significant
differences in peri-implant stresses that could have
caused the different bone loss patterns observed in
earlier studies,2%2' an FE model of the orthodontic
loading used in that research was developed, and
peri-implant stresses and strains for the model were
determined. It was hypothesized that a more uniform
distribution of stresses would be predicted next to
porous-surfaced implants because of the ability for
more effective tensile force transfer across the
implant-bone junction with this design, a conse-
quence of the 3D interlocking at the bone-implant
interface. This, in turn, would be expected to reduce
maximum local stresses, thereby reducing the proba-
bility of crestal bone loss caused by overloading.

MATERIALS AND METHODS

Model Development
In the animal study reported by Oyonarte and associ-
ates, 2921 an orthodontic traction force of about 3 N
(300 grams) was applied between 2 implants placed
on either side of the dog mandible. Pairs of implants
of 1 design or the other were placed in healed
extraction sites created by removing the mandibular
second, third, and fourth premolars and first molars.
The implants were kept buried and out of function
for a 6-week period during which all the implants
became osseointegrated. Two additional control
implants were also implanted, 1 on either side of the
mandible, in more distal positions. Orthodontic trac-
tion was not applied to these control implants; how-
ever, they were not relevant to the objective of the FE
study. At 6 weeks, 6-mm-long transgingival abut-
ments were connected to the implants, and 1 week
later, a nickel-titanium coil spring was fitted to these
to apply a traction force between each pair of ortho-
dontically loaded implants. A force of 100 grams was
applied for the next 5 weeks and then replaced with
a heavier coil spring to give a traction force of 300
grams, which was maintained for the next 17 weeks.
Table 1 and Figs 1a and 1Tb summarize the implant
and abutment dimensions used in the animal experi-
ment and modeled in the FEA. During the period of
implant-related healing (6 + 1 weeks) and then dur-
ing orthodontic loading (5 + 17 weeks), some crestal
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bone loss occurred, so that by the end of the study,
the position of the bone crest had changed. Figs 2a
and 2b are representations of the average final bone
configuration as reported by Oyonarte and associ-
ates.?’ The initial and final geometries were modeled;
the major focus was determination of differences in
the peri-implant bone tissue stresses between the 2
designs. The common 2D simplifications (plane
stress/strain and axisymmetry) were considered
inappropriate for accurately describing the bone and
implant geometry and loading conditions. Therefore,
a full 3D FEA was employed in the current research. A
number of simplifying assumptions were made. The
bone was treated as an isotropic linear elastic
homogenous material, and the presence of cortical
peri-implant bone only was assumed. Furthermore,
any superimposed axial loads that may have resulted
from the animals inadvertently loading their abut-
ments during chewing of food or other items were
ignored. Since only the difference between implant

Fig 1a (left) Porous-surfaced and (right)
machined threaded implant components.

Fig 1b Abutment affixed to a porous-sur-
faced implant.

Fig 2 Typical back-scattered scanning
electron microscopic (SEM) images of
anchorage implants obtained after the 22-
week period of orthodontic force applica-
tion (traction force application to the left) of
(a) a porous-surfaced implant (note the
bone retained next to the sintered porous
region) and (b) a machined threaded
implant showing bone loss next to the most
coronal threaded region.

designs was of interest, these assumptions seemed
acceptable. Prediction of the absolute levels of bone
tissue stress or strain was not attempted.

A significant finding from a preliminary 2D FE
study undertaken to determine conditions for the 3D

Table 1 Details of Geometry Used in FE Models

Description Value
Implant radius (r) 2.05 mm
Distance between 2 implants (2a) 15.5 mm

Total bone depth (h,) 5 mm-initial value
4 mm-final value
Distance from the applied force level 6 mm

to the bone surface (h,)

Distance from the implant centerline to 7.41 mm
the fixed bone boundary (L)

No. of threads 8

Thread pitch (h) 0.6 mm
Thread angle («) 60 degrees
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Fig 3 (Left) 3D model of experimental setup.

Fig 4 (Upper right) 3D FE model of the machined threaded
implant (one quarter of a full model). (a) Full view of the mesio-
distal section and (b) enlarged view of the implant area.

Fig 5 (Bottom right) 3D FE model of the porous-surfaced
implant (one quarter of a full model). (a) Full view of the mesio-
distal section and (b) enlarged view of the implant area.

modeling was the importance of selecting a refined
mesh with appropriate element geometry within the
bone-implant interface zone to capture any high local
stress/strain effects in this region. Others have also
noted the importance of mesh refinement for properly
studying peri-implant effects.?? Accordingly, the 3D
models used in the present study included a refined
mesh within this region. This refined mesh consisted of
20-noded 3D structurally solid elements with parabolic
interpolation between nodes and was used for model-
ing both the implant and the bone close to the inter-
face. A full 3D FEA was employed using the commercial
code ANSYS (version 5.6 and higher, Canonsburg, PA).
The full 3D model is shown in Fig 3.Because of symme-
try,only 1 quarter of this full model was considered dis-
cretely, with appropriate boundary conditions, as
shown in Figs 4 and 5. This allowed a considerable
reduction in the size of the FE model without compro-
mising the model accuracy.
The boundary conditions used were as follows:

« The inferior bone-implant interface was rigidly
fixed.

+ Out-of-plane components of bone displacement
in the plane of symmetry between the 2 implants
were not allowed.

+ Out-of-plane components of bone displacement
in other planes of symmetry passing through the
center line of the implants also were not allowed.

The line of orthodontic traction was set parallel to
the mesial-distal midline.
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To properly model the interactions between
implant and bone, contact surfaces were created at
the implant and bone surfaces where bone-implant
contact was anticipated following osseointegration
(initially and at the termination of the loading
period). In the animal study, the implants were ini-
tially positioned with the superior surface of the
implant flush with the crestal bone surface (or as
nearly so as possible). A surface-to-surface contact
algorithm and combined penalty and Lagrange mul-
tiplier method was used to enforce appropriate
boundary conditions at these surfaces.?3

Because of bone ingrowth into the porous-surfaced
implant region (ie, the apical 4 mm of the 5-mm-long
implant), contact surfaces were created on the coronal
1 mm of the machined implant surface and on the jux-
taposed bone surface only. Complete bonding was
assumed along the apical 4-mm-long porous-surfaced
region, since it is known that as a result of bone
ingrowth into the 3D interconnected network of
pores, a strongly bonded junction resistant to tensile
as well as shear and compressive interface forces is
formed. In order to demonstrate the appropriateness
of this complete-bonding assumption, submodeling of
a portion of the interface zone in the region in which
maximum stress and strain were predicted using the
simpler complete-bonding model was undertaken.
Submodeling is a finite element technique used to get
more accurate results in a region of the model of spe-
cial interest. In this study, a submodeling technique
available in ANSYS was used?* to model implant fixa-
tion by mechanical interlocking of bone and the
porous layer.The significance of the submodel on pre-
dicted peri-implant stresses in comparison to the com-
plete-bonding model was determined.

For the machined implants, contact surfaces were
created along the entire implant-bone interface. This
simulated the properties of this interface, with zero
resistance to tensile forces acting at the interface.

Frictionless contact was assumed for all the FE
models examined. This assumption was based on the
following:

+ While some values of friction acting at the bone-
implant interface have been reported,? there is
still uncertainty about these values.

« The effect of friction upon the stress/strain distrib-
ution in both the bone and implant should be lim-
ited, since the interface contact loading was
assumed to be primarily normal to the interface
for both designs.

In addition, the results of preliminary 2D FEA
assuming either very high (u¢ = 1) or negligible (u; =
0.01) values of coefficient of friction showed a negli-

Table 2 Elastic Properties of the Materials Used
in FE Models

Material E (GPa) v
Ti-6Al-4V (implant) 110 0.33
Cortical bone 15 0.3

E = Young's modulus, v = Poisson’s ratio.

gible effect of friction (< 1%) on predicted peri-
implant stresses and strains for the porous-surfaced
implant and a limited effect (< 10%) for the
machined threaded implant design.

The main dimensions of the FE models for the 3D
model reported here are shown in Table 1 and Fig 3.
The distance from the implant axis to the fixed bone
boundary, L = 7.41 mm (see Fig 3), was similar to that
used previously by Vaillancourt and associates.?® The
orthodontic traction force F between the implants
was modeled as a 3-N force acting as a point load
through the axes of the implants (Figs 3 to 5). While
the properties of the bone and implant were assumed
to be linear elastic and isotropic (Table 2), the FE mod-
els implemented were nonlinear because of the pres-
ence of implant-bone contact and interfacial stresses.
The 0.3-mm-thick porous region with its ingrown
bone was not modeled separately, as was done in
other studies,'®?% since its properties were not well
defined. However, it is important to note that without
this layer, the model represents an extreme case, with
maximum stress/strain values inside the bone. Other
studies have shown that the inclusion of a porous
region with its ingrown bone in an FE model leads to
a significant decrease in these maximum values.?¢
Therefore, the model used in the present study for the
porous-surfaced implant design is conservative in
terms of demonstrating benefits related to reduced
bone stresses next to the most coronal region of
implants prepared with a sintered porous layer.

Two different cases were examined for each
implant design.They corresponded to initial and final
bone height configurations with crestal bone height
(h; =5 mm) for the initial state and a reduced crestal
bone height (h; = 4 mm) for the final state. Evalua-
tion of these 2 cases provided a prediction of peri-
implant stresses assuming progressive bone loss
resulting during implant loading (as observed in the
animal experiment) and insight into a possible bio-
mechanical causative effect.

Submodel Development

Figures 6a and 6b show the layout for the proposed
submodel inside the full FE model and an enlarged
view of the submodel, respectively. The region of fine
modeling inside the proposed submodel had 16 inter-
connecting (sintered) titanium-alloy particles and
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Ti particles
modeling region

Bone-implant
interface

Fig 6 (a) The layout for the proposed submodel inside the full
FE model and (b) an enlarged view of the submodel.

ingrown bone.The rest of the submodel was assumed
to have perfect bone-implant bonding similar to the
complete bonding model. Due to symmetry, only one
half of the submodel was analyzed. The titanium-alloy
particles were assumed to be interconnected spheres
of equal size, and the “sinter neck” diameters were
assumed to be equal to 0.3 times the particle radius
(Fig 7). The sphere radius, sinter neck radius, and vol-
ume percent porosity of this submodel were based on
experimental measurements.! Figure 8 illustrates the
FE discretization for the entire submodel and the
enlarged view of the region with the maximum bone
stress/strain values. Due to the complicated geometry,
FE meshing in the bone ingrowth region was con-
ducted using 3D structural solid elements (tetrahe-
drons) with 10 nodes with parabolic interpolation
instead of solid brick elements with 20 nodes. How-
ever, the much higher mesh density in this region pro-
vided even higher accuracy for the FE results com-
pared with the entire model. The rest of the submodel
was made discrete using the prism option of the brick
elements, with the sizes in the circumferential direc-
tion similar to those used in the complete-bonding
model. To model the implant-bone interaction inside

884 \Volume 21, Number 6, 2006

Fig 7 Enlarged view of the bone ingrowth region. (a) Titanium
(dark regions) and bone (light regions) can be seen. (b) Bone only.

the bone ingrowth region, frictionless contact ele-
ments were created at all interfaces within this region.

RESULTS

FEA—Complete Bonding Model

The results of the 3D FEA, assuming complete bond-
ing at the bone/porous surface interface, are summa-
rized in Table 3, with the maximum values of the
equivalent von Mises stress and strain shown for the
initial and final bone height configurations. The
analysis predicted considerably higher maximum
stresses for the machined threaded implant design
compared with the porous-surfaced design, particu-
larly for the final bone configuration case.

To show the stress distribution along the bone-
implant interface in both the superior-to-inferior and
mesial-distal directions, the equivalent von Mises
stresses in bone along 2 interface lines, 1 at the bone-
implant interface at the buccal-lingual mid-plane
section of the implant and along its length (Fig 9)
and the other at the interface and along the implant
circumference at a depth of 1 mm below the initial
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bone surface (Fig 10) were calculated and plotted.
The selection of the location of these lines was gov-
erned by the location of the maximum values of von
Mises stress. The “depth” on these plots (abscissa in
Figs 9a and 9b) represents the vertical distance from
the initial crestal bone surface position. Figure 10
shows the von Mises stress distribution at the inter-
face along the circumference at the depth where
these stresses reach their maximum values. The 0-
degree position corresponds to the bone next to the
implant surface in the direction of the traction force
(the compression side), while the 180-degree posi-
tion is bone at the diametrically opposite “tension”
side.These plots show clearly the more uniform stress
distribution at the bone-implant interface at this
level with the porous-surfaced design.

For the machined threaded implant design, the
maximum equivalent stress occurred at the tip of the
most coronal thread on the side of the implant in
which crestal bone was in compression (ie, down-
stream from the traction force). The development of
high stresses in this region was expected because of
the implant tipping caused by the traction force. A
high stress zone can also be noted at the apical region

Table 3 FEA Results

Maximum Maximum
Von Mises Von Mises
stress (MPa) microstrain
Bone position Bone position
Initial  Final Initial  Final
Machined threaded 6.56 8.03 569 696
implant
Porous-surfaced implant  4.02 4.00 349 346

Fig 8 (Left) FE discretization of the submodel: (a) the entire
submodel and (b) an enlarged view of the fine modeled bone
ingrowth region with maximum bone stress/strain values.

of the implant next to the diametrically opposite
implant surface. In both of these regions, high com-
pressive stresses were expected to develop. Following
loss of crestal bone down to the most coronal thread
(the final crestal bone configuration as observed in
the animal study after 22 weeks of orthodontic load-
ing?9), the predicted maximum stress increased by
about 20% (from 6.56 to 8.03 MPa) for the machined
threaded design. In addition, while the maximum
stress was predicted next to the most superior thread
region, other local stress peaks were predicted next to
the other thread positions along the implant length
(Fig 9).The stress distribution at the depth of the most
superior thread was very assymetrical, with signifi-
cantly lower stresses next to the surface opposite to
the direction of the traction force (Fig 10).

For the porous-surfaced implant design, lower
maximum stresses were predicted in the peri-
implant bone in approximately the same locations as
for the threaded implant design (Table 3 and Figs 6a
and 6b). Maximum stresses of 4.02 MPa for the initial
bone configuration (crestal bone to the top of the
machined collar region of the implant), and minimal
change (from 4.02 to 4.00 MPa) in the final bone con-
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Fig 10 Equivalent (von Mises) stress distribution inside the
bone at the bone-implant interface at 1 mm below the bone sur-
face in the circumferential direction for the initial bone position.
6 = O degrees corresponds to the direction of orthodontic force
application.

figuration model (crestal bone loss to the smooth-to-
porous surface junction) were predicted. In addition,
as seen in Fig 10, a more uniform distribution of
stresses in the mesial-distal direction was predicted
both for the starting and final crestal bone positions.

FEA—Submodel

The results obtained for the submodel are shown in
Fig 11. Since the submodel was used only to justify
the use of the complete-bonding assumption, only 1
case (initial bone position with a maximum bone
depth of 5 mm) in 1 location (where maximum values
of bone stress/strain were predicted) was examined.
The results showed that predicted values of maxi-
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mum stress and stress contour patterns using the
submodel were very similar to those predicted with
the complete-bonding model. The maximum stress
value at the buccal-lingual mid-plane section of the
submodel also occurred at the superior zone of the
porous-surfaced region of the implant-bone interface
(4.49 MPa versus 4.02 MPa for the complete-bonding
model). The small difference between the results
obtained with the submodel and those obtained with
the full model could be attributed to the use of differ-
ent finite mesh elements and densities as well as
approximation errors of the submodeling technique.
Figure 11 shows the von Mises stress distribution at
2 locations: along the interface length and along the
circumference at the depth where these stresses reach
their maximum values (1 mm below the initial bone
surface for the complete-bonding “full” model and
0.978 mm below for the submodel). The results demon-
strate that the refined stress field in the bone ingrowth
region yields the same predicted stress pattern as that
resulting from the use of the simpler complete bond-
ing model, thereby justifying the use of the latter to
represent the 3D mechanical interlock condition at the
interface between the bone and the porous surface.

DISCUSSION

As noted, differences in extent of crestal bone loss
with the 2 implant designs studied were observed in
the animal study that formed the basis for this 3D FE
study.?%2" The observed loss of bone from the initial
position (at the top of the machined collar) down to
the smooth-to-porous surface junction for porous-
surfaced implants was identical to that reported in
previous studies'’"'* and was attributed to under-
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Fig 11 Von Mises stress distribution at 2 locations: (a) along the interface length and (b) along the circumference at the depth where
these stresses reach their maximum values (1 mm below the initial bone surface for the full model and 0.978 mm below for the sub-

model).

stressing of bone as a result of stress shielding and
poor force transfer from implant to bone in the area
of the smooth coronal portion of the implant,?7:28
although the contribution of “biologic width” accom-
modation?® cannot be dismissed. In the present FE
study, assuming virtual bone maintenance to the
superior implant aspect and bone ingrowth into the
porous-surfaced region (Fig 9a), lower stresses were
predicted in bone located next to the smooth coro-
nal region of the porous-surfaced implant, which
supports the hypothesis that bone loss occurred in
this region because of stress shielding. The higher
stresses at the start of the porous-surfaced region
suggest that this effect is lost and that bone mainte-
nance will result in this region, as is the case. A similar
change from lower to higher bone stresses was pre-
dicted with the threaded design, but peak stresses
were almost twice as high next to the most coronal
nonthreaded region of the implant compared with
the porous-surfaced design. Apical to this region,
much higher peak stresses were predicted for the
threaded design. The maximum bone stress next to
the most coronal thread was approximately 50%
higher than that for a comparable position for the
porous-surfaced design. Significantly higher local
stresses were also predicted along the implant
length in bone next to the tips of the threads. The
differences in predicted peri-implant bone stress pat-
terns along the implant length, assuming bone loss
down to the beginning of the porous region for the
porous-surfaced implants and to the beginning of
the threaded portion of the implant for the screw-
type implants, were even more dramatic (Fig 9b). In
this case, the peak stresses next to the threaded
implant were more than double those with the
porous-surfaced design.

The stresses predicted to act within the peri-
implant bone at the bone-implant interface and 1
mm below the initial crestal bone surface (the loca-
tion of the most superior thread or the smooth-to-
porous-surfaced junction) are shown in Fig 10. For
both designs, the peak equivalent stresses occurred
within bone in the direction of the imposed traction
force. These stresses were primarily a result of com-
pressive forces acting on bone at this location. Signifi-
cantly greater maximum equivalent stresses were pre-
dicted for the threaded design at this location
(approximately 6.5 versus 4.0 MPa). Next to the dia-
metrically opposed implant surface, greater equiva-
lent stresses were predicted with the porous-surfaced
design as a consequence of the possible transfer of
tensile forces across the bone-implant junction with
this design. This is a consequence of the 3-dimen-
sional mechanical interlock of bone and implant that
is possible with bone ingrowth into the 3-dimensional
porous network. As a result, the bone becomes teth-
ered to the implant, allowing tensile force transfer
across this interface. In contrast, the threaded design
simply pulls away from the bone on the “tension” side
of the implant, resulting in lower stressing of the peri-
implant bone next to this surface. The net result is a
more uniform distribution of stresses around the
porous-surfaced implant; stress will be lower on the
side in the direction of the traction force (the “com-
pression” side) and higher on the diametrically
opposed tension side. The total strain energy due to
the orthodontic traction force is the same for both
designs, but lower peak stresses develop in peri-
implant bone next to the porous-surfaced implant.

These stresses can affect bone maintenance. Con-
sidering the FE model with bone present to the most
superior aspect of the implant in the presence of
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bone ingrowth into the porous surface region
(porous-surfaced design) or direct bone apposition
to the surface features of the threaded implant,
higher peri-implant bone stresses and strains were
predicted next to the threaded design. Sufficiently
high strains will result in bone microfracture (strains
> 4,000 pe30). The significantly higher stresses and
strains predicted in bone next to the superior
threads of the turned implants in comparison to
those next to the porous-surfaced region support
the hypothesis that this factor contributed to the
observed differences in peri-implant bone appear-
ance in the study by Oyonarte and associates.?°

The predicted minimal change in maximum stress
following loss of bone down to the smooth-to-porous
surface junction with the sintered porous-surfaced
implant (initial versus final bone position in Table 3)
reflects the fact that very little force transfer occurs
along the machined collar portion of the porous-sur-
faced implant. Whether bone is contacting this region
has little effect in determining the stresses that develop
in the bone next to the porous-surfaced region.

As already noted, the model used for the porous-
surfaced implant, in which there was no incorpora-
tion of a “transition zone” with lower stiffness, repre-
sents the worst case for porous-surfaced implants in
terms of the magnitude of predicted maximum
stresses. Incorporation of a lower-stiffness transition
zone (ie, a composite of bone and sintered titanium-
alloy particles) would be expected to reduce the pre-
dicted maximum peri-implant bone stresses in the
porous-surfaced implant model.

Other factors, such as disruption of the blood sup-
ply or peri-implant infection (peri-implantitis), can
also promote crestal bone loss. However, it is unlikely
that differences in vascularity occurred between the
2 implant designs, thereby discounting this as a fac-
tor contributing to the difference in the bone loss
patterns observed. Peri-implant infection that could
have resulted in marginal bone loss was not
detected with any of the implants during the course
of animal maintenance, thereby discounting this pos-
sibility. The reason for the observed difference in
bone response with the 2 designs appears consistent
with the biomechanical explanation suggested by
the results of the FEA. A more favorable distribution
of stresses within peri-implant bone next to the
porous-surfaced implants supported the greater crestal
bone retention with this design.

Avoidance of the initiation of crestal bone
microfracture due to high local stress levels with
machined threaded implants requires the use of
longer implants. This, as reported recently,?’ would
result in lower maximum equivalent stresses and
strains. Bone quality also is expected to have a strong
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effect, with lower-density cancellous peri-implant
bone resulting in higher peri-implant stress and strain
predictions for the cylindric and screw-type implants
studied by Tada and associates.>' While cortical peri-
implant bone was assumed in the present study, it is
expected that the predicted differences in equivalent
stresses in peri-implant bone for the 2 designs would
also occur assuming cancellous peri-implant bone.

It is recognized that small, short implant devices
are of considerable value in performing clinical
orthodontic treatment. Traditional dental implants
meant to replace teeth are often inappropriate for
this application, as the patient may not be missing
teeth in sites where the implants need to be placed
to satisfy the orthodontist’s anchorage requirements.
Threaded mini-implants, which have been proposed
for this purpose, must be used in long lengths (9 to
15 mm) to remain stable throughout the treatment.
These nevertheless fail at a rate of > 10%.° The pre-
sent study has indicated the possible benefits of
porous-surfaced orthodontic implants.

CONCLUSIONS

The 3D FEA of a 3-N orthodontic traction force acting
on relatively short (5 mm) threaded and porous-sur-
faced implants used as anchorage units predicts the
development of maximum stresses in bone next to
the coronal region of both designs. For the threaded
implants, the peak stress occurs adjacent to the tip of
the most coronal bone-contacting thread on the
compression side of the implant. For the porous-sur-
faced implants, the peak stress is predicted to occur
at the machined-to-porous surface junction but with
both lower peak stresses and with a more uniform
distribution of stresses around all aspects of the
implant. Whereas progressive crestal bone loss is pre-
dicted to lead to much higher peak stresses in the
remaining bone contacting the implant (again with
the maximum next to the most coronal bone-inter-
facing thread), little change in peak stress is pre-
dicted with porous-surfaced implants. This difference
in response is attributed to the very different inter-
face bonding conditions both in reality and in the FE
model, with the porous-surfaced design offering a
means of efficient transfer of tensile as well as shear
and compressive forces at the bone-implant junc-
tion. In contrast, with the machined threaded design,
tensile and counter-rotation torsional shear forces
cannot be effectively resisted.
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