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Abstract: The local mechanical environment around bone-
interfacing implants determines, in large part, whether bone
formation leading to functional osseointegration will occur.
Previous attempts to relate local peri-implant tissue strains
to tissue formation have not accounted for implant surface
geometry, which has been shown to influence early tissue
healing in vivo. Furthermore, the process by which mechani-
cally regulated peri-implant bone formation occurs has not
been considered previously. In the current study, we used a
unit cell approach and the finite element method to predict
the local tissue strains around porous-surfaced and plasma-
sprayed implants, and compared the predictions to patterns
of bone formation reported in earlier in vivo experiments.
Based on the finite element predictions, we determined that
appositional bone formation occurred when the magnitudes
of the strain components at the tissue-host bone interface

were <8%. Localized, de novo bone formation occurred when
the distortional tissue strains were less than approximately
3%. Based on these threshold tissue strains, we propose a
mechanoregulatory model to relate local tissue strains to the
process of peri-implant bone formation. The mechanoregu-
latory model is novel in that it predicts both appositional
and localized bone formation and its predictions are depen-
dent on implant surface geometry. The model provides ini-
tial criteria with which the osseointegration potential of
bone-interfacing implants may be evaluated, particularly
under conditions of immediate or early loading. © 2001 John
Wiley & Sons, Inc. ] Biomed Mater Res 55: 63-71, 2001
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INTRODUCTION

The clinical success of bone-interfacing implants for
orthopedic and dental applications is dependent on
rigid fixation of the implants by mechanical interlock
between the implant surface features and ingrown
bone tissue. The mechanical environment experienced
by the early healing tissue around these implants de-
termines, in large part, whether bone formation and
functional osseointegration will occur. However, ef-
forts to quantify the relationship between mechanical
stimuli and tissue formation have largely been unsuc-
cessful. In experimental studies, measuring the local
stresses and strains in the healing tissue is difficult,
and consequently mechanical stimuli are described by
the applied loading conditions, such as interfragmen-
tary movement' > or implant relative displacement.*”
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However, the local stresses and strains experienced by
the healing tissue in a fracture gap or around an im-
plant are dependent on many factors other than the
loads applied globally. For bone-interfacing implants,
these factors include the shape of the implant, the ge-
ometry of the implant surface, the mechanical interac-
tion between the tissue and implant, and the site of
implantation. Because of the multitude of variables, it
has been impossible to define a relationship between
mechanical parameters and peri-implant tissue forma-
tion that is applicable to a variety of implant designs
and applications.

In an effort to determine the relationship between
tissue strains and tissue formation, several investiga-
tors have estimated the local mechanical environment
in the healing tissue at fracture sites or around bone-
interfacing implants using computational models.
From these studies, several theories relating the effects
of specific mechanical stimuli to tissue formation have
been proposed. Carter et al.'” hypothesized that pro-
genitor cells within developing mesenchymal tissues
that experience a loading history of low distortional
strain and low compressive hydrostatic stress are
more likely to become osteogenic, assuming an ad-



64

equate blood supply. However, if the healing tissue is
exposed to excessive distortional strains, fibrogenesis
results. On the other hand, significant compressive hy-
drostatic stresses and poor vascularity result in carti-
lage or fibrocartilage formation. Claes and Heigele'!
proposed a fracture healing theory similar to that of
Carter et al., with the important distinction that new
bone formation occurs only along fronts of existing
bone or calcified tissue. Consistent with this apposi-
tional bone growth condition, they predicted that tis-
sue formation is dependent on the magnitude of the
strain components and hydrostatic pressure at the in-
terface of the healing tissue and bone front. Specifi-
cally, Claes and Heigele predicted that intramembra-
nous bone formation would take place at the bone
front if the magnitudes of the strain components and
hydrostatic pressure are < 5% and 0.15 MPa, respec-
tively. Higher strains result in fibrogenesis and greater
compressive hydrostatic pressure results in cartilage
formation, possibly leading to endochondral ossifica-
tion.

Attempts to relate early tissue formation to the local
mechanical environment around bone-interfacing im-
plants are limited to those by Prendergast, Huiskes,
and coworkers.'*'* Using a biphasic material model
to describe the healing tissue, they formulated a regu-
latory model in which tissue formation was controlled
by shear strain in the solid phase of the tissue and the
relative velocity between the fluid and solid compo-
nents of the tissue. Based on their analyses, low tissue
strains and low fluid velocities permit bone formation.
However, their efforts to define the relationship be-
tween the mechanical parameters and tissue forma-
tion were limited by the assumptions made in their
model, and in particular, failure to account for the
implant surface geometry. Furthermore, they made no
distinction between appositional bone formation from
the host bone towards the implant surface and local de
novo bone formation within the peri-implant tissue.

Recently, we showed that implant surface geometry
influences early tissue formation and, as a result, the
early mechanical stability of implants.'® Furthermore,
we observed differences in the pattern of bone forma-
tion with different implant surface geometries at early
times post-implantation in a rabbit femoral condyle
model. For both nonfunctional Ti6A14V sintered po-
rous-surfaced and Ti plasma-sprayed implants, appo-
sitional bone formation from the host bone bed to the
implant surface occurred. However, significant local
bone formation within the porosity and irregularities
of the implant surface structure was observed 8 days
postimplantation only with the porous-surfaced de-
sign.'>'® This differential pattern of bone formation
correlated with the local strains predicted by finite
element analyses.'® These results suggest that implant
surface geometry and the spatial distribution of new
bone formation must be considered when investigat-
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ing the relationship between mechanical stimuli and
tissue formation.

The objective of our current study was to determine
a quantitative relationship between tissue strain and
peri-implant tissue formation. Using a unit cell ap-
proach and finite element analysis, we simulated two
previously reported experimental studies in which
patterns of bone formation were determined for im-
plants with different surface geometries and different
applied loads. Based on these analyses, we deter-
mined threshold strain levels for peri-implant bone
formation and proposed a regulatory model that re-
lates local tissue strains to patterns of tissue formation.
This mechanoregulatory model is novel in that it pre-
dicts both appositional and local bone formation pro-
cesses and its predictions are dependent on not only
applied loads, but also implant surface geometry.

MATERIALS AND METHODS

Using finite element analysis, a unit cell approach and a
homogenization technique (described below), we estimated
the local tissue strains in the peri-implant region (the inter-
face zone) for two cases. Our goal was to determine a rela-
tionship between local tissue strains and peri-implant tissue
formation by comparing our model predictions for the local
mechanical environment in the interface zone with observed
patterns of bone formation. The two cases we considered
were based on previously reported experimental studies in
which bone formation was measured around implants with
varying applied loads® (Case 1) and different surface geom-
etries'® (Case 2). Based on these analyses, we defined thresh-
old strain levels for peri-implant bone formation.

Case 1

The first experimental study considered was that of Pilliar
et al.,® in which cylindrical porous-surfaced implants (Fig. 1)
placed in canine mandibles were subjected to controlled
loading shortly after implantation, before osseointegration
had occurred. During the initial displacement-controlled
loading period (for 6 or 7 days), relative displacements were
applied to the tissue-implant interface using preselected
shear displacements, ranging from 0 to 100 wm (the path
length through which a point at the tissue-implant interface
was displaced). After the initial displacement-controlled
loading period, the implants were displaced under load con-
trol at load levels that resulted in the initial prescribed dis-
placements. The load-controlled displacements were im-
posed at regular intervals (30 cycles every second day at a
frequency of [0.5 Hz) for up to 3 weeks. The authors found
that the degree of bone ingrowth into porous-surfaced im-
plants was dependent on the level of applied displacement
and there appeared to be a critical threshold shear displace-
ment level of 50 pm above which bone formation was in-
hibited. Furthermore, the degree of bone ingrowth de-
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Figure 1. Finite element models used to simulate the experimental conditions for Case 1, a porous-surfaced implant
subjected to 45 um of relative shear displacement, as described in Materials and Methods. The global model, representing a
transverse cross-section of the porous-surfaced implant, was a two-dimensional, plane strain finite element model. The shear
displacement was applied in the global model using prescribed nodal displacements along the junction of the implant and
the homogenized interface zone. The unit cell model, which had an idealized geometry representing the porous-surfaced
interface zone, was a two-dimensional, plane stress finite element model composed of 2228 four-noded elements. Relative
displacement of the sintered particles with respect to one another was prevented by penalty constraints imposed in the unit
cell model, thus simulating the relative stiffness of the surface structure. The normalized distance along the tissue-host bone
interface, s, was measured from the bottom of the unit cell (s = 0) to the top of the unit cell (s = 1); this parameter was used

in the characterization of the bone interface strains (Fig. 5).

creased from the outer region of the sintered porous surface
structure toward the inner regions, suggesting that bone for-
mation is primarily appositional in this case (Fig. 2). Because
levels of displacement >50 pm inhibited bone ingrowth, this
case represented a threshold condition and was used in the
current study to define the strain threshold for peri-implant
appositional bone formation.

We simulated the case of a sintered porous-surfaced im-
plant subjected to an applied displacement of 45 pm (which
is just below the threshold displacement for bone formation
with this implant system) to determine the threshold strain
level for appositional bone formation. To simulate this case,
we used the finite element method and a unit cell ap-
proach'” to predict the local strains in the healing interface
zone tissue (i.e., before mineralization) around the implant.
The unit cell approach was selected because it permitted
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Figure 2. Bone ingrowth (quantified as contact length frac-
tion) into the mesial aspect of the surface structure of po-
rous-surfaced implants for various levels of apgplied shear
displacement (based on data from Pilliar et al.”). Data are
presented as mean + standard error.

incorporation of the microstructural features of the implant
interface into a global model of the entire implant. The basic
premise of this method is that the composite being analyzed
(in this case, the interface zone consisting of the implant
surface features and ingrown granulation tissue) can be
modelled by a series of repeating unit cells (UCs) that are
representative of the microstructure (Fig. 1). The UC for the
sintered porous surface had an idealized geometry that was
based on the key characteristics of the implants used in the
experiments by Pilliar et al.® including volume porosity,
pore size, interface zone width, and allowance for mechani-
cal interlock between the early repair tissue and implant
surface features (Fig. 1).

We have used the unit cell method and homogenization
technique previously to predict the local mechanical envi-
ronment around porous-surfaced and plasma-sprayed im-
plants.’® Our approach in the current study differed slightly
because the geometry and loading condition considered in
Case 1 resulted in large (i.e., finite), nonuniform strains
across the interface zone. The linearized homogenization
method assumes a constant, infinitesimal strain within the
homogenized interface zone tissue in its prediction of the
local strains, and therefore was inappropriate for this appli-
cation. Instead, the local tissue strains were determined us-
ing a cut-boundary displacement method'® and a nonlinear
finite element analysis, which accounted for geometric non-
linearities resulting from large rotations and finite strains. In
this analysis, the unit cell model represented a region of the
global model (the interface zone in this case), and the bound-
ary of the unit cell model represented a cut through the
global model. Nodal displacements were applied tangential
to the implant interface in the global finite element model to
simulate the applied loading conditions in the canine micro-
movement experiments. The displacements predicted by the
global model along the cut boundary were then interpolated
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for each node on the unit cell boundary using the element
shape functions, and then applied as boundary conditions in
the unit cell model. The unit cell model was then analyzed
using a nonlinear finite element analysis to determine the
local strains. Therefore, this technique accounted for non-
uniform, finite strains within the global interface zone and
the unit cell. All modeling was performed using a custom
software package written using MATLAB (The Mathworks,
Inc., Natick, MA) in conjunction with a commercial finite
element package (ANSYS 5.4; Ansys, Inc., Canonsburg, PA).

In the global and unit cell finite element models, the im-
plant material, homogenized interface zone, interface zone
tissue, and surrounding bone bed were modeled as homo-
geneous, linear elastic materials (Table I). The interface zone
tissue properties represented early, premineralized repair
tissue and were based on values determined by a computa-
tional model'® of implant pull-out tests, albeit for a rabbit
femoral implant site at 4 days postimplantation.’® The ho-
mogenized or effective properties of the interface zone in the
global model were predicted by finite element analysis and
the homogenization method.'® It was assumed that the
metal and tissue were bonded perfectly and that the tissue
infiltrated the porosity or irregularities of the implant sur-
faces fully.

Case 2

The second experimental study considered was that of
Simmons et al.,’® in which it was found that mineralization
of the peri-implant healing tissue was more rapid around
nonfunctional sintered Ti6A14V porous-surfaced implants
than around nonfunctional Ti plasma-sprayed implants.
Quantitative image analysis demonstrated that the greatest
differences in initial bone formation (i.e., 8 days postimplan-
tation) between the two implant designs occurred within the
outer zone of the surface of the implant (the surface zone)
(Fig. 3), an area that is “strain-protected” to a greater extent
with the porous-surfaced design according to finite element
predictions.'® Furthermore, local de n0vo mineralized tissue
formation occurred to a greater extent in the surface zone

TABLE 1
Elastic Constants Used in the Finite Element Models

Material Elastic Modulus, E Poisson’s Ratio, v
Titanium 110 GPa 0.33
Trabecular bone* 500 MPa 04
Interface zone tissue’ 1 MPa 0.47
Homogenized (global)  E, =3.59 MPa v, =39x107°
interface zone¥ E, =282 GPa vy, = 0.306
Gy, =1.18 MPa

*Based on representative values from Keaveny and
Hayes.*?

"The properties of the interface zone tissue in the local
(unit cell) models were estimated from mechanical pull-out
tests (refer to text).

*The transversely isotropic properties of the homogenized
interface zone in the global model were based on predictions
from finite element analysis and homogenization methods.'®
Refer to Figure 1 for definitions of the 1- and 2-directions.
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Figure 3. The local tissue strains for Case 2 were deter-
mined for (a) the surface zone, in which local de novo bone
formation was observed in the animal studies,’>'® and (b)
the adjacent region, where minimal local bone formation
was observed.

than in the adjacent region peripheral to the implant, par-
ticularly with the porous-surfaced design. These results sug-
gest that the differences in local tissue strains between the
surface zone and adjacent region provide an estimate of the
threshold matrix strain for local bone formation. In the cur-
rent study, we extended the analysis from an earlier com-
putational study'® to predict the threshold matrix strain for
local tissue mineralization. Specifically, we reanalyzed the
data from Simmons et al.'® to compare the local tissue
strains within the surface zones of the porous-surfaced and
plasma-sprayed implants with the tissue strains in the re-
gions adjacent to the surface structures (i.e., between the
host bone and implant surface structure) (Fig. 3).

Interpretation of local strain predictions

We interpreted the local strain fields predicted by our
computational analyses according to the theories proposed
by Carter et al.'® and Claes and Heigele'' for mechanically
regulated tissue formation, theories that were developed
based primarily on observations made during fracture heal-
ing. Carter et al.’s theory relates tissue strain parameters to
bone, fibrous tissue, or cartilage formation within a pluripo-
tential mesenchymal tissue, as described previously. Within
the context of peri-implant tissue formation, we interpreted
this as a model for local bone formation within the tissue
matrix. Therefore, for both cases analyzed, we determined
the distortional (octahedral) and volumetric (hydrostatic)
tissue strains'® (the parameters proposed by Carter et al.'” to
influence tissue formation) within the bulk of the interface
zone tissue in the unit cell models.

Claes and Heigele'' hypothesized that mechanically regu-
lated bone formation occurs on existing bone surfaces. In the
context of peri-implant tissue formation, this describes ap-
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positional bone growth from the host bone bed towards the
implant surface. Therefore, for Case 1 we determined the
local transverse (perpendicular to the tissue-host bone in-
terface) and longitudinal (parallel to the tissue-host bone
interface) strain components and the local hydrostatic pres-
sure at nodes along the tissue-bone interface in the unit cell
models. As described previously, these parameters were
proposed by Claes and Heigele'" to predict tissue formation
on existing bone surfaces.

RESULTS
Local tissue strains predicted for Case 1

For the porous-surfaced implant and an applied
shear displacement of 45 um, the global equivalent
strain varied nonlinearly across the interface zone. The
global strain was the lowest near the implant surface
(6.7%) and the tissue-bone interface (6.6%), and high-
est near the middle of the interface zone (12.7%). How-
ever, because of the structural features of the interface
zone, a wide range of local distortional and volumetric
tissue strains was predicted (Fig. 4). Furthermore, the
spatial distribution of the local tissue strains was sig-
nificantly different from that predicted by the global
model (Fig. 5). For the 45-pm applied displacement,
the median distortional tissue strain was 17%, but var-
ied significantly throughout the interface zone. Mini-
mal local bone formation was observed in this case,®
suggesting that the distortional strains predicted for
the majority of the peri-implant tissue in this case are
above the threshold for bone formation.

Compared to the distortional tissue strains, the
magnitudes of the volumetric tissue strains were
lower, with a median value of 0.4%, and 87% of the
tissue experiencing volumetric tissue strains between
-5% and +5% (Fig. 4). No cartilage formation was ob-
served in the animal model studies for this loading
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condition,® suggesting that if volumetric strain (or
equivalently, hydrostatic stress) predicts chondrogen-
esis,'’ then the volumetric strains predicted for this
case are subthreshold.

We also calculated the local longitudinal and trans-
verse strain components and the local hydrostatic
pressure at the tissue-bone interface as predictors of
appositional bone formation. For the porous-surfaced
implant and an applied shear displacement of 45 pm,
the transverse strains varied between —8% and +2%
and the longitudinal strains were <1% along the bone
surface (Fig. 6). The hydrostatic pressure fluctuated
along the bone surface, with a maximum value of
-0.13 MPa (Fig. 6). Bone formation for this loading
condition in the animal experiments was primarily ap-
positional, and because the applied displacement in
this case was near the threshold for bone formation,
the predicted tissue-bone interface strains estimate
the threshold values for appositional bone formation.

Local tissue strains predicted for Case 2

Within the surface zones of the porous-surfaced and
plasma-sprayed implants, the median distortional tis-
sue strains were 0.68% and 1.46%, respectively, and
were generally <3% (Fig. 7 and 8). In the adjacent re-
gion between the host bone and implant surface struc-
ture, the median distortional tissue strains were 5.3%
and 4.3% for the plasma-sprayed and porous-surfaced
implants, respectively (Fig. 7 and 8). In the animal
experiments, local bone formation was confined pri-
marily to the surface zones of the porous-surfaced and
plasma-sprayed implants, with little de novo bone for-
mation in the adjacent regions 8 days postimplanta-
tion (although appositional bone formation did oc-
cur).'>'® The differences in the distortional strains pre-
dicted for these two regions suggest a threshold value
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Figure 4. Histograms of the area fraction of interface zone tissue experiencing various levels of distortional and volumetric
strains for a porous-surfaced implant subjected to 45 wm of relative shear displacement (Case 1).
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Figure 5. Field plots of the local distortional and volumet-
ric tissue strains around a porous-surfaced implant sub-
jected to 45 wm of relative shear displacement (Case 1).

of approximately 3%, above which local bone forma-
tion is inhibited. No cartilage was observed in the ani-
mal experiments,'” indicating that the volumetric
strains predicted for this case (<5%; data not shown)
do not induce chondrogenesis.

DISCUSSION

The objective of this study was to investigate the
relationship between the local mechanical environ-
ment and tissue formation around bone-interfacing
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implants. Gross characterizations of threshold me-
chanical stimuli for peri-implant bone formation (such
as micromovement) are implant specific, surface ge-
ometry specific, and site specific. Therefore, a more
universal criterion, such as local tissue strain, is nec-
essary to evaluate orthopedic and dental implant de-
signs and rehabilitation protocols that promote more
rapid and reliable osseointegration. Furthermore,
identifying the relationship between tissue strain and
tissue formation has important implications to the de-
sign of fracture repair devices and engineered skeletal
tissues.

Based on comparisons of local tissue strains pre-
dicted using a unit cell approach and the finite ele-
ment method to patterns of bone formation observed
experimentally, we estimated threshold levels of local
tissue strains for appositional and local peri-implant
bone formation. These strain thresholds are the basis
of a mechanoregulatory model we propose to relate
the local mechanical environment around bone-
interfacing implants to processes of bone formation
(Fig. 9). Following the fracture healing theories of
Carter et al.'? and Claes and Heigele,11 we use distor-
tional tissue strain as a predictor of localized bone
formation within the interface zone tissue and the
magnitudes of the longitudinal and transverse strain
components at the tissue-bone interface (referred to as
bone interface strains) as predictors of appositional
bone growth. The bone formation processes are de-
pendent on these two predictors, with both apposi-
tional and localized bone formation occurring only
when the distortional tissue strain is <3% and the
magnitudes of the bone interface strains are <8%. The
current model accounts only for bone or fibrous tissue
formation, because those were the only tissue types
observed in the experiments that were simulated. If
large hydrostatic stresses cause cartilage or fibrocarti-
lage formation, then based on the computational

0.05¢ Case 1
0.001

-0.05

-0.10¢

Hydrostatic pressure (MPa)

-0.15 ‘ : - ’

0.00 0.25 0.50 0.75 1.00

Bottom . . Top
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Figure 6. Local strain components and hydrostatic pressures along the tissue-host bone interface predicted for a porous-
surfaced implant subjected to 45 pm of relative shear displacement (Case 1). The normalized distance along the bone surface

is defined in Figure 1.
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Figure 7. Histograms of the area fraction of interface zone
tissue experiencing various levels of distortional strain for
the porous-surfaced implant in Case 2. The tissue in the
surface structure region, where local bone formation was
observed in the animal experiments,'>'® experienced gener-
ally lower distortional strains than the tissue in the adjacent
region. The surface structure and adjacent regions are de-
fined in Figure 2.

model predictions in this study, the magnitude of the
hydrostatic stress threshold is >0.13 MPa. Although
our analysis considered only a single time point (i.e., 4
days postimplantation), representing the period be-
fore tissue mineralization, the mechanoregulatory
model could be applied in an iterative manner to pre-
dict spatial and temporal patterns of bone formation.

The threshold strains for bone formation predicted
in this study are consistent with data from several in
vivo and in vitro experimental studies, thus supporting
the initial validity of the model and the analysis. For
instance, earlier studies using computational, in vitro,
and in vivo models have estimated the critical tissue or

Case 2 - Plasma-sprayed implant
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Figure 8. Histograms of the area fraction of interface zone
tissue experiencing various levels of distortional strain for
the plasma-sprayed implant in Case 2. As with the porous-
surfaced implant, the tissue in the surface structure region
experienced lower distortional strains than the tissue in the
adjacent region. The surface structure and adjacent regions
are defined in Figure 2.
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Figure 9. Mechanoregulatory model proposed for tissue
formation around bone-interfacing implants. The threshold
strains for bone formation were determined from the finite
element simulations of in vivo experiments. The model pre-
dicts appositional bone formation if the bone interface strain
magnitudes are <8% and localized bone formation within
the healing tissue matrix if the distortional tissue strains are
less than approximately 3%. The model is applicable in cases
in which the magnitude of the hydrostatic pressure at the
tissue-bone interface and within the tissue matrix is less
than at least 0.13 MPa; larger compressive hydrostatic
stresses may promote cartilage or fibrocartilage formation.

matrix strain level above which osteoblast differentia-
tion and bone formation are inhibited to be on the
order of 1-10% (quantified using a variety of strain
measures).'"'*?*2 Our predictions for the threshold
distortional strain for local bone formation and the
threshold strain magnitude for appositional bone for-
mation are within this range. The critical compressive
hydrostatic stress magnitude above which cartilage
formation is stimulated has been estimated to be be-
tween 0.15 and 2 MPa.''?*** The hydrostatic stress
threshold predicted in our analysis was >0.13 MPa,
consistent with earlier studies.

The mechanoregulatory model is novel in two re-
spects. First, it predicts appositional and local bone
formation processes, both of which have been ob-
served experimentally around bone-interfacing im-
plants.’>?*2¢ Osseointegration of an implant may re-
sult from bone formation by either process. However,
the rate at which osseointegration occurs may depend
on whether both appositional and localized bone for-
mation are occurring (versus appositional alone), as
suggested by previous finite element studies.'® The
bone formation processes predicted by the model as-
sume that the tissue and implant surface are bonded
rigidly. Although this is a reasonable initial approxi-
mation of the situation in vivo,'® the model does not
account for failure of the implant-tissue interface dur-
ing the early healing period, which would occur with
excessive loading of an implant. Interface failure
would decouple the implant from the interface zone
tissue, thereby altering the load transfer mechanisms
from the implant to the surrounding tissue. How this



70

decoupling would influence peri-implant tissue for-
mation is difficult to predict, and future modeling ef-
forts should consider alternate interface conditions,
such as contact and possible failure of the interface.
The challenge in incorporating interface failure condi-
tions is that the mechanical characteristics of the tis-
sue—metal interface are poorly characterized and dif-
ficult to determine experimentally.

The second novel aspect of the mechanoregulatory
model is that its predictions are dependent on the im-
plant surface geometry, consistent with experimental
observations.'” The effect of surface geometry on the
mechanical regulation of peri-implant tissue forma-
tion has not been considered previously,'>'** al-
though it clearly influences the magnitudes and dis-
tributions of the local tissue strains, as shown in the
current study and by others.'®*? The clinical impli-
cation of the surface geometry dependence is twofold.
First, certain implant designs may be preferable to oth-
ers in terms of their ability to osseointegrate more rap-
idly, leading to shorter rehabilitation times. Second,
certain designs may tolerate higher levels of micro-
movement or applied loading, and therefore would be
less vulnerable to adverse loading during the healing
period.

Although the mechanoregulatory model predictions
are consistent with experimental observations, it is im-
portant to note that the model accounts only for the
regulation of tissue formation by mechanical factors,
and neglects other stimuli associated with wound
healing, although they may be more important than
mechanical stimuli in initial bone formation.** For in-
stance, the poor clinical results with cementless im-
plants in elderly patients suggest that hormonal and
age-related factors play an important role in determin-
ing osseointegration potential. Also, nonmechanical
antiangiogenic factors are not accounted for in the
model, although an adequate blood supply is “prob-
ably the most absolute requirement for new bone for-
mation.”*! In addition, implant surface geometry may
influence tissue formation through means other than
those proposed here, such as directly affecting cell be-
havior (see, for instance, Boyan et al.??). It is clear,
however, that mechanical forces can perturb the initial
tissue formation process. It is likely that because of the
nonmechanical factors, instead of a single critical
strain threshold for peri-implant bone formation, there
is a range of strains that is dependent on several fac-
tors, including age, health status, and implantation
site. The model is also limited in that it is phenomeno-
logical and cannot elucidate the specific details and
mechanisms that regulate tissue formation mechani-
cally. Nonetheless, the phenomenological approach
can provide valuable insights into the process of tissue
formation and can suggest avenues for future basic
research. Furthermore, the results from these analyses
may have practical clinical value.

SIMMONS, MEGUID, AND PILLIAR

We interpreted the computational model results us-
ing two theories that have been proposed to relate
tissue strains and tissue formation during fracture
healing. These theories were selected because peri-
implant tissue formation has been described as a pro-
cess analogous to fracture repair.®®> The theories were
also compatible with the single-phase, isotropic mate-
rial description of the early healing tissue in the cur-
rent analysis. Because the material model was not bi-
phasic, we were unable to consider the effects of fluid
flow. It is difficult to predict how the tissue strain
predictions may have changed had a poroelastic or
biphasic material model been implemented, and the
literature provides conflicting opinions.'***% Tt is
likely, however, that there would be a time-depen-
dency of the local tissue strains, a feature not captured
with the linear, elastic model and quasi-static loads
applied in the current analysis. Furthermore, fluid
flow-induced shear stress may be an important
mechanoregulatory signal in initial bone forma-
tion, '3 and therefore future studies need to incor-
porate more realistic material descriptions. However,
as illustrated in this study, the microstructural fea-
tures of the implant surface influence the local tissue
strains significantly, and therefore the challenge is to
incorporate more complex material descriptions into
finite element modeling approaches that account for
the implant surface geometry. Recent work by Wu et
al.*! on cartilage micromechanics provides a theoreti-
cal basis for the development of biphasic microme-
chanical models of the tissue-implant interface using a
unit cell approach.

In conclusion, we have proposed a quantitative
model for the mechanical regulation of peri-implant
tissue formation based on predictions of local tissue
strains made using the finite element method and a
unit cell approach. The model is novel in that it pre-
dicts both appositional and localized bone formation
processes and its predictions depend on the implant
surface geometry (consistent with experimental obser-
vations). The model provides initial criteria by which
the osseointegration potential of a variety of bone-
interfacing implant designs, fracture fixation devices,
and engineered skeletal tissue constructs may be
evaluated, particularly under conditions of immediate
or early mechanical loading.
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