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Abstract Although research has been addressed at
investigating the effect of specific loading regimes on bone
response around the implant, a precise quantitative under-
standing of the local mechanical response close to the implant
site is still lacking. This study was aimed at validating micro-
CT-based finite element (WFE) models to assess tissue strains
after implant placement in a rat tibia. Small implants were
inserted at the medio-proximal site of 8 rat tibiae. The limbs
were subjected to axial compression loading; strain close
to the implant was measured by means of strain gauges.
Specimen-specific L.FE models were created and analyzed.
For each specimen, 4 different models were created corre-
sponding to different representations of the bone—implant
interface: bone and implant were assumed fully osseoin-
tegrated (A); a low stiffness interface zone was assumed
with thickness of 40 um (B), 80 pum (C), and 160 pm (D).
In all cases, measured and computational strains correlated
highly (R? = 0.95,0.92,0.93, and 0.95 in A, B, C, and
D, respectively). The averaged calculated strains were 1.69,
1.34, and 1.15 times higher than the measured strains for A, B,
and C, respectively, and lower than the experimental strains
for D (factor=0.91). In conclusion, we demonstrated that
specimen-specific FE analyses provide accurate estimates of
peri-implant bone strains in the rat tibia loading model. Fur-
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ther investigations of the bone-implant interface are needed
to quantify implant osseointegration.

Keywords Bone strains - WCT based finite element
models - Rat tibia compression - Strain gauge measurements -
Bone-implant interface

1 Introduction

Osseointegration, which is the direct biological fixation of
load-bearing implants without the formation of fibrous tissue
at the interface, represents the key prerequisite for implant
success (Branemark et al. 1977). Implant osseointegration is
a complex and dynamic cell-driven process. Osteoblasts and
osteocytes adjacent to the implant produce signaling mole-
cules starting from the onset of tissue damage due to implant
insertion. These molecules act locally to recruit and induce
skeletogenetic cells to proliferate and differentiate (Davies
2003). Whereas the nature of the initiating signals for the
skeletogenetic cells in the repair tissue is not completely
determined, a multitude of these signals has been identified
(Mavrogenis et al. 2009). Specifically, the local mechanical
environment in peri-implant bone tissue is perhaps the most
important regulating factor (Carter and Giori 1991). The cells
within the peri-implant bone tissue that experience a load-
ing history of physiological strains are likely to form bone,
assuming adequate blood supply. However, if the healing tis-
sue is exposed to excessive strains, fibrous tissue formation
will result (Brunski 1999).

Research has been addressed at investigating the effect of
specific loading regimes on bone response around the implant
(for arecent review see Torcasio et al. 2008). However, exper-
imental data are still limited (De Smet et al. 2006, 2007,
2008; Ko et al. 2003; Leucht et al. 2007; Rubin and McLeod
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1994). In addition, a precise quantitative understanding of
the mechanical response close to the implant site is lack-
ing; nevertheless, it would represent a crucial step for defin-
ing the relationship between local bone response and local
mechanical stimuli, and for optimizing the in vivo loading
protocols that would enhance the process of osseointegra-
tion.

Micro-computed tomography (L CT)-based finite element
(WFE) analysis is a widely used tool to quantify stresses
and strains in bone. Specifically, the use of voxel-based
FE models allows for a highly accurate representation of
bone external geometry as well as its internal microarchitec-
ture. Furthermore, with the increasing availability of parallel
computers and dedicated large-scale solvers (Adams 2002;
Arbenz et al. 2008; Boyd et al. 2002; van Rietbergen et al.
1995), nCT-based finite element analyses can be performed
routinely on whole bones or large portions theoreof (van
Lenthe and Miiller 2008). However, whether WFE models
would provide accurate estimates of strains in whole bones
after implant insertion is not known since this would further
require an accurate representation of implant geometry, its
relative position to the bone and of the bone-implant interface
characteristics. Specifically, the accurate representation of
the bone-implant interface represents the greatest challenge
in finite element modeling of dental implant behavior. Due to
the multitude of mechanical and biological factors involved,
the mechanisms occurring at this interface during healing are
not yet known. Furthermore, also the precise assessment of
the bone-implant interface characteristics immediately after
implant insertion is still lacking.

Therefore, the aim of this study was to investigate the use
of WFE models as a potential tool for the assessment of tis-
sue strains after implant insertion in small animals (De Smet
et al. 2007, 2006; Ogawa et al. 2011b,a). Specifically, the
investigations were performed in the rat tibia compression
loading model.

2 Materials and methods

Experiments were performed using 8 male Wistar rats
(Janvier, France). All rats were 12 weeks old and weighted
257.1£9.7 g. Animals were killed at day 2 after purchase by
cervical displacement under isoflurane-induced anesthesia.
The hind limbs of the rats were excised from the middle of the
femur to the toes and kept frozen at a temperature of —21°C
until experimental testing. All procedures were approved by
the ethical committee of K.U.Leuven (P029/2008).

2.1 Strain gauge measurements

The limbs were thawed 12h prior to the experiments.
Incisions were made through the skin, and muscles were
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Fig. 1 Rat limbs with the implant inserted were placed between the
loading cups connected to test bench

retracted to expose the medio-proximal surface of the tibiae.
One single element strain gauge (type FLG-02-11, TML,
Tokyo Sokki Kenkyujo Co., Ltd.) with an active gauge length
of 0.2 mm and width of 1.4 mm was glued onto the tibia using
acyanoacrylate adhesive (type CN, Feteris Components BV).
It was placed at the medial surface of the tibia at 25% of the
tibia length, after lightly polishing the bone surface with an
abrasive paper and wiping it with acetone. A titanium screw-
shaped implant of 2 mm diameter was inserted in the proxi-
mal metaphysis of each tibia (Ogawa et al. 2011b,a) 1.5 mm
distal to the strain gauge site. Before placement, a receiving
channel of 1.53 mm diameter was drilled orthogonally to the
medial surface of the tibia. Lead wires (type 3WPO008, Feteris
Components BV) were connected on one end to the delicate
jumper wires of the strain gauge through bondable terminals
(TF-2SS, Feteris Components BV). On the other end, the lead
wires were connected to the acquisition system. The limbs
were placed between two dedicated loading cups of a testing
system (BOSE TestBench LM1, Bose Corp., Minnetonka,
MN, USA) and kept in place by means of an 0.5N preload
(Fig. 1), after which the strain reading was zeroed. After 4
conditioning cycles (0.05Hz, 2.5N), the bones were quasi-
statically loaded at arate of 0.5 mm/s and strain was measured
at compressive forces of 2.5, 5.0, 7.5, and 10.0N, respec-
tively. The strain reading system included the acquisition
of the signal after quarter bridge (SCXI 1314, NI, National
Instruments, Austin, TX), amplification and conditioning
(SCXI 1520, NI) and the transmission to the PC (SCXI 1600
USB DAQ module, NI). Labview software (Labview 8.6, NI)
provided the necessary interface and readout. To quantify the
potential strain variations due to leg orientation, the measure-
ments were repeated five times after complete removal of the
specimen from the device and repositioning it.

2.2 nCT imaging
Before experimental testing, each limb had been imaged by

WCT (Skyscan 1172, Skyscan, Kontich, Belgium) from the
knee to the ankle joint while being constrained by two plastic
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cups as in the experimental configuration. Because of the
large size of the specimens, we adopted the “oversize scan”
modality that can image sequentially and connect together
multiple views along the height of the specimens. Each of the
6 subscans was taken with 20 wm resolution, 70kV source
voltage, 141 LA source current, 2-fold oversampling and a
rotation step of 0.350°. The global field of view had a width of
15.2 mm, a height of 46 mm, and a depth of 13.4 mm (760 x
2300 x 670 pixels). After the experiments, all samples, with
the strain gauges still bonded to the bone surface and the
implant inserted, were imaged again by pCT.

2.3 Micro-CT segmentation

The wCT images were reconstructed using NRecon software
(version 1.6.1.5; Skyscan, Kontich, Belgium) that performed
automatic matching and stitching of the parts belonging to
each oversize scan. The quality of the post-experiment pCT
scans was limited by artifacts due to the presence of the
jumper wires of the strain gauges. Even larger metal arti-
facts were found in proximity of the implant. These artifacts
prevented proper image segmentation. In order to overcome
this problem, we used the pre-experiment WCT scans of the
limbs as a reference for building up the model of the tibia.
Both pre- and post-experiment pCT scans of each specimen
were processed (IPL, Scanco Medical, Briittisellen, Switzer-
land). To reduce computational costs, the voxel size was set
to 40 pm. The wCT images of each tibia were filtered using
a constrained three-dimensional Gaussian filter to partially
suppress the noise in the volumes (o = 1.2, support=2).
The data were binarized using a global threshold of 14% of
maximum possible gray value to separate voxels represent-
ing bone tissue from surrounding voxels representing soft
tissue. The implant material was extracted from the post-
experiment images by using a threshold value of 49% of
maximum possible gray value. For each specimen, the posi-
tion and orientation of the implant with respect to the bone
were assessed by means of fully automated alignment rou-
tines of the pre-experimental artifact-free tibia model onto
the post-experimental tibia model (Gerhard et al. 2008) after
which the isolated implant was artificially inserted into the
intact bone model. The joint spaces between the articulating
bones of the system (tibia—femur, femur—patella, tibia—talus,
talus—calcaneus) were modeled by bony elements. Although
this is a simplification, it has been demonstrated to be ade-
quate for accurately quantifying the strain values in the rat
tibia loading model (Torcasio et al. 2011). Finally, a compo-
nent labeling algorithm was applied in order to delete all the
unconnected elements in the models.

2.4 Micro-CT-based finite element analyses

Micro-finite element (WFE) models were generated by a
direct conversion of bone voxels to linear 8-noded hexahedral

elements (voxel size of 40 pum). Mesh convergence tests were
performed on one intact tibia by calculating the overall sam-
ple stiffness when using voxel sizes of 20, 40, and 80 pwm,
respectively, from which it was concluded that the 40 pm
voxel mesh was sufficiently converged (Torcasio et al. 2011).
Linear and isotropic material behavior were assigned to all
materials in the WFE models. All interfaces in the model
were modeled as fully bonded contacts, resulting in a model
consisting of only one body with different material proper-
ties that represented the different components. We assumed a
firm connection between implant and bone to occur directly
after implantation. Although this is a simplification, it is
reasonable to assume that the use of the “undersized surgi-
cal technique” limited the potential relative motion between
implant and bone (Tabassum et al. 2009). Furthermore, as
recently demonstrated experimentally, interlocking between
thread and trabeculae likely dominates frictional and detach-
ing phenomena (Wirth et al. 2010).

For each specimen, four different models were cre-
ated corresponding to different representations of the bone-
implant interface (Fig. 2). The first model (Model A)
consisted of 2 entities, bone and implant, to which were given
Young’s moduli of 18.3 and 100 GPa, respectively; Poisson
ratio was equal to 0.30 for both materials (Fig. 2a). Bone tis-
sue modulus had been determined in a previous study using 8
intact tibiae without implant insertion (Torcasio et al. 2011).
In this model, it is assumed that the procedure of implant
insertion did not alter the quality of the peri-implant bone
tissue; it refers to a rather idealized state of perfect osseo-
integration. In models B, C, and D (Fig. 2b—d), a reduced
quality of the interface was modeled by assigning a Young
modulus of 0.1 GPa to a peri-implant bony region with thick-
ness of 40, 80, and 160 pm, respectively.

Boundary conditions that simulated the experimental con-
figuration were defined. Hence, the models were fixed at the
distal end; a 9.5 N load magnitude (=10.0N — 0.5 N preload)
was applied to the proximal end, while any displacement in
the other two directions was constrained. The models were
solved using the dedicated large-scale finite element itera-
tive solver ParFE (Arbenz et al. 2008) on a Cray XTS5 system
(CSCS, Manno, Switzerland).

2.5 Calculation of the strains at the strain gauge site

The alignment routines of the pre-experimental artifact-free
tibia model onto the post-experimental tibia model allowed
for incorporating the precise implant position relative to each
bone; furthermore, the alignment routines allowed for iden-
tifying the location and orientation of the strain gauge with
respect to each tibia model; hence a volume of interest VOI
identifying the strain gauge location was selected. In order
to prevent artificial surface strain values from affecting the
results, the surface layer of the VOI was excluded from the
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Fig. 2 Four models corresponding to four representations of the bone-
implant interface were created. The first model consisted of 2 enti-
ties, bone and implant, to which were given Young’s moduli of 18.3
and 100 GPa, respectively (a). In the second, third, and fourth model

analysis. For each element, the strain tensor was calculated
and averaged over the VOI. Three-dimensional strain trans-
formations were applied to obtain the strain in the working
direction of the experimental strain gauge. Visualizations of
the bone strains were created using the open source program
ParaView (http://www.paraview.org/), running on an HP-XC
cluster (CSCS, Manno, Switzerland).

2.6 Statistical analyses

For each load magnitude, mean strains and standard devi-
ations over 5 repeated measurements were calculated. The
intra-individual variability was assessed in terms of the coef-
ficient of variation (COV). The experimental inter-individual
variability was calculated based on bone stiffness, defined as
the slope of the relationship between strain and load magni-
tude. The mean experimental strains were correlated to the
computational strains by means of the Pearson’s squared cor-
relation coefficient (R?). All statistical analyses were per-
formed with Excel 2003 (Microsoft, Redmond, USA).

3 Results
3.1 Strain gauge measurements

Compressive loading of the rat limbs resulted in tensile
strains on the medio-proximal surface of the tibia. The mea-
sured strains differed by 62.5% between individuals. How-
ever, intra-individual variability was only 9.22 £ 2.67%.
Over the range of load magnitudes applied, we found for
each limb that the mean strains exhibited a linear relation to
the applied loads (R? > 0.99) (Fig. 3).

3.2 WFE analyses
All wFE models were successfully created and analyzed. The

number of elements in the models ranged from 7.1 to 8.1 mil-
lion, the number of nodes from 8.4 to 10 million.
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a reduced quality of the interface was modeled by assigning a Young
modulus of 0.1 GPa to a peri-implant bony region with thickness of
40 wm (b), 80 um (¢) and 160 um (d), respectively

The calculated strains, averaged over all individuals, were
1.69, 1.34, and 1.15 times higher than the averaged measured
strains for model A, B, and C, respectively. The computa-
tional strains were lower than the experimental strains for
model D (factor=0.91). The local strain values 1.5 mm away
from the implant on the tibia surface served for validating the
computational strains as calculated by WFE analysis. In all 4
cases (Fig. 4), measured and pwFE-derived strains correlated
highly (R2 = 0.95,0.92,0.93, and 0.95 for models A, B,
C, and D, respectively). In addition, the strains calculated
for model A correlated highly with the strains calculated for
model B, C, and D (R2 = 0.98,0.97, and 0.92, respectively).
The visualization of the strain distribution throughout the
whole tibia demonstrated that axial loading produced a mix-
ture of compression and bending, which resulted in tensile
and compressive strains on the medial and lateral surface of
the proximal tibia, respectively (Fig. 5a). The strain distri-
bution at the level of the strain gauge site indicated that the
strain gauge was placed in a region of high strain gradients
along the anterior—posterior direction (Fig. 5b).

4 Discussion

The objective of this study was to develop and validate
WFE models for the assessment of tissue strain in a rat
tibia compression loading model after implant insertion.
Ex vivo experiments were performed that reproduced the
in vivo situation. By using dedicated loading cups, we suc-
ceeded in minimizing the effect of leg orientation on the
measured strains. In fact, the measurements on each speci-
men were highly reproducible (COV = 9.22 £ 2.67% over
5 repetitions). We found relatively large COV for the exper-
imentally measured inter-individual strains (62.5%). These
findings match results from a previous study conducted on
the same rat tibiae before implant insertion (Torcasio et al.
2011), in which strong differences in the measured strains
between individuals (54.2%) had been found as well. Finite
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element analyses revealed that such differences were mainly
due to small variations in the strain gauge location.

The use of voxel-based FE models allowed for a highly
accurate representation of bone geometry and accurate inter-
nal trabecular architecture. Accurate loading conditions were
achieved by WCT imaging of each limb positioned between
two cups just as in the experimental configuration. This
assured that the correct alignment of the FE model with
respect to the loading direction as well as the correct loca-
tion of the point of load application was automatically

F(N)

incorporated in the specimen-specific WFE models. Finally,
accurate bone material properties were used. Specifically,
this value (18.3 GPa) was obtained as best match between
experimental and pFE-derived strains in a separate study
conducted on the intact rat tibiae without the presence of an
implant (Torcasio et al. 2011).

The micro-CT-based finite element method appeared to
be very effective for accurately representing the implant
geometry and its location in the tibia while less suitable for
representing the peri-implant bone tissues. The wCT images
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Fig. 4 Experimentally a b
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were influenced by large metal artifacts due to the pres-
ence of the implant. This issue was solved for each spec-
imen by rigid registration of the pre-experimental model
onto the post-experimental model. Hence, the specimen-
specific implant location and orientation with respect to the
artifact-free bone could be represented well. The most evi-
dent limitation of this approach, however, was that a real-
istic representation of bone-implant interface could not be
achieved.

In this study, implants were inserted using “undersized
surgical technique” in which the final drill diameter is consid-
erably smaller than the implant diameter (Friberg et al. 1999).
Although this procedure is considered favorable for primary
implant stability (Tabassum et al. 2009; Shalabi et al. 2007)
and implant osseointegration (Lioubavina-Hack et al. 2006),
its effects on peri-implant bone quality are not fully known.
Histological analyses have shown that after implant inser-
tion through the undersized technique, bone is not entirely in
contact with the implant surface (Tabassum et al. 2010). Fur-
thermore, bone particles are formed and translocated during
implant placement (Tabassum et al. 2010). Other authors
have evidenced how the undersized technique determines a
preload condition, which depend on the difference between
the drill diameter and the implant diameter as well as on
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the mechanical properties of bone and implant materials.
Because the time of implant insertion is too short for bone
to relax, the bone tissue might experience inelastic phenom-
ena with the possibility of permanent elastic strains in peri-
implant bone (Duyck et al. 2010; Natali et al. 2009). Research
has also supported the hypothesis that implant insertion may
cause initiation of microcracks in peri-implant bone (Huja
et al. 1999; Warreth et al. 2009).

Because of the lack of specific data on bone-implant inter-
face characteristics, we modeled four distinct cases. Not sur-
prisingly, we found that the calculated strains varied with
the bone-implant interface characteristics. When modeling
bone in full contact with the implant surface (model A),
we found that the computational strains largely overesti-
mated (by a factor of 1.69) the experimentally measured
strain values. In model B and C, in which a peri-implant
interface region of 40 and 80 pm thickness was included,
we found that the calculated strains were 1.34 and 1.15
times higher than the experimental strains, respectively. In
model D, in which a peri-implant interface region of 160 pm
thickness was included, the calculated strains were lower
than the experimental strains (factor of 0.91). Nevertheless,
we found that irrespective of the specific interface proper-
ties that were assigned to models, the computational strains
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Fig. 5 Strain distribution
throughout the entire rat tibia.
Tensile (blue) and compressive
(red) strains are occurring in the
proximal tibia at the medial and
lateral side, respectively (a).
Strain distribution in the
cross-section at the location of
the strain gauge site (b): the
strain gauge is placed in a region
of high strain gradients along
the anterior—posterior direction.
Prox. proximal, Dist. distal,

A anterior, P posterior, M
medial, L lateral

£33_max

€33_min

correlated highly to the experimental strains (R > 0.92).
These findings show that a thin peri-implant bone region with
reduced Young’s modulus effectively represents the mechan-
ical behavior of the bone-implant interface immediately after
implant insertion.

A normal healing process is likely to be characterized
by a progressive increase in peri-implant bone stiffness
(Chang et al. 2003); it might end with a situation similar to
model A, representing an idealized state of implant osseoin-
tegration, for which the highest strains were calculated. Fur-
ther research could be addressed at the precise quantification
of the mechanical properties of peri-implant bone immedi-
ately after implant insertion as well as at different time steps
of the healing process. By incorporating such information
into .FE models, it would be possible to precisely quan-
tify the change in the local mechanical stimuli occurring in
peri-implant bone.

Alternatively, local bone strains might be directly assessed
by using optical methods or ultrasonic echo tracking
(Matsuyama et al. 2006). Nevertheless, all these methods
may provide measurements of bone surface strains only that
are not suitable for 3D measurements of strains throughout
the whole bone.

a

b
b
L
P /.
’/‘ A
M

Strain gauge
location

In conclusion, we have demonstrated that highly detailed
specimen-specific finite element analyses can provide accu-
rate estimates of tissue-level strains in the rat tibia after
implant insertion. We also showed that the peri-implant bone
characteristics strongly affect the mechanical strain levels
occurring in bone. Further investigations are needed in order
to identify and quantify the effects of drilling and implant
insertion on bone tissue properties in close vicinity to the
implant such that these can be incorporated into the WFE
models.
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