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INTRODUCTION 

Direct bone apposition to a functionally loaded implant, 

coined osseointegration, is a prerequisite for dental implant 

success [1]. The principle of osseointegration originally called 

for healing periods of several months aiming at the 

establishment of a direct bone-to-implant contact. In the last 

years, the treatment technique has been optimized by shifting 

from unloaded healing to immediate functional loading of the 

implants after implantation [2]. Although this procedure 

entails a marked decrease of treatment time, it still remains 

more critical compared to delayed loaded implants, especially 

in particular clinical cases (i.e. less dense bone quality) [3]. 

Acceleration and optimisation of the healing response would 

have a positive impact on this treatment outcome. Mechanical 

loading plays an important role in the early phase of 

osseointegration. The mechanical environment around the 

implant regulates the differentiation of the cells involved in 

peri-implant healing process. On a more phenomenological 

level, specific loading regimes have been proposed that would 

favor cell differentiation in peri-implant tissue in order to 

enhance and accelerate implant osseointegration. Such 

behavior can be evaluated in in vivo animal studies in which 

specific loading regimes are applied and the bone response 

close to the implant site is evaluated. In this context, it is of 

fundamental importance to precisely quantify peri-implant 

bone mechanical response since it is needed, first, for defining 

the relationship between local bone response and local 

mechanical stimuli and, second, for optimizing the in vivo 

loading protocols. Therefore, the purpose of this study was to 

validate micro-computed tomography (µCT) based finite 

element (µFE) models for investigating the mechanical 

response of peri-implant bone tissue after implantation. 

Specifically, our aim was to validate µFE models for the rat 

tibia loading model after placement of an implant.  

 

METHODS 

Eight male Wistar rats (12 weeks old; 257 ± 9.7g body 

weight) were purchased from Janvier (Le Genest St Isle, 

France). The entire hind limbs of the rats from the head of the 

femur to the toes were excised. All procedures were approved 

by the ethical committee of the K. U. Leuven (P029/2008). 

Lateral incisions were made in order to expose the medio-

proximal site of the tibia.  A titanium screw-shaped implant of 

2 mm diameter was installed. A single element strain gauge 

(type FLG-02-11, TML, Tokyo Sokki Kenkyujo Co., Ltd.) 

was glued on the lateral surface of the tibia, 1 mm above the 

implant. The limbs were placed in between two loading cups 

(Fig. 1) and strain was measured with the limb subjected to a 

small stabilizing preload (0.5 N) and 4 conditioning cycles 

before loading to 2.5, 5.0, 7.5 and 10 N at a rate of 0.5 

mm/sec. Measurements were performed five times after 

complete removal and repositioning of the limbs.  

 

Figure 1:  Rat limbs, after implant insertion, were placed 

between the loading cups connected to the BOSE test bench.  

 

 

Before experimental testing, each tibia was imaged with µCT 

(Skyscan 1172, Skyscan, Kontich, Belgium) from the knee to 

the ankle joint while being constrained by two plastic cups as 

in the experimental configuration. A 20 µm nominal 

resolution was used. Each tibia was imaged twice, once before 

and once after the implant insertion.  
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Figure 2:  Four representations of bone-implant interface. A)  

bone is directly in contact with the implant surface; B) a 40 

µm thick peri-implant bone region with low Young modulus is 

included; C) an 80 µm thick peri-implant bone region with 

low Young modulus is included; D) the entire implant is given 

a low Young modulus.  

 

The images were processed using IPL (Scanco Medical, 

Brüttisellen, Switzerland). After increasing voxel size to 40 



µm, the µCT data were filtered using a constrained three-

dimensional Gaussian filter to partially suppress the noise in 

the volumes.  The data were binarized using a global threshold 

of 14% of maximum possible grey value to separate voxels 

representing bone tissue from surrounding voxels representing 

soft tissue. Implant material was extracted from the µCT 

image after placement of the implant by using a threshold 

value of 49 % of maximum possible grey value. The location 

of implant and strain gauge with respect to the pre-

experimental artifact free tibia model was defined by means of 

fully automated alignment routines.  For each specimen four 

different models were created corresponding to different 

representations of bone-implant interface. The first model 

consisted of 2 entities, bone and implant, to which Young’s 

moduli of 18.3 GPa and 100 GPa were given, respectively; the 

Poisson ratio was equal to 0.30 for both them (Fig. 2A). The 

second and the third model included a peri-implant bony 

region with thickness of 40 µm and 80 µm, respectively, to 

which a low Young modulus of 0.1 GPa was given. Finally, in 

the fourth model a modulus of 0.1 GPa was assigned to the 

implant (Fig. 2D). Micro-finite element (µFE) models were 

generated by a direct conversion of bone voxels to linear 

hexahedral elements (voxel size of 40 µm). A linear and 

isotropic material behavior was given to all materials in the 

µFE models. All interfaces in the model were modeled as fully 

bonded. Boundary conditions that simulated the experimental 

configuration were defined. Hence, the models were fixed at 

the distal end; to the top nodes an axial displacement that 

resulted in 0.1 % overall strain was applied, while any 

displacement in the other two directions was constrained.  The 

models were solved using ParFE, a dedicated large-scale finite 

element solver [4]. Strain at the location of the strain gauge 

corresponding to 9.5 N load magnitude (= 10.0 N - 0.5 N 

preload) was determined on the basis of the calculated reaction 

force. Experimental mean strain and standard deviation (over 

the 5 repetitions) were calculated for each limb. The intra-

individual variability was assessed in terms of coefficient of 

variation (COV). The experimental mean strains were 

correlated to the computational strains by means of the 

Pearson’s squared correlation coefficient (R
2
).  

 

RESULTS AND DISCUSSION 

For each limb, the mean strains exhibited a linear relation to 

the applied loads. The experimental analyses showed a very 

good repeatability of the measurements. In fact, the 

measurements on each specimen were highly accurate (COV = 

9.22 % ± 2.67 % over 5 repetitions). Micro-CT based FE 

models were successfully developed. For all four bone- 

implant interface representations, measured and µFE-derived 

strains highly correlated (R
2 

= 0.95, 0.92, 0.93 and 0.94 in 

model A, B, C and D, respectively) (Fig. 3). However, we 

found that the calculated strains varied with the bone-implant 

interface characteristics. When modeling bone as entirely in 

contact with the implant surface (model A), we found that the 

computational strains largely overestimated (by a factor of 

1.69) the experimentally measured strain values. In model B 

and C, in which a peri-implant bony region with 40 and 80 µm 

of thickness was included, we found that the calculated strains 

were higher by a factor of 1.34 and 1.15 than the experimental 

strains, respectively. In the extreme case represented in model 

D (entire rigid implant modeled as a soft material), the 

calculated strains were very close to the experimental strains 

(factor of 1.05).  

 

 

Figure 3: Experimentally measured strains versus 

computational strains for model A, B, C and D. Values are 

expressed in microstrains.  

 

CONCLUSIONS 

We have demonstrated that combining experimental 

measurements with highly accurate specimen-specific finite 

element analyses can provide accurate estimates of tissue-level 

strains in rat tibia loading model within the presence of an 

implant. We also showed that the peri-implant bone 

characteristics strongly affect the mechanical strains levels 

engendered in bone. Therefore, further investigations are 

needed in order to identify and quantify the effects of drilling 

and implant insertion on bone tissue properties such that these 

can be incorporated into the µFE models. 
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