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ABSTRACT

The quantitative analysis of bone formation around biofunctionalised metallic implants is an important tool
for the further development of implants with higher success rates. This is, nowadays, especially important in
cases of additional diseases like diabetes or osteoporosis. Micro computed tomography (#CT), as non-destructive
technique, offers the possibility for quantitative three-dimensional recording of bone close to the implant’s surface
with micrometer resolution, which is the range of the relevant bony structures. Within different animal models
using cylindrical and screw-shaped Ti6Al4V implants we have compared visualization and quantitative analysis
of newly formed bone by the use of synchrotron-radiation-based CT-systems in comparison with histological
findings. The SRuCT experiments were performed at the beamline BW5 (HASYLAB at DESY, Hamburg,
Germany) and at the BAMline (BESSY, Berlin, Germany). For the experiments, PMMA-embedded samples
were prepared with diameters of about 8 mm, which contain in the center the implant surrounded by the bony
tissue. To (locally) quantify the bone formation, models were developed and optimized. The comparison of the
results obtained by SRuCT and histology demonstrates the advantages and disadvantages of both approaches,
although the bone formation values for the different biofunctionalized implants are identical within the error
bars. SRuCT allows the clear identification of fully mineralized bone around the different titanium implants.
As hundreds of virtual slices were easily generated for the individual samples, the quantification and interactive
bone detection led to conclusions of high precision and statistical relevance. In this way, SRuCT in combination
with interactive data analysis is proven to be more significant! with respect to classical histology.
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1. INTRODUCTION

Of the methods that are available to characterize the bone formation process around implants, light microscopy
is still the most widely used. An excellent lateral picture resolution is characteristic for this technique. In
addition, with help of histomorphometry, quantitative data can be obtained. The two dimensional information as
represented by the histological sections is then extrapolated to the three dimensional tissue structure by analyzing
various sections of the same sample. However, such an extrapolation can result in incorrect information, since loss
of large quantities of tissue (up to 300 ym) is not uncommon during the sectioning of hard tissue-implant samples.
For the quantification of mineralized bone (density or trabecular structure), micro computed tomography (uCT)
has already been shown to be a very powerful technique. ©CT has the ability to determine in a non-destructive
way the bone formation around the implants with maintenance of a high spatial resolution and with minimal
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sample preparation. As a result, virtual cuts with identical resolution in any direction can be generated from
1CT tomograms. However, the attenuation coefficients of bone and titanium, which is a widely used material
for load bearing implants, differ significantly from each other. This can result in a lot of "noise” (scattering),
which is present in the uCT image as a layer around the implant body. This effect becomes even enhanced
during the first stages of bone formation when the difference in x-ray absorption is further increased because
the newly formed tissue is not fully mineralized and thus composed mainly of light elements. Consequently, the
visualization of the interface is complicated and a quantitative evaluation becomes difficult.?3 Some of these
problems can be avoided by using synchrotron radiation micro tomography (SRuCT).* Due to the monoenergetic
and nearly parallel distribution of x-rays in SRuCT, the so called ”beam hardening effect” at the implant surface
as well as scattering effects can be avoided. This leads to a higher sensitivity of bone detections near the implant
surface. In this paper two exemplary titanium implant models will be presented to show the potential of this
technique for the analysis of osseointegration with high statistical relevance.

2. MATERIALS AND METHODS
2.1. Implant design and biofunctionalization

In the first example cylindrical titanium implants with a diameter of 4 mm and a length of 12 mm were used. To
clearly define a region of bone formation, two incisions with a width of 2.5 mm and a depth of 0.7 mm were cut
into the titanium surface (Fig. 1A). For a second animal model modified screw titanium implants with a diameter
of 4 mm were used (Fig.2A). All implants were sandblasted with 250 um corundum and cleaned with 1% Triton
X-100, acetone, and 96% ethanol, rinsed with distilled water, and air dried. The surfaces of the cylindrical
implants were (1) uncoated (Ref), (2) collagen type I coated (Colll),® (3) collagen type III coated (Coll3),”> and
(4) covered with peptide molecules (Pep).% The titanium screw implants with a machined surface were covered
(1) with a combined hydroxyapatite and mineralized collagen coating® and (2) with a collagen I and chondroitin
sulphate (CS) coating onto which bone morphogenetic protein 2 (BMP2) molecules were immobilized.”

2.2. In vivo experiments

The femur of sixteen healthy mature (2-4 years of age) female Saanen goats weighing about 50 kg were used for
the implantation of the cylindrical implants.! Therefor a longitudinal incision of 4 mm was made on the medial
surface of the left and right femur. Implantation periods were 5 and 12 weeks. The modified screw implants were
implanted in the mandible of ten adult female foxhounds for 4 and 12 weeks.”

2.3. SRuCT measurements

After retrieval and embedding 16 cylindrical samples (diameter = 8 mm, length =15 mm) with titanium implants
and the surrounding hard tissue from the goat experiment were used for the SRuCT experiments. At HASYLAB
(Hamburg, Germany) beam line BW5 monochromatic parallel x-ray was used. The photon energy was adjusted
to 60keV with a double-bent Laue-monochromator (Si-111reflex). Behind the sample the attenuated x-rays
were transformed by a single crystal (CdWO4) fluorescence screen into visible light, which was magnified to a
CCD-camera (KX2 by Apogee Instruments, Inc.). The samples were measured under 720 different angles using
an image size of 1274 x 1274 pixels (pixel size: 6.8x6.8 um). From the dog experiment 8 screw implants (two for
each time and modification) with surrounding bone were embedded in methylmethacrylate and prepared with
a diameter of about 8 mm, containing the implant nearly centered within the bony tissue. At the BAMline
(BESSY II, Germany) the x-ray energy was set to 50keV with the help of the installed double multilayer
monochromator. With the CCD detector (VersArray:2048B, Princeton Instruments) 720 projections with an
image size of 2048 x 2048 pixels and an effective pixel size of 3.5um (zoom optics combined with CCD chip’s pixel
size) were obtained. A filtered back projection algorithm was used to obtain the three-dimensional data of x-ray
absorption for the samples.
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2.4. Analysis procedure

The extraction of bone-related absorption values in the SRuCT tomograms was based on absorption histograms
obtained with the image analysis software (ImageJ, National Institutes of Health, USA; VGStudioMax 1.1,
Volume Graphics GmbH, Heidelberg, Germany). The various components in the tomograms were separated with
an intensity-based gray level distribution threshold. Remaining image noise, which derives from the overlap of the
gray levels of tissue and embedding material, was reduced with a structural image filter (ImageJ, noise/despeckle)
retaining the overall bone structure.

In order to determine the amount of newly formed bone, the cavities in the implant were selected as the
volume of interest (VOI) (Figure 1C and Figure 2B).
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Figure 1. A) Schematic view of the cylindrical implant with two cavities. B and C) histological and SRuCT-analysis
procedure for the cylindrical implants. The volume of interest (VOI) is set to the cavities. The bone amount in a reference
area above the VOI is calculated to take the surrounding bone quality into account.

As the implant axis in the samples is not fully adjusted to the z-axis of the uCT tomogram, a spatial
reorientation of the longitudinal implant axis was done to position the ROI for the automatic slice scanning
(cp. Figure1C). The implant adjustment was carried out comparing the implant position at the top and the
bottom slices to calculate the two transformation angles. The rotation of the pCT tomogram was done with an
ImageJ plug-in (TransformJv2.1, Copyright(© by Erik Meijering, Rotterdam, The Netherlands). For the detailed
comparison of accumulated bone the tomograms were sliced as subsequently done by histology (Figure 1B).
Because of the different local bone structures, the reference area for each slice as shown in Figure1C and
Figure 2B was used, which corresponds about 1.5x ROI-diameter. Due to the symmetric implant design, the
binary slice stacks containing the bony structure could be projected (ImagelJ, z-project). The resulting image
divided by the certain absorption values is the normalized slice along the implant axis, which gives rise to an
image containing floating-point values between zero (absence of bone values) and one (bone values at each point
along the implant). Note that the implant is discarded in the resulting image.

For the histological investigation non-decalcified sections of the samples with a thickness of 30 to 70 um
perpendicular through their long axis were prepared. The vertical resolution was about 1 mm. The resulting
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Figure 2. A) Schematic view of the modified screw implant. B) Analysis procedure for the measurement of mineralized
bone inside the grooves in relation to a reference of the surrounding bone density.

slices were surface stained with alizarin-methylene-blue and von Kossa stain. To view the whole tissue around
the implants from each slice micrographs with an image size of 900 x 600 pixels (pixel size: 12.6 um) were taken.

The significance of differences in bone formation for the goat experiment were tested with a mixed multi
factor analysis (linear model of the variance) using the SAS/STAT software (SAS Inst. Inc., Cary, NC). The
parameters surface state, implantation time and location, including the interaction between implantation time
and material, were investigated. The found mean values were 'Tukey adjusted’. Differences in bone formation
around the screw implants were tested with an independent samples t-test. The significance level was defined as
p<0.01.

3. RESULTS AND DISCUSSION

The filtered 3D reconstructions (Figure 3 and Figure4) obtained from the SRuCT measurements at HASYLAB
(BW5) and BESSYII (BAMline) show a clear contrast between the absorption values of mineralized bone and
the titanium implant . Image artifacts usually found nearly the high absorbing titanium, are not visible. These
graphics provide adequate information on the bone-implant interface and also suggest development of 3D image
analysis modules to quantify the spatial bone amount around the implants. With the integration of thresholded
values for mineralized bone along the implant z-axis of the SRuCT volume preferred zones of bone formation
could be visualized (Figure5 and Figure6). In the goat model the newly formed bone is meanly visible at the
inner sides of the implant cavities. For the screw implants the highest amount of mineralized bone is found in
the screw thread and after 12 weeks at the surface of the grooves.

The SRuCT-analysis of the cavities in cylindrical implants shows differences in bone formation for the healing
time and the surface modification. After 5 weeks the analyzed mineral bone volume differs with: Ref (27.5%,
SD =6.0%), Koll1 (39.2%, SD =7.4%), Koll3 (34.6%, SD =8.3%) and Pep (33.5%, SD =4.2%). A general increase
of mineralisied bone was analysed after 12 weeks with: Ref (40.6%, SD=7.0%), Kolll (61.8%, SD =12.4%),
Koll3 (54.0%, SD =10.0%) and Pep (49.1%, SD =7.2%). With the mixed multi factor analysis the increase of
bone formation for all implant modifications was found to be not significant (p<0.01). On the other hand, inside
a given implantation time significant differences in bone formation between the surface modifications were found
(Figure 7).

Both at 5 and 12weeks of implantation, the differences between the various coatings and the reference
material were statistically significant (p<0.01 for all coatings). Also the differences between the various coatings
were significant (p<0.01) except between the 5week peptide immobilized and collagen type III implants, and
between the 12 week collagen typel and collagen typelll implants. The statistical testing of the histological
data revealed that no significant differences in bone formation between the implantation time and surface state
existed (p<0.01).

For the screw implants after 4 weeks no significant differences (p = 0.15) in bone formation between the coating
with BMP2 (32.7%, SD =10.9%) and mineralized collagen (31.4%, SD =14.2%) was found. After 12 weeks the
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Figure 3. SRuCT visualization of mineralized bone (orange) and titanium implant (cyan) after a healing time of 12 weeks
for A) an uncoated implant, B) implant coated with collagen type I and C) an implant coated with collagen type III. The
virtual slices in the SRuCT-volume were correlated to histological micrography at nearly the same sample position (right
side, red box) and demonstrate the good morphological agreement
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Figure 4. SRuCT-visualization of absorption values around biofunctionalized titanium screws, measured at the BAMline
(BESSYII, Berlin, Germany) with a photon energy of 50keV.
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Figure 5. 3D Visualization of the mineralized bone inside the cavities of the biofunctionalized surfaces after a healing
time of 5 and 12weeks. The image below each 3D-visualization shows the integral amount of mineralized bone for all

slices along the z-axis inside the cavities.
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Figure 6. Absorption values for mineralized bone integrated along the z-axis of the SRuCT-volume. After a healing time
of 12 weeks inside the implant thread the highest amount of bone formation could be visualized for the BMP2 coating.

increase in bone formation for both coatings were highly sigificant (p<0.001) with a bone volume of 53.3%
(SD=13.0%) for BMP2 and 40.2% (SD=19.0%) for mineralized collagen. Within a healing time of 12 weeks
the bone volume inside the VOI was significant higher for BMP2 (Figure 8).
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Figure 7. (A) Analysis of bone values inside the cavities from histological micrographs. No significant differences between
the surface states could be found. (B) Analysis of bone volume from SRuCT data. For a given implantation time, all
coatings differed significantly (p<0.01) except those connected. No significant differences were found between materials
at different healing times.

SRuCT allows for a clear visualization of fully mineralized bone around the implants, as a very high number
of slices can be generated per sample. As a consequence, the subsequent quantification and semi-automatic
bone detection lead to a high precision of the results for each sample. A drawback is the time required for
measuring, making it necessary to analyse a smaller sample number than would be desirable, as well as the
limited availability of synchrotron sources for the yCT measurements. Although the preparation of the SRuCT
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Figure 8. Results of the quantification for newly formed bone volume around the screw implants from SRy CT information.
After a healing time of 12weeks the biofunctionalized implants show a highly significant increase (p<0.001) of bone
formation, which is for the BMP2 coating significant higher then for the mineralized collagen coating.

samples is easier than the preparation of the histological ones, some restrictions have to be taken into account
when evaluating the results. Because of similar x-ray absorption for the used histological embedding material
and the not completely mineralized bone, a separation of these components can be difficult. As a consequence the
#CT measurement has to be arranged prior to the histological embedding. The advantage of histological imaging
is still the superb lateral resolution and the visualization of biochemical tissue properties. On the other hand, in
terms of statistical relevance, visualization and quantification is more practicable with SRuCT. Consequently, a
combination of classical histology with SRuCT can be a powerful instrument for an improved understanding of
biological reactions around biofunctionalized implants.
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