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Abstract High-resolution three-dimensional data about
the bone response to oral implants can be obtained by using
microfocus computer tomography. However, a disadvan-
tage is that metallic implants cause streaking artifacts due
to scattering of X-rays, which prevents an accurate evalu-
ation of the interfacial bone-to-implant contact. It has been
suggested that the use of thin titanium coatings deposited
on polymeric implants can offer an alternative option for
analyzing bone contact using micro-CT imaging. Conse-
quently, the aim of the current study was to investigate
bone behavior to titanium-coated polymethylmethacrylate
(PMMA) implants by micro-CT and histological evalua-
tion. For the experiment titanium-coated PMMA implants
were used. The implants had a machined threaded
appearance and were provided with a 400-500 nm thick
titanium coating. The implants were inserted in the right or
left tibia of 10 goats. After an implantation period of
12 weeks the implants were retrieved and prepared for
micro-computer tomography (¢CT), light microscopy, and
X-ray microanalysis. The micro-CT showed that the screw-
threads and typical implant configuration were well main-
tained through the installation procedure. Overall, histo-
logical responses showed that the titanium-coated implants
were well tolerated and caused no atypical tissue response.
In addition, the bone was seen in direct contact with the
titanium-coated layer. The X-ray microanalysis results
confirmed the light microscopical data. In conclusion, the
obtained results proof the final use of titanium-coated
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PMMA implants for evaluation of the bone-implant re-
sponse using pCT. However, this study also confirms that
for a proper analysis of the bone-implant interface the
additional use of microscopical techniques is still required.

Introduction

A successful oral implant is characterized by the occur-
rence of a direct contact between the surrounding bone and
implant surface. Qualitative and quantitative evaluation of
the peri-implant tissues around retrieved implants is clas-
sically done by means of light microscopy to confirm this
required bone response. Different techniques are available
to prepare histological sections as well as different staining
procedures can be used to obtain information about the
specific cellular and tissue response. However, a disad-
vantage of histological evaluation is that it provides only
two-dimensional information. High-resolution three-
dimensional data of configurations with a multifaceted
structural design, like oral implants, can be obtained by
using microfocus computer tomography (uCT) [1]. Anal-
ysis of the bone response around titanium implants by uCT
has been found to be highly reliable for determining bone
mass and bone density parameters. For example, in a
recently published study, 89% matching in bone area
measurements was observed comparing uCT slices with
light microscopical sections [2]. On the other hand,
metallic implants cause so-called streaking artifacts due to
scattering of X-rays, which prevents an accurate evaluation
of the interfacial bone-to-implant contact [3, 4]. Although,
the placement of an aluminum filter between detector and
specimens can suppress this phenomenon, it cannot be
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completely avoided [2]. A better solution for this problem
is the use of synchrotron radiation microtomography
(SRuCT). Due to the microenergitic X-rays as used in this
technique, scattering can be avoided, which results in a
higher sensitivity of bone detection near the implant sur-
face and allows the quantification of the direct bone re-
sponse [5]. Unfortunately, SRuCT is not easy accessible
and the procedure is also very time consuming.

In view of the above mentioned, it has been suggested
that the use of thin titanium coatings deposited on a
polymeric implant can offer an alternative option for ana-
lyzing bone-implant contact using ¢CT-imaging [2]. In the
past, titanium-coated polymeric implants were already
successfully used for transmission electron microscopic
analysis of the cell and tissue response [6, 7] and ultra-
structural study of epithelial cell attachment to implant
materials [7, 8].

Consequently, the aim of the current study is to inves-
tigate the bone behavior by uCT and light microscopy
using titanium-coated PMMA implants.

Materials and methods
Implants

Ten conically-shaped screw designed PMMA implants
were used. All implants measured 10 mm in length and had
a diameter of 4.6 mm. The implants were copied and
prepared with a lathe out of PMMA rod completely analog
to metallic implants (Biocomp® Industries, Dordrecht, The
Netherlands). Subsequently, all ten implants were coated
with a 400-500 nm thick layer of titanium (Ti) (Fig. 1).

Fig. 1 Macroscopic pictures of a non-coated PMMA implant (A)
titanium-coated PMMA implant (B). The titanium coating has a
shiny, gray-black appearance
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The Ti layer was deposited using a radio frequency mag-
netron-sputtering unit (Edwards ESM 100). During the
sputtering process, a commercially pure Ti target was used.
Pressure was kept at 5.0 x 10~ mbar using argon gas (4 L/
h), and the power level was set at 200 W. The Ti target was
sputter cleaned before deposition. The target was consid-
ered clean when the plasma turned from pink to blue,
resulting from blue light emitting Ti in the plasma. The
PMMA implants were sputtered for 30 min. Finally, they
were autoclaved for 15 min at a temperature of 121 °C
before use in the experimental animal study.

Animal model and implantation procedure

Ten healthy mature (2—4 years of age) female Saanen
goats, weighing about 60 kg were used in this study. Be-
fore surgery blood samples of the goats were taken to en-
sure that the animals were Caprine Arthritis-Encephalitis
(CAE/CL) free. The animals were housed in a stable. Na-
tional guidelines for the care and use of laboratory animals
were observed.

The operation was performed under general anesthesia
and was induced by an intravenous injection of pentobar-
bital and maintained by 2-3% ethrane through a constant
volume ventilator, administered through an endo-tracheal
tube. The goats were connected to a heart monitor. To
reduce the risk of peri-operative infection, the goats were
treated according to the following doses of antibiotics:
during the operation: 3 mL/50 kg s.c. Albipen® 15%, one
and three day after the operation: 7.5 mL/50 kg s.c. Albi-
pen® LA.

All implants were placed into the tibia of the right or
left hind limbs of the goats. Therefore, the animals were
immobilized on their back and the hind limbs were
shaved, washed and disinfected with povidone-iodine.
Then, a longitudinal incision was made on the tibia of
the left or right side and the bone were exposed. Sub-
sequently, a hole was drilled in the tibia with a con-
secutive series of drills to a final diameter of 4.6 mm.
The bone preparation was performed with a gentle sur-
gical technique, using low rotational drill speeds (maxi-
mum 800 rpm) and continuous internal cooling. After
preparation, the hole was irrigated and then packed with
sterile cotton gauze to stop bleeding. Thereafter, the
implant was press-fitted into the hole. Only one implant
was inserted in each goat.

After placement of the implant, the soft tissues were
closed in separate layers using resorbable Vicryl 3-0 su-
tures. Evaluation of the bone fixation was planned at an
implantation period of 12 weeks. At the end of the
implantation period the goats were killed by an overdose of
Nembutal® and the implants with surrounding tissue re-
trieved for histological evaluation and pCT analysis.
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Micro-CT evaluation

Implants were made of PMMA in order to allow the use of
micro-CT. Earlier studies have already shown that micro-
CT cannot be used to evaluate the bone response in close
proximity of full metallic or full ceramic implants. Scat-
tering occurs at the implant surface, which excludes proper
evaluation. This problem can be avoided by making use of
polymeric implants (feasibility has been confirmed in
previous studies) [2].

For micro-CT evaluation a 3D analysis of bone forma-
tion was done.

After sacrificing the animals, the tibia including the
implants were harvested immediately and fixed in 4%
formaldehyde and dehydrated in ethanol. Subsequently, the
specimens were wrapped in Parafilm® to prevent drying
during scanning and placed in the middle of a cylindrical
sample holder. Then, high-resolution scanning with a pixel
size of 18.70 um was performed at energy of 100 kV and
intensity of 98 pA (SkyScan-1072, Skyscan n.v., Aartse-
laar, Belgium). Cone beam reconstruction (version 2.15,
Skyscan®) was performed on the 452 projected files. The
number of cross-sections was set to cover the entire length
of the implant. The micro-CT 3D-Creator software was
used to make a 3D-reconstruction from the obtained stack
of reconstructed files.

Histological procedures

Subsequent to uCT-scanning, the specimens were cut to
smaller size suitable for histological processing. Each
specimen contained one implant site with surrounding
bone. The specimens were then dehydrated in increasing
ethanol concentrations and embedded (non-decalcified) in
methyl methacrylate (MMA) for 4 weeks. After polymer-
ization in MMA thin (10 um) non-decalcified sections
were prepared with a modified diamond blade sawing
microtome technique. These sections were made perpen-
dicularly on the longitudinal axis of the implant. The sec-
tions were stained with methylene blue/basic fuchsin and
examined with a light microscope.

X-ray microanalysis

Following histological sectioning, the surface of the
remaining part of the tissue block was polished with 4,000
grit silicon carbide sandpaper. Subsequently, the blocks
were cleaned with 70% alcohol and carbon coated. Spec-
imens were examined by scanning electron microscope
(XL30 ESEM FEG, Philips, Eindhoven, The Netherlands)
in backscatter mode at 20 kV, with an attached X-ray
microanalysis system (EDAX with software, EDAX BV,
Tilburg, The Netherlands).

Results

Throughout the experimental test periods, all animals ap-
peared to be in good health. At sacrifice, no clinical signs
of inflammation or adverse reaction were observed around
the implants.

Micro-CT evaluation

The 3D reconstructed representations showed clearly the
implants surrounded by cortical bone. Overall, the screw-
threads and typical implant configuration were well main-
tained through the installation procedure. No streaking
artefacts were present. The bone was found to be grown
into the screw-threads and bone conduction into the mar-
row cavity was seen (Fig.2). Evidently, the titanium
coating was not thick enough to allow visualization of the
implant part that was positioned into the medullar cavity.

Histological description

A short embedding procedure prevented serious distortion
of the bulk of the PMMA implants due to the required use
of organic solvents.

The histological evaluation demonstrated that the tita-
nium-coated implants were well tolerated by the tissues. In
the cortical compartment of the tibia, bone was observed in
close contact with the titanium layer, which could easily be
recognized and appeared to cover the implant surface for
almost 100% (Fig. 3). The bone-titanium coating contact
was almost continuous (Fig. 4A) and only occasionally
remodeling lacunas (Fig. 4B) or an intervening fibrous
tissue layer were seen. When fibrous tissue was present in
the interface, this could frequently be associated with a
lacking titanium coating (Fig. 4C). The bone around the
implants showed a very organized structure in which ost-
eons could be recognized. At the crestal side, the implants
were always covered by newly deposited bone. At the
apical side the implants penetrated into the medullar cavity.
Ingrowth of bone along the implant surface and into the
medullar cavity had occurred. In the bone marrow, no sign
of an inflammatory response indicating a foreign body
reaction was seen (Fig. 5).

X-ray microanalysis

Backscatter electron microscopy confirmed the light
microscopical data. The PMMA material of the implant
could be recognized as well as the titanium coating that
covered the implant surface. Bone was seen in close con-
tact with the major part of the implant surface. Figure 6A
shows a cross-section where bone is not in direct contact
with the titanium coating. Figure 6B—E show a mapping of
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Fig. 2 Micro-computer tomography pictures showing the bone
appearance after installation of the PMMA coated implant by a
press-fit approach. (A) The implant penetrated into the medullar
cavity and ingrowth of bone at the endosteal side can be observed. (B)
The screw-threads as well as the smooth implant surface can be
recognized

the PMMA implant-bone interface with regard to the
presence of titanium, calcium, phosphorus, and carbon.
The presence of calcium and phosphorus indicates the
presence of bone and carbon indicates the coating as
deposited onto the tissue block as required for backscatter
electron microscopy. An integral mapping, as depicted in
Fig. 6F, verifies that a gap existed between implant and
bone, which indicates the presence of fibrous tissue. In
areas with direct bone contact, EDS mapping confirmed
that the implant was indeed in contact with the bone.

@ Springer

Fig. 3 Histological picture of a titanium coated PMMA implant. The
implant is surrounded by bone tissue in close contact with the
titanium coating, which is visible as a thin black line of the outer
surface of the implant. Magnification 1.6x, bar = 625 pm

Discussion

The aim of the present study was to determine whether the
use of titanium-coated polymeric implants allows an
accurate examination of the bone implant interface by uCT
analysis. The obtained data were compared with light
microscopical and scanning electron microscopical (ele-
mental mapping) data.

The results indicated that the resolution of uCT-images
is still significantly less compared with both used micro-
scopical techniques, which excludes evaluation at the cel-
lular level. In view of this, additional visualization
approaches are still needed for a proper complete study of
the bone-implant response.

Previous studies already confirmed that the composition
of thin magnetron sputtered titanium coatings is very
similar to the surface composition of bulk titanium im-
plants [9]. Rutherford backscattering spectroscopy and X-
ray photoelectron spectroscopy indicated that sputtered
titanium coatings consist of titanium and oxygen in
amounts of 1:1. Also, the adhesion property of this type of
coating is sufficient to withstand continuous stretching at a
frequency of 1 Hz and a magnitude of 1,000 pstrain.

The overall bone response to titanium coatings is very
similar to other studies with titanium-coated polymeric
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Fig. 4 Histological section of titanium-coated implant showing
clearly the titanium layer. (A) the titanium layer was covered almost
completely by bone, (B) occasionally remodeling lacunas were
present. Original magnification 10x, bar = 100 um, and (C) in areas
where the coating was lacking, the implant surface was surrounded by
fibrous tissue (blue layer). Magnification 20X, bar = 50 um

implants. For example, Albrektsson et al. [6] used cylin-
drical, non-threaded polycarbonate plastic implants coated
with titanium or gold, which were inserted for 12 weeks
into the tibia of rabbits. The thickness of coating was 200—
300 nm. Using transmission electron microscopy, the bone
surrounding the titanium-covered plastic core was shown to
possess ‘‘normal’’ ultrastructural characteristics. At the
titanium interface, the last 2 or 3 lamellae of bone became
arranged parallel to the surface of the central plastic plug
and not concentrically as in Haversian systems. The min-

Fig. 5 The part of the implant that penetrated into the medullar
cavity did not evoke any sign of an inflammatory response. Original
magnification 10x, bar = 100 um

eralization was reduced close to the interface (0.1-0.5 um
from the metal border) and the collagen bundles became
replaced by filaments, randomly arranged close to the
interface. The last 20-40 nm from the titanium surface
lacked distinct collagen filaments. This zone was observed
to consist of partly calcified amorphous ground substance
and partly proteoglycans and glucoseaminoglycans. No fi-
brous tissue was interposed between the bone and titanium
surface. These results were confirmed in several follow-up
studies of the same group, where titanium coated implants
were compared with zirconium [10] and stainless steel
coatings [11].

Considering the intervening fibrous tissue layer in areas
where the coating is lacking, our findings corroborate with a
previous study of Ooms et al. [12]. They injected PMMA
bone cement into cortical bone defects as made into the tibia
of goats. After 2 weeks of implantation, fibrous tissue for-
mation was observed at the bone-PMMA interface, which
was still present after 12 weeks of implantation. It has to be
emphasized that the fibrous tissue response around this in-
jected PMMA material was more enhanced compared to our
exposed PMMA surface. Probably, this is due to the man-
ufacturing process of our implants. The current implants
were machined with a lathe out of pre-polymerized PMMA
rods, while in the Ooms study the PMMA implants had to
polymerize in situ, which results in prolonged release of
cytotoxic monomer. This explanation is supported by other
studies [13-16], who all used pre-polymerized implants,
which evoked a moderate non-compatible bone response
characterized by the occurrence of reduced bone contact
and a thin separating fibrous tissue layer.

In our experiment, a conventional press-fit surgical
technique was used for the installation of the implants.
Occasionally, we experienced that increased force was
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Fig. 6 Back scatter image and
X-ray microanalytical mapping
of a titanium coated PMMA
implants. (A) The implant with
the titanium coating (white line)
can be recognized. Bone
surrounds the implant. Mapping
for titanium (B), calcium (C),
phosphorus (D), and carbon (E).
(F) An integral image in which
all different mappings are
combined shows the presence of
a bone-free zone at the implant
interface

required to get the implants in the proper position. This
might be the reason for the locally observed absence of the
titanium coating. Previous pilot studies confirmed that the
Titanium coating is not dissolving or detaching after stor-
age in aqueous solution. Apparently, the tibial cortex of a
goat is not the most optimal location for titanium-coated
PMMA implants and low density trabecular bone, like as
present in the femoral condyle or maxilla, has to be pre-
ferred.

Various microscopical techniques can be used to study
the tissue reaction to implants, including light microscopy,
scanning electron microscopy, transmission electron
microcopy and confocal laser scanning microscopy. All
these techniques provide information at the cellular level,
but do not provide information about the elemental com-
position. X-ray mapping is a technique that exists already
for more than 40 years whereby an image is formed using
an X-ray signal in order to illustrate the elemental distri-
bution within a tissue sample [17]. Under certain condi-
tions, X-ray microanalysis is of special value in studies
dealing with bone apposition on implants. The results as
obtained in the current study prove again that scanning
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electron microscopy in combination with X-ray micro-
analysis is very valuable to prove the interfacial composi-
tion, i.e. the presence of bone.

Micro-CT is a non-destructive technique for visualizing
bone-to implant response. Without the need of any speci-
men preparation, three-dimensional images of the samples
can be produced that can be rotated and viewed from any
angle. An additional advantage is that sections of the sample
can be made in a non-destructive way in all directions for
visualizing the bone response in a specific area. In addition,
quantitative characterization of the bone response is possi-
ble. For example, bone volume, trabecular thickness, tra-
becular number and trabecular spacing can be measured
[18]. A limitation is that the resolution of micro-CT is at the
supracellular level and cannot be used to obtain detailed
information about the bone response at the cellular level.

In conclusion, the obtained results prove the final use of
titanium coated PMMA implants for evaluation of the
bone-implant response using puCT. However, this study
also confirms that for a proper analysis of the bone-implant
interface the additional use of microscopical techniques is
still required.
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