Chronological Changes in the Ultrastructure of
Titanium-Bone Interfaces: Analysis by Light
Microscopy, Transmission Electron Microscopy,
and Micro-Computed Tomography

Kenzo Morinaga, DDS;* Hirofumi Kido, DDS, PhD;" Atsuko Sato, PhD;* Akira Watazu, PhD;®
Masaro Matsuura, DDS, PhD?

ABSTRACT

Purposes: The objectives of this study were to chronologically examine the titanium-bone interfaces and to clarify the
process of osseointegration using light microscopy, transmission electron microscopy (TEM), and micro-computed
tomography (CT).

Materials and Methods: Experimental implants (Ti-coating plastic implants) were placed into tibiae of 8-week-old rats.
Animals were sacrificed at 1 to 28 days after implant placement and prepared tissue specimens for a light microscope, a
TEM, and micro-CT.

Results: New bone formation began 5 days after implant placement, and osseointegration was obtained by 14 days after
implant placement. Osseointegration was well developed by 28 days after implant placement.

Discussion: TEM and quantitative computer tomography (QCT) results indicated that bone formation in osseointegration
of titanium implants did not occur from the surfaces of the implant or preexisting bone, but it was likely that bone
formation progressed at a site a small distance away from the surface. The bone formation took place in a scattered manner.
Small bone fragments adhered to each other and transformed into reticular-shaped bone, and finally these bones became
lamellar bone.

Conclusion: Comparative analysis of the titanium-bone interfaces using light microscopy, TEM, and QCT by micro-CT
revealed the precise process of osseointegration.

KEY WORDS: chronological observation, micro-CT, osseointegration, quantitative computer tomography, titanium
coating, ultrastructure
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metallic, it was technically difficult to prepare specimens
which allowed the examination of an intact titanium-
bone interface.*'® Another reported method is the
analysis of peri-implant tissues by micro-computed
tomography (CT).*”" The utility of micro-CT is
gaining interest. This method allows for accurate mea-
surements. In addition, bone mineral density (BMD)
can be measured by quantitative computer tomography
(QCT), and it can be applied to a finite element
method.”*® However, artifacts develop around the
implant bodies because the implants are radiopaque.
Accurate observations of the implant-bone interfaces
have been difficult.”"

titanium-coated plastic implants from which sections

Therefore, we fabricated
for transmission electron microscopy (TEM) could be
prepared.”” This study was conducted to improve these
experimental implants so that they are more compatible
with light microscopy, TEM, and micro-CT. These
implants were placed in rat tibiae and were chronologi-
cally examined. The objective of this study was to clarify
the process of osseointegration using this system.

MATERIALS AND METHODS

Experimental Implants

The experimental implants were fabricated following

the method of Okamatsu and colleagues,"”

namely, a
thin film of titanium was coated on the axial surface of a
plastic rod with 1.6 mm diameter and 7 mm length. A
DC sputtering apparatus (L332S-FHS, ANELVA, Tokyo,
Japan) was used for titanium coating.’*’ Sputtering was
performed with a target using titanium of 99.9% purity
and under a 2.2 X 107" Pa argon atmosphere. It is better
to make the titanium film thin to facilitate the examina-
tion of titanium-bone interface. Therefore, we adjusted
the sputtering time using the method of Okamatsu
and colleagues'” so that the film would be thin. Plastic
implants without coatings were used as controls.

Surgical Procedure

Placements of implants were performed following the
method of Okamatsu and colleagues.'” The experimen-
tal animals were male Sprague Dawley rats which were 8
weeks old. Forty rats were used in this study. An implant
socket was placed 10 mm inferiorly from the apical
region of the knee joint, and the socket was prepared by
a drill so that it penetrated from the tibial lateral to the
medial side with 1.6 mm in diameter. One implant, an
experimental or control implant, was placed in the pre-

pared implant socket in either the left or right tibia. After
the placement of implants, the periosteal flaps were
sutured into appropriate positions, and the surgical
treatment was then completed. This study was carried
out under the control of the Animal Experimenta-
tion Committee at Fukuoka Dental College (approval
number 03005).

Preparation of Samples for Light and
Electron Microscopy

Perfusion fixation was performed under intravenous
anesthesia at 1, 3, 5, 7, 14, and 28 days after implant
placement. The preparation of samples was performed
following the methods of previous study."’

The observed region was in the medial posterior
area of the tibia to avoid the effects of stress caused by
muscular activities. Observations were made at the area
where the experimental implant penetrated the cortical
bone (CB) and where it penetrated the bone marrow
(BM).

Preparation of Samples for Micro-CT

Experimental implants were placed into rat tibiae using
the same method as described. The rats were sacrificed
at 3,5,7,9, 11, 13, 14, and 28 days after implant place-
ment. The tissues surrounding the experimental
implants were collected for micro-CT imaging. The
collected samples were imaged using micro-CT (Scan
Xmate: E090S, Comscan Techno, Kanagawa, Japan). The
imaging was performed using a cone beam scan, and the
conditions were: 30 kV tube voltage, 250 uA tube
current, and 7 um slice thickness. Six hundred slices
were required for imaging the entire experimental
implant. For BMD measurements by QCT, a phantom
for bone mineral measurements was imaged with the
samples. A phantom designed for micro-CT was com-
posed of seven types of hydroxyapatites (HAs) of known
densities. The resin densities range from 200 to 800 mg/
cm’ and in 100 mg/cm’ increments. An aluminum rod
with 2,690 mg/cm’ weight density was used as a BMD
phantom. A calibration curve which converted the CT
intensities (CT values) to BMD values was prepared.
The CT data were transmitted to a workstation, and
three-dimensional reconstruction was performed using
software for three-dimensional trabecular structure
measurements (TRI/3D-BON, Ratoc System Engineer-
ing Co. Ltd., Tokyo, Japan). In the axial cross-sections of
the imaged experimental implants, the CT intensity of
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Figure 1 Light microscope image on the side of the bone
marrow (BM) 5 days after implant placement. An alignment of
flat cells on the side of the titanium surface is observed (arrow).
IS, implant space.

each pixel was converted into BMD (mg/cm®) using the
calibration curve and displayed by different colors
according to density.

RESULTS

All experimental animals recovered well after implant
placement without any complications. Their conditions
were well maintained until they were sacrificed. No
inflammation was observed at the time of sacrifice.

Light microscope images at day 5 after the implant
placement produced similar findings to those of day 3.
Namely, the flat cells were observed aligned on the
implant surface and on the side of the BM, a few dozen
microns away from the implant surface (Figure 1). In
the CB area, there were flat cells on the surfaces of the
titanium and preexisting bone (Figure 2).

In the electron microscope images, flat osteoblasts
(OBs) with developed granular endoplasmic reticula
were observed along the surfaces of the implant and
preexisting bone (Figure 3, A and B). The images show,
on the surfaces of the preexisting bone and titanium,
OBs secreting collagen fibers and the beginning of cal-
cification with collagen fibers being used as a scaffold
(Figure 4). OBs were observed in some regions away
from the implant surface.

In the micro-CT images, calcified tissues thought to
be a small amount of new bone were observed in some
areas along the implant surroundings between the
implant surface and the preexisting trabecular bone. The
BMD values of the new bone were low ranging from 0 to
300 mg/cm’ (blue). The BMD of the CB at the implant
penetrated region (999 to 1,332 mg/cm®) showed higher
values than other CB areas (333 to 666 mg/cm’)
(Figure 5).

Micro-CT images at day 9 after the implant place-
ment showed some new bones that were formed in some
areas adhered to each other, and these bones trans-
formed into reticular bone and surrounded the implant
surface. There was an increase in the BMD values in the
region of 600 to 1,200 mg/cm’ (yellow green to yellow)
(Figure 6).

In the micro-CT images at day 13 after the implant
placement, the new bone of reticular shape was
increased and most areas of the peri-implant new bone
had BMD values of 600 to 1,200 mg/cm’ (yellow green
to yellow). At this time period, most BMD values were in
the region of 0 to 1,000 mg/cm’ (blue to yellow green) in
the region from the peri-implant area to approximately
500 pm from that area (Figure 7).

Figure 2 Light microscope image on the side of the cortical
bone (CB) 5 days after implant placement. On the side of the
CB, flat cells between the surfaces of the titanium and
preexisting bone are observed (arrows). IS, implant space.
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Figure 3 Electron microscope images on the side of the cortical bone (CB) 5 days after implant placement. Flat osteoblasts (OB)
with developed granular endoplasmic reticula are observed along the surfaces of the titanium (IS) (A) and CB (B).

Light microscope images at day 14 after the implant
placement showed that the new bone had directly con-
tacted the implant. The new bone became layered and
covered the titanium surface (Figure 8).

Electron microscope images indicated a collagen
layer that had coursed parallel to the implant surface.
The so-called “amorphous layer” was not observed at the
implant-bone interface (Figure 9).

Figure 4 Electron microscope image 5 days after implant
placement. Collagen fibers are observed around osteoblasts
(OB).

The micro-CT images showed the part of the reticu-
lar bone which had transformed into lamellar bone. The
amount of calcification tended to decrease in the region

away from the implant surface. (Figure 10).

Figure 5 Bone mineral density (BMD) longitudinal section
(A—C) and three-dimensional image (C, D) 5 days after the
implant placement. (A) Longitudinal section of implant with
BMD (low magnification). The BMD of the cortical bone (CB)
at the implant penetrated region (999 to 1,332 mg/cm’) shows
higher values than other CB areas (333 to 666 mg/cm®). (B) Bone
marrow region (high magnification). Calcified tissue thought to
be a small amount of new bone along the implant (arrows). (C)
Longitudinal section. (D) Cross section. The outline of the
implant (white dotted line), debris of preexisting bone (*).
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Figure 6 Bone mineral density (BMD) longitudinal section
(A—C) and three-dimensional image (C, D) 9 days after the
implant placement. (A) Some mineralized tissues are observed
(arrows). (B) The higher BMD is observed in the center of the
mineralized tissue along the implant surface (arrow). (C) Some
new bones that are formed in some areas adhere to each other,
and these bones have transformed into trabecular bone and
surrounded the implant surface (arrows). (D) A lot of
trabecular bone surrounding implant. The outline of the
implant (white dotted line).

Light microscope images at day 28 after the implant
placement showed that peri-implant new bone covered
the implant body continuously. The so-called “osseoin-
tegration” was achieved (Figure 11).

The thickness of the new bone on the titanium
surface was increased in the electron microscope images.
The osteocytes had protrusions extending toward the
titanium surface. On the titanium surface, a layer of
approximately 200 nm thickness with indistinct struc-
ture was observed with high electron density and
another layer with low electron density. These layers
were not necessarily seen around the entire circumfer-
ence of titanium (Figure 12).

The micro-CT images showed that most of the
reticular bone adhered to each other and transformed
into lamellar bone. The BMD values of the new bone
were 900 to 1,300 mg/cm’ (yellow to red). The density
was similar to the preexisting bone. Calcified tissue,
which was seen away from the implant surface on or
before day 13, had mostly disappeared. Bone tissue
densely covering the implant surface was seen. The BMD
of the CB at the implant penetrated region (1,665 to
2,000 mg/cm’) showed higher values than other CB
areas (1,332 to 1,665 mg/cm’) (Figure 13).

DISCUSSION

The analysis of the union between titanium and bone is
very important in the evaluation of titanium implants.
Because it is technically difficult, there are only a few
reports on the ultrastructure of the intact bone-titanium
interface and its surrounding tissue. In the preparation
of samples for observation, the following have been
attempted: implant fracture technique to remove the

implants* '

and a technique using plastic implants
coated with titanium foil."”** There is a risk of damag-
ing the titanium-bone interface in the former technique
because an implant is removed. An intact interface can
be observed by the technique involving the titanium-
coated plastic implant. This experimental method is
considered to be a superior technique. However, the
number of reports using this technique is even smaller,
and there are variabilities in the properties of thin tita-
nium film among reports.”” > Okamatsu and col-
leagues'’ coated titanium using the DC magnetron
sputtering method. They were able to attain an even
titanium coating of 150 to 250 nm, and they confirmed
osseointegration by light and electron microscopy. In
this study, we minimized tissue damage during the

Figure 7 Bone mineral density (BMD) longitudinal section
(A-C) and three-dimensional image (C, D) 13 days after the
implant placement. (A) The BMD of the cortical bone (CB) at
the implant penetrated region (1,665 to 2,000 mg/cm?) shows
higher values than other CB areas (999 to 1,332 mg/cm?). (B)
The BMD of the new bone is increased (999 to 1,332 mg/cm?).
(C, D) The trabecular bone is increased. BMD values of most
areas of the peri-implant new bone are 600 to 1,200 mg/cm’
(yellow green to yellow). Most of the BMD values are 0 to
1,000 mg/cm® (blue to yellow green) from the peri-implant area
to approximately 500 um away from it (arrows). The outline of
the implant (white dotted line).
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Figure 10 Bone mineral density (BMD) longitudinal section
(A—C) and three-dimensional image (C, D) 14 days after the
implant placement. (A) The BMD of the cortical bone (CB) at
the implant penetrated region (1,665 to 2,000 mg/cm?) shows
higher values than other CB areas (1,332 to 1,665 mg/cm?). (C,
D) A part of the trabecular bone has transformed into lamellar
SiEee bone (arrow). Lamellar new bone covers the implant

Figure 8 Light microscope image on the side of the bone circumferentially, but the amount of calcification in the area
marrow (BM) 14 days after implant placement. New bone (B) is away from the implant surface tends to be reduced.

layered. It is directly contacting the implant and covering the

titanium surface (IS).

Figure 9 Electron microscope image on the side of the bone
marrow (BM) 14 days after implant placement. A collagen layer
that has coursed parallel to the implant surface (IS) is observed. Figure 11 Light microscope image 28 days after implant

The so-called “amorphous layer” at the implant-bone interface placement. Peri-implant new bone (B) continuously covers the
is not observed (arrow). OC, osteocyte. implant body (IS). The so-called “osseointegration” is attained.
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Figure 12 Electron microscope image 28 days after implant
placement. Protrusions (*) extend from the osteocyte (OC)
incorporate into the bone to the titanium surface (IS). On the
titanium surface, a layer of approximately 200 nm thickness
with indistinct structure is observed with high electron density
and another layer with low electron density (arrows).

preparation of specimens, and minimize the effect of
metal artifacts in the examination by micro-CT. To
achieve these goals, we created a thinner titanium coating
layer by approximately halving the sputtering time.

In 1982, Albrektsson and colleagues'® coated a tita-
nium film of 2,000 A onto polycarbonate implants and
examined them under the electron microscope. They
reported that the course of collagen fibers in the bone
adjacent to the titanium surface was in a mesh form.
Thereafter, several reports were made on titanium-
coated plastic implants."”*> However, their observation
periods and properties of the coating were varied.
Therefore, consensus has not been reached on the struc-
ture of the titanium-bone interface. Although reports
have examined tissues surrounding plastic implants
coated with titanium, none analyzed the process from
implant placement until osseointegration.

There have been reports on studies using the frac-
ture technique on the maxillae of rats and performing
chronological observations. Futami and colleagues’
placed titanium implants with machined surfaces in
rats’ maxillae. They collected samples at 1, 3, 5, 7, 14, and
28 days later and examined them using TEM. As a result,
bone formation began 5 days after the implant place-
ment. The bone formation started from the side of the
preexisting bone of the implant socket. They also found

that bone formation was different between the lateral
and base portions of the implant. They stated that the
difference was dependent on the size of the gap between
the implant and the preexisting bone. In a study by the
same research group, Shirakura and colleagues'® per-
formed an analysis similar to Futami and colleagues’ in
sandblasted titanium implants and HA-coated implants.
In both types of implants, bone formation began 5 days
after the implant placement. Bone formation began
from the preexisting bone in the sandblasted implants,
while it began from the implant surface in the
HA-coated implants.

In our study, we found that bone formation began 5
days after the implant placement, as in past studies. As in
the report of Futami and colleagues,’ we observed cells
which were adhered to the implant surface. We did not
observe bone formation from the implant surface. The
marrow areas of the rat tibiae had practically no trabe-
cular bone, and the majority of the implant surfaces
were adjacent to the BM tissue at implant placement. In
the micro-CT, tissue with high BMD was observed in the
area away from the implant surface. Bone formation was
speculated to have begun a short distance away from the
implant surface (30 to 50 um).

Micro-CT is a highly useful method for measuring
detailed morphology of the bone. Micro-CT data allow

Figure 13 Bone mineral density (BMD) longitudinal section
(A—C) and three-dimensional image (C, D) 28 days after the
implant placement. (A) The BMD of the cortical bone (CB) at
the implant penetrated region (1,665 to 2,000 mg/cm?) shows
higher values than other CB areas (1,332 to 1,665 mg/cm®). (B)
Formation of thick new bone is confirmed (arrow). BMD values
of new bone are 900 to 1,300 mg/cm’ (yellow to red). The
density was similar to preexisting bone. (C, D) Only lamellar
new bone surrounds implant (arrows).
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for any cross section and three-dimensional image
reconstruction. In addition, the data can be used in a
finite element method and other methods using com-
puter simulation. Therefore, there are many reports
in which micro-CT was used to examine the calcified
tissues surrounding the implants.”*' These reports used
metallic implants. Therefore, artifacts around the
implants occurred, and observation of areas adjacent to
the implants was reported to be difficult. Oosterwyck
and colleagues® placed implants each with 4 mm diam-
eter and 12 mm length in the femoral condyles of sheep.
They compared the results of observation using
micro-CT and from tissue specimens. As a result, trabe-
cular bone structure in both methods was very similar.
They reported that data can be used in a finite element
method. In addition, they stated that there were no sig-
nificant artifacts, but artifacts occurred at the apex of the
thread of the implant. Butz and colleagues™ placed tita-
nium implants in rat femurs and morphologically com-
pared the micro-CT images and tissue specimens. As a
result, because of the effects of the metal artifacts, there
was a significant difference between the two methods
from the implant surface to 24 um away from it. Stoppie
and colleagues’ also performed a similar study using
titanium implants in the femurs of sheep. They reported
that there were effects of metal artifacts in an area 60 um
surrounding the implants.

In our study, we used a phantom developed exclu-
sively for micro-CT, and we measured BMD (mg/cm’)
using QCT. When three-dimensional images from QCT
were examined chronologically, we obtained interesting
findings. Five to nine days after the implant placement,
formation of tissues with low BMD (<300 mg/cm?) was
extensively found from the implant surface to a few
hundred microns from it. However, not all of these cal-
cified tissues became mature bone. By 14 days after the
implant placement, parts of these tissues transformed
into reticular bone. Furthermore, it was replaced by
plate-shaped tissues with high density (300 to 1,000 mg/
cm’) that were observed on the implant surface. In TEM
from this time period, bone formation was observed
contacting the titanium surface. The course of collagen
in the bone and the thickness of the fibers were different
from the mature preexisting bone. Also, in this time
period, the so-called “amorphous layer” was mostly not
observed. The amorphous layer was observed frequently
in TEM 28 days after the implant placement. As Oka-
matsu and colleagues'’ speculated, formation of the

amorphous layer was thought to be related to the matu-
ration of the peri-implant bone and the progression of
osseointegration.

The results of QCT 28 days after implant placement
showed that plate-shaped new bone formed in the peri-
implant tissue had high BMD in the middle and low
BMD in the surroundings. The past studies reported
that bone formation occurred from the entire implant
surface toward the BM. We, however, revealed that the
bone formation took place in a scattered manner. Small
bone fragments adhered to each other and transformed
into trabecular bone, and finally these bones became
lamellar bone. In this process, the bone formation
occurred extensively in the region away from the tita-
nium surface. It was a temporary phenomenon that dis-
appeared after the osseointegration was achieved. These
findings indicate that in the process of osseointegration
of titanium implants, bone formation does not begin at
the surfaces of the implant or preexisting bone, but that
calcification progresses at a site a small distance away
from the surface. The BMD of the CB was increased with
time. In particular, the BMD of the CB at the implant
penetrated region was higher than the other regions.

CONCLUSION

In the period 5 to 9 days after implant placement, for-
mation of calcified tissue with low BMD was seen exten-
sively in the area 500 m away from the implant surface.
The calcified tissue disappeared by 14 days after the
implant placement. Lamellar bone with high density was
observed contacting the implant surface 28 days after
implant placement.

TEM and QCT results indicated that bone forma-
tion in osseointegration of titanium implants did not
occur from the surfaces of the implant or preexisting
bone, but it was likely that bone formation progressed at
a site a small distance away from the surface. The bone
formation took place in a scattered manner. Small bone
fragments adhered to each other and transformed into
trabecular bone, and finally these bones became lamellar
bone.

We rarely observed an amorphous layer in the speci-
mens 14 days after implant placement, but it was fre-
quently observed in the specimens 28 days after the
implant placement. These findings suggested that for-
mation of amorphous layer was related to the matura-
tion of the peri-implant bone and the progression of
osseointegration.
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New bone formation in rats began 5 days after
implant placement, and osseointegration was obtained
by 14 days after implant placement. Osseointegration
was well developed by 28 days after implant placement.

We adjusted the thickness of the coating by reducing
the sputtering time in the preparation of the titanium-
coated implants. As a result, we reduced damage to
tissues in the preparation of specimens and we were able
to observe clearly the tissue ultrastructure adjacent to
the titanium.

Metal artifacts were not seen in the micro-CT of
titanium-coated implants prepared in our study. There-
fore, this type of implant is useful in observing the
microstructure of calcified tissue at the titanium-bone
interface and in measuring BMD values.
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