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Three-Dimensional Bone-Implant Integration 
Profiling Using Micro-Computed Tomography
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Purpose: The capability of micro-computed tomography (µCT) for quantitative analysis of peri-implant
bone has not been previously addressed. This study aimed to establish and validate a method to use
this technique for 3-dimensional bone-implant integration profiling. Materials and Methods:
Unthreaded cylindric implants with a dual acid-etched surface were placed into the right femurs of 7
Sprague-Dawley rats. Two weeks postimplantation, the femurs were harvested and measured with a
desktop micro-tomographic scanner with an isotropic resolution of 8 µm. To validate the µCT outcome,
ground histologic sections and corresponding CT slices were compared with respect to bone morphom-
etry. Results: Bone-implant integration profiles assessed by µCT revealed that the percentage of can-
cellous bone gradually increased with proximity to the implant surface, while the percentage of cortical
bone was not affected by proximity to the implant.  Using the optimized segmentation threshold, the
bone configuration in the µCT images corresponded to that observed in the histologic sections.  The
correlation between µCT and histology was significant for cortical (r = 0.65; P < .05) and cancellous
bone (r = 0.92; P < .05) at distances of 24 to 240 µm from the implant surface, but no significant cor-
relation was found for the area from 0 to 24 µm from the surface. Discussion and Conclusion: The
results support the usefulness of µCT assessment as a rapid, nondestructive method for 3-dimen-
sional bone ratio measurements around implants, which may provide new perspectives for osseointe-
gration research.  Further study is necessary, however, to address the inherent metallic halation arti-
fact, which potentially confounds peri-implant bone assessment. INT J ORAL MAXILLOFAC IMPLANTS
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Bone healing around titanium implants involves
wound healing of surrounding bone tissue and

subsequent remodeling as well as de novo bone for-

mation along the implant surface.1,2 Consequently,
morphometric measurements should be performed
at different distances from the implant surface.3

Moreover, structure and biologic potential differ
between the surface and the core of the bone (ie,
cortical bone versus cancellous bone).4 Therefore, to
assess osseointegration with detail and accuracy, it is
important to obtain a serial data set.

Qualitative and quantitative analyses of peri-
implant hard tissues are typically performed by light
microscopy of thin histologic sections.5 Although his-
tology provides high spatial resolution and image
contrast, preparation of ground sections containing
metallic implants is time-consuming and requires
special equipment and expertise. The contrast in
hardness between the biologic tissue and implant
materials must be taken into account. Furthermore,
only a limited data set can be obtained from serial
sections,6,7 and the destructive nature of the proce-
dure prevents the specimen from being used for fur-
ther experiments, such as biomechanical testing of
osseointegration.8
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Micro-computed tomography (µCT ) has been
used extensively to characterize bone tissue9 and has
the potential to overcome some of these limita-
tions.10 Measurement of small bones or unprocessed
biopsy specimens has been shown to be nondestruc-
tive, fast, and precise.11 Recent developments even
enable the monitoring of small anesthetized living
animals.12 Thus, bone tissue can be assessed repeti-
tively at successive time-points for changes in bone
volume and architecture. Another potential applica-
tion is the use of µCT-based data to create finite ele-
ment models.13 Van Oosterwyck and associates used
µCT to qualitatively compare histologic sections of
implants and peri-implant tissue and corresponding
CT slices.14 Their findings regarding overall trabecular
structure were similar for both techniques.14 How-
ever, there are no reports on the use of µCT for quan-
titative assessment of peri-implant bone.

In this investigation, the use of µCT as a 3-dimen-
sional (3D) and quantitative assessment system for
bone-implant integration was examined.

MATERIALS AND METHODS

Implant Placement
The University of California at Los Angeles (UCLA)
Chancellor’s Animal Research Committee approved
this protocol, and all experimentation was per-
formed in accordance with United States Depart-
ment of Agriculture (USDA) guidelines for animal
research.

Seven 8-week-old male Sprague-Dawley rats were
employed for this study. Prior to surgery, the animals
were acclimated to the vivarium for a period of obser-
vation to ensure that they were healthy and stable.
The rats were anesthetized with 1% to 2% isoflurane
inhalation. After their legs were shaved and scrubbed
with 10% providone-iodine solution, the distal
aspects of the right femurs were carefully exposed via
skin incision and muscle dissection. The flat surfaces
of the distal femurs were selected for implant place-
ment. One unthreaded cylindric implant (1.0 mm in
diameter and 2.0 mm in length) fabricated from com-
mercially pure titanium with a dual acid-etched sur-
face (Osseotite; 3i/Implant Innovations, Palm Beach
Gardens, FL) was placed into each femur.

The implant site was prepared 7 mm from the dis-
tal edge of the femur. A 0.8-mm round bur and ream-
ers (ISO 090 and 100) were used. Profuse irrigation
with sterile isotonic saline solution was used for cool-
ing and cleaning. Implant stability was confirmed by
mechanical fit. The surgical site was then closed in
layers. The muscle layer was closed with resorbable
sutures (Chromic Gut; Henry Schein, Melville, NY),

while the skin opening was closed with wound clips.
The animals recovered without complications. They
were given water and rat chow ad libitum during the
healing process. After 2 weeks, the rats were eutha-
nized in a carbon dioxide chamber. The femurs were
excised and sectioned using transverse saw cuts
(Exact band saw; Exakt Apparatebau, Norderstedt,
Germany) from 5 mm proximal to the implant to 5
mm distal to the implant. The femur-implant speci-
mens were fixed in 10% buffered formalin.

µCT Imaging
The femur-implant specimens were placed in a sam-
ple holder with phosphate-buffered saline and
scanned in a desktop µCT machine (µCT 40; Scanco
Medical, Bassersdorf, Switzerland) with an isotropic
resolution of 8 µm (Fig 1). Three hundred µCT slices
were imaged from 0.2 mm coronal to the implant to
0.2 mm apical to the implant at an x-ray energy level
of 70 kVp with a current of 114 µA. The integration
time was 300 ms, the stepping rotational angle was
0.18 degrees (1,000 projections per 180 degrees), and
the total scanning time per specimen was approxi-
mately 2 hours. A strong resolution dependency of
the structural properties using µCT was demon-
strated.15 If very precise results are needed, only the
highest resolution will predict the correct values. In
this study, the maximum resolution available was 8
µm (isotropic).

Quantitative analysis was performed on a subvol-
ume of the CT stack (the volume of interest [VOI]).
The VOI was 2.5 mm in diameter and included 280
slices, with the implant in its center (Fig 2). A 3D
grayscale image of the VOI was processed using a
Gaussian low-pass noise filter and thresholding algo-
rithms to distinguish titanium from mineralized bone
and background. The specific thresholds for titanium
and mineralized bone were developed by superim-
posing segmented images over original grayscale
images (Fig 3). The goal was to find grayscale values
that could be used as thresholds. Voxels above and
below these values could then be categorized as
background, titanium, or mineralized bone, respec-
tively, so that the created images matched the origi-
nal grayscale images.

A 3D image of peri-implant bone in the VOI was
constructed using a customized computational pro-
gram by digitally extracting the implant image using
the predetermined thresholds. From the recon-
structed lateral view of the 3D VOI, the cortical bone
and cancellous bone areas were identified in each
specimen. Ratios of bone volume to total volume
(BV/TV) were then calculated separately for cortical
and cancellous bone using a proprietary computa-
tional program (Scanco Medical). For each type of
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bone, the BV/TV ratio was computed in 10 consecu-
tive 24-µm-wide rings, starting from the bone-
implant interface (Fig 4).The data were plotted as line
graphs to create implant-bone integration profiles.
The distance from the implant surface to the largest
ring was 240 µm. One implant was scanned prior to
placement for reference data.

Comparative Bone Morphometry
After CT scanning, 2 of the 7 specimens were kept in
10% buffered formalin at 4°C for a fixation period of
2 weeks. Next, these specimens were dehydrated in
an ascending series of alcohol rinses and embedded
in light-curing epoxy resin (Technovit 7200 VLC; Her-
aeus Kulzer, Wehrheim, Germany) without decalcifi-

Fig 1 Reference scan used to set the reference lines (white).
The rectangle is depicting a longitudinal view of the VOI (P = proxi-
mal, D = distal).

Fig 2 µCT slice. The CT stack was measured with an axial spac-
ing of 8 µm and a pixel size of 8 µm in each plane (8 µm isotropic
resolution). The white circle indicates the border of the VOI (trans-
versal view).

Fig 3 Adjustment of parameters for bone
segmentation. (a) Original grayscale image
of cancellous bone area. (b and c) Images
resulting from increasing threshold values
for the segmentation procedure (white)
superimposed over the original grayscale
image. (b) Threshold too low: bone area and
part of background area are picked up. (c)
Threshold too high: bone area is incom-
plete. (d) Ideal threshold.
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cation. The 2 specimens were sectioned longitudi-
nally and ground to a thickness of 30 µm with a
grinding system (Exakt Apparatebau). One histologic
section from each specimen was stained with Gold-
ner’s trichrome stain for light microscopy (BX40;
Olympus, Melville, NY ) and digital photography
(DP10; Olympus). The histologic photomicrograph
was then used to identify a corresponding cross sec-
tion from the 3D µCT images. The µCT computational
program allowed manipulation of the 3D orientation
and cross-sectioning of the volume in the x, y, or z
plane (Scanco Medical).

Computer-based histomorphometric measure-
ments (Image Pro-plus; Media Cybernetics, Silver
Spring, MD) performed on digital images of the his-
tologic sections at 20� magnification were com-
pared with corresponding µCT images. To define spa-
tially corresponding areas at increasing vicinity
levels, vertical lines were drawn parallel to the long
axis of the implant at distances of 24 µm, 80 µm, 160
µm, and 240 µm from the implant surface. Again,
measurements were performed separately for can-
cellous and cortical bone (Fig 5).

Details of the histologic structure were also
observed with microscopic magnification up to
100�. The µCT images were enlarged on the com-
puter screen to analyze the bone-implant interface.
The purpose of this part of the study was to compare
the µCT and histologic images. Because these data
were designed to be obtained from the same
implant, the biologic variables often associated with
individual animals were thought to affect the analy-
sis only minimally. Thus, the 2 sides of an implant
were treated as independent data sources. The ratio

of bone area to total area (the BA/TA ratio) was calcu-
lated in the following zones (distances measured
from the implant surface): 0–24 µm, 24–80 µm,
80–160 µm, and 160–240 µm.

Statistical Analysis
One-way analysis of variance (ANOVA; level of signifi-
cance, P < .05) was applied to compare the morpho-
metric data obtained by the 2 methods. Correlation
matrices were used to evaluate potential relation-
ships between µCT and histology.

Two-way ANOVA followed by the Mann-Whitney
test (level of significance, P < .05) was used to analyze
the µCT-derived bone-implant integration profile.

RESULTS

µCT Imaging
Serial transversal slices showed wide variation in the
trabecular bone architecture along the long axis of
the implant (Fig 6). Three-dimensional images repre-
senting identical parts of the VOI before and after
segmentation are depicted in Figs 7a and 7b, respec-
tively. The segmented image (Fig 7b) shows the dis-
tinct structures of cortical and cancellous bone. The
dense cortical bone included occasional voids repre-
senting vessel canals. Furthermore, a funnel-shaped
downgrowth of cortical bone was observed along
the implant surface between the implant and the
cancellous bone (Fig 7b). The cancellous bone was
characterized by a platelike network with connecting
rods, which is the trabecular structure typically seen
in femur epiphyseal regions.

Fig 4 Schematic description of 3D µCT bone measurements in
24-µm rings at increasing distances from the implant surface
(purple). A total of 240 µm of peri-implant bone was analyzed
including cortical (olive) and cancellous (yellow) bone evaluated
independently.

Fig 5 Schematic depiction of comparative bone morphometry
on histologic sections and µCT images at the corresponding cross
sections. Bone-implant contact was assessed in the 24-µm-wide
area adjacent to the implant surface. Cortical and cancellous
bone ratios were measured in spatially defined areas (black
lines) from 24 to 240 µm from the implant surface.
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The original grayscale image derived from the ref-
erence scan showed a slight corona of bright
grayscale values surrounding the titanium implant
(Fig 8a). A layer approximately 16 µm thick was
detected adjacent to the implant surface when
processed with the same segmentation algorithm
used for mineralized bone (Fig 8b).

Histologic and Morphometric Observations
Visual comparison of histologic sections (Fig 9a) and
corresponding 2-dimensional CT images (Fig 9b)
revealed high agreement between the bony out-
lines. At distances of up to 240 µm from the implant
surface, the BA/TA ratios for histology versus µCT
were well correlated for both cortical bone and can-

Fig 6 Series of CT slices (VOI) 80 µm apart longitudinally depicting the wide variation of trabecular bone architecture along the long axis
of the implant.

Fig 7 (a) Original grayscale CT image. (b) Same CT image after segmentation. Black lines mark a funnel-shaped zone of bone with corti-
cal appearance growing down into an area of cancellous bone.
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cellous bone, and no significant differences were
found between these 2 bone types (Table 1), with 1
exception. Significant differences in bone configura-
tion between histologic sections and µCT images
were found in the 0-to-24-µm zone. The mean BA/TA
ratio calculated using µCT was 2 to 3 times that cal-
culated using histologic sectioning; a lack of correla-
tion was observed between the 2 methods (Table 1).

When the data for cortical and cancellous bone in
the interface area (0 to 24 µm from the implant sur-
face) were combined, a significant difference was
observed between the 2 techniques (P < .05) (Table
2). Strong correlations between histologic and µCT
images were found in the compiled data from the
zones from 24 to 240 µm for both cortical bone (r =
0.65) and cancellous bone (r = 0.92) (Table 2).

Bone-Implant Integration Profiling by µCT
The 2-way ANOVA indicated that the bone-implant
integration profile was significantly affected by both
the bone type (P < .05) and proximity to the implant
(P < .05) (Fig 10). The Mann-Whitney test revealed
that the bone rates for cancellous and cortical bone
were significantly different for each zone (P < .05).
For cortical bone, relatively constant BV/TV (88% to
92%) was found from the farthest zone to the zone
next to the implant surface; there were no significant
differences between the means as determined by
the Mann-Whitney test. For cancellous bone, BV/TV
ratios were lower as compared to cortical bone. From
the farthest zone up to the closest zone, the cancel-
lous bone ratios gradually increased from 15% to
75%. Beginning with the outer zone, the initial
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Fig 8 (a) Original grayscale image of an
implant. (b) The implant was removed to
emphasize the 2-voxel wide boundary
caused by the partial volume effect.

Fig 9 (a) Histologic section of bone-implant area. (b) µCT image of a corresponding cross section. 
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Table 1 Morphometric Comparison of Histologic Sections and µCT Images in
Peri-Implant Vicinities from 0 to 240 µm

Inter-technique Inter-techniqueMean BA/TA (%)
difference correlation

n Histology µCT P r

Cortical bone area
0 to 24 µm 4 31 92 < .001 .604
24 to 80 µm 4 65 82 .159 .939
80 to 160 µm 4 73 80 .272 .703
160 to 240 µm 4 79 78 .969 .895

Cancellous bone area
0 to 24 µm 4 34 80 .001 -.101
24 to 80 µm 4 55 57 .817 .817
80 to 160 µm 4 39 33 .383 .898
160 to 240 µm 4 37 29 .352 .933

r = Pearson's correlation coefficient.

Table 2 Overall Morphometric Comparison of Histologic Sections and µCT
Images

n Histology µCT P r

Interface zone* 8 32 86 < .05 .09
Cortical bone area† 12 72 80 ns .65
Cancellous bone area‡ 12 44 40 ns .92

*Region of bone 0 to 24 µm from the implant surface.
†Areas of cortical bone within the region 24 to 240 µm from the implant surface.
‡Areas of cancellous bone within the region 24 to 240 µm from the implant surface.
ANOVA was used to determine P values; ns = not significant; r = Pearson’s correlation coefficient.
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Fig 10 Bone-implant integration profiles. The BV/TV ratios for cortical and cancellous bone are plotted at intervals of 24 µm, starting at
the implant surface.
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changes in BV/TV moving toward the implant sur-
face were not statistically significant, but the increase
at the 48-µm level and then again at the 24-µm level
showed statistical significance (Mann-Whitney test, P
< .05).

DISCUSSION

This report provides 3D images and quantitative
data for the profiling of bone remodeling around
titanium implants using µCT. To scrutinize the useful-
ness of this µCT system for assessing the bone-tita-
nium integration, the method was critically evalu-
ated for its content, construct, and criterion validity.

Content validity requires that the variables com-
prising the test be representative of the subject
being studied, which was the 3D bone architecture
surrounding the implant. One of the essential
requirements of implant studies is to clearly evaluate
the bone structure surrounding the implant. The out-
come of µCT-derived images was significantly influ-
enced by the segmentation procedure. An analysis of
the threshold dependency showed a linear relation-
ship between BV/TV ratio and the threshold level (a
10% change in the threshold resulted in a 5%
change in BV/TV ).16 Furthermore, the structural
indices assessed for both µCT and histologic meth-
ods could be adjusted to corroborate within 10%.11

The threshold selection mode as presented in the
present study demonstrated that µCT-derived bone
images were highly comparative to the bone struc-
ture described in anatomy and histology. Therefore,
the content validity was satisfied.

Construct validity requires that the selected vari-
ables behave in accordance with a predetermined
concept. It has been reported that bone rates in can-
cellous bone increase approaching the implant sur-
face, presumably reflecting the process of de novo
bone formation; this phenomenon is called “contact
osteogenesis.”3,4 In the farthest zone, BV/TV ratio was
approximately 15%, which corresponds with
reported amounts of cancellous bone in the distal
epiphyses of young rat femurs.17 The authors’ previ-
ous studies in the rat model indicated that the con-
tact osteogenesis was observed around 80 µm from
the implant surface.3 The BA/TA ratio increased
sharply from the 80-to-160-µm zone to the 24-to-80-
µm zone in µCT analyses, and the BV/T V ratio
increased around 80 µm from the implant surface as
well, which suggests that the µCT method depicted
the contact osteogenesis phenomenon (Fig 10 and
Table 1). The µCT results agree with the expected
outcome and thus support the construct validity.

Criterion validity establishes the validity of the

test by comparing the new method with existing
methods intended to measure the same concept.
Osseointegration has been described as the direct
bone-implant contact observed in undecalcified his-
tological sections.18,19 The thin bone layer next to the
implant surface seen on the segmented µCT image
appeared to represent the bone-implant contact.
However, the nonsegmented µCT images did not
clearly show the corresponding structure. In fact, the
side-by-side evaluation of histologic sections and the
corresponding µCT images failed to show the posi-
tive correlation in the 0-to-24-µm bone-implant
interface zone.

During CT scanning, metallic objects absorb and
scatter x-ray energy at various rates, which often
causes inherent halation artifacts; this is called “par-
tial volume effect.”20 The experimental titanium
implant integrated in the bone used in this study did
not give rise to a typical halation artifact. However,
when the implant alone was subjected to µCT scan-
ning, the boundary of the titanium was not perfectly
sharp, but had some sloping edge in its brightness
profile. The titanium halation artifact due to the par-
tial volume effect appeared to occur within 2 voxels
from the implant surface. Thus, within 2 voxels of the
implant surface (within 24 µm at the present resolu-
tion), BV/TV values may have been overestimated
using µCT. Since voxel size is a function of the resolu-
tion, the absolute value of the 24-µm boundary may
vary for different scan conditions.

Histologic preparation of tissues with metal
implants also presents inherent technical prob-
lems.21 Because of the different rates of grinding for
bone and metal, implants may remain thicker than
the surrounding tissues, leading to edging effects at
the bone-implant interface.21–23. Material may also be
lost during grinding, and structures may be detached
from the implant surface.24 Polymerization shrinkage
of the infiltrated resin may damage tissue and cells.25

Experimental artifacts of each method could have
compounded the measurement discrepancy at the
implant-bone contact area.

From these assessments, the requirement for cri-
terion validity was not justifiably fulfilled, and this
limitation associated with µCT in the osseointegra-
tion research must be addressed.

CONCLUSION

Quantitative µCT may be useful as a rapid and non-
destructive method for peri-implant bone volume
measurements. The method appears to provide
accurate 3D bone morphometric data for regions far-
ther than 24 µm (3 voxels) from the implant surface.
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The outcome for closer vicinity levels appears to be
affected by partial volume effects; thus, the results
need careful interpretation. Future studies are essen-
tial to refine this technology. However, although
some technical challenges remain, high-resolution
µCT imaging may be useful in research that could
advance our fundamental understanding of the
mechanisms contributing to osseointegration. It may
also be able to serve as a rapid screening method for
new therapeutic modalities.
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