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Bone Metabolic Activity Around Dental Implants
Under Loading Observed Using Bone Scintigraphy

Hiroto Sasaki, DDS, PhD1/Shigeto Koyama, DDS, PhD2/Masayoshi Yokoyama, DDS, PhD3/
Keiichiro Yamaguchi, MD4/Masatoshi Itoh, MD4/Keiichi Sasaki, DDS, PhD5

Purpose: The purpose of this study was to determine dynamic changes in bone metabolism around
osseointegrated titanium implants under mechanical stress. Materials and Methods: Two titanium
implants were inserted parallel to each other in the tibiae of rats and perpendicular to the bone sur-
face with the superior aspect of the implant exposed. Eight weeks after insertion, closed coil springs
with 0.5, 1.0, 2.0, and 4.0 N were applied to the exposed superior portion of the implant for 7 weeks
to apply a continuous mechanical stress. Bone scintigrams were performed using a gamma camera
with a modified high-resolution pinhole collimator. Images were made at 1, 4, 7, 10, 14, 21, 28, 49,
and 56 days after insertion and at 3 days and at weekly intervals until 7 weeks after load application.
The ratio of the metabolic activity around the implants to that around a reference site (uptake ratio)
was established. The Friedman, Steel, and Tukey tests (P < .05) were used to assess statistical signifi-
cance. Results: In the process of osseointegration, the uptake ratio increased during the first week
after implant insertion and then gradually decreased. During the initial 3 weeks the uptake ratio was
significantly higher than at 1 day after insertion. In the process of load application, the uptake ratio
increased with 2.0- and 4.0-N loads; it was significantly higher until 6 weeks than it had been before
load application. Conclusions: Bone metabolism around the implants increases with loading and
depends on the magnitude and period of the loading. INT J ORAL MAXILLOFAC IMPLANTS 2008;23:
827–834

Key words: bone metabolism, bone remodeling, bone scintigraphy, mechanical stress, osseointegrated
titanium implant

Aload-bearing dental implant transmits occlusal
forces to the adjacent bone directly. While the

load on the dental implant is considered a determi-
nant of the success of the implant in the long term,
there is little evidence supporting this theory. A few
studies have suggested that occlusal overload may

contribute to implant bone loss and/or loss of inte-
gration of successfully integrated implants.1–5

Isidor2,3 reported implant mobility caused by pro-
gressive peri-implant bone loss after the implant was
exposed to mechanical occlusal trauma for 18
months. On the other hand, others believe that peri-
implant bone loss and/or disintegration are associ-
ated with biologic complications such as peri-
implant infection.6,7

Therefore, whether occlusal overload is a
causative or contributing factor in late implant fail-
ures continues to be a point of discussion.8,9 From
the standpoint of biologic effects on the bone-
implant interface, it is possible that osseointegration
depends on implant loading.10 In particular, exces-
sive occlusal loading might lead to disintegration,
while adequate loading might lead to adaptive
remodeling of the bone around the implant.8,9

There is general agreement that a certain level of
mechanical loading is required for normal bone
remodeling.10 Osseointegration generally follows 3
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stages: (1) incorporation by woven bone formation,
(2) adaptation of bone mass to load (lamellar and
parallel-fibered deposition), and (3) adaptation of
bone structure to load (bone remodeling).11 During
the third stage, when functional loading has been
initiated, the bony structures adapt to the load by
improving the quality of the bone, replacing pre-
existing, necrotic and/or initially formed more primi-
tive woven bone with mature, viable lamellar bone.
This leads to functional adaptation of the bony struc-
tures to the load—the dimensions and orientation of
the supporting elements change. Misch12 claimed
that the change in bone strength from loading and
mineralization after 1 year alters the stress-strain
relationship and reduces the risk of microfracture
during the following year.

Mechanical stress thus might induce a metabolic
turnover of the bone based on the changes in osteo-
cyte responses around the implant, resulting in bone
remodeling. However, few studies have been con-
ducted on bone remodeling and adaptation under
continuous loading of an osseointegrated oral
implant.

Regarding bone metabolic activity, such as bone
remodeling and adaptation, histologic studies can
merely depict static and cross-sectional aspects of
the bone activity and phenomena in the remodeling
process. In contrast, a nuclear medicine approach
with radionuclide bone scanning, including scintigra-
phy, is widely used to evaluate the dynamic and lon-
gitudinal processes in biologic response. A common
preparation is Tc99m-methylene diphosphonate
(Tc99m-MDP). In vivo scintigraphic imaging using
Tc99m-MDP enables the same region to be observed

numerous times without sacrificing the host animal.
Studies can thus be done over time, and multiple
within-subject comparisons can be obtained. In
short, bone scanning using scintigraphy provides a
dynamic determination of the metabolic activity
around the implant.

The aim of this study was to investigate the
dynamic changes in bone metabolism around osseoin-
tegrated implants under mechanical stress. This was
done using bone scintigraphy and Tc99m-MDP.

MATERIALS AND METHODS

Animals and Insertion of Implants
The guidelines for animal use (NIH Animal Research
Advisory Committee, 1995) as well as specific
national laws were followed. The preparation was
performed according to animal protocols approved
by Tohoku University. Thirty-two 12-week-old male
Wistar rats were used. Nine rats were used to investi-
gate the biologic process of osseointegration after
implant insertion, and 23 rats were used to investi-
gate the bone metabolic activity under loading (Fig
1). The rats were anesthetized with sodium pentobar-
bital (50 mg/kg) administered intraperitoneally with
supplemental ether inhalation. An incision was made
in the medial aspect of the tibia, and an osteotomy
was performed using a surgical drill with irrigation.
According to a 1-stage surgical protocol, 2 titanium
implants (Orthoanchor; Dentsply-Sankin, Tokyo,
Japan) 1.2 mm in diameter and 9.25 mm in length
(Fig 2), were placed in the tibiae perpendicular to the
bone surface; the implant heads were exposed about
5 mm (Fig 3). In each rat, 1 implant was placed 10
mm from the knee joint. The other was placed 13
mm distal from the first. The experiments were car-
ried out under aseptic conditions.

Loading with Coil Springs
Healing and osseointegration were in progress at 8
weeks after insertion. To clarify the biologic
responses around the implants under continuous
loading, closed coil springs (Sentalloy; Tomy Interna-
tional, Ookuma, Japan) were attached to the implant
heads of 9 rats for 7 weeks to apply a continuous
mechanical stress (0.5 N; Fig 4a). Closed coil springs
with 1.0, 2.0, or 4.0 N were also attached to the
implant heads of 8, 7, and 8 rats, respectively. The
group of rats with two 2.0-N springs was defined as
the 4.0-N loading group (Fig 4b). Each spring was 10
mm long and made of nickel-titanium alloy. It com-
prised a tension coil (3 mm long) and a hook attach-
ment (7 mm long).The effective length of the tension
coil was 12 mm (3 to 15 mm tension coil length). The
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Fig 1 Flowchart of the experiment.
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hook attachment was modified to hook onto the
implant heads. The springs thus applied the same
magnitude of loading continuously within their
effective length (10 to 22 mm).

Scintigraphic Imaging 
To observe the bone metabolic activity around the
implants in vivo, scintigraphic images of the bone
were obtained using a gamma camera (ZLC7500,
Siemens, Munich, Germany) with a modified high-
resolution pinhole collimator 2 mm in diameter. The
collimator was fabricated from lead with a smaller
diameter to enable imaging of small regions, such as
the bone around the implants. Tc-99m-MDP was
used as a radioisotope tracer. Sodium pertechnetate
(Na99mTc-O4) was eluted from a generator (Ultra-
Techne Kow, Daiichi Radioisotope Laboratories,
Chiba, Japan) and mixed with methylene diphospho-
nate ( Techne MDP injection solution, Daiichi

Radioisotope Laboratories, Chiba, Japan) at room
temperature. Five minutes after this mixing, the
Tc99m-MDP was injected into a vein of the tail of
each rat (74 MBq/rat). Static-planar acquisition was
initiated 2 hours after the injection and finished at
50,000 counts with a 512 � 512 matrix size. The rats
were fixed on an exclusive table in the dorsal posi-
tion, with the implant heads turned to a vertical posi-
tion. A device was used to fix the tibia horizontally to
equalize the distance of the implants from the colli-
mator. The images were taken from the backside
direction of the rat (Fig 5).

To clarify the bone metabolic activity around the
implants during osseointegration, images were taken
at 1, 4, 7, and 10 days and 2, 3, 4, 7, and 8 weeks
postimplantation. To clarify the bone metabolic
activity around the implants under continuous load-
ing, images were taken at 3 and 7 days and 2, 3, 4, 5,
6, and 7 weeks after loading with the coil springs.

Fig 2 Implant body. Photograph shows
commercially pure titanium implant for
orthodontic anchorage. Entire length of
implant was 9.25 mm, and its diameter was
1.2 mm.

Fig 3 Lateral view of right pelvic limb. Two
implants were placed perpendicular to long
axis of tibia at an interval of 13 mm with
implant heads exposed for attaching coil
springs.
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Fig 4 Attached closed coil springs. Eight weeks after implant insertion, closed coil
springs were attached to implant heads. (a) With loading of 0.5, 1.0, or 2.0 N, closed coil
springs were set prospectively. (b) Two closed coil springs with loading of 2.0 N each were
set in parallel for total loading of 4.0 N. Arrows show loading directions. 

Fig 5 Set-up for image taking. Photograph
shows rat on exclusive table in dorsal posi-
tion with implant heads in a vertical posi-
tion. Device fixes tibia horizontally to equal-
ize distance of implants from pinhole
collimator. Image taking was carried out
from the backside of rat with scintillator
and modified pinhole collimator.

13 mm 13 mm

a b
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Radiographic Imaging 
To identify the region of the reference site (middle
part of femur) and the implants, a radio-graph was
obtained of each rat on the table using an imaging
plate (IP; BAS-SR2505, Fuji Film, Tokyo, Japan), with an
x-ray tube voltage of 70 kV and a tube current-time
product of 9 mA. Each imaging plate was then
scanned with an imaging analyzer (BAS5000, Fuji
Film, Tokyo, Japan) and translated for use in a per-
sonal computer. The exclusive table had 3 markers
(lead) and acrylic tubes 0.9 mm in diameter. Before
the scintigraphic imaging, Tc99m-MDP (about 0.37
MBq) was placed in each tube, resulting in an accu-
mulation of Tc99m-MDP in the tube regions on the
scintigrams for each rat. These markers indicate the
points of overlap with the lead regions in the radi-
ographic images, enabling identification of the
implant and reference sites (Fig 6).

Data Processing
The scintigrams were translated into TIFF format (16
bits) with a data processing unit (Scintipac 700, Shi-
mazu, Japan) and conversion software (picMAO, Shi-
mazu, Kyoto, Japan). After they were transferred to a
personal computer (Macintosh LC475, Apple, Cuper-
tino, CA), analysis processing was conducted with
image analysis software (Osiris, Geneva University
Hospital, Geneva, Switzerland).

Accumulation Measurement
After identification of the implant and reference sites
by the overlapping of the radiographic images and
scintigrams, a round region of interest (161 pixels)
was defined around both sites, and the accumula-

tions of Tc99m-MDP in both regions were measured.
The ratio of the metabolic activity around the
implants to that around the reference site (uptake
ratio) was calculated.

Statistical Analysis
The collected data were analyzed using Friedman,
Steel, and Tukey tests with statistical software (SPSS
11.0; SPSS, Chicago, IL). P values < .05 were deemed
statistically significant.

RESULTS

No clinical mobility of the implants was observed for
the entire experimental period.

Metabolic Changes After Insertion of Implants
The uptake ratio increased during the first week after
implant insertion and then decreased gradually. It
was significantly higher than baseline on days 4, 7,
and 10 (P < .01; Friedman test) and during the sec-
ond and third weeks (P < .05, Steel test). However, it
was not significantly higher at 4 weeks and 7 weeks
(ie, metabolic activity had returned to the baseline
level; Fig 7).

Metabolic Changes After Loading
Effect of Loading Period. The uptake ratio changed
with the loading. With 2.0- and 4.0-N loading, change
of activities over the 7-week experimental period
were almost the same in terms of magnitude and
timing. The ratio reached a maximum during the first
week (more than twice that without loading) and

Fig 6 Image analysis. Photograph on the left shows tibia fixation on the exclusive table. Device fixed tibia horizontally to equalize the dis-
tance of implants from the pinhole collimator. Scintigram in the center and radiographic image on the right show planar images. Guide
tubes (arrows) were used to overlap 3 images and to define the region of interest (open circles).
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then decreased a little. Metabolic activity returned to
the baseline level. The ratio then returned to baseline
level at about 2 to 7 weeks after loading. The ratio
from 3 days to 6 weeks after loading was significantly
higher than without loading (Friedman and Steel
tests, P < .05). There was no significant difference 7
weeks after loading.

The results for the 0.5- and 1.0-N loading groups
were similar but differed from those for the 2.0- and
4.0-N loading groups. With the smaller loadings, the
uptake ratio gradually increased after loading and
returned to the baseline level at 7 days. It then
decreased, reaching baseline level at 2 to 7 weeks
after loading. With 1.0-N loading, the uptake ratio did
not differ among measurement points (Friedman
and Steel tests, P > .05).

Effect of Loading Magnitude. The uptake ratios
with the 2.0- and 4.0-N loads were significantly
higher than those with the 0.5- and 1.0-N loads
(Tukey test, P < .05; Fig 8).

DISCUSSION

Osseointegration is defined as direct bone deposi-
tion on implant surfaces at the light-microscopic
level.13 In vitro studies have illustrated the impor-
tance of loading forces on the nature of the interface
between an implant and the surrounding tissues.14,15

Even if implants are initially integrated, the applica-
tion of excessive loading can create microfractures
and relative motion, which can promote bone
resorption in the immediate vicinity of the implant
and repair by growth of fibrous tissue.16,17 However,

changes, including bone turnover around implants
due to mechanical stress, have not been fully eluci-
dated. Thus, the biologic mechanism of bone metab-
olism around implants must be clarified.

Therefore, the nuclear medicine approach using
radionuclide bone scans (eg, scintigraphy, single-pho-
ton emission computerized tomography [SPECT ],
positron emission tomography [PET]) has been used
to investigate bone metabolism. This approach
enables the dynamic and longitudinal processes in
biologic responses to be evaluated. It is widely used
clinically with radiopharmaceutical isotopes to detect
tumors of osteogenic origin and to help in compre-
hending the condition of osseointegration.18–21

This study was conducted using bone scintigraphy
and Tc99m-MDP. The specific binding location of
Tc99m-MDP remains unknown, although it is associ-
ated with areas of bone growth and osteoblast activ-
ity.22–25 Areas with an observed accumulation of radio-
pharmaceutical isotopes showed an increased level of
bone metabolic activity, suggesting that this method
enables measurement of the changes in bone meta-
bolic activity around implants in vivo.26–29 Further-
more, bone scintigraphy makes it possible to observe
the accumulations with more sensitivity and higher
reactivity over time than with conventional radiol-
ogy.30 Moreover, it is not invasive, as are histologic
methods.Therefore, this method is suitable for the lon-
gitudinal observation of bone metabolic activity.

Generally, a pinhole collimator with a diameter of
more than 6 mm is used when targeting human
internal organs. However, its resolution is too low for
small regions, such as the bone around an implant in
rats. The resolution and sensitivity of a pinhole colli-
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Fig 7 Change in uptake ratio after insertion of implants using 9
rats. There were significant differences at days 4, 7, and 10 and
in the second and third weeks after insertion. Blue = control. *P <
.05, **P ≤ .001.

Fig 8 Change in uptake ratio after loading with coil springs
using 32 rats. There were significant differences between 2.0-
and 4.0-N load and the 0.5- and 1.0-N. With 2.0- and 4.0-N load-
ing, the ratio from 3 days to 6 weeks after loading was signifi-
cantly higher than that without loading. 

Sasaki.qxd  9/16/08  2:48 PM  Page 831



mator depend on the diameter of the pinhole and on
the distance to the object.31 The smaller the diame-
ter, the higher the resolution, but sensitivity is
degraded, which lengthens the imaging time. Fur-
thermore, the closer the collimator is to the object,
the higher the sensitivity, but the field of view
becomes narrower. In this study, a pinhole collimator
made of lead with a diameter of 2 mm was fabri-
cated, and the distance from the collimator to the
target was set at 20 mm to achieve the best balance
among resolution, sensitivity, and field of view.

Process of Osseointegration
Regarding the osseointegration process, a histologic
study of implant insertion in the rat tibia by Masuda
et al32 showed that the forming matrix was clearly
consolidated 28 days after insertion. Other histologic
studies using rat tibia have shown similar results.33–35

Based on the results of morphologic and radioauto-
graphic studies, Clokie et al36,37 asserted that
osseointegration is completed 6 weeks after inser-
tion of an implant in the rat tibia.

In the present study, the metabolic activity around
the implants increased through the first week and
then gradually decreased. There was no significant
difference between the activity on day 1 and at week
4. Additionally, no clinical mobility of the implants
was observed during the healing period.These results
and those of previous studies suggest that osseointe-
gration is obtained about 4 weeks after implant inser-
tion. Thus, in this study, loading using closed coil
springs was applied to the implant heads 8 weeks
after implantation to have a sufficient margin. In addi-
tion, the timing of the peak level of and subsequent
decrease in bone metabolic activity found in this
study correspond very well to those of a previous
report on Tc99m-MDP activity around implants using
bone scintigraphy.20 Therefore, it should be possible
to observe in real time the osseointegration process
and the degrees and stages of bone metabolism
using this method longitudinally.

Changes in Bone Metabolic Activity Due to
Loading
In the present investigation, the heavy loading (2.0
and 4.0 N) group showed a remarkable increase in
the uptake ratio compared with the light loading (0.5
and 1.0 N) group. This indicates that the metabolic
activities are affected by the magnitude of the
mechanical loading on the implant. In a histologic
study, Hoshaw et al38 reported a decreased percent-
age of mineralized bone tissue in a 350-µm-wide
zone around implants following axial loading with a
triangular waveform for 500 cycles per day for 5 con-
secutive days. In contrast, Gotfredsen et al39–42

demonstrated that implants subjected to a static lat-
eral expansion load showed increased bone density
and mineralized bone-implant contact compared
with control implants. Melsen and Lang43 reported
that there was significantly higher bone apposition
around loaded implants than unloaded implants, but
the dimensions of the applied load did not affect the
turnover characteristics of the peri-implant alveolar
bone. These results suggest that bone metabolic
activity is changed by mechanical stress and that it
depends on the loading conditions, such as the
direction, quality, and duration of the loading.

In the present study, the uptake ratio showed
dynamic changes, and the peak levels were similar in
the heavy loading group (ie, there was no difference
between 2.0- and 4.0-N loading). It is conceivable that
the bone metabolic activity may have an upper limit,
the point where the loading exceeds the physiologic
threshold of bone adaptation.44 On the other hand, it
is possible that the bone metabolic activity increases
remarkably when excessive loading is applied to the
implant, causing implant disintegration.

Miyata et al4 described occlusal overload
employed with 3 different excess occlusal heights
(100 µm, 180 µm, 250 µm) on implant prostheses for
4 weeks. Bone destruction was observed in the 180-
µm and 250-µm excess occlusal height groups, and
there was evidence of the existence of a critical point
of excessive occlusal height on the prostheses for
crestal bone loss.

However, in this study, we were unable to define a
“normal physiologic range” for the loading applied
to osseointegrated implants. Future studies are
needed to elucidate the role of mechanical stress in
osseointegration.

Bone Adaptation to Mechanical Stress
In the present study, it was found that the bone
metabolic activity gradually decreased from the peak
level. Despite the application of a static force to the
implants, it eventually returned to the preloading
level. This change can be attributed to an adaptive
bone remodeling process similar to those previously
reported. Saxon et al45 demonstrated that mechani-
cal loading on the rat ulna greatly improved bone
formation during the first 5 weeks of loading, while
continual loading reduced the osteogenic response.
Moreover, restoring the same level of loading after a
period of no loading increased bone formation
again. Warden et al46 investigated the use of
mechanical loading with the rat ulna to induce bone
adaptation and found that fatigue resistance was
more advanced in bone loading than a control group
because the structural properties changed due to
loading. Loading is thus an important factor in the
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formation and maintenance of skeletal architecture.
Bone morphology adapts to the functional loading
patterns by responding to the size and distribution
of strains that loading engenders in the bone tis-
sue.47,48 It is concluded that in the present study the
bone around the implants adapted to the mechani-
cal stress of long-term loading by structurally chang-
ing and that the responsiveness to the loading
diminished over time. Furthermore, functional adap-
tation and maintenance of the bony structures
around implants may be caused by cells (ie, osteo-
cytes, osteoblasts, or osteoclasts) in active response
to environmental biophysical stimuli; in other words,
mechanical stress.

Microstrain levels 100 times less than the ultimate
strength of bone may be responsible for remodeling
rates within the structure, since the bone cell mem-
branes are able to act as a mechanosensory system
in bone.49 The cellular behavior of bone cells is
largely determined by the mechanical environment
of strain or deformation of the bone cell.50

Verborgt et al51 found that fatigue loading pro-
duced a large number of osteocytes in bone sur-
rounding microcracks and stated that there was a
strong association between microdamages, osteo-
cyte apoptosis, and subsequent bone remodeling.

Noble et al52 showed that mechanical loading of
the bone can be used to regulate osteocyte apopto-
sis, which has a mechanism for the precise targeting
of osteoclasts for bone adaptation. Miyata et al53

speculated that long-term occlusal stress on
implants within the physiologic tolerance might
stimulate blood circulation, which has an
intraosseous bone-inducing factor that promotes
bone metabolism and, consequently, enhances bone
remodeling to obtain the width needed to counter
occlusal stress. However, the details are not apparent.
Additional research is needed to clarify the effect of
the other loading conditions in order to determine
the appropriate range of force on implants. Further-
more, the cytological responses to mechanical stress
are unclear and warrant examination.

CONCLUSIONS 

1. Following implant insertion, bone metabolic
activity initially increased and then decreased
gradually to the baseline level once osseointegra-
tion was completed.

2. Bone metabolic activity was enhanced by
mechanical loading of the bone through the
implant.

3. Although the same level of loading was main-
tained, the metabolic activity decreased over time.
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