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Structural characteristics of the bone
surrounding dental implants placed into
the tail-suspended mice
Yuto Otsu1,2* , Satoru Matsunaga2,3, Takehiro Furukawa1, Kei Kitamura2,4, Masaaki Kasahara2,5, Shinichi Abe2,3,
Takayoshi Nakano6, Takuya Ishimoto6 and Yasutomo Yajima1,2

Abstract

Background: There are many unclear points regarding local structural characteristics of the bone surrounding the
implant reflecting the mechanical environment.

Purpose: The purpose of this study is to quantitatively evaluate bone quality surrounding implants placed into the
femurs of mice in an unloading model, and to determine the influence of the mechanical environment on bone
quality.

Methods: Twenty 12-week-old male C57BL6/NcL mice (n = 5/group) were used as experimental animals. The mice
were divided into two groups: the experimental group (n = 10) which were reared by tail suspension, and the
control group (n = 10) which were reared normally. An implant was placed into the femur of a tail-suspended
mouse, and after the healing period, they were sacrificed and the femur was removed. After micro-CT imaging,
Villanueva osteochrome bone stain was performed. It was embedded in unsaturated polyester resin. The
polymerized block was sliced passing through the center of the implant body. Next, 100-μm-thick polished
specimens were prepared with water-resistant abrasive paper. In addition to histological observation, morphometric
evaluation of cancellous bone was performed, and the anisotropy of collagen fibers and biological apatite (BAp)
crystals was analyzed.

Results: As a result, the femoral cortical bone thickness and new peri-implant bone mass showed low values in the
tail suspension group. The uniaxial preferential orientation of BAp c-axis in the femoral long axis direction in the
non-implant groups, but biaxial preferential orientation of BAp c-axis along the long axis of implant and femoral
long axis direction were confirmed in new bone reconstructed by implant placement. Collagen fiber running
anisotropy and orientation of BAp c-axis in the bone surrounding the implant were not significantly different due
to tail suspension.

Conclusions: From the above results, it was clarified that bone formation occurs surrounding the implant even
under extremely low load conditions, and bone microstructure and bone quality adapted to the new mechanical
environment are acquired.
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Background
For successful implant treatment, osseointegration is es-
sential [1, 2]. It was reported that the force applied to
the implant is always optimized by bone remodeling to
support and buffer the functional pressure [3, 4]. In par-
ticular, the harmful effects of overload on implants are
widely known, and are considered to be one of the fac-
tors that cause bone resorption surrounding the implant
and decrease bone density [5, 6]. Ogiso et al. [7] re-
ported that the bone surrounding the implant is com-
posed of dense lamellar bone, and its thickness increases
as functional pressure continues. Regarding the load ap-
plied to implants, many researchers [8, 9] describe that
adaptive loading increases bone-implant contact rate,
and excessive loading causes bone resorption surround-
ing the implant. On the other hand, Vandamme et al.
[10] reported that the immediate load after implant
placement promotes bone formation around the im-
plant, and the unloading period with no load is disad-
vantageous for obtaining osseointegration.
In addition, Naert et al. [11] reported that bone re-

sorption does not occur even when overload is added to
the implant unless there is a bacterial infection sur-
rounding the implant. On the other hand, Isidor [12] re-
ported that occlusal overloading can result in a complete
or partial loss of osseointegration at the histological
level. However, the existence of complex factors such as
bacteria and forces or their interactions makes it difficult
to verify the relationship between the bone surrounding
the implant and load [13].
On the other hand, we noted that the femur can be re-

leased from mechanical load by suspending the tail of the
mouse [14], and the femur in this model has the advan-
tage of infinitely less exposure to load. By using this
model, we thought that it is possible to quantitatively
evaluate bone structural characteristics surrounding an
implant when the implant is placed in the unloaded bone.
In previous studies of the bone-implant interface,

Romanos et al. [15] mainly evaluated only whole bone
mass, so there are many unclear points regarding local
structural characteristics of the bone surrounding the
implant reflecting the mechanical environment. Accord-
ing to recommendations on osteoporosis by National In-
stitutes of Health [16] in 2000, bone strength is
considered to be insufficient by evaluating only bone
mass, and it is considered that bone quality factors, such
as bone microstructure, bone turnover, degree of calcifi-
cation, and accumulation of microdamage, control bone
mechanical function. Nakano et al. [17], by using a ma-
terial engineering method, reported that the bone quality
strongly reflect the local load environment. By applying
this method, it is possible to accurately predict the
mechanical function of the bone surrounding the
implant.

Therefore, in this study, we performed a histological
examination of the peri-implant bone in the femur of a
tail-suspended mouse, and analyzed the anisotropy of
collagen fibers and biological apatite (BAp) crystals. The
purpose of this study is to quantitatively evaluate bone
quality surrounding the implants placed into the femurs
of mice in an unloading model, and to determine the in-
fluence of the mechanical environment on bone quality.

Methods
Animals
Twenty 12-week-old male C57BL6/NcL mice (n = 5/
group) weighing about 25 g were used as experimental
animals. The mice were divided into two groups: the ex-
perimental group (n = 10) which were reared by tail sus-
pension, and the control group (n = 10) which were
reared normally. The mice were first reared normally for
1 week before starting tail suspension. On the 21st day
after tail suspension, an implant was placed into the left
central portion of the femoral shaft of 5 animals in each
group while the remaining 5 animals were sacrificed
without implants, and the femurs were excised. The
mice with implants were classified into a tail suspension
group (TS.IP) and a normal rearing group (CTL.IP). The
mice without implants were also classified into a tail sus-
pension group (TS) and a normal rearing group (CTL).
The healing period after implant placement was 3 weeks
(Fig. 1). The method of tail suspension was according to
the method of Holton et al. [1]. The tail of the mouse
was disinfected, wrapped with elastic tape, a wire clip
was connected, the wire was connected to the ceiling of
the tail suspension cage (Fig. 2). The animal experiment
was performed with the approval of the Tokyo Dental
College Animal Experiment Committee (approval num-
ber 193303).

Implant surgery
The antero-posterior direction of the mouse femur was
set as the X-axis, the medio-lateral direction as the Y-
axis, and the long-axis direction as the Z-axis, as the ref-
erence axes of the sample (Fig. 3). Implant placement
surgery was performed under general anesthesia by in-
traperitoneal administration of a combination of three
anesthetics (medetomidine hydrochloride, 0.75 mg/kg,
Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan;
midazolam, 4.0 mg/kg, Sand Co., Tokyo, Japan; butorfar
tartrate, 5.0 mg/kg, Meiji Seika Pharma Stocks Co.,
Tokyo, Japan). From the ventral side of the mouse, ap-
proximately 20 mm of the skin just above the left femur
was incised, the muscle layer was detached so as to
clearly expose the femur. After peeling the periosteum,
drilling was performed in the Y-axis direction using a
standard drill (diameter 0.5 mm and 0.8 mm, Tamiya
Co., Ltd., Shizuoka, Japan) under water injection in the
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center of the femoral shaft (10 mm above the knee
joint). Next, a titanium alloy implant (Ti-6Al-4V, length
1.0 mm, diameter 0.8 mm, Nishimura Metal Co., Ltd.,
Fukui, Japan) was placed below 2 Ncm (Fig. 4). After
that, the muscle layer and the skin were sutured with a
5-0 nylon thread (Mani Inc., Tochigi, Japan).

Histological evaluation
All samples were immersed and fixed in 10% neu-
tral buffered formalin for 2 days. Dehydration
through graded ethanol and Villanueva osteochrome
bone stain (Funakoshi Co., Ltd., Tokyo, Japan) were

performed and cleared with styrene monomer (Nis-
shin EM, Tokyo, Japan). It was embedded in unsat-
urated polyester resin (Rigolac, Nissin EM, Tokyo,
Japan) based on the X-, Y-, and Z-axes. The poly-
merized block was sliced in the XY plane passing
through the center of the implant body using a saw
microtome (SP1600, Leica, Wetzlar, Germany) with
a blade width of 300 μm. Next, 100-μm-thick
polished specimens were prepared with water-
resistant abrasive paper (#400, #800, #1200). The

Fig. 1 Experimental protocol. We compared tail suspension mice to normal-reared mice. Implant surgery was performed after 3 weeks of tail
suspension. CTL control, CTL.IP control with implant, TS tail suspension, TS.IP tail suspension with implant

Fig. 2 Tail suspended mouse model. A model in which the tail of a
mouse is suspended to release the hind limbs from mechanical load

Fig. 3 Femoral coordinate axis. The line connecting the lateral
condyle with the greater trochanter of the femur was defined as the
long axis of the femur, and the measurement directions of the three
axes were set. X axis: anterior-posterior direction, Y axis: mesio-lateral
direction, Z axis: femoral long-axis direction
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sample obtained was observed with a universal op-
tical microscope (Axiophot2, Carl Zeiss, Oberko-
chen, Germany). Using the attached image software
(Axiovision, Carl Zeiss, Oberkochen, Germany), we
measured the cortical bone thickness at 6 points A
to F (Fig. 5a). For the measurement of new bone
mass, we calculated the bone filling ratio of new
bone within a 300 μm × 300 μm square at the im-
plant neck (Fig. 5b).

Morphometric evaluation of cancellous bone
The morphology of cancellous bone was evaluated using
Micro-CT (μCT50; Scanco Medical AG, Brüttisellen,
Switzerland) under the following conditions: tube volt-
age, 90 kV; tube current, 155 μA; matrix size, 3400 ×
3400; slice width, 2 μm; and slice pitch, 2 μm. The re-
gion of interest was the cancellous bone region in the
range of 1.6 mm proximo-distal from the center of the
implant (the diameter of the implant body was 0.8 mm).
To remove artifacts by implant, a copper plate filter of
0.5 mm was used for photography. In the three-
dimensional structural analysis, the parameters of bone
volume fraction (BV/TV; %), trabecular number (Tb.N;
1/mm), trabecular thickness (Tb.Th; μm), and trabecular
separation (Tb.Sp; μm) were calculated.

SHG imaging
Second harmonic generation (SHG) images were ob-
tained using a multiphoton confocal microscopy system
(LSM 880 Airy NLO, Carl Zeiss, Oberkochen, Germany)
with excitation laser (Chameleon Vision II, wavelengths:
680–1080 nm; repetition rate: 80 MHz pulse width: 140
fs, Coherent Inc., Santa Clara, CA, USA) and objective
lens (Plan-Apochromat 10x/0.8 M27, Carl Zeiss, Ober-
kochen, Germany). The excitation wavelength for ob-
serving collagen fibers was 880 nm. From the image
obtained, a region of 200 μm × 200 μm square at the

Fig. 4 Implant placement surgery in the femur. A Ti-6Al-4V implant
(length 1.0 mm, diameter 0.8 mm) was placed in the Y-axis direction
in the center of the femoral shaft

Fig. 5 Method of setting region of interest and evaluating new bone mass surrounding the implant. a The region of interest was the cortical
bone region on a 100 μm polished specimen created in the XY plane that passes through the center of the implant body. The measurement
points were classified as follows: A, F: peri-implant area. B, C, D, E: normal area. b To evaluate the amount of new bone surrounding the implant,
the value obtained by dividing the area occupied by calcified bone in the 300 μm square shown in the figure by the total area excluding the
implant was shown as a percentage
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implant neck (A and F) was extracted as the region of
interest. High-precision image analysis software
(Imaris8.4, Bitplane AG, Zürich, Switzerland) was used
to trace and measure the angles of the collagen fiber
bundles.

BAp crystal orientation
Quantitative evaluation of the BAp crystal orientation
was performed using a curved imaging plate X-ray dif-
fractometer (XRD, D/MAX RAPIDII-CMF, Rigaku Co.,
Ltd., Tokyo, Japan) of the optical system. Using an op-
tical microscope attached to XRD (0.6–4.8x), the irradi-
ation area was positioned at the center of the cortical
bone, and X-rays were irradiated so that the incident
beam became a circle with a diameter of 100 μm. The
position of the sample was determined according to the
X-axis, Y-axis, and Z-axis as the reference axes. At the
implant neck, the location was 50 μm away from the im-
plant surface in the X-axis direction. The measurement
was performed at 6 points A to F (Fig. 5a) of a 100-μm-
thick specimen. The points of intersection of a line
drawn from the midpoint of the femur width in the Y-
axis direction parallel to the X-axis and the cortical bone
were designated as B and E, and C and D were set from
A and F on a vertical line in the Y-axis direction. As ac-
cording to Nakano et al. [18], the measurement was per-
formed by two methods, a transmission type optical
system and a reflection type optical system, and Cu-Kα
rays were used as the radiation source. The setting con-
ditions were a tube voltage of 40 kV and a tube current
of 30 mA.
From the diffraction ring image drawn on the imaging

plate with the diffracted X-ray beam, the X-ray intensity
ratio of the two diffraction peaks of the (002) plane and

the (310) plane was calculated using 2D Date Processing
Software (Rigaku Inc., Tokyo, Japan).

Statistical analysis
Statistical analysis was performed using GraphPad Prism
version 6.0 (GraphPad Software Inc., San Diego, CA,
USA). After each measurement, one-way analysis of vari-
ance and Tukey’s multiple comparison test were per-
formed. In addition, a t test was used to compare the
new bone mass. A statistically significant p-value was
less than 0.05.

Results
Histological evaluation
In both groups, lamellar bone was observed surrounding
the implant (Fig. 6a, b). The thickness of cortical bone at
each site (A–F) was significantly lower in the tail suspen-
sion groups (TS, TS.IP) (Fig. 6c). In the implant group,
new bone showing a cortical bone-like structure was ob-
served surrounding the implant in all samples (Fig. 7a,
b). The bone filling ratio of new bone at the implant
neck (A, F) was significantly higher in the CTL.IP than
in the TS.IP (Fig. 7c).

Morphometric evaluation of cancellous bone
The morphometric parameters BV/TV, Tb.N, and Tb.Th
in the TS.IP were significantly lower than those of the
CTL.IP (Fig. 8a–c). And Tb.Sp in the TS.IP was signifi-
cantly higher than in the CTL.IP (Fig. 8d).

SHG imaging
SHG imaging confirmed collagen fiber bundles with dis-
tinctly different running in the peri-implant bone and
normal bone. Collagen fiber bundles in the bone

Fig. 6 Comparison of cortical bone thickness in each group. Villanueva bone stained image. a CTL.IP. 25× magnification. b TS.IP. 25×
magnification. c Horizontal axis shows groups, vertical axis shows cortical bone thickness (μm). The thickness of cortical bone was significantly
higher in the CTL and CTL.IP than in the TS and TS.IP. Bar: 500 μm
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Fig. 7 Quantitative evaluation by the bone filling ratio surrounding the implant. a CTL.IP. Peri-implant area. 100× magnification. b TS.IP. Peri-
implant area. 100× magnification. c Comparison of bone filling ratio. The horizontal axis shows the groups, and the vertical axis shows the bone
filling ratio (%). Bar: 100 μm

Fig. 8 Morphometric evaluation of cancellous bone. a BV/TV. b Tb.N. c Tb.Th. d Tb.Sp
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surrounding the implant tended to run in random direc-
tions, and in normal bone they tended to run parallel to
the endoperiosteum (Fig. 9a–d). Collagen fiber bundles
were often observed near the endoperiosteum at a site
(B–E) sufficiently far from the implant neck, which is
considered to be normal bone. The running of collagen
fibers surrounding the implant was extremely irregular
(mean ± SD), and was 81.1° (± 50.6) in the CTL.IP and
85.6° (± 52.2) in the TS.IP with respect to the Y-axis. At
the same site (A and F) in the non-implant group, the
CTL was 114.9° (± 11.5) and the TS was 113.7° (± 10.8)
with respect to the Y-axis (Fig. 9e). The running of colla-
gen fiber bundles was irregular in the implant groups
(CTL.IP, TS.IP) compared to the non-implant groups
(CTL, TS).

BAp crystal orientation
In all groups (CTL, CTL.IP, TS, TS.IP), no preferential
orientation of BAp c-axis in the X-axis direction was ob-
served (Fig. 10a). In the peri-implants area (A, F), no
preferential orientation of BAp c-axis in the Y-axis direc-
tion was observed in the non-implant groups (CTL, TS),
but preferential orientation of BAp c-axis in the Y-axis
direction were observed in the implant groups (CTL.IP,
TS.IP) (Fig. 10b). No difference in the X-ray diffraction
intensity ratio in the Y-axis direction was observed in
the normal bone areas (B, C, D, E). In the non-implant
groups (CTL, TS), preferential orientation of BAp c-axis
was observed in the Z-axis direction at all sites (A–F). In
the normal rearing groups (CTL, CTL.IP), the X-ray dif-
fraction intensity ratio in the Z-axis showed a higher

value than in the tail suspension groups (TS, TS.IP). At
the implant neck (A, F) in the implant groups (CTL.IP,
TS.IP), preferential orientation of BAp c-axis in the Z-
axis were existed. However, the X-ray diffraction inten-
sity ratio in the Z-axis in the implant groups (CTL.IP,
TS.IP) were significantly lower than that in the non-
implant groups (CTL, TS) (Fig. 10c).

Discussion
From histological observation, the newly formed bone
tissue surrounding the implant had a lamellar bone re-
gardless of the loading conditions. This result was
mostly consistent with the shape of the bone surround-
ing the implant reported by Villar et al. [18]. Similarly to
the previous report [19], cortical bone and bone marrow
tissue were in contact with the implant at the interface
between the implant and bone, and inclusion of bone
cells and blood vessels in the cortical bone was observed.
On the other hand, in the TS.IP, it was found that the
cortical bone thickness and the bone mass measured
surrounding the implant showed low values. Frost [20]
reported that the increase and decrease of bone mass
changed in response to microstrain, and that the strain
above a certain level is required to maintain or renew
bone mass. In addition, Degidi et al. [21] reported that
the occlusal force applied to the bone through the im-
plant contributes to the increase in bone mass surround-
ing the implant. In this study, in which the load applied
to the bone surrounding the implant was reduced as
much as possible, the thickness of cortical bone and the
increment of new bone were small, but showed the same

Fig. 9 SHG imaging in the peri-implant area. a Optical microscope image of CTL.IP. b SHG imaging of CTL.IP. c Optical microscope image of the
TS.IP. d SHG imaging of the TS.IP. a–d 100× magnification. Bar: 100 μm. e Box-and-whisker plot of the angle of the collagen fiber bundle with
respect to the Y-axis
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tendency as normal rearing groups (CTL, CTL.IP). This
suggests that osseointegration occurs at the implant
body interface after implant placement even under low
load conditions.
As a result of analysis by SHG imaging, collagen fiber

bundles were found running almost parallel to the endo-
periosteum in normal mouse femurs, whereas collagen
fiber bundles running in new bone surrounding the im-
plant were very irregular. It was suggested that the colla-
gen fiber bundles were rearranged into an irregular
shape by implant placement. However, no significant dif-
ference was observed between the implant groups
(CTL.IP, TS.IP). This is considered to be because the
wound healing process due to implant placement had a
far greater effect than loading conditions.
On the other hand, regarding BAp crystal orientation,

Nakajima et al. [22] reported that the uniaxial preferen-
tial orientation of BAp c-axis in the longitudinal direc-
tion of the femur was diminished by tail suspension

rearing for 3 weeks in mice, but the minimum uniaxial
preferential orientation for maintaining the bone struc-
ture remained. In the non-implant groups (CTL, TS), a
uniaxial preferential orientation of BAp c-axis was ob-
served in the Z-axis direction. But, in the TS, the X-ray
diffraction intensity ratio in the Z-axis direction was sig-
nificantly lower than that in the CTL. These results were
mostly consistent with the previous reports [22, 23].
Therefore, it seems that the femur adapted to a new
loading environment after it lost homeostasis due to
changes in the mechanical environment.
Otherwise, at the bone surrounding the implant, the

X-ray diffraction intensity ratio in the Z-axis direction in
the implant groups (CTL.IP, TS.IP) showed lower value
than in the non-implant groups (CTL, TS). On the other
hand, the X-ray diffraction intensity ratio in the Y-axis
direction was high value after implant placement. From
the results of the orientation in the Y-axis direction ob-
served in the implant groups (CTL.IP, TS.IP), it is

Fig. 10 Orientation of BAp c-axis in each measurement axis. The vertical axis shows the X-ray diffraction intensity ratio calculated from the (002)/
(310) peaks, and the horizontal axis shows the groups. a X-axis (antero-posterior) direction. b Y-axis (mesio-lateral) direction. c Z-axis (femoral
long-axis) direction
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inferred that the residual stress during implant place-
ment mainly occurred in the Y-axis direction [24, 25].
On the other hand, no significant difference was ob-
served in the X-ray diffraction intensity ratio in the Y-
axis direction in the implant groups (CTL.IP, TS.IP),
thus similar to collagen fiber bundles, implant placement
is considered to have a much larger effect than the
unloading associated with tail suspension. In addition,
Odaka et al. [26] reported in animal experiments using
beagle dogs that the preferential orientation of BAp c-
axis in the bone surrounding the implant changed in the
direction of occlusal force.
Due to the tail suspension rearing, the femur of the

mouse receives almost no functional pressure from the
muscle in addition to its own weight. In the oral cavity,
this state imitates the alveolar bone excluding loads such
as occlusal force and muscle function pressure. In other
words, this model was created assuming that the implant
was placed in the jawbone, which was hardly affected by
the load for a long time after tooth extraction. The re-
sults of this study showed that osseointegration and sur-
rounding bone renewal that occur immediately after
implant placement can be obtained with almost no load.
However, since the bone mass and quality were signifi-
cantly lower than those in the control group, it was sug-
gested that various functional pressures generated in the
oral cavity are required to obtain good osseointegration
and peri-implant bone at the initial stage of implant
placement.

Conclusions
As a result, it was revealed that even under extremely
low load conditions, bone formation occurs surrounding
the implant, and bone microstructure and bone quality
adapted to the new mechanical environment are ob-
tained. Clinically, it was suggested that implant place-
ment creates new bone structural characteristics
surrounding the implant.
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BAp: Biological apatite; CTL: Control; CTL.IP: Control with implant; TS: Tail
suspension; TS.IP: Tail suspension with implant; XRD: X-ray diffraction;
SHG: Second harmonic generations

Acknowledgements
We would like to thank Professor Atsuhiko Hikita of University of Tokyo and
Norio Kasahara of Tokyo Dental College for their technical support.

Authors’ contributions
YO, SM, and SA conceived and designed the present ideas. YY and TN
developed the theory. YO, SM, TF, KK, and MK contributed to collected and
analyzed all data. YO and SM performed statistical analysis. YO and SM led
the writing. All authors discussed about the results and contributed to the
final manuscript. The author(s) read and approved the final manuscript.

Funding
This research was supported by Research Grant (2019) and Grants-in-Aid for
Scientific Research (Basic Research (C): 17K11808, Basic Research (C):

18K09643) from the Private University Research Branding Project from MEXT
of Japan.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethical approval and consent to participate
The experimental protocol was approved by the Animal Welfare Committee
of Tokyo Dental College (approval no. 193303).

Consent for publication
Not applicable.

Competing interests
Yuto Otsu, Satoru Matsunaga, Takehiro Furukawa, Kei Kitamura, Masaaki
Kasahara, Shinichi Abe, Takayoshi Nakano, Takuya Ishimoto, and Yasutomo
Yajima declare that they have no competing interests.

Author details
1Department of Oral and Maxillofacial Implantology, Tokyo Dental College,
2-9-18 Kandamisaki-cho, Chiyoda-ku, Tokyo 101-0061, Japan. 2Oral Health
Science Center, Tokyo Dental College, 2-9-18 Kandamisaki-cho, Chiyoda-ku,
Tokyo 101-0061, Japan. 3Department of Anatomy, Tokyo Dental College,
2-9-18 Kandamisaki-cho, Chiyoda-ku, Tokyo 101-0061, Japan. 4Department of
Histology and Developmental Biology, Tokyo Dental College, 2-9-18
Kandamisaki-cho, Chiyoda-ku, Tokyo 101-0061, Japan. 5Department of Dental
Materials Science, Tokyo Dental College, 2-9-18 Kandamisaki-cho, Chiyoda-ku,
Tokyo 101-0061, Japan. 6Division of Materials and Manufacturing Science,
Graduate School of Engineering, Osaka University, 2-1, Yamada-oka, Suita,
Osaka 565-0871, Japan.

Received: 22 April 2021 Accepted: 27 June 2021

References
1. Albrektsson T, Brånemark PI, Hansson HA, Lindström J. Osseointegrated

titanium implants: requirements for ensuring a long-lasting, direct bone-to-
implant anchorage in man. Acta Orthop. 1981;52(2):155–70. https://doi.org/1
0.3109/17453678108991776.

2. Brånemark R, Brånemark PI, Rydevik B, Myers RR. Osseointegration in skeletal
reconstruction and rehabilitation: A review. J Rehabil Res Dev. 2001;38(2):
175–81.

3. Garetto LP, Chen J, Parr JA, Roberts WE. Remodeling dynamics of bone
supporting rigidly fixed titanium implants: a histomorphometric comparison
in four species including humans. Implant Dent. 1995;4(4):235–43. https://
doi.org/10.1097/00008505-199500440-00002.

4. Isidor F. Influence of forces on peri-implant bone. Clin Oral Implants Res.
2006;17(Suppl 2):8–18. https://doi.org/10.1111/j.1600-0501.2006.01360.x.

5. Isidor F. Loss of osseointegration caused by occlusal load of oral implants. A
clinical and radiographic study in monkeys. Clin Oral Implants Res. 1996;7(2):
143–52. https://doi.org/10.1034/j.1600-0501.1996.070208.x.

6. Miyata T, Kobayashi Y, Araki H, Motomura Y, Shin K. The influence of
controlled occlusal overload on peri-implant tissue: a histologic study in
monkeys. Int J Oral Maxillofac Implants. 2000;13:677–83.

7. Ogiso M, Tabata T, Kuo PT, Borgese D. A histologic comparison of the
functional loading capacity of an occluded dense apatite implant and the
natural dentition. J Prosthet Dent. 1994;71(6):581–8. https://doi.org/10.1016/
0022-3913(94)90441-3.

8. Duyck J, Vandamme K. The effect of loading on peri-implant bone: a critical
review of the literature. J Oral Rehabil. 2014;41(10):783–94. https://doi.org/1
0.1111/joor.12195.

9. Esaki D, Matsushita Y, Ayukawa Y, Sakai N, Sawae Y, Koyano K. Relationship
between magnitude of immediate loading and peri-implant osteogenesis in
dogs. Clin Oral Implants Res. 2012;23(11):1290–6. https://doi.org/10.1111/j.1
600-0501.2011.02305.x.

10. Vandamme K, Naert I, Duyck J. Histodynamics of bone tissue formation
around immediately loaded cylindrcal implants in the rabbit. Clin Oral

Otsu et al. International Journal of Implant Dentistry            (2021) 7:89 Page 9 of 10

https://doi.org/10.3109/17453678108991776
https://doi.org/10.3109/17453678108991776
https://doi.org/10.1097/00008505-199500440-00002
https://doi.org/10.1097/00008505-199500440-00002
https://doi.org/10.1111/j.1600-0501.2006.01360.x
https://doi.org/10.1034/j.1600-0501.1996.070208.x
https://doi.org/10.1016/0022-3913(94)90441-3
https://doi.org/10.1016/0022-3913(94)90441-3
https://doi.org/10.1111/joor.12195
https://doi.org/10.1111/joor.12195
https://doi.org/10.1111/j.1600-0501.2011.02305.x
https://doi.org/10.1111/j.1600-0501.2011.02305.x


Implants Res. 2007;18(4):471–80. https://doi.org/10.1111/j.1600-0501.2007.
01339.x.

11. Naert I, Duyck J, Vandamme K. Occlusal overload and bone/implant loss.
Clin Oral Implants Res. 2012;23(Suppl 6):95–107. https://doi.org/10.1111/j.1
600-0501.2012.02550.x.

12. Isidor F. Histological evaluation of peri-implant bone at implants subjected
to occlusal overload or plaque accumulation. Clin Oral Implants Res. 1997;
8(1):1–9. https://doi.org/10.1111/j.1600-0501.1997.tb00001.x.

13. Chang M, Chronopoulos V, Mattheos N. Impact of excessive occlusal load
on successfully-osseointegrated dental implants: a literature review. J
Investig Clin Dent. 2013;4(3):142–50. https://doi.org/10.1111/jicd.12036.

14. Morey-Holton ER, Globus RK. Hindlimb unloading of growing rats: a model
for predicting skeletal changes during space flight. Bone. 1998;22(Suppl 5):
83S–8S. https://doi.org/10.1016/S8756-3282(98)00019-2.

15. Romanos GE, Toh CG, Siar CH, Wicht H, Yacoob H, Nentwig G-H. Bone-
implant interface around titanium implants under different loading
conditions: a histomorphometrical analysis in the macaca fascicularis
monkey. J Periodontol. 2003;74(10):1483–90. https://doi.org/10.1902/jop.2
003.74.10.1483.

16. Klibanski A, Adams-Campbell L, Bassford T, Blair SN, Boden SD, Dickersin K,
et al. Osteoporosis prevention, diagnosis, and therapy. J Am Med Assoc.
2001;285:785–95.

17. Nakano T, Kaibara K, Tabata Y, Nagata N, Enomoto S, Marukawa E, et al.
Unique alignment and texture of biological apatite crystallites in typical
calcified tissues analyzed by microbeam X-ray diffractometer system. Bone.
2002;31(4):479–87. https://doi.org/10.1016/S8756-3282(02)00850-5.

18. Villar CC, Huynh-Ba G, Mills MP, Cochran DL. Wound healing around dental
implants. Oral Wound Heal Cell Biol Clin Manag. 2013;28:287–311.

19. Sennerby L, Ericson LE, Thomsen P, Lekholm U, Astrand P. Structure of the
bone-titanium interface in retrieved clinical oral implants. Clin Oral Implants
Res. 1991;2(3):103–11. https://doi.org/10.1034/j.1600-0501.1991.020302.x.

20. Frost HM. Bone “mass” and the “mechanostat”: a proposal. Anat Rec. 1987;
219(1):1–9. https://doi.org/10.1002/ar.1092190104.

21. Degidi M, Scarano A, Piattelli M, Perrotti V, Piattelli A. Bone remodeling in
immediately loaded and unloaded titanium dental implants: a histologic
and histomorphometric study in humans. J Oral Implantol. 2005;31(1):18–24.
https://doi.org/10.1563/0-717.1.

22. Nakajima K, Matsunaga S, Morioka T, Nakano T, Abe S, Furuya Y, et al. Effects
of unloading by tail suspension on biological apatite crystallite alignment in
mouse femur. Dent Mater J. 2020;39(4):670–7. https://doi.org/10.4012/dmj.2
019-187.

23. Wang J, Ishimoto T, Nakano T. Unloading-induced degradation of the
anisotropic arrangement of collagen/apatite in rat femurs. Calcif Tissue Int.
2017;100(1):87–94. https://doi.org/10.1007/s00223-016-0200-0.

24. Cha JY, Pereira MD, Smith AA, Houschyar KS, Yin X, Mouraret S, et al.
Multiscale analyses of the bone-implant interface. J Dent Res. 2015;94(3):
482–90. https://doi.org/10.1177/0022034514566029.

25. Ottoni JMP, Oliveira ZFL, Mansini R, Cabral AM. Correlation between
placement torque and survival of single-tooth implants. Int J Oral Maxillofac
Implants. 2005;20(5):769–76.

26. Odaka K, Matsunaga S, Kasahara M, Nakano T, Yoshinari M, Abe S.
Alignment of biological apatite crystallites in peri-implant bone of beagles.
Mater Trans. 2017;58(1):107–12. https://doi.org/10.2320/matertrans.M201622
8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Otsu et al. International Journal of Implant Dentistry            (2021) 7:89 Page 10 of 10

https://doi.org/10.1111/j.1600-0501.2007.01339.x
https://doi.org/10.1111/j.1600-0501.2007.01339.x
https://doi.org/10.1111/j.1600-0501.2012.02550.x
https://doi.org/10.1111/j.1600-0501.2012.02550.x
https://doi.org/10.1111/j.1600-0501.1997.tb00001.x
https://doi.org/10.1111/jicd.12036
https://doi.org/10.1016/S8756-3282(98)00019-2
https://doi.org/10.1902/jop.2003.74.10.1483
https://doi.org/10.1902/jop.2003.74.10.1483
https://doi.org/10.1016/S8756-3282(02)00850-5
https://doi.org/10.1034/j.1600-0501.1991.020302.x
https://doi.org/10.1002/ar.1092190104
https://doi.org/10.1563/0-717.1
https://doi.org/10.4012/dmj.2019-187
https://doi.org/10.4012/dmj.2019-187
https://doi.org/10.1007/s00223-016-0200-0
https://doi.org/10.1177/0022034514566029
https://doi.org/10.2320/matertrans.M2016228
https://doi.org/10.2320/matertrans.M2016228

	Abstract
	Background
	Purpose
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Implant surgery
	Histological evaluation
	Morphometric evaluation of cancellous bone
	SHG imaging
	BAp crystal orientation
	Statistical analysis

	Results
	Histological evaluation
	Morphometric evaluation of cancellous bone
	SHG imaging
	BAp crystal orientation

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethical approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

