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Abstract: The objective of this study was to carry out quantitative evaluations of the microstructural characteristics of bone
surrounding anchor screws placed under a horizontal load and the microstructural characteristics of bone on the compressed
and non-compressed sides of anchor screws by investigating the orientation of biological apatite (BAp) crystals and colla-
gen fiber anisotropy. Anchor screws were implanted in the femurs of adult rats. They were divided into those placed under a
horizontal load (horizontal loading group, n = 4), those not placed under a horizontal load (unloaded group, n = 4), and a
sham group of rats that did not undergo femoral anchor screw implantation. In addition to histological observations, BAp
crystal orientation and collagen fiber anisotropy were also analyzed. Osteocytes adjacent to anchor screws on the com-
pressed side in the horizontal loading group were rounder in shape than those in normal femurs, the unloaded group, and on
the non-compressed side in the horizontal loading group. Collagen fibers showed anisotropy on the non-compressed side in
the horizontal loading group. BAp crystals also showed a uniaxial preferential orientation in the direction of traction on the
compressed side in the horizontal loading group. These results demonstrated that the osteogenesis of bone around anchor
screws placed under a sustained horizontal load gave this bone structural characteristics that differed in some respects from
those of normal bone. They also showed that this bone acquired micro/nanostructural characteristics adapted to its new me-

chanical environment.
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Introduction

In recent years, orthodontic anchor screws have come into general
use to provide stable anchorage in orthodontic treatment for dental or
skeletal malocclusion'™. In particular, they are now actively used for
distal movement and intrusion of the molars, since adequate tooth
movement is unlikely to be achieved by conventional orthodontic treat-
ment*”. According to Reynders et al., however, the success rate of an-
chor screws during orthodontic treatment is 80%-90%, far lower than
the reported success rate for dental implants of 96.7%-100%. Causes of
anchor screw loss include poor oral hygiene, low bone density, insuffi-
cient cortical bone thickness, and the overload imposed on the anchor

screw®”

. Numerous studies of dental implants have found that the load
placed on the implant affects the outcome of implant treatment'®'”. The
absence of a periodontal ligament between dental implants and bone

means that they lack a pressure-sensitive organ, and the tolerable verti-
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cal load is therefore known to be lower than that for natural teeth'”.
Dental implants have poor stability under horizontal load, and the super-
structure must be adjusted to minimize as much as possible the load in
this direction'”. Anchor screws, however, provide the anchorage for
tooth movement and are therefore placed under sustained horizontal
load. It is thus important that anchor screws be retained in the jawbone
and fulfill their role as anchors even under sustained horizontal load'".
In the 1990s, when anchor screws first came into general use, studies
by Melsen and Costa showed that, if anchor screws were placed under a
horizontal load immediately after their insertion, the contact between
bone and implant was uneven'>'®. According to more recent orthodontic
anchor screw guidelines, however, as long as the magnitude of the force
is appropriate, it has no effect on the anchor screw loss rate in clinical
use'”. Despite these clinical data, there have been few detailed investi-
gations of the condition of peri-implant bone and of bone quality factors
in particular when a load has been applied immediately after insertion.
Although it is necessary to evaluate the relationship between the
load condition of the anchor screw and the mechanical function of the
bone, it is a very difficult task. Bone volume is generally used as a quan-
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Figure 1. Experimental protocol. Anchor screws are implanted in the distal and proximal diaphyseal regions of the left femur. In the horizontal
loading group (HL group, n = 4), these anchor screws are connected to each other with a coil spring to impose a lateral load. In the unloaded
group (UL group, n = 4), nothing is connected to the anchor screws after implantation, leaving them free of lateral load. In the sham group (n =
4), sham surgery comprising a skin incision alone is performed on the femur, with no anchor screws implanted.

titative index of bone strength prior to dental implant treatment. Even
with a large bone volume, however, implants are not necessarily suc-
cessful'®. Since the 2000 National Institutes of Health (NIH) Consensus
Conference Statement, not only bone volume, but also bone quality fac-
tors have come to be regarded as playing an important biomechanical
') Nakano ef al. inves-
tigated the bone quality factors of biological apatite (BAp) crystal orien-

role in improving the success of dental implants

tation and collagen fiber anisotropy, and they found that bone quality is
) On this basis, a detailed
investigation of bone quality factors in the bone surrounding anchor

strongly correlated with mechanical function

screws and the identification of location-specific structural characteris-
tics should enable the effect on bone mechanical function of the hori-
zontal load applied to anchor screws to be predicted with high accuracy.

Therefore, the objective of this study was to carry out quantitative
evaluations of the microstructural characteristics of bone surrounding
anchor screws placed under a horizontal load and the microstructural
characteristics of bone on the compressed and non-compressed sides of
anchor screws by exploring the orientation of BAp crystals and collagen
fiber anisotropy. The aim was to elucidate one aspect of the association
between the mechanical environment and the microstructure of peri-im-
plant bone.

Materials and Methods
Animal experiments were approved by the Tokyo Dental College
Animal Experiment Committee (Ethics Application Number: 203110).
Every possible effort was made to minimize animal suffering.

Experimental animals

Twelve adult, male, Wistar rats (age 25 weeks, mean weight 400 g)
were used for this study. Anchor screws were implanted in the distal and
proximal diaphyseal regions of the left femur. In the horizontal loading
group (HL group, n = 4), these anchor screws were connected to each
other with a coil spring to impose a lateral load (Fig. 1). In the unloaded
group (UL group, n = 4), nothing was connected to the anchor screws
after implantation, leaving them free of lateral load. In the sham group
(n = 4), sham surgery comprising a skin incision alone was performed
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Figure 2. Axis definitions. The X axis is defined as the long axis of the fe-
mur, the Y axis as the anterior-posterior direction, and the Z axis as the me-
dial-lateral direction.

on the femur, with no anchor screws implanted.

The reference axes for the experimental specimens were defined as
follows: X axis, long axis of the rat femur; Y axis, anterior-posterior di-
rection; and Z axis, medial-lateral direction (Fig. 2).
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square in the body of the anchor screw.

Surgical preparation

Anchor screw implantation was carried out under general anesthesia
achieved by intraperitoneal administration of a mixture of three anes-
thetics (0.375 mg/kg medetomidine hydrochloride, Zenoaq, Fukushima,
Japan; 2.0 mg/kg midazolam, Sandoz, Tokyo, Japan; and 2.5 mg/kg bu-
torphanol tartrate, Meiji Seika Pharma, Tokyo, Japan). A skin incision
measuring approximately 20 mm was made immediately above the left
femur from the ventral side, and the muscle layers were divided to ex-
pose the bone. The periosteum was divided and detached, after which an
orthodontic anchor screw (Le Forte system'm, Jeil Medical Co, Seoul,
Korea) was inserted above the periosteum in the direction of the Y axis
at the anterior margin of the proximal metaphyseal region (15 mm from
the hip joint) and the anterior margin of the distal metaphyseal region
(15 mm from the knee joint) of the femur on each side, at a site with no
muscle insertion in each case. The anchor screws used in this experi-
ment were machined-surface, threaded, tapered screws of diameter 1.2
mm and length 3 mm, made of Ti-6Al-4V titanium alloy. A Ni-Ti coil
spring (NT20-13U Dentos NT Coil Spring, Shofu, Kyoto, Japan) was
attached to the anchor screws implanted in the left femur and adjusted to

*Y. The muscle layers and

impose a sustained horizontal load of 0.5 N
skin were then sutured with 5-0 nylon thread to conclude the operation,
and a medetomidine antagonist (0.75 mg/kg atipamezole hydrochloride,
Zenoaq) was immediately administered intraperitoneally to maintain the
rat’s body temperature. After an 8-week healing period had elapsed fol-
lowing anchor screw implantation, the rats were euthanized, and both

femurs were harvested.

Specimen preparation

Once all the femurs had been harvested, they were fixed by immer-
sion in 10% buffered formalin at 4 °C for 2 days. Graded ethanol dehy-
dration was performed, and prestaining was conducted with Villanueva
Osteochrome Bone Stain (Funakoshi, Tokyo, Japan), after which the
specimens were embedded in unsaturated polyester resin (Rigolac, Nis-
shin EM, Tokyo, Japan). They were then sliced with a rotating mi-
crotome (SP1600, Leica, Wetzlar, Germany) in the XY plane passing
through the center of the two anchor screws. The slices were polished
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with waterproof abrasive paper (#400 to #800 to #1200) to produce
100-pum-thick polished specimens. These specimens were observed un-
der a general-purpose optical microscope (Axiophot 2, Carl Zeiss,
Oberkochen, Germany), the courses of blood vessels and osteoids were
identified, and the morphology of the osteocytes around the anchor
screws was analyzed with the packaged image-analysis software.

Measurement the morphology of osteocytes

Since osteocytes cannot be stained directly with Villanueva stain, the
morphology of osteocytes was determined indirectly by examining the
morphology of the bone cavities. The osteocytes were photographed at
three different depths of focus in the region of interest (ROI), and the 20
osteocytes with the longest diameter were randomly measured. In addi-
tion, specimens with a long diameter of less than 6 pm were excluded.
The ROI was set as a square within 500 pum from the surface layer of
cortical bone and 500 pm from the anchor screw (Fig. 3). Osteocyte an-
gles between the longest diameters of osteocytes and the long axes of
peri-implant bone and normal bone were measured in the three groups.
The longest and shortest diameters, with the latter defined as the diame-
ter measured on a line passing through the center of the longest diameter
and perpendicular to it, were measured at the location where the trans-
verse diameter was greatest. Osteocyte angles were measured as the an-
gle between the longest diameter of the osteocyte and the Y axis, with
osteocytes with their longest diameter oriented parallel to the X axis de-
fined as having an angle of 90°, those with their longest diameter orient-
ed in the direction of the anchor screw head defined as having an angle
of >90° with respect to the Y axis, and those with their longest diameter
oriented in the direction of the anchor screw tip defined as having an an-
gle of <90°.

Second harmonic generation imaging

Second harmonic generation (SHG) images were acquired using a
multiphoton confocal microscopy system (LSM 880 Airy NLO; Carl
Zeiss) with an excitation laser (Chameleon Vision I, wavelengths: 680-
1,080 nm; repetition rate: 80 MHz; pulse width: 140 fs; Coherent Inc.,
Santa Clara, CA, USA) and an objective lens (Plan-Apochromat 10x/0.8
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Figure 4. Villanueva-stained images. A. Sham group, low magnification. B. Sham group, high magnification. C. UL group, low magnification. D.
UL group, mesial side of screw, high magnification. E. UL group, distal side of screw, high magnification. F. HL group, low magnification. G. HL
group, compressed side, high magnification. H. HL group, non-compressed side, high magnification. In the UL and HL groups, the surface of the
anchor screw is directly integrated with corticoid bone. (Fig. 4C, F). Numerous microvessels with irregular courses and irregularly arranged oste-
ocytes are observed in the bone surrounding the anchor screws in the UL group and on both the compressed and non-compressed sides of the an-
chor screws in the HL group (Fig. 4D, E, G, H). Fig. 4A, C, F’s scale bar: 500 um. Fig. 4B, D, E, G, H’s scale bar: 50 um.
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Figure 5. Osteocyte morphology and angle measurement. A. Osteocyte long diameter. B. Osteocyte short diameter. C. Osteocyte angle measure-
ment. The long diameter of osteocytes is significantly shorter in the HL group than in the sham group, UL group, and HL non-compressed group.
However, there is no significant difference in the short diameter; *p<0.05 compared to Sham.

M27; Carl Zeiss). The excitation wavelength for collagen fiber observa-
tion was 880 nm. Images were acquired using ZEN imaging software
(Carl Zeiss). After image acquisition, the collagen fiber bundles in the
ROI were traced using Imaris 8.4 software (Bitplane AG, Zurich, Swit-
zerland), and their angles were measured.

BAp crystal alignment

BAp crystal alignment was analyzed by micro-region X-ray diffrac-

21)

tion”’. Measurements were made with a curved imaging-plate (IP)
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X-ray diffractometer (XRD: D/MAX PAPIDII-CMF, Rigaku Corpora-
tion, Tokyo, Japan) with two optical systems, a transmission optical sys-
tem and a reflecting optical system. The measurements were compared
with other ROIs and the same site, with Cu-Ka radiation used as the
beam source in all cases. The tube voltage was 40 kV, and the tube cur-
rent was 30 mA. The irradiation field was determined using the optical
microscope fitted to the XRD (0.6—4.8% magnification), and the incident
beam was a circular microbeam of diameter 100 pm. The transmission
optical system was used for measurements in the X- and Y-axis direc-
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Figure 6. SHG images from around the screws in each group. The top row shows Villanueva staining, and the bottom row SHG imaging. On the
non-compressed side in the HL group, there are large numbers of collagen fiber bundles around the anchor screw that run in the direction in
which the anchor screw has been inserted (Y axis direction). Scale bar: 100 um.
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Figure 7. Angle measurements of collagen fibers in the superficial layer of
peri-implant cortical bone. The angle is significantly larger on the uncom-
pressed side; *p<0.05 compared to Sham.

tions, and the reflecting optical system was used for measurements in
the Z-axis direction. Using 2D Data Processing software (Rigaku), the
X-ray intensity ratios of the two diffraction peaks in the (002) and (310)
planes were calculated from the diffraction X-ray beam detected using
the curved IP. The X-ray diffraction intensity ratio for hydroxyapatite
(HAp) powder measured using the transmission optical system was 3.01,
and that using the reflecting optical system was 1.2.

Statistical analysis
Statistical analysis was conducted using Tukey’s test to compare the
mean values in the different groups, with p < 0.05 regarded as signifi-
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cant.

Results

Histological observation of peri-implant bone

Fig. 4 shows the results of the histological evaluations of the pol-
ished specimens (Villanueva Osteochrome Bone Stain) of peri-implant
bone from the Sham, UL, and HL groups. In the UL and HL groups, the
surface of the anchor screw was directly integrated with corticoid bone,
with good osseointegration observed even under the horizontal load
condition (Fig. 4C, F). However, numerous microvessels with irregular
courses and irregularly arranged osteocytes were observed in the bone
surrounding the anchor screws in the UL group and on both the com-
pressed and non-compressed sides of the anchor screws in the HL group
(Fig. 4D, E, G, H). An equivalent level of calcification to that seen in
the cortical bone of the femoral shaft was observed in both groups.

Morphology of osteocytes

Fig. 5 shows the longest/shortest diameters of osteocytes and their
angle measurements. In the normal rat femoral shaft, osteocytes were
elliptical in shape, with a long:short diameter ratio of approximately 3:1,
and the long diameters were oriented in almost exactly the same direc-
tion as X axis on the XY plane (Fig. 5). In the peri-implant bone, how-
ever, although there was no significant difference in osteocyte short di-
ameter between any of the groups, the long diameter was significantly
shorter on the compressed side in the HL group than in the other groups.
The osteocyte angle was significantly higher on the non-compressed
side in the HL than in the other groups.

Anisotropy of collagen fiber orientation

Fig. 6 shows the courses of collagen fibers in peri-implant bone as
shown by Villanueva staining and SHG imaging at the same site. Lami-
nar structures of collagen fiber bundles running parallel to the perioste-
um and endosteum were evident in the peri-implant bone in all groups.
This was the same orientation as that of the long axis of the femurs with
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Figure 8. Diffraction intensity ratios in each axis. A. X axis diffraction intensity ratios. B. Y axis diffraction intensity ratios. C. Z axis diffraction
intensity ratios. The diffraction intensity ratio in the X axis direction is significantly higher on the compressed side in the HL group than on the
non-compressed side in the HL group or in the Sham and UL groups; *p<0.05 compared to Sham.

no anchor screw inserted. At the anchor screw-bone interface, however,
their courses were disrupted in a few places. On the non-compressed
side in the HL group, there were large numbers of collagen fiber bundles
around the anchor screw that ran in the direction in which the anchor
screw had been inserted (Y axis direction). Fig. 7 shows the results of
the statistical analysis of the angle between collagen fibers and the Y
axis in peri-implant bone. The angle of orientation of collagen fiber bun-
dles in the ROI was significantly larger on the non-compressed side in
the HL group than in any of the other groups.

BAp crystal alignment

Fig. 8 shows the X-ray diffraction intensity ratios in the areas of
peri-implant bone where measurements were made in the (002) and
(310) planes. In all groups, a uniaxial preferential orientation in the X
axis direction was observed (Fig. 8A). The diffraction intensity ratio was
also significantly higher on the compressed side in the HL group than on
the non-compressed side in the HL group or in the Sham and UL groups.
In the Y-axis and Z-axis directions, however, BAp crystals did not show
a preferential orientation in any of the groups (Fig. 8B, C).

Discussion

The present histological observations showed a distinctive feature of
the orientation of blood vessels in peri-implant bone. Intraosseous ves-
sels around anchor screws are generated with irregular orientations, a
major difference from the laminar bone structure of normal rat femurs in
which the vessels extend from the endosteum toward the periosteum.
This suggests that anchor screw implantation causes angiogenesis to
vary from that seen in the normal femur. The fact that there was a simi-
lar tendency in the courses of the blood vessels between the HL and UL
groups suggests that a horizontal load has little effect on angiogenesis.
The results of the histological observations in this study did not show
any signs of diminished anchor screw stability, such as gaps between the
anchor screws and the surrounding bone or bone resorption around the
anchor screws, in either the UL group or the HL group that underwent
anchor screw implantation.

The osteocytes around the anchor screws in the Sham group and UL
group and on the non-compressed side in the HL group were all long,
thin ellipses, similar to the osteocytes in normal femoral bone. On the
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compressed side in the HL group, however, the long diameter of the os-
teocytes was significantly shorter, and the ellipses were rounder in
shape. The angle between the long diameter of the osteocytes and Y axis
was close to 90° in the Sham group and UL groups, and on the com-
pressed side in the HL group, but on the non-compressed side in the HL
group, it was significantly larger, at 130°. Robling et al. carried out in
vitro experiments on morphological changes in osteocytes, and they
found that both their morphology and stiff cytoskeleton changed as a re-
sult of the mechanical environment™. The present results were similar,
confirming that the horizontal load imposed on anchor screws generates
compressive stress that also affects osteocyte morphology under in vivo
conditions.

With respect to the orientation of collagen fiber bundles in peri-im-
plant bone, the results of SHG imaging confirmed that almost all colla-
gen fiber bundles ran parallel to the long axis of the femur in the Sham
group and UL groups and on the compressed side of the HL group. The
collagen fiber bundles in normal rat femoral bone run in the direction of
the long axis of the femur. This demonstrated that, when bone is regen-
erated during the healing process after screw implantation, the collagen
fiber bundles are repaired with the same orientation as in normal femo-
ral cortical bone. On the non-compressed side in the HL group, howev-
er, numerous collagen fiber bundles were observed to run either perpen-
dicular to the orientation of normal collagen fiber bundles or at a more
obtuse angle to them. Collagen fiber bundle orientation is a factor that
resists the tensile stress on the bone, and severe tensile stress may have
been generated on the non-compressed side in the HL group™. In addi-
tion, these results resemble those for the arrangement of osteocytes on
the non-compressed side in the HL group. The femur of the rat is made
up of lamellar bone, and the collagen fibers run parallel to the lamellar
bone. Since the direction of the long axis of bone cells is arranged paral-
lel to the lamellar bone, it is considered that the arrangement of bone
cells and the running of the collagen fiber bundles were similar.

BAp crystal alignment exhibited a uniaxial preferential orientation
in the direction of the long axis of the femur (the X axis direction) in all
groups. This suggested that anchor screw implantation did not generate
sufficient stress in the bone to change the principal stress direction.
However, a comparison of the diffraction intensity ratio in the X axis di-
rection found that it was significantly higher on the compressed side in
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the HL group than in either the control and UL groups or on the
non-compressed side in the HL group. We conjectured that, because the
horizontal load was constantly imposed in the X axis direction, the bone
compressed by the anchor screws resisted the compressive load, giving
it a more pronounced preferential orientation than normal. There was no
significant difference in preferential orientation between the Sham group
and UL groups or the non-compressed side in the HL group. This
demonstrated that the compressed side of the peri-implant bone, which
lacks an intervening periodontal membrane, is under a particularly high
compressive load. This suggests that, the greater the horizontal load, the
greater the compressive stress imposed on the compressed side of the
peri-implant bone, and this may contribute to anchor screw loss.

In the experimental model used in the present study, the horizontal
load was imposed immediately after anchor screw implantation to avoid
subjecting the rats to multiple invasive surgeries. Manni ez al. conducted
a clinical study of the immediate loading of anchor screws, and they re-
ported that, as long as osseointegration of the peri-implant bone was
achieved, the anchor screw provided stable anchorage without falling
out, even if a horizontal load were imposed immediately after insertion
without an intervening healing period™. However, that study neither in-
dicated a specific success rate nor described the effect on peri-implant
bone. Luzi et al. conducted animal experiments on the immediate load-
ing of anchor screws, and they found that, although the volume of
peri-implant bone was slightly greater when a horizontal load was not
applied during the healing period, there were no significant differences
in the mineralizing surface, bone-to-implant contact rate, or erosion sur-
face, and there was no effect on anchor screw stability””. In the present
study, it was also found that the immediate imposition of a horizontal
load had no effect on anchor screw stability, with no loosening or loss
observed. This suggests that immediate loading does not adversely af-
fect the stability of anchor screws.

Because this was a study of the bone reaction to horizontal load, the
magnitude of this load was set so as not to result in anchor screw loss.
At this level of load, however, it was not possible to investigate the bone
reaction when an excessively large horizontal load is applied to an an-
chor screw, causing it to fall out. Although the peri-implant bone did
show a bone reaction in response to the mechanical environment created
by a horizontal load of the magnitude applied in this study, it was not
possible to investigate changes in this bone reaction in response to
changes in the magnitude of horizontal load. In terms of timing, too, us-
ing the present experimental model, it was only possible to investigate
the effect of loading immediately after implantation. Therefore, early
loading and late loading could not be compared. Further experiments
with loads of different magnitudes applied at different times are required
to investigate subsequent changes in peri-implant bone.

The results of the present study demonstrated that, although the oste-
ogenesis that occurred in bone surrounding anchor screws subjected to a
sustained horizontal load gave this bone structural characteristics that
differed in some respects from those of normal bone; it acquired micro/
nanostructural characteristics that were adapted to its new mechanical
environment. This suggests that, although horizontal load is considered
to be a high-risk factor for dental implants, peri-implant bone is capable
of adapting, and bone in sufficiently good condition to provide absolute
anchorage can be obtained.
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