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Fixation of an orthodontic anchor screw using beta-tricalcium phosphate in

a screw-loosening model in rats

Kie Nishioka-Sakamoto?®; Hitoshi Hotokezaka®; Yuka Hotokezaka®; Yukako Nashiro?; Mariko

Funaki?®; Seigo Ohba“®; Noriaki Yoshida°®

ABSTRACT

Objectives: To create an orthodontic anchor screw (OAS)-loosening model and to investigate
whether filling the bone hole with beta-tricalcium phosphate (B-TCP) can fix the OAS against
orthodontic force.

Materials and Methods: Bone holes with different diameters (1.6, 2.1, or 2.5 mm) were drilled in
the tibias of 11-week-old male Wistar rats, and an OAS (3.0 mm in length and 1.2 mm in diameter)
was inserted. After a healing period of 2 or 4 weeks, orthodontic force was applied, and the
diameter of the bone hole appropriate for the loosening model was determined. Subsequently,
under the loosening model, the bone hole was filled with B-TCP, orthodontic force was applied, and
movement of the OAS and surrounding tissue changes were evaluated by micro—computed
tomography images and histological specimen analysis.

Results: The bone hole of 1.6 mm in diameter was employed as the OAS-loosening model. When
B-TCP was inserted into the bone hole, the linear distance and mesial tipping angle of the OAS
movement decreased markedly. Furthermore, the values of bone morphometry significantly
increased with B-TCP filling.

Conclusions: An OAS-loosening model was established in rats and demonstrated that the
loosening OAS was stabilized by B-TCP filling through bone formation. 3-TCP may be useful for
fixation of a loosening OAS. (Angle Orthod. 0000;00:000—-000.)

KEY WORDS: Orthodontic anchor screw; Beta-tricalcium phosphate; Fixation; Loosening model;

Rat; Bone morphometry
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INTRODUCTION

Orthodontic anchor screws (OASs) are commonly
used as temporary anchorage devices because of the
simple surgical procedure required for insertion and the
performance they offer in terms of absolute anchor-
age." However, loosening and loss of OAS occasion-
ally occur and interfere with the planned treatment.?

During OAS insertion, insertion sites are often
restricted because of anatomical limitations.® Then,
once the site becomes loose, reinserting an OAS is
considered a challenge. When an OAS is reinserted
during orthodontic treatment, it may be inserted in the
same location where it was originally placed or it may
be inserted in another appropriate location. Because
repair of the bone defect at the site must occur,
reinsertion of the OAS at the same site requires a
healing period. Additionally, this OAS loosening often
forces a change in the treatment plan and could
include changes in the location for reinsertion and the
length and diameter of the OAS.? In fact, Uesugi et al.?
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reported that the success rate of secondary OAS
insertion significantly decreased.

In the case of dental implants, when the bone mass
is small it is often augmented by autologous, alloge-
neic, heterologous, or alloplastic graft material.*®
Bioactive ceramics have also been used as possible
alternatives for bone regeneration.” These biomimetic
materials can be bone-inducible materials in some
cases.? One of the most clinically used materials in this
category is beta-tricalcium phosphate (B-TCP). 3-TCP
is biocompatible, with a calcium/phosphorus ratio
similar to that of bone components, and it promotes
bone growth.®'® Additionally, it has a more rapid
decomposition rate compared to other bone substi-
tutes.™

Approaches used for dental implants provide a
rationale for using biomimetic materials, such as f-
TCP, in the loosening site as a fixative tool for
reinserted OAS in the initially drilled location. However,
few studies have examined the reinsertion and fixation
of OASs after failure of the first insertion. More
fundamentally, there is no animal model of OAS
loosening. Hence, this study aimed to develop an
OAS-loosening model using rat tibia and to investigate
whether filling the loosened bone hole with B-TCP
could fix the inserted OAS.

MATERIALS AND METHODS

This study was approved by the Animal Welfare
Committee of Nagasaki University (1803301444-4).
Eleven-week-old male Wistar rats (SLC Shizuoka,
Japan [body weight, 250-300 g]) were used in this
study. The rats were housed in a colony room and fed
a standard pellet diet and water ad libitum.

All operations were performed under general anes-
thesia with an intraperitoneal injection of 0.375 mg/kg
medetomidine (Zenoaq, Fukushima, Japan), 2 mg/kg
midazolam (Sandoz, Tokyo, Japan), and 2.5 mg/kg
butorphanol tartrate (Meiji Seika Pharma Co Ltd.,
Tokyo, Japan).

Time Course of Self-Healing of the Bone Defect
Hole

A bone hole, 3 mm in depth and 1.6 mm in diameter,
was made in the rat tibia, and self-healing was
observed for 8 weeks (n =4). A bone hole was formed
1 mm below the knee joint perpendicular to the tibial
surface using a fissure bur (MS Steel Bur HP Fissure
016, Morita, Tokyo, Japan). The healing status of the
bone defect hole was evaluated serially using in vivo
micro—computed tomography (CT) (R_mCT, Rigaku,
Tokyo, Japan). To analyze the bone morphometry, a
volume of interest (VOI, 1600 X 1600 X 400 um) was
set in the CT image (Figure 1A). Bone mineral density

Angle Orthodontist, Vol 00, No 00, 0000

(BMD), bone mineral content (BMC), and bone volume
(BV) of the cortical tibia were measured using three-
dimensional (3D) image analysis software (TRI/3D-
BON, Ratoc System Engineering, Tokyo, Japan).

Development of OAS-Loosening Model

The anchor-loosening model was evaluated under
three different OAS hole diameters: 1.6 mm (n = 20),
2.1 mm (n = 20), and 2.5 mm (n = 20). A hole with a
depth of 3 mm was drilled in the rat tibia. The OAS, 4.5
mm in length and 1.2 mm in diameter (ACE, Brockton,
Mass), was placed in the drilled hole using a hand
screw, and the OAS was stabilized in the center of the
bone hole using a 0.008-inch—diameter twisted stain-
less-steel wire (Figure 1B). The surgical site was
closed and was maintained for a healing period of 2 or
4 weeks (Figure 1C). After the healing period, the
twisted wire for retention was removed, and a 0.06-
mm-diameter small hole was made on the long axis of
the tibia 15 mm distal to the OAS. A 100-g nickel-
titanium coil spring (Tomy, Fukushima, Japan) was
ligated between the small hole and the OAS to apply
orthodontic force (Figure 1D). Subsequently, the
diameter of the OAS hole that prevented the OAS
from falling out but loosened the inserted OAS was
determined. As described in the “Results” section, a
1.6-mm—diameter bone hole was appropriate for the
OAS-loosening model and was used for the following
experiment.

Effect of §-TCP on the Fixation of Reinserted OAS

To test whether filling the created 1.6-mm—diameter
bone hole with B-TCP would cause the OAS to resist
the orthodontic force the rats were randomly divided
into two groups: the B-TCP (HOYA Technosurgical Co,
Tokyo, Japan) filling (n = 18) and control (n = 20)
groups. No material was filled in the control group.
Subsequently, the screw was inserted into the bone
hole, and the skin was sutured. After 2 (n =10 in each
group) or 4 (n =8 or 10 in B-TCP and control groups,
respectively) weeks (2-week or 4-week healing group),
the wound was reopened, and orthodontic force was
applied according to the procedures described previ-
ously. One week after the orthodontic force was
applied, linear distance, mesial tipping angle, and
bone morphometry were measured using in vivo micro-
CT (Figure 1E). 3D micro-CT images from R_mCT
were superimposed and analyzed using 3D image
analysis software. Movements of the OAS and bone
morphometry after applying the orthodontic force were
compared between the B-TCP and control groups
(Figure 1F). To compare the bone morphometry
parameters, a volume of interest (VOI, 2000 X 2000
X 3000 um) was set in the CT image (Figure 1G).
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Figure 1. (A) Bone morphometry and the volume of interest. Sagittal and axial views of a rat tibia in which the bone hole was drilled. Boxes
indicate the volume of interest (1600 X 1600 X 400 um). D indicates distal; M, mesial. Scale bar: 1 mm. (B) A screw used in this study. lllustrations
of the rat tibia, bone hole, screw, and twisted ligature wire. (C) Time schedule of the experiment to determine the bone hole diameter. (D)
lllustrations of the closed coil spring ligated between the small hole and the orthodontic anchor screw (OAS) to apply orthodontic force. (E) Time
schedule of the experiment of beta-tricalcium phosphate (B-TCP) filling. (F) Measurements of OAS movement: Linear distance, mesial tipping
angle. (G) Bone morphometry and the volume of interest. Sagittal and axial views of a rat tibia in which the bone hole was drilled. Boxes indicate
the volume of interest (2000 X 2000 X 3000 um). D indicates distal; M, mesial. Scale bar: 1 mm.
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Figure 2. Observation of self-healing process of the bone hole by in vivo micro-computed tomography. Scale bar: 1 mm.

After completion of the experiment, the rats were
euthanatized with an overdose of carbon dioxide, and
the knee joint of the tibia was excised. Subsequently,
the finer bone structures were visualized by high-
resolution ex vivo micro-CT and histology.

In Vivo Micro-CT

In vivo micro-CT was performed under anesthesia.
The parameters of image acquisition were as follows:
voltage = 90 V; current = 100 pA; scanning time = 2
minutes; and resolution = 20 pm/pixel.

High-Resolution Ex Vivo Micro-CT

High-resolution ex vivo micro-CT images using
SkyScan 1272 scanner (Bruker, Kontich, Belgium)
were taken under the following parameters of resolu-
tion: 9 um, 360° rotation, 0.6° rotation steps, and 0.1-
mm copper filter (90 KV, 276 pA). The status of bone
induction around the OAS was quantified using CT
software, version 1.14.4 (Bruker).

Histological Analysis

The excised tibia was fixed in a formalin solution
(FUJIFILM Wako, Osaka, Japan) for 48 hours.
Subsequently, the tibia was decalcified with 17%
ethylenediamine tetraacetic acid (Merck Millipore,
Darmstadt, Germany) at 20°C for 4 weeks. After
decalcification, the tibia was dehydrated and embed-
ded in paraffin. Continuous slicing (6-um thickness)
was performed, and hematoxylin and eosin staining
was performed.

Statistical Analyses

The same researcher (KN) performed all measure-
ments three times, and the mean value was used.

Statistical analyses were performed using EZR
(Saitama Medical Center, Jichi Medical University,
Saitama, Japan). A paired ttest was used to test the
differences between the two groups. One-way analysis
of variance was used to compare the mean changes in
bone morphometry. All data are presented as mean =
standard deviation.
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RESULTS

Time Course of Self-Healing of the Bone Defect
Hole

No healing of cortical bone was observed 2 weeks
after the bone hole was made. After 4 weeks,
regeneration of thin cortical bone was observed. After
6 weeks, regeneration of cortical bone with the same
thickness as the nearby cortical bone was observed
(Figure 2; Table 1).

Development of OAS-Loosening Model

All OASs placed in the bone hole with the 2.1- and
2.5-mm diameters fell out during application of
orthodontic force. In contrast, only two out of the 10
OASs placed in the bone hole with 1.6-mm diameter
fell out after a 2-week healing period, and 1 out of the
10 OASs fell out after a 4-week healing period when
orthodontic force was applied. Therefore, the bone
hole diameter of 1.6 mm was used as the OAS-
loosening model.

Effect of g-TCP Filling on Fixation of Reinserted
OAS

In the B-TCP filling group, only one out of 10 OASs
fell off during application of orthodontic force in the 2-
week healing group, and no OASs fell off in the 4-week
healing group. On the contrary, in the control group,
three out of 10 of OASs fell off in the 2-week healing

Table 1. Self-Healing of the Bone Defect Hole (Cortical Bone)®

BMD BMC BV
Predrilling 720.13 = 41.41 4.01 = 0.74 7.72 = 1.42
0 wk 0* 0* 0~
2 wk 518.73 = 11.54* 1.23 = 0.86* 5.83 = 1.85
4 wk 577.45 * 38.25* 255 *+1.73 6.25 = 0.60
6 wk 623.08 = 97.93 3.13 = 1.18 6.74 = 0.92
8 wk 717.00 = 51.53 3.78 = 0.80 6.82 = 1.53

2 BMD indicates bone mineral density (mg/cm?); BMC, bone
mineral content (mg X 102); and BV, bone volume (cm?® X 10-%).
Values are presented as means = standard deviation.

* P < .01 compared with predrilling.
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Figure 3. (A, B) Measurements of orthodontic anchor screw
movement. (A) The linear distance in the 2-week and 4-week healing
groups. (B) The medial tipping angle in the 2-week and 4-week
healing groups. * P < .01. (C, D) Ex vivo high-resolution micro—
computed tomography images. (C) Sagittal view; (D) axial view.
Scale bar: 1 mm.

group, and two out of 10 OASs fell off in the 4-week
healing group during application of orthodontic force.
The linear distance and mesial tipping angle
movements of the OAS in the B-TCP group were
remarkably smaller than those in the control group for
both the 2- and 4-week healing groups (Figure 3A,B).
All measurements of OAS movements were signifi-

cantly smaller in the 4-week than in the 2-week healing
group.

As shown in Table 2, BMD, BMC, and BV of the
cortical bone were significantly higher in the B-TCP
filling group than in the control group, both in the 2-
week and 4-week healing groups. For trabecular bone,
BMD was significantly higher in the B-TCP filling group
than in the control group in the 2-week and 4-week
healing groups. BV and BV/TV were significantly
higher in the B-TCP filling group than in the control in
the 4-week healing groups.

Ex vivo micro-CT images demonstrated that in the
control group, a low-density radiopaque image around
the OAS was observed in the 2-week healing group,
and the density was increased in the 4-week healing
group. In contrast, in the B-TCP group, many radi-
opaque B-TCP granules were observed around the
OAS in the 2-week healing group. Additionally, thick
new bone-like radiopaque images were observed
around the OAS in the 4-week healing group (Figure
3C,D).

Histological analyses showed that in the control
group, a large amount of fibrous tissue was observed
around the OAS in the 2-week healing group. Then, in
the 4-week healing group, the amount of fibrous tissue
was reduced, and a partially localized new bone-like
tissue was observed. On the other hand, in the B-TCP
filling group, residual B-TCP granules and a thin layer
of regenerated new bone were observed around the
granules in the 2-week healing group. Then, in the 4-
week healing group, a new bone-like tissue apparently
increased around the OAS (Figure 4).

Table 2. Bone Morphometry After Orthodontic Force Applied to the 2-Week and 4-Week Healing Groups®

BMD BMC BV BV/TV BMC/TV
2-wk healing group
Cortical bone
Control 863.18 * 46.23 302.25 + 10.21 31.38 = 6.68
B-TCP 1030.18 + 44.36 498.50 + 99.58 43.15 = 6.80
P-value .001 .008 .046
Trabecular bone
Control 636.50 + 47.96 0.22 + 0.22 0.03 = 0.03 6.25 + 3.50 45.75 + 25.49
B-TCP 890.73 + 18.48 1.08 = 1.03 0.10 = 0.09 6.93 + 3.43 73.25 = 43.62
P-value .001 153 72 792 .318
4-wk healing group
Cortical bone
Control 974.85 + 49.30 304.75 + 75.98 42.55 = 1.80
B-TCP 1164.03 + 49.20 538.50 * 40.34 52.28 = 1.68
P-value .002 .002 .001
Trabecular bone
Control 760.70 = 29.16 1.71 = 1.09 0.19 = 0.12 12.33 + 6.28 109.78 = 56.15
B-TCP 1056.48 = 128.92 2.73 £ 0.49 0.43 = 0.04 28.25 = 4.41 180.93 = 40.58
P-value .001 14 .011 .006 .086

2 BMD indicates bone mineral density (mg/cm?); BMC, bone mineral content (mg X 10-2); BV, bone volume (cm?® X 10-*); BV/TV, bone volume/
tissue volume (%); and BMC/TV, bone mineral content/tissue volume (mg/cm?). Values are presented as means = standard deviation. P-values,

paired t-test.
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Figure 4. Histological micrographs of hematoxylin and eosin staining
around the inserted orthodontic anchor screw.

DISCUSSION

In this study, a rat model of OAS loosening was
established and demonstrated that filling the bone
defect with B-TCP stabilized the loosening OAS when
an orthodontic force was applied. This is the first report
to establish an OAS-loosening model. The following
conditions are required for an OAS-loosening model:
the bone hole must be sufficiently large to loosen an
OAS but must prevent the OAS from falling out when
orthodontic force is applied. Three different sizes of
bone holes were evaluated, with diameters of 1.6, 2.1,
and 2.5 mm, and OASs were placed with a diameter of
1.2 mm. After either a 2- or 4-week healing period,
orthodontic force was applied to the OASs. Subse-
quently, all of the OASs fell out in the bone holes with
2.1- and 2.5-mm diameters, whereas only 10—-20% of
the OASs fell out in the bone hole with a 1.6-mm
diameter. These results indicated that a bone hole
diameter of 1.6 mm is not too large for the OAS to fall
out but still loosens the inserted OAS. Therefore, this
condition was appropriate for an OAS-loosening model.

Investigating self-healing of the bone defect using
micro-CT showed that cortical bone was not detected
within 2 weeks, but thin cortical bone regenerated in 4
weeks. Complete recovery of cortical bone was
observed in 6 weeks (Figure 2). Several previous
studies' ' on OAS demonstrated that the bone around
the microcrack is repaired with new bone after 4
weeks. Similarly, self-tapping titanium cortical bone
screws, commonly used in orthopedics, require one
month to repair microscopic damage.' These reports
support the findings of the current study regarding the
time course of cortical bone regeneration. Additionally,

Angle Orthodontist, Vol 00, No 00, 0000

cortical bone regeneration was less as measured 2
and 4 weeks after drilling a bone hole than as
measured at 6 weeks, suggesting that reinserted
OASs may be more loosened after 2- and 4-week
healing periods, compared to 6 weeks and thereafter.
Consequently, to study the effect of B-TCP on OAS
loosening and bone regeneration, 2 and 4 weeks were
used as the healing periods in this study.

The stability of the OAS was previously tested in a
variety of ways.'>'® However, there is no report that
bone-filling materials were applied for fixation of
reinserted OASs. Among those bone-filling materials,
B-TCP was selected as the fixation tool for OAS
reinsertion because B-TCP is absorbed by osteoclasts
and is quickly replaced by new bone. Rabbit femurs
filled with B-TCP granules demonstrated' in an
increase in new bone formation from 4 to 12 weeks
after filling. The histological and micro-CT analyses of
this study showed that 3-TCP resorption and new bone
formation were observed in 4 weeks.

The linear distance and mesial tipping angle of OAS
movement by the orthodontic force were remarkably
smaller in the B-TCP filling group compared to the
control group. The values of BMD in the trabecular and
cortical bone were significantly higher in the B-TCP
group than in the control group. Accordingly, new bone
formation by B-TCP can fix a loosening OAS against
orthodontic force.

Reinsertion of OASs in orthodontic treatment has
been performed at the site where the OAS was first
inserted or at another appropriate site. However, it is
often difficult to determine another site because of
anatomical limitations. Additionally, the site at which
the OAS is inserted requires good bone quality and
quantity. The present study showed that the bone was
reinforced by filling with -TCP and that filling of B-TCP
with a 4-week healing period will stabilize the OAS and
allow it to resist orthodontic forces. B-TCP filling may
contribute and provide a new solution to increase the
success rate of OAS reinsertion at the same site when
an OAS is loosening or falling out.

CONCLUSIONS

« An OAS-loosening model was established in rat tibia
and demonstrated that B-TCP filling with a healing
period of 4 weeks can significantly reinforce the
stability of OASs through the promotion of bone
formation.

« B-TCP filling can be used as a novel tool for fixation
of loosening OASs against orthodontic force.
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