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Effects of different types of tooth movement and force magnitudes on the

amount of tooth movement and root resorption in rats

Takako Nakano?; Hitoshi Hotokezaka®; Megumi Hashimoto®; Irin Sirisoontorn?; Kotaro Arita?;

Takeshi Kurohama?; M. Ali Darendeliler®; Noriaki Yoshida'

ABSTRACT

Objective: To investigate differences in the amount of tooth movement and root resorption that
occurred after tipping and bodily movement of the maxillary first molar in rats.

Materials and Methods: Ten-week-old female Wistar rats were divided into two groups according
to type of tooth movement and subdivided into four subgroups according to the magnitude of applied
force. Nickel-titanium closed-coil springs exerting forces of 10, 25, 50, or 100 g were applied to the
maxillary left first molars to induce mesial tooth movement. We designed a novel orthodontic
appliance for bodily tooth movement. Tooth movement distance and root resorption were measured
using microcomputed tomography and scanning electron and scanning laser microscopy.
Results: The amount of tooth movement in the bodily tooth movement group was less than half
that in the tipping tooth movement group. The greatest amount of tooth movement occurred in the
10-g tipping and 50-g bodily tooth movement subgroups, and the amount of tooth movement
decreased with the application of an excessive magnitude of force. Conversely, root resorption
increased when the heavier orthodontic force was applied in both groups. Root resorption in the
tipping tooth movement group was approximately twice that in the bodily tooth movement group.
Conclusions: Root resorption in the tipping tooth movement group was more pronounced than
that in the bodily tooth movement group. Although the amount of tooth movement decreased when
extremely heavy forces were applied, root resorption increased in both the tipping and bodily tooth

movement groups in rats. (Angle Orthod. 2014;84:1079-1085.)
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INTRODUCTION

Orthodontic treatment sometimes entails adverse
side effects, such as root resorption. More than a
century has passed since Sandstedt' published his
detailed drawings of histological slides (the technology
to reproduce images of such histological slides had not
yet been developed). He observed not only the
response of periodontal tissue to orthodontic forces
but also consequential root resorption in dogs. The
essence of his work was recently reviewed and
reintroduced, as the original article was in Swedish.?
The etiology of root resorption has been studied over
the past few decades, and the overall progress in this
field of research was recently reviewed.® The type of
tooth movement performed (bodily versus tipping) was
suggested to be a critical factor for root resorption.** In
addition, the amount of tooth movement increased
depending on the force magnitude’; however, it
decreased when the force magnitude exceeded a
certain heavy force level in rats.® In contrast, in the
rat maxillary first molars, root resorption increased
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Figure 1. Experimental design. The tipping and bodily tooth
movement groups were further subdivided according to the
orthodontic force magnitude applied.

depending on the magnitude of force applied, which
varied from a light force to an extremely heavy force.®®
Although many reports and reviews regarding the
orthodontic force magnitude, amount of tooth move-
ment, and root resorption have been published,? '
no comprehensive study has yet elucidated the
relationships between type of tooth movement, ortho-
dontic force magnitude, and root resorption.

In this study, we investigated the difference between
tipping and bodily tooth movement in terms of the
velocity of tooth movement and root resorption. We
designed a novel orthodontic appliance that induced
bodily movement of the maxillary first molar in rats and
compared it with a conventional appliance that induced
tipping tooth movement. In addition, we compared the
effect of various magnitudes of force, which ranged
from mild (10 g) to extremely heavy (100 g), on the
amount of tooth movement and root resorption.

MATERIALS AND METHODS

This study was conducted with the approval of the
Animal Welfare Committee of Nagasaki University
(No. 0603170498). Ten-week-old female Wistar rats
(SLC, Shizuoka, Japan; body weight: 170—180 g) were
used as experimental animals. Rats were housed in
plastic cages in a colony room and fed a standard
pellet diet and water ad libitum.

Rats were divided into two groups according to the
type of tooth movement and then into four subgroups
(six animals each) according to the applied magnitude
of force (Figure 1). Before the appliance was placed or
microcomputed tomography (micro-CT) images were
acquired, general anesthesia was induced in the rats
with an intramuscular injection of ketamine hydrochlo-
ride at a dose of 87 mg/kg (Ketalar 50, Sankyo, Tokyo,
Japan) combined with xylazine hydrochloride at a dose
of 13 mg/kg (Celactal 2%, Bayer-Japan, Tokyo,
Japan).

The appliance for bodily tooth movement was
designed and placed as follows. A manual screwdriver
was used to implant a dual-top miniscrew that was
1.4 mm in diameter and 6 mm in length (Dual-Top,
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Anchor Screw, Jeil Medical, Seoul, Republic of Korea)
into the anterior palatal bone. Subsequently, a 0.016-
inch-diameter round cobalt-chromium wire (Elgiloy,
Rocky Mountain Morita, Tokyo, Japan) was fixed over
the occlusal surfaces of the left second and third
molars, all the right molars, and the orthodontic
miniscrew using a self-curing resin (Super-Bond, Sun
Medical, Shiga, Japan). For bodily tooth movement,
we used a sliding tube constructed from the self-curing
resin that was 2 mm in length and 0.016 inch in
diameter with no visible play. The sliding tube that had
been previously threaded onto the archwire was fixed
over the occlusal surface of the first molar. Subse-
quently, coil springs were fixed using 0.008-inch
stainless steel ligature wires. Finally, nickel-titanium
closed-coil springs exerting 10, 25, 50, or 100 g of
force (Sentalloy, Tomy, Fukushima, Japan) were
placed between the maxillary left first molar and the
miniscrew to induce mesial movement of the first
molar. The sliding tube was not used to induce tipping
tooth movement. The occlusal surfaces of the molars
(except for the left first molar) were raised using the
self-curing resin to eliminate any occlusal force on the
moved maxillary first molar (Figure 2).

Radiographic micro-CT (RmCT, Rigaku, Tokyo,
Japan) images were acquired both with and with-
out the appliance on days 0 and 28, respectively
(Figure 3). The resolution (voxel size) of the micro-CT
images was 20 um. To determine three-dimensional
(3D) tooth movement, we used 3D analysis software
(Figure 3; TRI-BONE, Ratoc System Engineering,
Tokyo, Japan). In the images, red and green were
used to represent days 0 and 28 of the experimental
period, respectively. Subsequently, the superimposed
images were used to compare orthodontic tooth
movement. The following reference planes were used
to acquire the final sliced images: the axial plane,
parallel to the tooth axis; the occlusal plane; and the
sagittal plane, parallel to the dental arch and tooth axis.
Furthermore, superimposed sagittal- and axial-view
images were used to determine the amount of ortho-
dontic tooth movement that had occurred (Figure 3).
The amount of tooth movement was measured using the
distances between the contact points of the first and
second molars.

At the end of the experiments, rats were sacrificed
by an overdose of carbon dioxide. The appliances
were checked to confirm that they were still properly
fixed, and the molars were then extracted and
submerged in 1% sodium hypochlorite to remove any
remaining periodontal tissue. The roots of the first
molars were divided into three parts (mesial root,
middle two roots, and distal two roots) using a diamond
disk. Only the mesial and distal roots were used in this
study. Root resorption craters on the apical region

$S900E 981J BIA $1-G0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-pd-awiid//:sdiy woll papeojumoc]



TYPES OF TOOTH MOVEMENT AND ROOT RESORPTION 1081

Appliance design

Tipping group Bodily group

A Buccal view D Buccal view

Sliding resin tube

' A

B Occlusal view E Occlusal view

-l =

“
;g
A

Figure 2. Appliance design. The schemes represent the orthodontic appliances used to move the maxillary left first molars mesially. (A to C) The
tipping tooth movement group. (D to F) The bodily tooth movement group. (A,D) Buccal views of the appliances. (B,E) Occlusal views of the
appliances. The sliding tube constructed from the self-curing resin was bonded to the occlusal surface of the maxillary first molar in the appliance
for bodily tooth movement (D,E). (C,F) Intraoral images of rats. Arrows indicate the direction of the applied orthodontic force (F).

were not evaluated because of anatomic variations 3D laser scanning microscope (VK-8500, Keyence,
and difficulties in delimiting the craters. The mesial Kyoto, Japan). Because the resorption craters on the
surfaces of the mesial, distobuccal, and distopalatal distal surface of the roots were scarcely detectable,
roots were evaluated using a scanning electron they were also excluded from this study. All craters
microscope (TM-1000, Hitachi, Tokyo, Japan) and a scattered on the cervical and middle thirds of the roots
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A Tipping group

Sagittal view
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Figure 3. Micro-CT images. (A) Tipping tooth movement group. (B) Bodily tooth movement group. Superimposition of micro-CT images on days
0 and 28; sagittal views are presented on the left, and two different axial views are presented in the middle. The upper axial image displays a slice
of the apical region of the tooth, whereas the lower image displays a slice of the cervical region of the tooth. Reconstructed 3D micro-CT images

on day 28 are shown on the right.

(the mesial side) were captured digitally, and the
surface area of each was measured using commercial
software (Mimics 11.11, Materialise Software, Leuven,
Belgium). The depth of each resorption crater was
calculated using a laser microscope program.

The volume of root resorption was measured by
multiplying the crater area by the average depth. The
same investigator (TN) performed all measurements.
Every measurement was repeated three times, and the
mean value was used as the final measurement.

Analysis of variance followed by the Mann-Whitney
test was used to compare the amount of tooth
movement and root resorption between the groups.
Furthermore, Bonferroni correction was used for
multiple comparisons. SPSS software (version 16.0,
IBM SPSS, Chicago, lll, USA) was used to perform the
analyses.

RESULTS

The amount of tooth movement differed greatly
between the tipping and bodily tooth movement
groups. In the tipping tooth movement group, the
crown of the first molar was inclined mesially on day
28. Conversely, the apical third of the mesial root had
moved distally (Figure 3A). In contrast, in the bodily
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tooth movement group, the tooth had moved mesially
in a parallel manner (Figure 3B).

The scanning electron microscope was used to
observe root resorption (Figure 4). The mesial sur-
faces of the untreated negative control roots were
covered with undamaged cementum with a character-
istic smooth surface. The apical thirds of these roots
were covered with thick cementum with a rough and
irregular surface that occasionally contained resorption
craters. In all experimental groups, isolated lacunae
and wide, shallow, and deep resorption craters were
found. Small, isolated lacunae were mainly scattered
on the mesial roots (on the cervical half of their mesial
surfaces). Wide, shallow, and deep resorption craters
covered the cervical and middle portions of the distal
roots (Figure 4).

On day 28, the greatest amount of tooth movement
was observed in the 10-g tipping tooth movement
subgroup (Figure 5A). In the bodily tooth movement
subgroups, the amount of tooth movement in the 10-g
tipping subgroup was significantly less, but it gradually
increased in the 25- and 50-g subgroups (Figure 5B).
Furthermore, the 50-g bodily tooth movement sub-
group experienced the greatest amount of tooth
movement, which was approximately half that of the
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Figure 4. Images of root resorption visualized using scanning
electron microscopy. Roots of the untreated control (no force),
tipping, and bodily tooth movement groups on day 28 are shown. The
mesial roots are shown in the upper panel, and the distal roots are
shown in the lower panel. The cervical half of each root was
measured for root resorption.

10-g tipping tooth movement subgroup. The amount
of tooth movement in the 100-g subgroup was
significantly less than that seen in the 50-g subgroup
(P < .05).

Measurement of root resorption revealed results that
contrasted with those of tooth movement (Figure 5B).
Root resorption increased with increasing orthodontic
force in both the tipping and bodily tooth movement
groups, although multiple comparisons after Bonfer-
roni correction were not significant among the 25-, 50-,
and 100-g groups. In the tipping tooth movement
group, root resorption increased steeply with an
increase in the applied force from 10 to 25 g;
subsequently, root resorption gradually increased with
an increase in the applied force to 100 g. The total root
resorption in the tipping tooth movement groups was
approximately twice that seen in the 10- and 25-g
subgroups and 1.5 times that seen in the 50- and
100-g subgroups compared with that measured in the
corresponding bodily tooth movement subgroups.

DISCUSSION

Proffit et al.”® hypothesized that tooth movement
increases as pressure increases up to a point, remains
at about the same level over a broad range, and then
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Figure 5. Box plots. (A) The amount of tooth movement with each
orthodontic force magnitude applied. White box indicates tipping
tooth movement; gray box, bodily tooth movement. (B) Root
resorption with each orthodontic force magnitude applied. White
box indicates tipping tooth movement; gray box, bodily tooth
movement. * P < .05; Mann-Whitney test.

may decrease with extremely heavy pressure.” Ren
et al.’® mathematically tested the magnitude of force
versus the volume of bone to be resorbed, and their
results partly support this hypothesis. Our results also
support the hypothesis that tooth movement decreas-
es when extremely heavy force is applied (Figure 5A).
The lightest force caused the greatest amount of tooth
movement in the tipping tooth movement, whereas
heavier forces caused less tooth movement. With
either tipping or bodily tooth movement, the amount of
tooth movement decreased when the force magnitude
exceeded a certain threshold. Such an excessive
orthodontic force may have caused hyaline degeneration

Angle Orthodontist, Vol 84, No 6, 2014
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and led to a decrease in the amount of tooth move-
ment.'®'” More than 10 g of force may constitute an
extremely heavy force for tipping movement of the rat
maxillary first molar. Furthermore, an extremely heavy
force may decrease blood flow,' which may suppress
phagocytosis of hyaline degenerative tissue by macro-
phages and subsequent bone resorption by osteoclasts.
This traumatic damage to the periodontal tissue may
suppress resorption of not only the bone surface but also
the underlying bone.

When we applied orthodontic forces between 10 and
100 g to the rat maxillary first molar, tipping tooth
movement produced more rapid tooth movement than
bodily tooth movement, which may be related to the
center of rotation. The center of rotation was theoret-
ically determined in a rat model'®; in this study, the
crown of the tooth was inclined mesially as a result of
tipping tooth movement. The center of resistance was
determined in the same study as being located near
the center of rotation.’ When a force is applied to the
center of resistance, bodily tooth movement will result,
as proven by theoretical calculations®* and clinical
experiments.?’ Displacement of the center of resis-
tance may represent the most accurate measure of the
amount of tooth movement. This important question
has yet to be resolved, and we are now addressing this
issue.

Despite the fact that, in this study, the greatest
amount of tooth movement was caused by 10 g of
force in the tipping tooth movement group and by 50 g
of force in the bodily tooth movement group, root
resorption increased in proportion to the increasing
force in both the tipping and bodily tooth movement
groups. An excessive force may not only decrease the
amount of tooth movement, but it may also cause
significant damage to the root. Although the sliding
mechanics used in this study were monolithic and
secure, slight tipping was observed. The tipping
tendency increased with the applied force magnitude,
which may have been caused by deformation of the
wire or an increase in the diameter of the tube.
Furthermore, the effect of friction®*#* on the sliding
tube used in this study remains unclear. Further study
is required to understand the orthodontic force
magnitude actually loaded onto the tooth, types of
tooth movement, and root resorption.

CONCLUSIONS

« The amount of tooth movement decreased with the
application of excessive force in both the tipping and
bodily tooth movement groups.

« Conversely, root resorption increased as the applied
force magnitude increased in both tipping and bodily
movement of the maxillary first molar in rats.

Angle Orthodontist, Vol 84, No 6, 2014
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