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Three-dimensional morphologic analysis of the maxillary alveolar bone

after anterior tooth retraction with temporary anchorage devices

Arata Itoa; Atsushi Mayamab; Toshihito Oyanagic; Hiroki Ogurad; Masahiro Seiryue;
Tomohiro Fukunagae; Hideki Kitauraf; Itaru Mizoguchig

ABSTRACT
Objectives: To investigate three-dimensional (3D) morphologic changes in the alveolar bone
around the maxillary central incisors of patients who underwent premolar extraction and subse-
quent anterior tooth retraction using temporary anchorage devices (TADs).
Materials and Methods: The subjects consisted of 16 patients with bimaxillary protrusion. The
maxillary anterior teeth were retracted using sliding or loop mechanics and TADs for anchorage
reinforcement. Cephalograms and computed tomography scans taken pretreatment and posttreat-
ment were registered with respect to the palatal structures. The movement of the maxillary central
incisors and morphologic changes in the anterior alveolar bone were evaluated quantitatively.
Results: Displacement in the palatal direction was observed in the alveolar bone around the
incisors and the interdental septum. The displacement and bone remodeling/tooth movement
ratio were larger on the labial side than the palatal side, and decreased progressively from the
crest to apex level. The bone thickness was significantly increased on the labial side and
decreased on the palatal side.
Conclusions: Regional differences exist in morphologic changes of the alveolar bone during anterior
tooth retraction using TADs. Attention should be paid to the crest region of the palatal alveolar bone
because of its small original thickness and low remodeling activity. (Angle Orthod. 2023;93:667–674.)
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INTRODUCTION

The anatomical limits of the alveolar bone, where
tooth movement is allowed, and the adaptive response
to orthodontic force are thought to vary among
patients.1–3 If a tooth moves beyond the anatomical
limits and remodeling capacity of the alveolar bone,
undesirable complications are more likely, such as
decreases in the thickness and height of the alveolar
bone,2–8 fenestration, dehiscence,5–7 and severe root
resorption.2,3,5 However, some patients exhibit minimal
undesirable complications despite large amounts of tooth
movement.2

Various studies have examined changes in the alve-
olar bone after maxillary incisor retraction using ceph-
alometric radiography2,9 and computed tomography
(CT).4–8,10–12 CT studies that estimated changes in
alveolar bone thickness have produced controversial
results. Concerning the labial side, some studies have
reported a significant increase in bone thickness at the
crest level,8,10 midroot level,4 or almost all levels,12

while others have reported no significant changes7 or
a decrease in bone thickness at all levels.11 The
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changes on the palatal side also varied according to
each study, and no consensus has been reached.
Patients with bimaxillary protrusion generally require

maximum anchorage.6,13 Although various adjunct appli-
ances have been used to reinforce anchorage, tempo-
rary anchorage devices (TADs) are commonly used for
adult patients. TADs can provide powerful anchorage
without patient cooperation, and can make it possible to
perform tooth movement, which is difficult using tradi-
tional approaches. However, anchorage reinforcement
via TADs may increase the amount of incisor movement,
and impose excessive strain on the alveolar bone.6 Only
two studies4,6 have evaluated changes in the alveolar
bone after incisor retraction via TADs. Although these
studies evaluated alveolar bone height4,6 and thickness
at the midroot level,4 the extent to which incisor retrac-
tion with TADs influences the overall morphology of the
alveolar bone has not been sufficiently determined.
Changes in the alveolar bone can be explained by

the “differential apposition-resorption” phenomenon at
the outer periosteal side and inner periodontal ligament
(PDL) side.1 This phenomenon can be approximately
quantified according to changes in bone thickness,4,7–10

bone area,5 crest height,4,6 and the bone remodeling/
tooth movement (B/T) ratio.9,11 The B/T ratio is the dis-
placement of the alveolar bone surface divided by the
amount of tooth movement.9,11 A B/T ratio of 1 during
anterior tooth retraction indicates that the morphology
of the alveolar bone has been maintained. This is
referred to as “tooth movement with bone.”14 If the B/T
ratio is less than 1 on the palatal side or more than 1 on
the labial side during anterior tooth retraction, then the
alveolar bone thickness decreases, which is referred to
as “tooth movement through bone.”14 Although the B/T
ratio is an effective indicator of bone remodeling during
tooth movement, data concerning the B/T ratio during
anterior tooth retraction are limited.
3D morphologic changes were evaluated in the alveo-

lar bone around the maxillary central incisors in patients

with bimaxillary protrusion who underwent premolar
extraction and subsequent anterior tooth retraction via
TADs. Alveolar bone displacement, thickness, and the
B/T ratio at various bone levels were evaluated using CT
images.

MATERIALS AND METHODS

This study was approved by the ethics committee of
Tohoku University Hospital (no. 2020–3–3). The inclu-
sion criteria were: patients treated via retraction of the
maxillary anterior teeth using TADs; movement of the
incisal edge of the maxillary central incisors �5 mm;
CT data with adequate image quality obtained at pre-
and post-treatment assessments; no congenital or
systemic disorders; and no missing teeth except the
third molars.
The sample size was determined based on previous

studies7,11 in which the difference between the means
at two different time points and the mean of the stan-
dard deviation were set at 0.35 and 0.49, respectively.
With the significant difference threshold and power set
at 0.05% and 80%, respectively, the required sample
size was calculated as 16. The study population con-
sisted of 16 patients (one male and 15 females).
The average age at the pretreatment assessment

was 19.1 6 6.3 years. All patients were treated via a
pre-adjusted edgewise appliance after extraction of
the four first premolars. The brackets had a nominal
slot size of 0.018 inches (Crystabrace 7; Dentsply,
Tokyo, Japan). TADs were placed in the interdental
regions between the first molar and second premolar.
The maxillary anterior teeth were retracted using slid-
ing or loop mechanics (Figure 1). For the sliding
mechanics, an elastic was engaged between the TAD
and a hook was placed on the distal canine region of
0.016 3 0.022-inch stainless steel wires. For the loop
mechanics, 0.016 3 0.022-inch beta titanium wires
with T-loops were placed between the canine and

Figure 1. Mechanics of retraction of the maxillary anterior teeth. (A) Sliding mechanics. (B) Loop mechanics.
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second premolar. The TADs were used as anchorage
for retraction in loop mechanics, not for application of
direct force to the anterior teeth. An initial force of 200
g per side was applied. The duration of active treat-
ment was 3.146 0.62 years.
Lateral cephalograms and CT scan images were

collected at the pretreatment (T0) and posttreatment
(T1) assessments. In addition to the conventional ceph-
alometric measurements, the movement of the incisal
edge (U1Edge) and root apex (U1Apex) of the maxillary
central incisors and first molar (U6) were measured
using the Cartesian coordinate system (Figure 2).
CT data regarding skull characteristics were acquired

using a helical scanner (Somatom Emotion 6; Siemens,
Erlangen, Germany). The patients underwent CT scan-
ning with a 16-bit 512 3 512 matrix with a slice thick-
ness of 1.0 mm and a slice pitch of 1.0 mm. The
DICOM data were reconstructed using 3D imaging soft-
ware (Dolphin 3D Image Software; GC Ortholy, Tokyo,
Japan).
The following 3D analysis was performed using

Dolphin 3D Image Software. Skeletal and dentoalve-
olar landmarks, reference planes, and measurement
parameters were defined as shown in Figures 3 and 4
(see Table 1 for definitions). A preliminary superimpo-
sition was processed automatically via three-point reg-
istration of the incisive foramen and greater palatine
foramina.15 A secondary superimposition by voxel-
based registration of the hard palate structure was
performed to obtain more accurate superimposition.16

Then, the 3D coordinate system was defined as
described in previous studies.11,17 To evaluate changes
in the alveolar bone and the amount of incisor move-
ment, the landmarks on the incisor and alveolar bone
were defined and the amount of root movement, dis-
placement, changes in alveolar bone thickness, and the
B/T ratio were measured.

To ensure the reliability of the measurements for
statistical analysis, the same examiner repeated the
measurements after an interval of 2 weeks. The
method error was determined using Dahlberg’s for-
mula. The method error of the cephalometric analysis
ranged from 0.176 mm to 0.481 mm for the linear

Figure 2. Cephalometric measurement of tooth movement. U1Edge:
incisal edge; U1Apex: root apex of the central incisor; U6: mesiobuc-
cal cusp of the first molar.

Figure 3. Flow chart of two-step superimpositions. The incisive
foramen (PF) and greater palatine foramen (PF) were used for pre-
liminary superimposition. The hard palate structure in the white
rectangle was used for secondary superimposition.
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measurements and from 0.271° to 0.812° for the
angular measurements. The method error of 3D CT
analysis ranged from 0.02 mm to 0.56 mm. The reli-
ability of the data was evaluated by calculating the
intraclass correlation coefficient (ICC). The ICCs for
cephalometric and CT measurements ranged from
0.96 to 0.99 and from 0.74 to 0.99, respectively.
JMP Pro software (version 16.0.0; SAS Institute

Inc., Cary, NC, USA) was used for statistical analyses.
The Shapiro-Wilk test was performed to evaluate the
cephalometric and CT measurements. Measurements
with a normal distribution were analyzed using the
paired t-test, and Wilcoxon’s signed-rank test was used
for analysis of data with a non-normal distribution. As

statistical analysis showed no significant differences
between the right and left CT measurements, the
means of bilateral values were analyzed. In addition, as
there were no significant differences between the slid-
ing and loop mechanics, the combined data of the two
methods were analyzed. In all analyses, P , .05 was
taken to indicate statistical significance.

RESULTS

The changes in skeletal measurements during the
treatment were minimal (Table 2). In contrast, the den-
tal measurements changed considerably. For exam-
ple, the angle U1 to SN decreased from 110.2° to
98.7°, and the interincisal angle increased from 116.1°
to 133.2°. Although the modes of molar and incisor
movement varied among patients, the first molar
moved mesially by 1.6 mm (Table 3). The incisal edge
and root apex moved palatally by 7.2 mm and 3.0 mm,
respectively. The central incisor translated palatally,
and this was accompanied by palatal tipping and slight
intrusion.
The maxillary anterior alveolar bone drifted in the

palatal direction during treatment. The displacement
of the alveolar bone around the incisors was larger on
the labial side than the palatal side at all bone levels
(Figure 5). The displacement was largest at the P75

level, and decreased progressively from the P75 to the
P0 level. The displacement of the interdental septum
showed a tendency similar to that of the alveolar bone
surrounding the incisor, but was smaller than that of
the alveolar bone around the central incisor.
The thickness of the alveolar bone significantly

increased at all levels on the labial side, and decreased
at all levels on the palatal side (Table 4). Changes in the
alveolar bone thickness were smaller on the labial side
than on the palatal side, smallest at the P75 level, and
approached the P0 level on the labial and palatal sides.
The B/T ratio was significantly larger on the labial side

than the palatal side at all levels (Table 4). The B/T ratios
on the labial and palatal sides were significantly larger at
the P75 level and decreased as they approached the P0

level. The B/T ratios on the labial side ranged from 0.55
to 0.92, indicating that the amount of bone resorption
was less than the root movement. In contrast, the B/T
ratios on the palatal side were less than 0.36, indicating
that the amount of bone apposition was substantially
smaller than the root movement.

DISCUSSION

There are two anatomical structures used for super-
imposition: the tooth axis4,5,7,8,10 and hard palate.9,11

Superimposition on the tooth axis can be used to
examine a relative change in the bone surrounding
the root. However, because the measurement points

Figure 4. 3D analysis of root movement and morphologic changes
in the alveolar bone. (A) Schematic drawing of CT image in the sagit-
tal plane. (B) Schematic drawing of CT image in the horizontal plane
(see Table 1 for definition). CT indicates computed tomography.
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of the alveolar bone shift as the tooth moves, mea-
surements of the alveolar bone are greatly influenced
by tooth movement, particularly tipping and vertical
movement of the tooth. In addition, it is difficult to cor-
relate the changes in alveolar bone position with tooth
movement.11 Thus, the relationship between bone

remodeling and tooth movement can be more effi-
ciently evaluated when using the hard palate for
superimposition. For this reason, the hard palate was
selected as a reference structure in the present study.
Concerning the type of tooth movement that occurs

during incisor retraction, previous studies have shown

Table 1. Definitions of Landmarks, Reference Planes and Parameters on the CT Image

Variables Definition

Skeletal landmarks
Porion (Po) Most superior point of the bony external auditory meatus
Orbitale (Or) Most inferior point on the outline of the orbital margin
ANS Most anterior point of the anterior nasal spine
PNS Most posterior point of the posterior nasal spine
Incisive foramen (IF) Most inferior point on the outline of the incisive foramen based on FH plane (Linkous et al., 2020)
Great palatine foramen (PF) Most inferior point on the outline of the great palatine foramen based on FH plane (Linkous et al., 2020)

Dentoalveolar landmarks
R Center of the root canal of the maxillary central incisor
Rmid Midpoint between right and left points R
LB Intersection between the extension line of T0 and T1 of points R or Rmid and labial contour of the

alveolar bone
PB Intersection between the extension line of T0 and T1 of points R or Rmid and palatal contour of the

alveolar bone
LR Intersection between the extension line and labial surfaces of the root
PR Intersection between the extension line and palatal surfaces of the root

Reference planes
Frankfort horizontal (FH) plane Plane connecting right and left Po and the midpoint of right and left Or
Palatal plane Plane connecting ANS and PNS and paralleling to a line connecting right and left PF
P75, P50, P25, P0 Quadsecting points of the root axis of the central incisor connecting midpoint of cementoenamel

junction line to the root apex (Okuzawa-Iwasaki et al., 2020)
Parameters
Amount of root movement Distance between T0 and T1 of points R of the central incisor
Displacement of the alveolar bone Distance between T0 and T1 of points LB, and distance between T0 and T1 of points PB
Thickness of the alveolar bone Distance between points LB and LR on the labial side. Distance between points PB and PR on the

palatal side
B/T ratio Quotient of the change in alveolar bone thickness divided by the amount of root movement (Eksriwong

et al., 2021)

a B/T indicates bone remodeling/tooth movement.

Table 2. Cephalometric Measurements at T0 and T1

T0 T1

Variable Mean 6 SD Mean 6 SD P Value

Angular measurements (°)
SNA 81.01 6 3.64 80.89 6 3.62 .27a

SNB 76.73 6 3.73 76.38 6 3.92 .08a

ANB 4.27 6 2.00 4.50 6 2.20 .19a

MP-SN 37.71 6 4.90 37.57 6 4.80 .57a

FMA 29.98 6 5.13 29.78 6 5.23 .45a

U1-SN 110.16 6 9.03 98.73 6 6.30 .00a,**
FMIA 53.94 6 8.60 59.73 6 6.15 .00b,**
L1-MP 96.07 6 6.92 90.48 6 4.46 .00b,**
Interincisal angle 116.06 6 9.74 133.21 6 7.77 .00a,**

Linear measurements (mm)
S-N 71.44 6 3.78 71.55 6 3.82 .10a

N-Me 132.32 6 7.66 133.38 6 7.19 .05a

Me/NF 71.95 6 5.03 73.02 6 4.75 .03a,**
U1/NF 31.65 6 2.32 32.47 6 2.09 .03a,**

a Paired t-test was performed to compare between T0 and T1.
b Wilcoxon matched-pairs signed-rank test was performed to compare between T0 and T1.
*P , .05; **P , .01 between T0 and T1.

ALVEOLAR BONE CHANGES TO ANTERIOR TOOTH RETRACTION 671

Angle Orthodontist, Vol 93, No 6, 2023

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-14 via free access



that the palatal inclination of the maxillary central inci-
sor ranges from 6.4° to 10.9°.4,5,7,10,11 Studies have
reported incisor movement ranges of 3.3–7.6 mm at
the incisal edge4–7,9–11 and 0.6–3.9 mm at the root
apex.5–7,9,10 In the present study, the incisor tipped
palatally by 11.4° while the incisal edge and root apex
moved palatally by 7.2 mm and 3.0 mm, respectively.
This indicates that the type of tooth movement
included elements of translation and controlled tipping.
These amounts were relatively large and consistent
with previous studies in which TADs were used for
incisor retraction.4,6

The data clearly indicated regional differences in
changes in alveolar bone structure after incisor retrac-
tion. No previous studies evaluated alveolar bone dis-
placement and, specifically, changes in the interalveolar
septum after incisor retraction. Bone displacement was
significantly larger on the labial side than the palatal
side. This displacement was dependent on the bone
level and progressively decreased from the crest to the
apex level. This might reflect the influence of incisor
movement. The null hypothesis that there would be no

significant effect of tooth movement on the interalveolar
septum morphology was rejected. Bone remodeling via
orthodontic force is not restricted to the bone surround-
ing the root but can also occur in the spatially separated
alveolar bone.
Bone thickness at all bone levels was significantly

increased on the labial side and significantly decreased
on the palatal bone. Studies that estimated alveolar
bone thickness produced conflicting data and two
recent meta-analyses18,19 reported contrasting con-
clusions. One study18 reported an increase in labial
bone thickness at the crest level, although changes in
thickness varied considerably on the palatal side. The
other19 reported that palatal bone thickness signifi-
cantly decreased at the crest level. These inconsis-
tences might be associated with differences in the types
of malocclusion, the mechanics of tooth movement,
amount and type of incisor movement, methods of
superimposition, and follow-up duration.10,11,18,19

The current results concerning alveolar bone thick-
ness were roughly consistent with two previous stud-
ies.8,12 Zhang et al.12 evaluated changes in alveolar
bone using a geometric morphometric analysis. They
reported an increase in bone thickness at all levels
except for the crest level on the labial side, and a
decrease in bone thickness at the crest and midroot
level on the palatal side. Pianco et al.8 reported similar
results. These studies, along with the current study,
had longer follow-up durations8,12 than other studies
that examined alveolar bone thickness before and
after incisor retraction.7,10,11 Over the long term, the
process of bone remodeling passed through various
stages during treatment, including initial leveling and

Table 3. Amount of Tooth Movement in Cephalometric Coordinate
System

Tooth Movement Mean 6 SD

U1Edge (x) �7.23 6 1.45
U1Edge (y) 0.83 6 2.24
U1Apex (x) �2.99 6 2.00
U1Apex (y) �0.79 6 1.25
U6 (x) 1.61 6 1.25
U6 (y) 0.03 6 1.15

a x: labial and mesial movement was þ value, y: extrusion was þ
value.

Figure 5. Displacement of the alveolar bone from T0 to T1.
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aligning, retraction, and detailing and finishing. These
processes led to a large amount of incisor movement
and change in alveolar bone morphology.
Very few previous studies on postincisor retraction

changes in alveolar bone structure calculated the B/T
ratio because they used the tooth axis as a refer-
ence.5–8,10 However, two previous studies used the
palate structure and calculated the B/T ratio.9,11 One
of those reported a B/T ratio of 0.5;9 the other reported
a B/T ratio near 1 for all root levels on the labial side
and 0.2–0.4 on the palatal side.11 In the current study,
the B/T ratio was lower on the palatal side than the lin-
gual side in a level-dependent manner, consistent with
the latter study except for that corresponding to the
labial side around the root apex. This disparity may
have been related to differences in the observation
period and the amount of root movement. The obser-
vation period in Eksriwong et al.11 was short (7 months),
and the amount of root apex movement was consider-
ably less than 1 mm. The low B/T ratio on the palatal
side in the present study indicated that the response of
the alveolar bone to tooth movement was poor, and that
the treatment thinned that bone. This thinning could
cause fenestration and dehiscence. Accordingly, spe-
cial consideration of the relationship between the root
apex and the palatal cortex of the alveolar bone is nec-
essary during retraction of the maxillary anterior teeth.
This study had some limitations. First, the morpho-

logic changes in the alveolar bone around the lateral
incisors could not be evaluated. The lateral incisors of
the patients examined in this study frequently showed
severe mesial root tipping at T0, which rendered such
assessments difficult. Second, two different mechan-
ics were applied for anterior tooth retraction in this
study. Sliding and loop mechanics may have different
effects on the alveolar bone changes. Finally, it is pos-
sible that skeletal growth may have affected bone

changes during treatment, as the patients in this study
included not only adults but also adolescents.

CONCLUSIONS

• The maxillary alveolar bone showed regionally differ-
ent responses to treatment including anterior tooth
retraction with TADs.

• The displacement and B/T ratio of the alveolar bone
around the incisors were larger on the labial side
than the palatal side, and decreased progressively
from the crest to apex level.

• The alveolar bone thickness significantly increased
on the labial side and decreased on the palatal side
after treatment.

• Careful attention should be paid to bone remodeling
on the palatal side of the alveolar bone, especially
at the crest level.
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