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Abstract

Objectives—The objective of this study was to determine the Hounsfield unit (HU) changes in
the alveolar bone and root surface during controlled canine retractions.

Methods—Eighteen maxillary canine retraction patients were selected for this split mouth design
clinical trial. The canines in each patient were randomly assigned to receive either translation or
controlled tipping treatment strategy. Pre- and post-treatment cone beam computed tomography
scans of each patient were used to determine tooth movement direction and HU changes. The
alveolar bone and root surface were divided into 108 divisions, respectively. The HU in each
division was measured. The Mixed-model ANOVA was applied to test the HU change distribution
at the p<0.05 significant level.
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Results—The HU changes varied with the directions relative to the canine movement. The HU
reduction occurred at the root surface. Larger reductions occurred in the divisions that were
perpendicular to the moving direction. However, HU decreased in the alveolar bone in the moving
direction. The highest HU reduction was at the coronal level.

Conclusions—HU reduction occurs on the root surface in the direction perpendicular to the
tooth movement and in the alveolar bone in the direction of tooth movement when a canine is
retracted.

Introduction

Bone modeling and remodeling are essential to orthodontic tooth movement.X When using
mechanical forces to move the teeth with orthodontic appliances, coupled bone formation
and resorption occurs on the tension and compression side of the periodontal ligament
(PDL). While biological responses have been widely investigated in animal experiments,2-
direct evidence of bone modeling and remodeling during orthodontic tooth movement in
patients is still lacking.

During tooth movement, the change of mechanical environment in terms of stress and strain
in PDL and bone triggers the biological reaction. On the compression side, osteoclasts are
recruited and absorb the bone. On the tension side, osteoblasts are recruited, and new bone is
deposited. 6.7 Different treatment strategies introduce different stress distribution pattern in
PDL. A clinical study about the effect of treatment strategy to biological response will help
to understand the tooth movement mechanism.

Cone-beam computed tomography (CBCT) technology can be used for acquiring three-
dimensional (3D) skeletal radiographs for dental uses.8 CBCT which generates lower doses
of radiation than medical CT8 allows us to assess bone densities during orthodontic
treatment. To evaluate bone remodeling on CBCT images, Hounsfield Units (HU) have been
used to represent bone mineral density (BMD) and to quantify relative changes in alveolar
bone.? The Hounsfield scale is used to measure radiodensity in medical CT scans, which
provides an accurate absolute density for bone or other tissues. Unlike medical CT, assigned
HU to voxels in CBCT images are relative HU, which is affected by the surrounding
tissues?®11 and cannot be directly used to calculate BMD values.®12 In addition, Hounsfield
scale varies between CBCT machines, which makes HU values incomparable between
different CBCT systems.13 However, studies suggest that reliable HU can be obtained from
serial CBCT images during orthodontic treatment using the same machine with identical
scanning settings.1415 With this kind of longitudinal study using subjects as their own
controls, HU acquired from CBCT is reportedly highly reliable compared with medical CT
and actual BMD?10.13.16.17 ‘narticularly when evaluation of their percent changes is of
interest.

Reduction in BMD with decreased alveolar bone fraction was noted in both animal?-> and
human studies following tooth movement.141> Chang et al.14 suggested that maximum
BMD reduction occurs along the direction of the tooth movement and Hsu et al.1> showed
BMD changes along the tooth's long axis as the tooth moves. In these studies, the tooth
displacement in terms of magnitude and direction was not well defined and the BMD was
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checked only in scattered areas. Furthermore, HU change on the dental root surface
indicating root resorption during orthodontic treatment has not been reported previously.

The aim of this prospective radiographic study was to investigate HU changes in the root
and surrounding alveolar bone during canine retraction. The objectives were to determine
(1) how the HU changes due to the canine retraction, and (2) whether the changes depend on
the treatment strategies (i.e. translation vs. controlled tipping).

Material and methods

After Institutional Review Board approval and patient signed consents, eighteen patients (7
males and 11 females) were recruited in this prospective study. The inclusion criterion was
of necessity extraction of both maxillary first premolars and maxillary canine retraction for
orthodontic treatment. The average age of patients was 19+9 years old (ranging from 12 to
47 years old). Prior to the study, the right and left first premolars were extracted and the
upper dental arch was leveled and aligned with .019x.025-inch stainless steel archwire
engaged in the .022x.028-inch slot brackets. The maxillary second molars were included in
the archwire and the maxillary second premolar, first molar, and second molar were co-
ligated with a .010” stainless steel wire on each side. The bilateral first molars were
connected with a transpalatal arch to strengthen the anchorage. The canine retraction period
varied depending on the size of initial space, appointment, and inter-patient variations. The
average was 4.9 months. The canines displaced an average of 2.1+1.5 mm. The canine
displacement and its direction at the end of the canine retraction were determined from the
CBCTs.18

For each patient, segmental T-loops were randomly assigned to the right and left canines to
implement either translation (TR) or controlled tipping (CT). The T-loop delivered
approximately 125 cN of closing force with predesigned moment-to-force ratio (M/F) to
provide TR or CT load.19

The maxillary CBCT scans were performed on the same i-CAT 17-19 Next Generation
Imaging System (Imaging Sciences i-CAT, Hatfield, PA). The field of view is 16 cm x 13.3
cm, voxel size was 0.25 mm and the scan time was 26.9 seconds. The scans of each patient
were taken immediately before and after the canine retraction. The same subject's posture
with head strap and the same setting were used for all the scans.

Both CBCT images were imported by one investigator into MIMICS 13.0 (Materialise,
Belgium) to reconstruct the 3D root and alveolar bone. The occlusal plane was aligned with
the horizontal plane. The canine displacements were computed by overlapping the
reconstructed 3D digital maxilla before and after canine retraction using the Interactive
Closest Point method. The calculated tooth displacement included both tooth displacement
and direction. 18 The tooth movement direction was used to align the divisions
characterizing the locations of HU changes. To study the HU changes, the root was
segmented first. The periodontal ligament (PDL) was recognized as one voxel (0.25 mm) of
radiolucency surrounding the root. The surrounding alveolar bone within two radiopaque
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voxels (0.5 mm) to the PDL was formed into a bone shell. A root surface shell was then
defined by eroding the PDL with two voxels. (Fig. 1)

The root surface and alveolar bone shells were divided into 3 vertical levels each with 36
circumferential divisions. In the vertical direction, the serial axial slices from the root apex
to cervical enamel junction were equally divided into three levels, the apical, middle, and
coronal levels. In the occlusal plane, the shells were divided into 36 divisions
circumferentially around the tooth (D1 to D36). For the occlusal view, the divisions were
labeled counterclockwise for the left canine and clockwise for the right canine with the
division in the direction of movement (compression side) being labeled as D1. (Fig. 2) The
divisions D19 on both canines were opposite to the direction of movement and subjected to
tension. The divisions D2-D18 were located on the buccal side, whereas D20-D36 on the
lingual side. The average value of HU of each division in each level was computed from
both pre- and post-treatment CBCT scans. The changes in HU defined by the subtraction of
pre-treatment HU from the post-treatment at each division were computed and plotted.

Mixed-model ANOVA was used to evaluate the effects of treatment strategy, direction of
tooth movement, and divisions by different thirds on HU changes. Random effects were
included for subject, subject-by-treatment, subject-by-direction, and subject-by-divisions.
Means, standard errors, and 95% confidence intervals for the means were estimated using
the ANOVA.

To assess repeatability of the HU measurement obtained from CBCT images, a custom
designed phantom (Computerized Imaging Reference Systems, Inc. Virginia) was scanned
five times using the identical CBCT settings and one investigator determined all HU
measures. The phantom included 16 standardized BMD rods distributed on the dental arches
with BMD ranging between 100 to 700 mg/cc. The intra-class correlation coefficient (ICC)
was calculated to assess the variation and reliability.

The errors due to the segmentation process were also assessed. The process for segmenting
the root surface and surrounding alveolar bone from a single CBCT scan was repeated five
times. The averages and standard deviations of the HU of all directions were computed at
the root surface and surrounding alveolar bone to estimate the segmentation errors and
variations.

Results

Method assessment

The CBCT scans of a phantom with the same settings have negligible variation since the
ICC was determined to be 0.94 between HU values of standardize BMD rods and HU values
obtained from CBCT images, indicating high correlation among the scans. The segmentation
error test resulted in an average error of 3.1 HU for root surface and 3.3 HU for surrounding
alveolar bone, which is less than 1% of the maximum HU value. The method is adequate for
this study.
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HU change at root surface using the combined data from the two strategies

The average HU changes on the entire root surface due to the canine retraction are shown in
Fig. 3. In general, The HU on the root surface decreased due to the treatment. Apparently,
the HU reduction varies among the three levels. The division average HU was reduced by
1.7% (x11.2%), 2.0% (£10.1%), and 2.9% (+11.3%) at the apical, middle, and coronal level,
respectively. Looking at the HU reduction in different directions, the maximum average
reductions occurred in D11 and D27, which were approximately perpendicular to the
direction of movement. The maximum reductions were 4.3% (x11.6%) in D12 and 4.3%
(x11.2%) in D27. The most severe reduction was at the coronal level.

Without considering the level effect, the average division HU values in different color
frames (in blue and red) were significantly different (p<0.05), see in Fig. 3. The HU was
reduced more in divisions, D10-D13 and D25-D28, than in D31-D4 and D18-D21.

Within the specific canine displacement directions, the reduction varied among the levels.
Comparing the average HU values among the three levels, there were no significant
differences (p=0.3) observed. However, the reductions among the three levels in the
directions of D11-D13 and D19-D28 were significantly different (p<0.05).

Comparing HU change in root surface between the two strategies

Both strategies resulted in reduction of HU in root surface. Two treatment strategies resulted
in similar HU change patterns. No divisions showed statistically significant difference
between TR and CT strategies. (See in Fig. 4) There was no significant difference between
the overall HU changes as well (p=0.32).

At each level, the HU reductions also had no significant differences between the two
strategies (p=0.61 for Apical level, p=0.29 for Middle level, and p=0.29 for Coronal level).
Considering the effects of levels on the HU within each strategy, there were no significant
differences among the levels for CT (p=0.47) or TR (p=0.24).

HU change in surrounding alveolar bone using the combined data from the two strategies

The average HU changes in the three levels in the surrounding alveolar bone due to the
canine retractions are shown in Fig. 5. The HU on the surrounding alveolar bone decreased
in most directions. The average division HUs were reduced by 4.2% (+£26.3%), 3.0%
(£27.7%), and 11.0% (+28.5%) at the Apical, Middle, and Coronal levels, respectively. At
each level, the maximum reductions occurred in D6 and D20, which was closely aligned to
the tooth's movement direction.

The maximum reductions were 12.7% (+28.6%) in D6 and 12.0% (+33.7%) in D20. The
maximum average increases occurred in D12 and D27, which were approximately
perpendicular to the direction of movement. The increases were about 8.1% (£27.4%) in
D12 and 3.1% (+25.4%) in D27.

Without considering the level effect, the average division HU values in different color
frames were significantly different (p<0.05). The HU reduced the most in D17-D22 and
D35-D8 while increased in D10-D14 and D26-D28 divisions. Without considering the
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division effect, there were significant differences among the levels. Coronal level obtained
more reduction than Apical level (p=0.04) and Middle level (p=0.01). Considering the effect
of the levels on the specific divisions, the HU reduction in the directions of D27-D3 (distal
and distal-lingual region) were significantly different (p<0.05).

Comparing HU change in alveolar bone between the two strategies

Two treatment strategies resulted in similar HU change patterns. No divisions showed
statistically significant difference between TR and CT strategies. (See Fig. 6) There was no
significant difference between the overall HU changes as well (p=0.62). At each level, the
HU changes had no significant differences between the two strategies (p=0.91 for Apical
level, p=0.83 for Middle level, and p=0.32 for Coronal level).

However, the two sides showed some difference in comparison of the level differences
individually. Considering individual treatment strategy, there were no significant differences
among the levels for TR in general (p=0.38) while there was significant differences among
the levels for CT in general (p<0.05). For CT, HU reduction at the Coronal level was larger
than Apical level (p=0.03) and Middle level (p=0.01). The general significant level
difference for CT was primarily introduced at D27-D3 (p<0.05, distal and distal-lingual
region), with the highest reduction occurred at the Coronal level.

Discussion

This study is focused on HU changes in the alveolar bone and root surface as the canines
move due to the two treatment strategies, TR and CT. The HU changes were expressed
relative to the clinical tooth movement direction for the purpose of this study. The
orthodontic load systems on the canines were well-controlled, with a higher moment/force
on the TR side than the CT side.1® However, the resulting canine displacements varied and
did not fully agree with the intended displacement pattern. Therefore, the CT and TR sides
used in this study refer to the T-loop design rather than resulting clinical displacement
patterns.

The primary purpose of this study was to investigate HU changes, thus only relative HU was
of interest. Although using HU from the CBCT has not been considered a reliable way to
quantify absolute BMD, it is still the best method available to monitor changes of BMD in
terms of HU through longitudinal studies as long as the same CBCT machine and the same
scan settings are used, which was validated in our repeatability test. Our study showed that
the multiple scans of the same phantom with different standardized BMD rods embedded at
different locations produced consistent results (ICC = 0.94), proving that the HU obtained
from CBCT correlated well with the HU obtained from standardized BMD rods. The results
are also reliable because the variation of the segmentation has been proven to be small (<1%
of the maximum value).

Root

HU at the surface layer of the canine roots decreased in all divisions, indicating remodeling
activities occurred on the root surface. Relatively larger reductions occurred at the divisions
located closely perpendicular to the moving direction, indicating that high stress in PDL
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might not be the only factor triggering the remodeling. When the canine moves, the root
experiences high compressive stress in the moving direction and tensile stress on the back.
The stresses in the perpendicular directions are less affected. The observation contradicts the
theory that remodeling occurs at high stress areas in bone. However, the root may respond
differently from bone which needs to be further investigated.

Higher HU reduction at the coronal level in the direction perpendicular to the movement
direction indicates higher remodeling activities resulting in relatively less dense root surface.
The mechanical environment in the area is less affected by the orthodontic load comparing
to the direction of tooth movement. Thus, the area experiences less resistance to tooth
movement. The HU at the apical level was reduced significantly in certain divisions (D10-
D13 and D25-D28). The apex has small surface area. When its density decreases, it becomes
vulnerable for surface loss, which may result in root shortening. Consistent surface density
loss for a longer period of time may be the beginning of root resorption, which has been
observed clinically.2°

Alveolar bone

HU in the surrounding alveolar bone had mixed changes. The HU of the bone decreases
along the direction of tooth movement and slightly increases perpendicular to the moving
direction. Contrary to the root, the maximum HU reduction occurred in the direction of tooth
movement (D33-D6). The bone on the tension side also experienced significant HU
reduction. The results confirmed the general finding report by Cheng et al.14 that the BMD
reduces in the direction of tooth movement, but our results show less reduction. The average
HU reduction (4.2% to 11.0% among levels) in alveolar bone in this study was less than the
24% reported by Chang and Hsu. 1415 On the other hand, HU increased in D10-14 and
D26-28, which were approximately perpendicular to the moving direction. Only 2 teeth out
of 144 showed increased bone density around the teeth in previous reports. 1415 The
inconsistency could be due to the difference in treatment and analysis. In their studies, the
treatment period was longer (7 month) than ours (4.9 month); the tooth displacement was
shorter (non-extraction orthodontic treatments) than ours (space closure treatment).
Furthermore, their studies divided the surrounding alveolar bone into three layers and only
four directions, and the region studied did not cover all the surrounding alveolar bone.
Generally, our results agree with the common belief that the alveolar bone remodels as the
canine moves into the area in front of it and models at behind. Both modeling and
remodeling will result in formation of less mineralized bone.

The HU reductions due to bone modeling or remodeling occurred with different intensity at
different levels. In the moving direction (D33-D6), HU reduction at the coronal level was
more severe than at apical and middle levels indicating more potential tipping. Considering
the larger bony areas are in front of the root at the coronal level, the relatively less dense
bone may be needed for the intended tooth movement. Contrary to root surface, the high
modeling and remodeling areas in the cortical plate of the alveolar bone are experiencing
higher stresses/strains due to the orthodontic movement.

Considering the effects of treatment strategy on the HU reductions, only the CT side showed
significant HU reduction among the three levels in certain directions. The load on the CT
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side has a relatively lower M/F, which results in a relatively higher compressive force at the
Coronal level. As shown in Fig. 6, the Coronal level showed statistically significant higher
HU reduction than at the Apical level, especially in the moving direction (D33-D3), which
may be due to the higher compressive stress.

Treatment strategy difference did not lead to overall significant difference in the HU change
distribution in the root surface or surrounding alveolar bone. Significant differences were
determined only in few divisions. The results may explain the conclusion from a previous
study, which showed that apical root resorption was not related to translation or tipping of
the root. 21

It is imperative for clinicians to understand the biological changes occur as a tooth moves.
The rate of orthodontic tooth movement largely depends how fast the alveolar bone resorbs
in the direction of tooth movement, which can be observed as changes in HU with current
CBCT technologies. In the study, relative HU in the alveolar bone and on the root surface
was quantified, which provides meaningful information for predicting tooth movement and
potential root resorption. Furthermore, the HU changes can be used as an indicator to
evaluate responses of root and surrounding bone with different clinical loading and
treatment strategies.

One limitation of this study was resolution. When this clinical study was started, the highest
resolution of 0.125 mm voxel size for this CBCT system was not chosen because it requires
a longer scan time. Motion blur occurred even with strapping the head with each patient.
Therefore, 0.25 mm voxel size was used to obtain consistently satisfactory images. This
problem may be solved with the future CBCT technology with higher resolutions over a
shorter period of scanning time.

Next, while the trend of bone resorption was observed with reliable HU values between
CBCT scans and standardized BMD rods, it can only indicate the relative changes in bone
density rather than true or absolute BMD. The HU is used to measure radiodensity and
provides an accurate absolute density when using conventional medical CT. Compared to
the multislice medical CT, a CBCT scanner rotates around the patient's head, obtaining
nearly 600 images, and reconstructs them into 3D volumetric voxels data for visualization.22
HU values can vary depending on the relative positions in CBCT scans,23 and the same
values may not be identical from medical CT.24 Nevertheless, it has recently been shown
that a linear correlation can be established between HU values obtained from CBCT and
medical CT scanners for different materials.2®> With a linear relation between the grey levels
and the attenuation coefficients, it is possible to derive HU from the measured grey levels
from CBCT scans.26 Together with our highly reliable HU values between standardized
BMD rods and HU values, the evidence explains why a clear trend of bone resorption can
still be seen during orthodontic tooth movement with the same CBCT setting.

Ideally, reliable HU changes can only be quantified at the same point from serial CBCT
images. In this clinical trial, both the canines and posterior teeth move and bone remodels at
the same time. There were no true stationary reference points such as dental or bony
structures that did not move during treatment. In order to have consistent and reliable

Am J Orthod Dentofacial Orthop. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang et al.

Page 9

comparisons, the direction of tooth movement and 36 divisions were used to better
understand HU changes during treatment. Despite reliable HU changes shown in this study,
the accuracy and absolute changes of bone density of orthodontic tooth movement with
CBCT still need to be further investigated.

Conclusion

The canine retraction resulted in HU changes on the root surface and the surrounding
alveolar bone. The following specific changes are identified:

» HU distribution changed significantly in both root and alveolar bone.

»  HU reduced on the surface of the roots. The maximum reduction was on the
coronal level in the direction perpendicular to the direction of movement.

» HU changed in the surrounding alveolar bone. The maximum reduction was in the
direction of the tooth movement and at the coronal level.

e Both TR and CT have the similar effect on the HU changes.
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Figure 1. Segmentation of the root, PDL and surrounding alveolar bone, (a) root identification,
(b) formation of PDL (yellow) and alveolar bone (red) as well as the root surface (blue), and (c)
alveolar bone shell (red) and root surface shell (blue)
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Figure 2. Formation of the root surface and alveolar bone shell and division of the 3 levels into
36 circumferential regions for the left side canine
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Average HU percent change distribution at root surface. The red frame covered the divisions
in the direction of tooth movement while the blue frame covered the divisions that were

perpendicular to the movement direction. The most HU reductions occurred in the directions
in the blue frame.
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Figure 4. Comparison of average HU percent change in root boundary with treatment strategy
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HU change distribution in alveolar bone
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Average HU percent change distribution in alveolar bone. The blue frame covered the
divisions in the direction of tooth movement while the red frame covered the divisions that
were perpendicular to the movement direction. The most HU reductions occurred in the

directions in the blue frame.

Am J Orthod Dentofacial Orthop. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Jiang et al.

HU change in alveolar bone of tipping side

20.00%
10.00%
0.00%
-10.00%
-20.00%
-30.00%
-40.00%

HU change

Division

HU change in alveolar bone of translation side
20.00%
10.00%
0.00%

-10.00%

HU change

-20.00%

-30.00%

Division

Page 17

sssses Apical level
- = = Middle level
== == Coronal level

— AErage

s sweee Apical level
- = = Middle level

== == Coronal level

Average

Figure 6. Comparison of average HU percent change in alveolar bone with treatment strategy
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