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Abstract
Objectives The objective of this study was to examine if
non-invasive clinical cone beam computed tomography
(CBCT)-based degree of bone mineralization (DBM) mea-
surement can be used to detect the different results from
orthodontic treatment between the maxilla and mandible in
human patients.
Materials and methods CBCT images were taken before
and after orthodontic treatment from 43 patients (19 males
and 24 females, 14.36±1.50 years). A histogram of com-
puted tomography (CT) attenuation value, which is equiva-
lent to the DBM, was obtained from the alveolar cortical
(AC), trabecular (AT), and enamel (E) regions of each
image. Mean, standard deviation (SD), and coefficient of
variation (COV) of the CT attenuation values were comput-
ed. The regional variations and percentage (%) differences
between the E and alveolar regions of the CT attenuation

parameters at the maxilla and mandible were analyzed be-
fore and after orthodontic treatment.
Results The AC had higher mean and variability (SD and
COV) than the AT before and after treatment (p<0.001).
The variability was higher in the mandibular AC than in the
maxillar AC (p<0.01) independent of orthodontic treatment.
The percentage (%) difference of variability of CT attenua-
tion values changed for both AT and AC in the maxilla after
orthodontic treatment, while that changed for only the AT
(p<0.02), but not for AC, in the mandible (p>0.16).
Conclusions The alveolar cortical region of the mandible
responded differently to orthodontic treatment compared
with other alveolar regions.
Clinical relevance The CBCT-based DBM analysis can be
used clinically to assess alveolar bone quality changes in-
duced by orthodontic treatment to improve treatment plan-
ning and result evaluation.
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Introduction

Orthodontic tooth movement involves changes in the gingi-
val [1], the periodontal ligament [2–7], and the alveolar
bone [8–14]. Many studies have observed changes of alve-
olar bone density due to active bone remodeling during
orthodontic treatment [12, 13, 15, 16]. These density alter-
ations of alveolar region result from resorption of pre-
existing bone tissue and formation of new bone tissue in
the process of bone remodeling. As the new bone tissue has
less mineral content than the pre-existing bone tissue, the
distribution of the degree of bone mineralization (DBM)
inherently changes [17, 18]. It was found that the DBM
determines the mechanical response of bone tissue to the
applied force [19, 20], and it is well known that mechanical
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orthodontic force stimulates bone remodeling in the alveolar
process [8, 10–14, 21]. Taken together, it is likely that the
DBM distribution reflects bone response to orthodontic
force at the initiation and progress of bone remodeling and
also provides the status of bone alteration resulting from
bone remodeling. However, not many studies have been
done to examine the DBM distribution changes in human
patients during orthodontic treatment.

The X-ray-based computed tomography (CT) images
have been used to obtain detailed morphology and mineral
density of the patient’s jaw bone [15, 16, 22]. As cone beam
computed tomography (CBCT) can provide three-
dimensional images at the micron-level high resolution
and has relatively lower radiation level compared with mul-
tislice CT (MSCT) [23–26], it has been widely used for
diagnosis and treatment planning for the craniofacial region
in clinic [22]. To date, most of the CBCT image-based
studies have focused on morphological analysis because
the CBCT-based mineral density measurement was not fully
established. Although previous studies verified the applica-
bility of CBCT attenuation value to assess the mineral
content of the jaw bone [27, 28], it was indicated that the
CT attenuation values varied by different scanning condi-
tions [29, 30]. Currently, a new approach to compare the
mineral densities between CBCT images is demanded.

It has been indicated that the alveolar bone remodeling
process responding to orthodontic treatment is different
between the maxilla and mandible and that the rate and type
of tooth movement are affected by the level of alveolar bone
remodeling [31]. These observations were obtained using
histomorphological analyses of animal models to under-
stand the mechanism of biological activities involved in

orthodontic tooth movement. However, the destructive his-
tomorphological procedure limits the possibility to investi-
gate the case of human patients. Thus, the objective of this
study was to examine if non-invasive CBCT-based DBM
measurement can be used to detect the different results from
orthodontic treatment between the maxilla and mandible in
human patients. An internal reference was also tested to
compare the DBM measures using the CBCT images before
and after orthodontic treatment.

Materials and methods

This research protocol was approved by the Institutional
Review Board at The Ohio State University. CBCT images
of 43 patients (19 males and 24 females, mean initial age of
14.36±1.50 years old, range of 11.5 to 17.4 years) were
randomly collected using retrospective records before and
immediately after comprehensive orthodontic treatment
with full fixed appliances (20.05±4.18 months of treatment
duration) at the Craniofacial Imaging Center at Case West-
ern Reserve University School of Dental Medicine. The
CBCT images were taken at a scanning condition (2 mA
and 120 kV) with voxel size of 292 or 377 μm (Hitachi
Medical Systems America Inc., Twinsburg, OH, USA)
(Fig. 1). These images were from patients who did not have
craniofacial anomalies, facial asymmetry, orthognathic sur-
gery, rapid palatal expansion, head gear, or tooth extraction
(except for the third molars) during orthodontic treatment.
The commercial software (Microview 2.1.2, GE) was uti-
lized to determine a global threshold CT value for each
CBCT image. The algorithm of this software was originally

Fig. 1 Typical CBCT images with the locations of interest. AT alveolar trabecular bone (blue area), AC alveolar cortical bone (green area), and
enamel (red square)
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developed to segment bone voxels in a micro-CT image. It
determines the global threshold value at a centerline between
the maximum and minimum CT values of all bone and non-
bone voxels in the region of interest similar to a previous study
[32]. As a result, this approach provides a more conservative
global threshold value than other algorithms, which can iso-
late the voxels with apparently higher CT values compared to
neighbor voxels. The global threshold value of CTattenuation
for each individual image was used to segment bone voxels
from soft tissues and background noise and was maintained
during segmentation to give a histogram of the CT values for
each region of interest. ImageJ (NIH) software was used to
analyze all the CBCT images.

In both maxilla and mandible, the region between the left
second premolar (P2) and first molar (M1) inside the field of
view was examined. For each sample, the middle axial slice
between the tooth root tip of the P2 and the inter-dental
alveolar crest between the P2 and the M1 was identified,
together with two above and two below axial slices. Thus,
five slices of images were used to visually identify and
measure the alveolar trabecular region (AT) and buccal
alveolar cortical region (AC) in the left maxilla and mandi-
ble (Fig. 1). An enamel region (E) located midway mesial-
distally in the middle five axial slices between the left
mandibular P2 lingual cusp tip and the cementoenamel
junction was identified. A fixed area (2×2 voxels) of enamel
region was visually identified within each slice (Fig. 1). The
name of each image was coded by assigning a random ID
number, and the demographic and treatment information of
the patients was concealed from the raters. The sequence of
image analysis was randomized using the coded name of
each image.

A histogram of the CT attenuation value (Hounsfield
unit), which was equivalent to the DBM [28, 33], was
analyzed. The CT attenuation parameters, mean, standard
deviation (SD), and coefficient of variation (COV0SD/
mean), were calculated based on the histogram of intra-
specimen CT attenuation values measured from the five
slices for each region in the same CBCT image. Percentage
(%) differences of the mean, SD, and COV between each of
the AT and AC with the E ((AT–E)/((AT+E)/2)×100) and
((AC–E)/((AC+E)/2)×100) in the same CBCT image were
calculated to compare these relative values between the
CBCT images before and after orthodontic treatment. All
the measurements were performed by three raters (HH, MR,
and TB) while blinded for the demographic information of
patients using the randomly coded CBCT images. Repeated
measurements for reliability tests (five samples each) were
made at least 6 weeks since the original measurements.
Intra- and inter-rater agreements were analyzed with intra-
class correlation coefficient with Shrout–Fleiss random set
method and single score method, respectively (SAS, Cary,
NC, USA). Within each CBCT image, differences of the CT

attenuation values between alveolar regions (AT and AC)
were tested using a repeated measures analysis of variances
with Bonferroni correction and Tukey–Kramer tests before
or after orthodontic treatment (SAS, Cary, NC, USA). The
percentage differences of the CT attenuation parameters
were compared between CBCT images before and after
orthodontic treatment for the same patient using paired t test
(Microsoft Excel). Significance was set at p≤0.05.

Results

The CT attenuation parameters (mean, SD, and COV) were
successfully obtained from each CBCT image (Table 1).
Inter-rater reliability among raters MR, HH, and TB was
0.97, 0.95, and 0.97 for mean, SD, and COV, respectively.

The regional variation of the CT attenuation parameters
was compared for an individual CBCT image (Table 1). The
means of all of the CT attenuation parameters were signif-
icantly lower in the AT region than in the AC region of the
maxilla (Mx) and mandible (Md) both before and after
orthodontic treatments (p<0.001). Before orthodontic treat-
ment, the means of all of the CT attenuation parameters of
the alveolar trabecular region were not significantly differ-
ent between the maxilla and the mandible (p>0.68), while
those of the alveolar cortical region were significantly lower
in the maxilla than in the mandible (p<0.001). After ortho-
dontic treatment, the means of the mean and SD of the
alveolar trabecular region and the mean of the alveolar
cortical region were not significantly different between the
maxilla and the mandible (p>0.16), while the means of the
COV of the alveolar trabecular region was higher in the
maxilla than in the mandible (p<0.03), and the means of
the SD and COV of the alveolar cortical region were lower
in the maxilla than in the mandible (p<0.01).

The inter-regional percentage (%) differences of CT at-
tenuation parameters between the alveolar regions (AT and
AC) and the enamel region (E) were compared before and
after orthodontic treatment (Fig. 2). In the maxilla (Fig. 2a,
b), the means of the percentage differences of all of the CT
attenuation parameters between the alveolar trabecular re-
gion and the enamel region (%AT-E) and between the alve-
olar cortical region and the enamel region (%AC-E)
significantly increased after orthodontic treatment (p<0.02
for both). In the mandible (Fig. 2c, d), the means of the
percentage differences of the mean and SD between the
alveolar trabecular region and the enamel region (%AT-E)
and those of the mean between the alveolar cortical region
and the enamel region (%AC-E) significantly increased after
orthodontic treatment (p<0.01 for both). The means of the
percentage differences of other parameters between the al-
veolar regions and the enamel region did not change after
orthodontic treatment (p>0.09).
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Discussion

All of the CT attenuation parameters (mean and variability
(SD and COV)) of the AC region had higher values than
those of the AT region independent of location (Mx and Md)
and treatment status. The COV of AT and the mean of AC
are the CT attenuation parameters that altered the regional
variation between the Mx and Md after orthodontic treat-
ment. The percentage (%) difference of variability of CT
attenuation values changed for both the AT and AC in the
Mx after orthodontic treatment, while that changed for only
the AT in the Md. The CT attenuation value is equivalent to
the DBM of which the distribution results from bone remod-
eling. Taken together, the current results indicated that ac-
tive bone biological activities during orthodontic treatment

changed the distribution of alveolar bone mineralization
differently between the maxilla and mandible. The current
results also suggested that the clinical CBCT-based DBM
analysis could be used to detect alterations resulting from
active remodeling due to jaw bone complication.

Many studies indicated that CBCT can be used to assess
bone mineral density as reliably as well-established methods
including MSCT, dual-energy X-ray absorptiometry, and
micro-CT in vitro and in vivo [28, 33–35]. It was found that
CBCT-based density analysis is applicable to examine or-
thodontic cases [15, 16]. However, it was also indicated that
different scanning conditions could alter CBCT attenuation
value-based measures of bone mineral density [29, 30,
36–38]. The CBCT attenuation value may be inconsistent
even when taken from the same patient at different times. In

Table 1 CT attenuation parameters (mean, SD, and COV) obtained from five slices within each region before and after treatment

Structure Before treatment After treatment

Mean SD COV Mean SD COV

Mx AT 966.59±106.78 86.00±28.61 0.089±0.027 1,060.95±66.01 88.49±25.24 0.083±0.022

Mx AC 1,096.24±129.56 121.20±43.43 0.111±0.037 1,189.27±94.89 134.50±31.90 0.114±0.028

Md AT 955.60±99.33 78.16±23.77 0.082±0.023 1,064.98±75.05 75.36±19.66 0.071±0.017

Md AC 1,185.02±129.98 215.22±47.66 0.182±0.035 1,237.07±88.46 195.84±43.94 0.158±0.033

E 1,739.25±217.47 88.36±29.67 0.050±0.015 1,739.51±217.45 88.43±29.71 0.050±0.015

Data are presented as mean±standard deviation for each parameter from 43 patient images
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Fig. 2 Comparison between
before and after orthodontic
treatment for the percentage
(%) differences of the CT
attenuation parameters (mean,
SD, and COV) between the
alveolar trabecular and cortical
regions (AT and AC) and
enamel (E) in the maxilla (a, b)
and in the mandible (c, d). The
error bars represent the stan-
dard deviation of each parame-
ter. Asterisk denotes p<0.05
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the current study, we compared the absolute CBCT attenu-
ation values between oral regions in the same image, while
the percentage difference relative to the internal reference
was used to compare the changes of CT attenuation value
between the different CBCT images obtained before and
after orthodontic treatment. This approach could reveal the
significant regional variations of CT attenuation parameters
at the same time and identify the oral bone locations that
were substantially changed at the different time points dur-
ing orthodontic treatment.

Appropriate internal references are needed to obtain com-
parable percentage differences of CT attenuation values
between different CBCT images. As the enamel is acellular
and avascular [39], it has no remodeling activity and is not
affected by growth. As such, its mineral density is relatively
stable and can serve as a good reference to measure bone
mineral contents as suggested in previous studies. We chose
the enamel region on the lingual side of the mandibular left
second premolar since this area was not subject to the risk of
demineralization by the etching procedure during bracket
bonding and has the lowest risk of developing carious lesion
that would affect its mineralization status [40]. The lingual
cusp of this tooth is less likely to have attrition since it is a
non-functional cusp and can be used as a reliable landmark
to locate the same region.

It was observed that the active bone remodeling
decreases the mean of DBM while increasing the variability
of DBM (SD and COV) [41–43]. It was also found that the
mean and variability of DBM has positive relationships with
modulus and strength and viscoelastic property of the bone
[19, 20]. In the case of orthodontic treatment, the applied
orthodontic force stimulates alveolar bone remodeling
resulting in alteration of DBM distribution, which in turn
affects the degree of stimulus from the applied force. Com-
bined together, these findings suggested that assessment of
DBM distribution is of importance in understanding the
progress of the alveolar bone remodeling and in estimating
its mechanical response to the applied orthodontic force.

We found that the alveolar cortical region had higher
values of all CT attenuation parameters than the alveolar
trabecular region. The whole range of CT attenuation values
in the AT region overlaps the range of lower CT attenuation
values in the AC region. Simultaneously, AC is also com-
posed of local regions with higher CT attenuation values
than AT. As such, the mean and SD values were higher in
AC than those in AT. It is generally accepted that cortical
bone has higher tissue mineral density than trabecular bone.
Furthermore, the larger surface area of trabecular bone pro-
vides more chance to recruit bone cells for remodeling
resulting in more new (less mineralized) tissue area [44].
Thus, the wider distribution of the CT attenuation values in
AC may arise from the combination of higher mineralization
at the inner region of the cortical bone with less bone

remodeling activity and less mineral contents at the surface
region.

The higher variability of CT attenuation values of the
alveolar cortical region in the mandible than those in the
maxilla may indicate that the mandibular cortical region of
human patients was more remodeled than the maxillary
cortical region. This regional variation is consistent with
previous histomorphological studies on bone remodeling
patterns in the jaw bones of dogs [45–47]. Earlier animal
studies showed that the mandible was under torsion forces
during functional masticatory movements [48–50], which
may cause higher bone remodeling rate in the mandible.
The regional variation of CT attenuation values in oral bone
observed in the current study indirectly reveals that bone
remodeling in human is different at local oral regions
reflecting its functional demand.

The longitudinal comparison of the percentage differen-
ces of CT attenuation parameters before and after orthodon-
tic treatment provided more information to understand how
the DBM distribution is altered by orthodontic treatment.
Maxillary alveolar region seems to be substantially changed
by orthodontic treatment because all of the percentage dif-
ferences of the mean and variability (SD and COV) between
the enamel and alveolar regions increased. On the other
hand, only mean of the percentage difference increased
significantly in the mandibular alveolar cortical region while
both mean and variability (SD) increased in the mandibular
alveolar trabecular region. This result may indicate that bone
remodeling at the alveolar cortical region in the mandible was
not stimulated by orthodontic treatment up to the comparable
level of other regions. This clinical CBCT-based DBM anal-
ysis may help provide more useful information for the clinical
practice. For instance, the less activities of bone remodeling
may increase the risk of relapse in this region after orthodontic
treatment. Further post-treatment studies are demanded to
evaluate such a relationship between DBM distribution
changes and post-treatment stability.

The different responses to orthodontic tooth movement
between the human maxillary and mandibular alveolar cor-
tical bones observed in this study may be attributed to
structural and biomechanical factors. It was demonstrated
that at a sufficient level, orthodontic force can bend the
alveolar process mechanically [51]. Under the same load
level, the deformation, or strain, was greater in the mechan-
ically weaker part of the bone [52]. In human, the maxilla
has thinner cortical bone compared with the mandible as
observed before [53, 54], so strain will be greater in the
maxillary than in the mandible alveolar cortical bone under
similar mechanical load. The higher strains in the bone lead
to more microcrack and diffuse microdamage formation [55,
56], which have been found to be induced by orthodontic
tooth movement with significantly higher density in the
buccal cortical bones [57]. Microcracks and microdamages
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are potent factors triggering bone remodeling [58]; there-
fore, it is highly likely that the higher activation of bone
remodeling by orthodontic treatment in the maxillary than in
the mandibular alveolar cortical bone is due to higher strain
causing more microcracks and microdamages in the maxilla.
The active bone remodeling during orthodontic treatment
removes the damaged pre-existing old bone tissue that is
replaced with new bone tissue. As a result, the variability of
bone density increases. Our finding that the variability of
DBM changed in the alveolar process after orthodontic
treatment likely reflects the active biological activities of
bone turnover.

The limitation of the current study was that a global
segmentation value for each CBCT image was utilized to
distinguish bone and non-bone voxels. Although this global
segmentation is the most widely used method, the coarse
process of segmentation and related partial volume effect
would limit the accuracy of DBM values for bone voxels
next to non-bone voxels. Partial volume effect artifact is
another concern. With relative large voxel sizes of CBCT
used in this study, the density values may not be strictly
precise. It has been indicated that the partial volume effect is
an inherent artifact when the CT attenuation values are
averaged at the border line between different materials be-
cause the cubic voxels of CT image are not able to accu-
rately delineate the shape of the irregular border line.
Smaller voxel size (higher resolution) images may reduce
these inherent errors of CBCT image analysis. However,
increasing image resolution requires increasing radiation
dose to patients, which is not in accordance with the “as
low as reasonably achievable” principle. The segmentation
algorithm used in this study provides a more conservative
global threshold value than other algorithms, which can
isolate the voxels with apparently higher CT values com-
pared to neighbor voxels [32]. Although the voxels with
lower CT value at the border line between the bone and soft
tissue may be lost using this global segmentation, it may be
helpful to reduce the partial volume effect on investigation
of the CT attenuation distribution in the whole bone. While
the segmentation methods and CT scanners currently uti-
lized in clinic are still limited, the significant results for the
regional variations of absolute CT attenuation values in the
same image and the relative percentage difference changes
between images indicate that current CBCT analysis method
may be a legitimate solution to minimize the errors associ-
ated with CT attenuation value analysis. This study lacked a
group which did not receive orthodontic treatment as an
external control to assure that the findings in the treated
group did not result from systematic bone remodeling in a
patient during CBCT recording period. Histomorphological
analyses in previous animal studies showed that the level of
alveolar bone remodeling was not affected by normal
growth [45–47]. Although these studies used a canine

model, those histomorphological results provided a direct
evidence for the independence of jaw bone remodeling
process from a systematic bone remodeling process in asso-
ciation with growth. In this study, we assumed the CT
attenuation values in the CBCT images taken before ortho-
dontic treatment as the control baseline from which the CT
attenuation values changed during orthodontic treatment.
Thus, the scope of this study was limited only for the
orthodontic treatment cases.

Conclusions

This study used a relatively large sample of live human
patients’ CBCT images to assess changes of bone mineral
distribution in the human maxillary and mandibular alveolar
processes after orthodontic treatment. We identified that the
alveolar cortical region of the mandible responded to ortho-
dontic treatment differently compared with other alveolar
regions. The new approach introduced in this study for non-
invasive clinical CBCT image-based bone mineralization
analysis could provide more practical information to under-
stand the progress of orthodontic treatment in human patients.
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