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Abstract
Purpose of Review 3D cone beam imaging (CBCT) has allowed clinicians to better understand the anatomical variations of
cranial anatomy. One crucial aspect of this technology plays is the understanding of alveolar bone morphology and remodeling.
Variations in cortical bone thickness between individuals have been reported. No published study has analyzed the relationship
between cortical bone thickness and rate of tooth movement. The aim of this study is to begin answering the question: is there an
association between rate of tooth movement and cortical bone thickness?
Recent Findings Twenty-three patients underwent extraction of a single premolar in each of the four quadrants prior to orthodontic
therapy. Routine clinical records including 3D CBCT images were acquired of all patients prior to first premolar extractions. Rate of
tooth movement in each quadrant for each patient was determined via mesiodistal millimetric measurements obtained by a single
calibrated operator. With CBCT images, cortical bone thickness was measured at various levels from the alveolar crest along the long
axis of the to-be-extracted first premolars. The association between cortical bone thickness and rate of tooth movement was analyzed.
Statistically significant associations were found between rate of tooth movement and cortical bone thickness at levels 2 mm, 5 mm, and
8 mm, apical to the alveolar crest in both the right and left maxillary quadrants (p< 0.05). Statistically significant associations were
found between rate of tooth movement and cortical bone thickness at levels 5 mm and 8 mm apical to the alveolar crest in both
mandibular quadrants (p< 0.05). Increased cortical bone thicknesswas associatedwith decreased rate of toothmovement. There was no
statistically significant association between rate of tooth movement and cortical bone thickness 2 mm apical to the alveolar crest of the
to-be-extracted first premolars in the mandibular left nor right quadrants (p> 0.05).
Summary Results suggest an inverse relationship may exist between cortical bone thickness and rate of tooth movement in both
the maxilla and mandible. Cortical bone thickness may have the potential to serve as a predictive tool for rate of orthodontic tooth
movement.
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Background

Traditional orthodontic records for patients include clinical
photographs, study models, and radiographs. In the past, lat-
eral cephalograms and panorex radiographs provided the
mainstay of understanding orthodontic diagnosis, treatment
planning, treatment progress, and clinical success. Routine

clinical records are now replaced by 3D surface imaging
[1–3] and study models [4, 5•,6]. In the modern age, or-
thodontic radiographs are replaced by 3D radiographs
[7–10]. One such technology is the advancements in fast
acquisition time and low radiation cone beam computed
tomography devices. Improvements in CBCT techniques
allow dental professionals to more accurately assess ana-
tomical variations between patients, create better diagno-
sis and treatment outcomes [11,12••]. One such area of
evaluation is the dental alveolus in which the teeth are
housed [13]. Craniometric and 3D imaging studies have
proven differences in cortical bone widths exist between
individuals [14–17] and also evaluated treatment effects
of structures surrounding the teeth [18,19•].

Much research has focused on the metabolic coordination of
the alveolar bone as the teeth move in the arch. Yet, no studies
have attempted to link the varying morphology of cortical bone
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to rate of orthodontic tooth movement. Upon mechanical stim-
ulus, blood flow alterations to the supporting tooth structures
initiate electrical and chemical cascades involving pro-
inflammatory cytokines such as interleukin-1 (IL-1), IL-6, IL-
8, tumor necrosis factor-α (TNF-α), interferon-γwhich in turn
RANKL and OPG levels to control the bone remodeling pro-
cess [20]. Previous studies have analyzed the levels of OPG
and RANKL in the gingival crevicular fluid in orthodontic
patients undergoing canine distalization [4]. Numerous addi-
tional studies have analyzed the roles of cytokines, prostaglan-
dins, vitamin D3, PTH, and relaxin during orthodontic tooth
movement [21,22]. All these mediators affect the bone density
and structures around the teeth.

In the series of patients described in this paper, the same
clinician provided each patient with the same orthodontic
treatment. Yet, a large variability in rate of extraction site
space closure was noted. A literature search was performed
to determine if previous studies have analyzed the relationship
between thickness of bone and rate of orthodontic tooth move-
ment. After failing to find literature examining this relation-
ship, the null hypothesis that cortical bone thickness plays no
role in determining rate of orthodontic tooth movement was
made.

The aim of this study was to determine if a relationship
between CBCT-measured alveolar cortical bone thickness
and rate of orthodontic extraction site space closure exists.
Such an understanding may allow more precise treatment
plans and durations to be developed for patients and may
prove to be especially useful for patients whose treatment
necessitates premolar extractions. To date, no study has
attempted to quantify this information.

Materials and Methods

This study took place at a dental university and the protocol
received approval from the Institutional Review Board (IRB)
#WRIB 1142185 at the university prior to study commencement.

All patients provided consent to participate in the study as
part of a larger study of orthodontic treatment. Twenty-three
patients involved in this studymet the following requirements:
permanent dentition, initial class I malocclusion with irregu-
larity score of > 2 mm in either arch [23], and CBCT image
acquisition was part of the clinical records for diagnosis and
treatment planning of the type of orthodontic treatment. In this
cohort of patients, all patients that had first premolar extrac-
tions to alleviate crowding were included. Exclusion criteria
for this study included the following: any medical or dental
condition that, in the opinion of the investigator, could nega-
tively affect study results, currently utilizing an investigational
drug or device, planning to relocate or move during the trial
period, utilizing bisphosphonates, and pregnancy.

Clinical Procedures

Prior to and within 1 week of first premolar extraction,
each patient received a CBCT image utilizing the Kodak
9500 CBCT (Carestream Dental LLC, Atlanta, GA, USA)
machine. CBCT scans of each patient were obtained with
a voxel resolution of 0.3 mm and a field of view of 18 ×
25 cm. Sophisticated algorithms were utilized to recon-
struct data from the series of two-dimensional projections
into coronal, axial, and sagittal plane x-ray projections.
The resulting 599 slices were saved to a Dicom file with
“.dcm” file extension.

All twenty-three patients received first premolar extrac-
tions to alleviate crowding. Traditional orthodontic wires
and brackets were utilized on all patients. Following first pre-
molar extractions, the leveling and aligning stage of treatment
culminated with Little’s Index of Irregularity (LII) < 1 mm.
Measurements to determine the LII were taken at the five
contact points for the mandibular and maxillary anterior teeth
between the canines on each half of the arches every 4 weeks.
The date of LII < 1 mm was recorded.

The second stage of treatment involved the closure of the
first premolar extraction sites. Space closure was done with
active “tie-backs” (a rubber elastomeric module attached to a
metal ligature) over large extraction spaces. When the space
remaining was 1 mm or less, space closure was done with an
elastic power chain attached to each tooth. The date of initia-
tion of the extraction site closure phase of treatment was re-
corded and the mesiodistal distance from the mesial-most con-
tour of the mesial contact of the second premolar and the
distal-most contour of the distal contact of the canine was
measured and recorded in millimeters as initial extraction site
size via use of a digital electronic caliper (Orthopli Corp,
Philadelphia, PA) with an accuracy of 0.01 mm. This initia-
tion of the extraction site closure phase of treatment was des-
ignated “appointment zero.” Outcome assessments were
scheduled on a regular basis every 2 weeks until orthodontic
therapy was complete.

At each appointment throughout the extraction site clo-
sure phase of treatment, the mesiodistal size of the first
premolar extraction site in each of the four quadrants was
measured and recorded in millimeters by one designated
calibrated operator utilizing the same digital electronic
caliper and techniques previously mentioned. The same
designated calibrated operator took all clinical measure-
ments for this study. Occlusal-view clinical photographs
were obtained during each appointment. Figure 1 portrays
maxillary occlusal photographs of a patient at appoint-
ment zero (Fig. 1a) and at the end of the premolar extrac-
tion site closure phase of treatment (Fig. 1b). Utilizing the
time and space measurements recorded at each appoint-
ment, the average rate of extraction site closure in each
quadrant was determined in millimeters per week.
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Image Analysis

The CBCT images were retrospectively analyzed. Images
were analyzed by a separate investigator than the investi-
gator making clinical measurements. Upon conclusion of
the patient’s treatment, mid-mesiodistal slices of the to-
be-extracted teeth were extrapolated as follows. The sag-
ittal slice was utilized to identify the mid-mesiodistal lo-
cus of interest on the to-be-extracted first premolar. This
slice was oriented in a manner such that the vertical ref-
erence line was oriented parallel to the long axis of the to-
be-extracted premolar. The transverse slice was utilized to
ensure the reference line bisected the to-be-extracted first
premolar. The transverse slice was oriented in a manner
such that the vertical reference line was oriented parallel
to the buccal and lingual cortical plates lying immediately
adjacent to the to-be-extracted premolars. Via the coronal
slice, final measurements were made. The alveolar crest
and levels 2 mm, 5 mm, and 8 mm apical to the alveolar
crest were identified and marked (Fig. 2). At each marked
level, buccolingual dimensions of the facial and lingual
cortical plates were measured perpendicular to the outer
cortical surface to the junction of the cortical and cancel-
lous bones [13]. Radiographic measurements were made
by the single operator after 3 weeks of training alongside
trial measurements on thirty images. Measurements were
recorded in an Excel file (Microsoft, Redmond, Wash).
Figure 3 portrays a sample measurement of facial and
lingual cortical bone at a level 5 mm apical to the alveolar
crest of the mandibular to-be-extracted first premolar. The
total cortical bone thickness at each level along the long
axis of the to-be-extracted premolars was calculated.

Statistical Analysis

Demographics, total cortical bone widths, initial first pre-
molar extraction site sizes, and rates of extraction site
closure were summarized using descriptive statistics with
mean ± standard deviation (SD) for continuous variables,
frequency, and percentage for categorical variables. The
normality assumption for the outcome (rate of premolar
extraction site closure) was verified by the Shapiro-Wilk
test. Linear regression was used to assess associations
between total cortical bone at each of the aforementioned
levels and rate of premolar extraction site closure with a
covariate adjustment in the linear regression analysis for
age. Post hoc power analysis was performed to determine
the observed power of our results (Fig. 4).

Intra-examiner reliability for the measurement of the
palatal cortical bone thickness and facial cortical bone
thickness for maxilla and lingual cortical bone thickness
and facial cortical bone thickness for the mandible were
assessed using an intra-class correlation coefficient
(ICC) in a random sample of five sites in six randomly
selected patients. A total of thirty measurements in
twenty different images were re-measured. The ICC for
intra-rater agreement was estimated for the two sets of
measurement taken at least 1 week apart. An ICC score
of 0.75 or higher was considered as an acceptable reli-
ability for our quality control criterion. The intra-class
correlation coefficients were between 0.85 and 0.96 for
each of the measured values. To assess intra-examiner
reliability of the calibrated examiner, duplicate sets of
six pairs of plaster models were randomly selected.
Over a period of 6 weeks, the examiner measured the

a bFig. 1 a A representative case at
the initiation of the first premolar
extraction site closure phase of
treatment (appointment zero). bA
representative case at the end of
the first premolar extraction site
closure phase of treatment.
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size of the premolar extraction sites in each of the four
quadrants on each of the six duplicate casts using the
aforementioned digital electronic caliper. Reliability of
measurements was assessed via calculation of intra-
class correlation. Results yielded a strong reliability of
measurements with ICC greater than 0.95. A p value of
< 0.05 was considered statistically significant in two-
tailed statistical tests. All analyses were conducted using
SAS 9.4 software (SAS Institute, Cary, NC).

Results

This study was composed of eighteen females and five males.
The ages of our cohort at the initiation of treatment ranged
from 12 to 37 years with a mean age of 19.46 years. Of the
twenty-three patients, thirteen were between the ages of
twelve and seventeen, six were between the ages of eighteen
and twenty-seven, and four were between the ages of twenty-
eight and thirty-seven. Table 1 highlights the demographic
characteristics of our cohort.

a bFig. 2 Determination of levels
2 mm, 5 mm, and 8 mm apical to
the alveolar crest of the desired
first premolar in the coronal view.
a, b Facial and lingual cortical
bone width measurements at each
level along the long axis of the
mandibular (a) and maxillary (b)
premolar

Fig. 3 Measurement of facial and lingual cortical bone thickness at a
level 5 mm apical to the alveolar crest of the first premolar. Mesiodistal
and bucco-lingual/palatal measurements of the to-be-extracted premolar

Fig. 4 Facial and lingual cortical bone widths approximately halfway
between the future extraction site and the tooth immediately distal
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Descriptive statistics pertaining to the average rates of pre-
molar extractions site closure (AR), duration of the first pre-
molar extraction site closure phase of treatment (SC), as well
as mesiodistal size of the first premolar extraction site (ES) at
appointment zero in each of the four quadrants are presented
in Table 2.

Descriptive statistics for total cortical bone width (TC) at
levels 2 mm, 5 mm, and 8 mm apical to the alveolar crest for
each quadrant are reported in Table 3. Statistically significant
associations were found between average rate of premolar
extraction site closure and total cortical bone width at levels
2 mm, 5 mm, and 8 mm, apical to the alveolar crest in both the

right and left maxillary quadrants (p < 0.05). Statistically sig-
nificant associations were found between average rate of pre-
molar extraction site closure and total cortical bone width at
levels 5 mm and 8 mm apical to the alveolar crest in both
mandibular quadrants (p < 0.05). At these aforementioned
sites, an increase in bone width was associated with a slower
rate of tooth movement.

There was no statistically significant association between
average rate of premolar extraction site closure and total cor-
tical bone width at a level 2 mm apical to the alveolar crest of
the to-be-extracted premolars in neither the mandibular left
nor right quadrants (p > 0.05). Post hoc power analysis
portrayed the two-tailed t tests were all powered at least 80%
to detect the significant slopes of total cortical bone width
(TC), based on the type I error α = 0.05 and standard devia-
tions. The effect size and corresponding power are presented
in Table 4 alongside linear regression results.

Discussion

Few studies to date have tried to quantify the relationship of
bone morphology and rates of the tooth [21,24]. Most studies
quantified bone thickness around anterior teeth and the move-
ment of teeth rather than rates of tooth movment [25,26].
Some suggests the importance of the amounts of bone and
tooth movement [27]. In this study, we found the average rates
of premolar extraction site closure were not statistically sig-
nificantly different in the right versus left quadrants (p > 0.05)
nor were mean total cortical bone widths significantly differ-
ent in the right versus left quadrants (p > 0.05) for correspond-
ing structures. In comparison, average rates of premolar ex-
traction site closure were greater in the maxillary quadrants
versus mandibular quadrants (Table 2). Such results are con-
sistent with the findings of mean cortical bone thickness in the
maxilla being less than that of the mandible (Table 3).
Previous studies have confirmed this variation in cortical bone
width in the mandible versus the maxilla [28].

Statistically significant associations were found between
total cortical bone width and rate of extraction site closure at
levels 2 mm, 5 mm, and 8 mm apical to the alveolar crest of
the to-be-extracted premolars in both the right and left maxil-
lary quadrants as well as levels 5 mm and 8 mm apical to the
alveolar crest of the to-be-extracted premolars in both

Table 2 Descriptive statistics pertaining to extraction site
measurements

Independent variable Mandible Maxilla

Mean STD Range Mean STD Range

2 mm MD (mm) 3.95 0.62 2.9–5.9 3.17 0.20 2.9–3.7

BL/P (mm) 6.71 0.57 5.6–7.8 7.95 0.82 6.3–9.4

FC (mm) 0.53 0.21 0.25–1.1 0.98 0.39 0.5–2.2

LC (mm) 1.66 0.64 0.9–3.9 1.01 0.29 0.5–1.6

DFC (mm) 1.25 0.31 0.53–1.9 1.09 0.19 0.7–1.6

DLC (mm) 1.67 0.77 0.9–4.7 1.06 0.22 0.7–1.6

5 mm MD (mm) 3.48 0.56 2.4–4.6 2.61 0.34 1.9–3.5

BL/P (mm) 6.01 0.70 4.8–7.7 7.28 1.04 5.5–10.2

FC (mm) 0.83 0.43 0.25–1.7 0.86 0.31 0.5–1.5

LC (mm) 2.42 0.63 1.2–4.5 1.38 0.35 0.8–2.1

DFC (mm) 1.42 0.33 1.0–2.0 1.01 0.33 0.7–2.0

DLC (mm) 2.28 0.68 1.3–4.0 1.23 0.26 0.9–1.9

8 mm MD (mm) 2.85 0.63 1.9–4.1 2.21 0.32 1.5–2.9

BL/P (mm) 4.85 1.04 2.7–6.6 6.57 1.52 4.1–10.4

FC (mm) 1.19 0.60 0.25–2.4 0.71 0.27 0.5–1.4

LC (mm) 2.39 0.53 1.5–3.7 1.51 0.46 0.9–2.9

DFC (mm) 1.64 0.41 0.8–2.3 0.98 0.20 0.7–1.4

DLC (mm) 2.33 0.51 1.5–3.2 1.32 0.30 0.8–1.9

Apex MD (mm) - - - - - -

BL/P (mm) - - - - - -

FC (mm) 1.70 0.54 0.25–2.6 1.13 0.42 0.5–2.1

LC (mm) 2.32 0.54 0.9–3.3 1.34 0.34 0.9–2.4

DFC (mm) 1.94 0.43 0.9–2.7 1.16 0.41 0.7–2.1

DLC (mm) 2.10 0.46 0.9–2.9 1.30 0.38 0.5–2.1

Table 3 Descriptive statistics pertaining to treatment times

Dependent variable Mandible Maxilla

Mean STD Range Mean STD Range

GC (days) 266.6 127.9 69–526 312.0 162.1 35–595

TT (days) 425.0 129.5 161–712 465.9 174.6 161–712

Table 1 Descriptive statistics pertaining to patient demographics

Number Gender (%female) Age (years)

Mean SD Range

24 78 19.46 8.05 12–37
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mandibular quadrants (Table 4). Such results, as shown in this
study, suggest the potential for an association between a pa-
tient’s cortical bone thickness and the rate of bodily tooth
movement during orthodontic therapy.

As forces are applied to brackets attached to the crowns of
the teeth adjacent to the extraction site, moments are generated
as the applied force vector is occlusal and buccal to the center
of rotation of the tooth. Such a moment results in alternating
tipping and rotation of the tooth being mobilized. The extent
of tipping and rotation will depend on the size of the space
needing to be closed as well as the ability of the clinician to
successfully apply a counteracting moment to the moment
generated by the force vector. Previous studies have shown
the highest level of resistance to bodily tooth movement dur-
ing orthodontic alignment occurs near one-third to one-half
the distance from the alveolar crest to the apex of the tooth.
This region of resistance correlates with the center of resis-
tance of the majority of teeth. Such outcomes correlate with
our study’s findings of cortical bone thickness 5 mm and

8 mm apical to the alveolar crest of the tooth correlating with
rate of gap closure in all four quadrants.

There were limitations to this study. The sample size did
not allow ameaningful statistical analysis of the bone turnover
rate versus cortical bone thickness for between the ages. This
was attributed the range of ages presented. The study mea-
sured only the cortical bone thickness as this was the most
accurately reproducible measurement and the study was not
able to determine if the extraction sites were damaged.
Trabecular bone was less identifiable as it was dark and may
include artifacts. Finally, the measurement site was the pre-
molar region which has bone morphology that differs from
other parts of the jaw. An example of which is the anterior
zone of the alveolar bone.

A future direction for this line of research lies in analyzing
the correlation between cortical and trabecular bone density and
rate of tooth movement. Modern cone beam computed tomog-
raphy devices allow the estimation of bone mineral density via
the use of Hounsfield units (HU) [29]. In such an analysis, bone
mineral density in HUs is represented as the relative density of
the specimen in question to a calibrated gray-scale designed
from HU values of air (− 1000 HU), water (0 HU) and dense
bone (+ 1000 HU) [29]. The most debated topic regarding the
use of HUs is the non-uniformity of values amongst different
machines [29]. The purpose of this study is to assess the asso-
ciation between cortical bone thickness and rate of gap closure
in a reproducible manner such that future studies can further
such a correlation. For that reason, Hounsfield units were not
utilized to assess bonemineral density. As technology advances
and more accurate means of measuring such a parameter be-
come available, the analysis between bone mineral density and
rate of tooth movement can begin.

Conclusion

The following conclusions may be inferred from this study;

& Thicker cortical bone at levels 5 mm and 8 mm apical to
the alveolar crest of the mandibular premolar region was
associated with a decreased rate of premolar extraction site
closure in the right and left mandibular quadrants.

& Thicker cortical bone at levels 2 mm, 5 mm, and 8 mm
apical to the alveolar crest of the maxillary premolar region
was associated with a decreased rate of premolar extraction
site closure in the right and left maxillary quadrants.

Such results suggest an inverse relationship exists between
thickness of cortical bone and the rate of extraction site closure
in both the maxilla and the mandible. Cortical bone thickness
has the potential to serve as a predictive tool for rate of ortho-
dontic space closure and may be especially useful in ortho-
dontic patients receiving dental extractions.

Table 4 Linear regression models predicting treatment times is divided
into four models relating independent parameters of interest to gap
closure times and total treatment times in each respective arch

Independent
variable

Mandible Maxilla

GC model TT model GC model TT model

2 mm MD (days) + 71.30 + 76.56 − 39.03 − 77.50
BL/P (days) − 20.48 + 09.69 − 03.32 − 00.41
FC (days) + 91.81 + 126.9 + 21.27 + 22.97

LC (days) + 39.17 + 51.33 + 149.6 + 165.1

DFC (days) + 83.95 + 119.1 + 13.90 − 31.71
DLC (days) − 25.14 − 14.40 + 06.07 + 74.47

5 mm MD (days) + 41.53 + 61.77 + 63.17 + 86.40

BL/P (days) − 17.50 + 06.49 − 02.59 + 05.13

FC (days) + 15.60 + 19.77 + 60.44 + 36.36

LC (days) − 29.822 − 20.95 + 200.3* + 231.6**

DFC (days) + 86.03 + 97.78 + 105.1 + 78.09

DLC (days) − 07.22 + 06.17 + 181.3 + 196.8

8 mm MD (days) + 30.17 + 41.57 + 49.32 + 19.39

BL/P (days) + 14.85 + 21.92 + 07.31 + 17.54

FC (days) + 04.82 − 04.14 + 87.63 + 17.19

LC (days) − 04.38 + 21.11 + 120.2 + 148.7

DFC (days) + 98.25 + 115.0 + 159.6 + 192.8

DLC (days) − 29.38 − 32.15 + 98.46 + 165.2

Apex MD (days) -- -- -- --

BL/P (days) -- -- -- --

FC (days) − 23.34 − 29.87 + 101.0 + 71.40

LC (days) + 41.53 + 43.74 + 07.13 + 34.99

DFC (days) + 49.78 + 62.97 + 245.3*** + 260.2****

DLC (days) − 12.08 − 18.53 + 116.1 + 150.7

*p = 0.039, **p = 0.026, ***p = 0.019, ****p = 0.021
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