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Clear aligners provide a convenient model to measure orthodontic tooth movement (OTM). We examined the role of in vivo
aligner material fatigue and subject-specific factors in tooth movement. Fifteen subjects seeking orthodontic treatment at the
University of Florida were enrolled. Results were compared with data previously collected from 37 subjects enrolled in a similar
protocol. Subjects were followed prospectively for eight weeks. An upper central incisor was programmed to move 0.5 mm. every
two weeks using clear aligners. A duplicate aligner was provided for the second week of each cycle. Weekly polyvinyl siloxane (PVS)
impressions were taken, and digital models were fabricated to measure OTM. Initial and final cone beam computed tomography
(CBCT) images were obtained to characterize OTM. Results were compared to data from a similar protocol, where subjects received
a new aligner biweekly. No significant difference was found in the amount of OTM between the two groups, with mean total
OTM of 1.11 mm. (standard deviation (SD) 0.30) and 1.07 mm. (SD 0.33) for the weekly aligner and biweekly control groups,
respectively (P = 0.72). Over eight weeks, in two-week intervals, material fatigue does not play a significant role in the rate or
amount of tooth movement.

1. Introduction

Research of orthodontic tooth movement (OMT) using clear
aligners is limited. Most of the literature consists of case
reports, editorials, or articles written by authors with biases.
There have been few evidence-based attempts to describe the
type of OTM resulting from treatment with clear aligners.
Conventional thinking suggests that the movement is mostly
uncontrolled tipping, with the center of rotation located
between the center of resistance and the apex of the tooth.
The center of resistance of a single-rooted tooth has been
reported to be on the long axis of the tooth between one-
third and one-half of the root length apical to the alveolar
crest [1].

Clinical trials of aligners have examined the entire course
of treatment. Bollen et al. [2] report on the comparisons of
two types of material (hard, soft) and two activation fre-
quencies (1 week, 2 week). Fifty-one subjects were random-
ized to the four groups and evaluated for the primary end-
point: completion of initially prescribed aligner series. More

subjects completed the initial series (37% versus 21%) in
the two-week activation group, and no difference due to the
fact that material was detected. Clements et al. [3] examined
the end-of-study models of the above subjects, focusing on
weighted Peer Assessment Ratings (PAR scores), PAR com-
ponents, average incisor irregularity, and papillary bleed-
ing scores. No significant differences were observed between
the four groups. Kravitz et al. [4] reviewed results of 37
patients (401 teeth) treated with clear aligners and compared
predicted tooth movement to achieved tooth movement. The
mean accuracy over all types of movement was only 41%.
Many subjects who begin clear aligner treatment deviate
from the programmed progression of aligners and require
reevaluation, midcourse correction, and/or use of fixed
appliances to achieve treatment goals. A better understand-
ing of the mechanics of tooth movement using aligners
could lead to more appropriate selection of patients, better
sequencing of tooth movement stages, and more efficient
treatment.
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Duong and Kuo [5] compared the load deflection rates
(LDR) of 0.017× 0.017′′ stainless steel (SS) and Nickel Tita-
nium (NiTi) wires versus 0.030 mm. polyurethane material
over a 0–10% range of strain in vitro. The LDR of the
polyurethane was greater than the NiTi wire but less than
the stainless steel wire. Therefore, with a given amount of
deflection, the aligner should deliver a lower initial level of
force than the SS wire. Additional studies relating force levels
to aligners would be beneficial, including clinical studies
addressing deformation of aligners in the oral environment
over time.

A randomized and controlled clinical trial was performed
at the University of Florida in 2005, evaluating the safety, tol-
erability, and efficacy of recombinant human relaxin during
OTM using clear aligners [6]. This study found no signif-
icant difference between the treatment and control groups
concluding that the use of relaxin did not affect the rate or
amount of OTM. However, several interesting observations
were noted including the following: (1) more OTM occurred
during the first week than during the second week of aligner
wear for each two-week prescription cycle, (2) the full
prescription of the aligners was not expressed, and (3) OTM
was highly variable among individuals. These observations
have clinical implications and require further research.

Currently patients wear each aligner for two weeks,
although there is little evidence to support this. Further, the
role of in vivo aligner degradation on OTM is unknown, but
it likely results in a decrease in the magnitude of forces trans-
ferred to teeth over time. If material fatigue inhibits aligners
from fully expressing their potential or prescription, we
hypothesize that replacing each aligner after one week with
a new aligner with an identical prescription may increase
tooth movement. Patients and clinicians could benefit from
a better understanding of the impact of appliance degrada-
tion and fatigue on OTM. The purpose of this study is to test
whether total OTM over the course of 8 weeks differs, com-
paring the standard protocol of a new aligner and prescrip-
tion every two weeks (historical data) to standard protocol
plus a new aligner (same prescription) received for even
weeks. In addition, preliminary analyses will examine cor-
relation between impression-based tooth movement and
CBCT variables representing tooth morphology and bone
quality.

2. Methods

2.1. Study Design. This study was a prospective single-center
clinical trial involving subjects with minor incisor malali-
gnment, who were otherwise healthy and intended to under-
go comprehensive orthodontic treatment. The design for this
study was similar to the previous relaxin aligner study [6].
The 37 subjects who participated in the relaxin study served
as the retrospective biweekly control group. Both studies
were approved by the University of Florida Institutional
Review Board for the Protection of Human Subjects.

Sixteen subjects were enrolled and one dropped out
(moved out of area) during the screening process prior
to initiating treatment, resulting in a sample of 15 adult
subjects (6 males and 9 females) in the weekly aligner group.

Subjects were in good health, were not chronic users of
NSAIDS or steroid medications, did not smoke within the
last 6 months, were not pregnant, and had appropriate dental
characteristics (adult dentition, at least one upper maxillary
central incisor with sufficient space to allow AP movement
of 2 mm., normal pulp vitality, gingival attachment, papillary
bleeding and pocket depth, and no active caries).

The right or left maxillary central incisor was selected as
the target tooth based on this tooth not being blocked out
by the adjacent teeth. In the event that either tooth would
qualify, one was chosen at random.

During the study, subjects were provided with four max-
illary aligners, each programmed to move the target tooth
0.5 mm. every two weeks for a total programmed tooth
movement of 2.0 mm. Only bodily movement of the single
target tooth in the A-P dimension was programmed (no
intrusion, extrusion, or rotation). In addition, four duplicate
aligners were fabricated for the replacement of the delivered
aligner at the beginning of each odd-numbered week. There-
fore, new aligners were dispensed weekly. This is in con-
trast to the retrospective biweekly control group, where sub-
jects wore only four aligners, each for a period of two weeks
for a total programmed tooth movement of 2.0 mm. The
final time point for data collection, marking the end of the
study, was at week 8

All study subjects were instructed to wear the aligners full
time. However, they were allowed to remove the appliance
when eating, drinking, or brushing their teeth.

2.2. Enrollment and Study Participation. To determine sub-
ject eligibility, two screening visits were required. The pur-
pose of the initial screening visit was to identify potential
subjects with malocclusions needing minor incisor align-
ment and to eliminate those with medical conditions or
intraoral problems that were exclusionary. At the second
screening, subject’s eligibility was confirmed and initial
records were collected. The following procedures were per-
formed: (1) PVS impressions, (2) intraoral and extraoral
photographs, and (3) CBCT imaging.

At the first study visit, week 0, the first aligner was
delivered with instructions to wear full time except while
eating, drinking, and brushing. The acceptable visit win-
dow for weeks 1 through 8 was ± one day, and all 15
treatment subjects successfully satisfied this requirement.
At subsequent weekly visits maxillary PVS impressions as
well as frontal and occlusal photographs were taken and
the next aligner was delivered. At the final study visit, week
8, maxillary PVS impressions and final photographs were
taken as well as CBCT imaging of the maxilla. Note that the
biweekly control group did not undergo CBCT imaging.

2.3. Collection of Data. Weekly digital models were fabricated
from PVS impressions. Models from weeks 1 through 8 were
then superimposed with the initial model from screening
2, according to the best fit of the posterior teeth, using
Align Technology’s Tooth Measure software, version 2.3.
The centroid of the clinical crown of the target tooth was
established, and the amount of A-P and vertical OTM of the
target tooth was then measured for each time point relative
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to baseline. The A-P axis was determined by the direction
of programmed OTM in ClinCheck. Examiner 1 (an ortho-
dontic resident) measured the models of the 15 treatment
subjects, and examiner 2 (a 3rd year dental student) mea-
sured the 37 biweekly control subjects.

CBCT images were obtained at screening and in week 8.
Using Anatomage’s InVivoDental software, version 4.1, the
orientation of these images was adjusted by examiner 1 to
standardize the A-P axis with the corresponding digital mod-
els. Initial and final images were superimposed, registered on
the curvature of the palate and best fit of maxillary bony
structures. Multiple measurements were obtained and are
illustrated in Figure 1.

A fractal analysis score [7] was calculated from the CBCT
for each subject in the weekly aligner group, which was used
to determine the quality of the bone. CBCT slices through
comparable planes were obtained across all subjects. Images
were subjected to histogram equalization using a reference
image, and a region of interest (ROI) adjacent to the apex
of the target tooth was selected for use on all images. Fractal
analyses were done for each of the different ROIs using the
power spectrum method employed by the TACT workbench.
Thirty-two bit complex floating point representations of the
ROIs were cropped, and subject to 2D Fast Fourier transform
(FFT), followed by plotting the log of the magnitude versus
frequency component that was generated by the FFT. A
regression line was fit to this plot, and the slope of this line
was used to generate a fractal dimension (FD) for each of the
ROIs. The higher the FD, the higher the morphological com-
plexity at the ultrastructural level of bone. Analyses of FD
have been correlated with the strength of bone in previously
reported studies [8].

2.4. Calibration. Examiners 1 and 2 were trained to use the
Tooth Measure software on the same day, and the following
measurement protocol was agreed upon: (1) allow the
software to ignore teeth according to its “statistical filtering”
protocol, (2) always ignore teeth immediately adjacent to the
target tooth as well as the target tooth itself, and (3) instruct
Tooth Measure to superimpose the models according to the
best fit of the remaining teeth. Interexaminer reliability was
determined after separately measuring six randomly selected
subjects from the 2005 study, with eight superimpositions
per subject. Results were identical between Examiners 1 and
2.

For the CBCT data, Examiner 1 remeasured the following
variables on a different day to determine reproducibility:
distance between midpoints of incisal edges of the super-
imposed target tooth, rotation angle, tooth length, and
crown length. The intraclass classification coefficient esti-
mates (ICC) of Fliess [9, 10] was determined, using R soft-
ware (R Development Core Team, Vienna, Austria) to quant-
ify the strength of relationship between the duplicate mea-
surements. ICC values ranged from 0.90 to 0.99, which
demonstrated excellent reliability.

2.5. Statistical Considerations. The sample size was based on
the ability to detect difference in 8-week tooth movement
between the weekly aligner group and the historical biweekly
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Figure 1: Superimposed CBCT measurements. Blue is initial and
red is final. ΔU1(x) refers to the distance between lines drawn
through the midpoint of the incisal edges of the superimposed
target tooth perpendicular to the A-P axis (the plane of prescribed
tooth movement). ΔU1(s) is the length of the line connecting the
midpoint of the incisal edges of the superimposed target tooth.
ΔApex refers to the length of a line connecting the change in apex
of the superimposed target tooth. Rotation angle is the angle created
by the intersection of lines drawn from the midpoint of the incisal
edge to the apex of the target tooth. The apex of this angle is
considered the center of rotation. Tooth length refers to the distance
from the midpoint of the incisal edge to the apex of the target tooth
from the initial X-ray. Crown length is the portion of the tooth
length that is coronal to the bone. Bone to C-rot. is the section of
tooth length between the center of rotation and a line connecting
the most coronal aspect of the faciolingual crestal bone. ΔU1(o)
refers to the A-P change in the midpoint of the superimposed
incisal edge of the opposite central incisor, the one that was not the
target tooth. ΔU1(t) refers to the distance between midpoint of the
superimposed incisal edge of the contralateral central incisor, to the
midpoint of the incisal edge of the target tooth.

control group. Based on the variance estimate from the
biweekly control group and using a two-sided t-test with level
of significance 0.05, we had adequate (0.80) power to detect a
difference in mean tooth movement of 0.22 mm. Using only
the weekly aligner group, we have adequate power to detect
correlations of 0.43 or larger, between tooth movement and
the CBCT variables. (CBCT imaging was not done on the
historical controls.)

The amount of A-P OTM of the target tooth from base-
line to week 8 was assessed for the 15 weekly aligner subjects
that completed the study. Model data from the sample was
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compared with data from the biweekly control group with
a sample size of 37. The null hypothesis of no difference in
OTM from baseline to week 8 between the biweekly control
group and weekly aligner group was tested using a two-
sample t-test with a level of significance set at 0.05. Mixed
model analysis was used to test the difference between the
first week of any given two-week interval versus the second
week and differences within treatment group over the four
two-week cycles. Summary statistics were calculated for the
measures of tooth movement and morphology based on
model and CBCT assessments. Spearman correlation coef-
ficient estimates were used to assess relationships between
these variables. SAS (Version 9.1.3, SAS Institute Inc., Cary
NC) statistical software was used to conduct the analysis.

3. Results

Demographic information for the weekly aligner group is
compared with the biweekly control group in Table 1. Sub-
jects ranged from age 18 to 40 (mean age 25.1), 67% were
female, and the groups did not differ significantly with res-
pect to age, sex, or race.

Results from model measurements and comparisons
between groups and time periods are summarized in Table 2,
and a comparison of weekly mean values for the treatment
and control groups is illustrated in Figure 2. No overall
difference in OTM was detected between the groups, with
mean total OTM of 1.11 mm. (standard deviation (SD) 0.30)
and 1.07 mm. (SD 0.33) for the weekly aligner and biweekly
control groups, respectively (P = 0.72). Also, no difference
was detected in weekly OTM of the weekly aligner versus
biweekly control groups overall (P = 0.812) or between
any two-week prescription cycle for the weekly aligner and
biweekly control groups (P’s= 0.176 and 0.297). However,
4.4 times more OTM occurred during the first week than the
second week of aligner wear (P < 0.001) for the combined
groups, considering all two-week periods.

Summary statistics for age and CBCT measures and cor-
relations with the model-based measure of tooth movement
are displayed in Table 3. Measurements from superimposed
CBCT images confirmed that the target tooth experienced
uncontrolled tipping. The center of rotation, on average,
was located a distance of 41% of the root length apical to
the faciolingual crestal bone. The incisal edge of the target
tooth moved more than the centroid of the clinical crown
in all cases, with a mean of 1.56 mm. for ΔU1(x) compared
with 1.10 mm. measured from the centroid. ΔU1(s) had a
mean of 1.63 mm, compared with the mean Euclidian mean
value of 1.11 mm. measured from the centroid of the clinical
crown on the models. The apex of the target tooth moved
in the opposite direction with a mean of −0.73 mm. The
contralateral central incisor experienced a loss of anchorage
measured from the incisal edge, with a mean OTM of
−0.28 mm. Mean fractal dimension determined from the
CBCT’s of the 15 weekly aligner subjects was 1.71± SD 0.20.

Due to small sample size, we had limited power to
detect significant correlations. As expected, the model-based
measure of tooth movement was highly correlated with
the CBCT measures of movement. Correlation estimates of
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Figure 2: Cumulative tooth movement for each group by week.
Mean and standard error bars are shown and lines have been offset
for clarity.

magnitude 0.40 or greater were identified for age, tooth
length, and root length.

4. Discussion

This study replicated previous findings that the vast majority
of OTM during any 2-week aligner prescription cycle occurs
during the first week of the cycle. The target tooth in this
eight-week study did not undergo the classic cycle of tooth
movement described by Krishnan and Davidovitch [11].
This may be due to the two-week activation cycle or the
inability of the removable polyurethane aligners to produce
a continuous force. Due to incomplete expression during the
previous seven weeks, the amount of target tooth activa-
tion after delivery of the eighth aligner was in excess of
1 mm, according to model data. This likely resulted in the
tooth feeling a greater force during the last week than after
delivery of the first and second aligners, when the amount
of activation was 0.5 mm. or less. However, significantly less
OTM occurred at week 8 than week 1, and there was no
significant difference in the amount of OTM observed at
week 8 and week 2. This suggests that the discrepancy in the
amount of OTM achieved during the first and second week of
each prescription cycle cannot be explained by force magni-
tude. Our finding that the use of new duplicate aligners did
not increase the amount of OTM further supports this.

Although bodily protraction of the target tooth was
programmed, uncontrolled tipping resulted, which has clin-
ical implications. More specifically, the result will be differ-
ent from the programmed amount, and aligner tracking
and retention may be negatively affected. When clinicians
attempt to move maxillary incisors in the A-P dimension
with aligners, allowing for vertical changes of the incisal
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Table 1: Comparison of demographics of weekly aligner versus biweekly control groups.

Age N Mean SD Min Max P value

Weekly aligner 15 25.5 4.8 20.5 34.9
0.50∗

Biweekly control 37 26.66 5.12 18.56 40.48

Sex Female Male % Female

Weekly aligner 9 6 60%
0.52∗∗

Biweekly control 26 11 70%

Race White Black Asian Hispanic Pac. Island.

Weekly aligner 8 (53%) 2 (12%) 3 (20%) 1 (7%) 1 (7%)
0.08∗∗∗

Biweekly control 28 (76%) 5 (14%) 1 (3%) 3 (8%) 0
∗Wilcoxon rank sum test.
∗∗Fisher exact test.
∗∗∗White versus nonwhite Fisher exact test.

Table 2

(a) Mixed modeling comparing mean OTM per week from baseline to week 8 for weekly aligner versus biweekly control groups

Group Mean/Wk ± SD P value

Weekly alignerBiweekly control
0.14± 0.11

0.812
0.14± 0.15

(b) Mixed modeling comparing the mean magnitude of OTM per week expressed during each two-week prescription cycle

Group Interval Mean/Wk ± SD P value

Weekly aligner

Week 1-2 0.15± 0.11

0.176Week 3-4 0.10± 0.09

Week 5-6 0.15± 0.11

Week 7-8 0.16± 0.13

Biweekly control

Week 1-2 0.12± 0.11

0.297Week 3-4 0.13± 0.13

Week 5-6 0.13± 0.17

Week 7-8 0.16± 0.19

(c) Mixed modeling comparing OTM during the first week versus second week for the weekly aligner and biweekly control groups, both separately and
combined

Group Interval Mean/Wk ± SD P value

Weekly aligner
1st week 0.21± 0.09

<0.0001
2nd week 0.07± 0.08

Biweekly control
1st week 0.23± 0.13

<0.0001
2nd week 0.04± 0.11

Total
1st week 0.22± 0.12

<0.0001
2nd week 0.05± 0.10

edges may make treatment more predictable, which could
reduce the need for midcourse modifications and make treat-
ment more efficient. The amount of relative intrusion and
extrusion to program can be determined by estimating the
location of the center of rotation of the teeth (determined
from our data to be approximately 41% of the root length
apical to the faciolingual crestal bone).

According to model data, the full prescription was not
expressed in any of the 52 subjects. In fact, the mean OTM
for both groups was only 1.1 mm, or 55% of the prescription.
It is important to remember that the prescribed amount
of OTM was at least twice the maximum rate per aligner

currently prescribed for patient treatment. It is possible that
a greater percentage of the prescription will be achieved if the
maximum two-week activation was decreased to 0.25 mm. or
less instead of 0.5 mm.

The discrepancy between the amount of OTM prescribed
and that achieved may be partially explained by the method
of measurement used in this study as well as the uncontrolled
tipping that occurred. The largest amount of OTM recorded
from baseline to week 8 from model data was 1.44 mm, or
72% of the prescription. This same subject had 1.98 mm.
of OTM from baseline to week 8 when measured from
the incisal edge of the target tooth of superimposed CBCT
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Table 3: Descriptive statistics and correlations between CBCT measurements and model-based tooth movement (n = 15, weekly aligner
group).

Variable Mean SD Min Max
Spearman correlation

P value
with model tooth movement

Age 25.50 4.80 20.50 35.90 −0.46 0.08

ΔU1(x) 1.56 0.38 0.80 2.02 0.90 <0.0001

ΔU1(s) 1.63 0.40 0.80 2.09 0.86 <0.0001

ΔApex −0.73 0.26 −1.32 −0.39 −0.72 0.0023

Tooth length 24.87 2.02 21.67 30.32 −0.42 0.12

Crown length 12.27 0.74 10.84 13.27 −0.17 0.55

Root length 12.60 1.74 10.56 17.74 −0.40 0.14

Crown/root ratio 0.99 0.12 0.71 1.23 0.12 0.67

Bone to C-rot 5.14 1.25 2.89 7.70 −0.10 0.72

ΔU1(o) −0.28 0.16 −0.52 0.00 0.25 0.38

ΔU1(t) 1.85 0.36 1.08 2.40 0.70 0.0036

Fractal dimension 1.71 0.20 1.37 2.00 0.25 0.36

images. Given this information, one would not expect 100%
of the prescription at the centroid of the crown to be fulfilled
since OTM at the incisal edge was already fully achieved.

One must also consider anchorage loss of the contralat-
eral central incisor when interpreting this data. The pre-
scribed protraction of the target tooth relative to the contra-
lateral central incisor at week 8 was two mm. for each subject,
and the difference between ΔU1(o) and ΔU1(x), or ΔU1(t)
indicates that a mean of 1.85 mm. of this two mm. distance
was actually fulfilled, an average of 92.3% of the prescription.
In addition, eight of the 15 subjects showed a total OTM
greater than 1.9 mm, which indicates that OTM at the incisal
edge of these subjects was nearly fully expressed.

Correlations between model-based OTM measures and
CBCT measures were high, for assessing tooth movement
over the eight-week time period. This suggests that model-
based estimates may be used to evaluate incremental tooth
movement. A better understanding of the biological process
may be obtained if measurements that are more frequent
were obtained over the course of the two-week period.
Analysis based on von Mises strains during aligner treatment
suggest that most of the movement would occur within the
first 24 hours of placement [12]. Additional measurements
over a two-week period, midtreatment, would further quan-
tify the pattern of OTM with clear aligners.

Our eight-week movement study of a single tooth is
somewhat artificial, as teeth are programmed to move over
intermittent periods of time and not in isolation. However,
our results are comparable to the total treatment efficiency
results reported by Kravitz et al. [4]. They reported a mean
overall accuracy (compared to programmed movement) of
41%, with 48.5% obtained for the maxillary central incisor.

The measurement method explains a portion of the dis-
crepancy in model data between programmed and actual
OTM. However, tremendous variation was reported among
subjects, and several target teeth did not achieve their full
prescription at the incisal edge. Some variability between the
subjects may be explained by lack of compliance. However,
from a biologic perspective, it is likely that a subset of subjects

did not have the capacity to keep up with the prescribed
rate of OTM. According to Krishnan and Davidovitch [13],
several systemic factors can influence rates of OTM, and
some were specifically excluded from this study. Others that
were not controlled, such as sex, age, bone quality, tooth
length, and the location of the center of resistance (deter-
mined by root length, root width, and bone height) [1, 14]
are likely involved.

The result of the exploratory data analysis assessing
correlation of several biologic variables with OTM was
inconclusive due to limited sample size. Some trends were
noted, however, and future research with larger numbers of
participants will be necessary to explore these findings.

There was considerable variability of OTM in this study,
which is a problem that practicing orthodontists often
encounter. Improving the ability to identify patients who are
unlikely to respond well to treatment would be beneficial for
the profession and should be a focus of ongoing research.
Regarding OTM using clear aligners, methods of altering
treatment to compensate for patients who may not respond
as well to OTM include: (1) establishing realistic expecta-
tions, (2) spreading treatment over additional aligners, thus
decreasing the programmed rate of tooth movement, and (3)
programming overcorrection.

5. Conclusions

This single-center clinical trial examined OTM using clear
aligners. No significant difference over an 8-week time period
was found in the amount of OTM between those who wore
the same aligner for two weeks compared to those who
changed to a new duplicate aligner after one week. Therefore,
the reduction in the amount of OTM seen during the second
week of aligner wear was likely not due to material fatigue.
The method of tooth movement measurement can affect
the interpretation of results, especially when uncontrolled
tipping occurs. Other variables that could affect tooth move-
ment such as age, sex, root characteristics, and bone quality
were examined and suggest areas for future investigation.
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6. Clinical Relevance

Treatment using clear aligners is becoming increasingly com-
mon in orthodontics. A better understanding of how tooth
movement is achieved may lead to treatments that are more
efficient. We examined the potential role of material fatigue
over four two-week time periods and did not detect any
difference in tooth movement between a control group and
a group that received a new aligner of the same prescription
after one week of the two-week prescribed wear time for each
aligner. The role of uncontrolled tipping and loss of anchor-
age complicate the progression of programmed aligners.
Further evaluation of patient characteristics, such as age,
bone quality, and tooth morphometrics could aid in aligner
treatment planning.

Disclosure

Dr. T. T. Wheeler is on the Academic Advisory Board for
Align Technology.

Acknowledgments

This study was supported in part by Align Technology and
the Southern Associations of Orthodontists.

References

[1] C. J. Burstone and R. J. Pryputniewicz, “Holographic determi-
nation of centers of rotation produced by orthodontic forces,”
American Journal of Orthodontics, vol. 77, no. 4, pp. 396–409,
1980.

[2] A. M. Bollen, G. Huang, G. King, P. Hujoel, and T. Ma,
“Activation time and material stiffness of sequential removable
orthodontic appliances. Part 1: ability to complete treatment,”
American Journal of Orthodontics and Dentofacial Orthopedics,
vol. 124, no. 5, pp. 496–501, 2003.

[3] K. M. Clements, A. M. Bollen, G. Huang, G. King, P. Hujoel,
and T. Ma, “Activation time and material stiffness of sequential
removable orthodontic appliances. Part 2: dental improve-
ments,” American Journal of Orthodontics and Dentofacial
Orthopedics, vol. 124, no. 5, pp. 502–508, 2003.

[4] N. D. Kravitz, B. Kusnoto, E. BeGole, A. Obrez, and B. Agran,
“How well does Invisalign work? A prospective clinical study
evaluating the efficacy of tooth movement with Invisalign,”
American Journal of Orthodontics and Dentofacial Orthopedics,
vol. 135, no. 1, pp. 27–35, 2009.

[5] T. Duong and E. Kuo, “Finishing with invisalign,” Progress in
orthodontics., vol. 7, no. 1, pp. 44–55, 2006.

[6] S. P. McGorray, C. Dolce, S. Kramer, D. Stewart, and T. T.
Wheeler, “A randomized, placebo-controlled clinical trial on
the effects of recombinant human relaxin on tooth movement
and short-term stability,” American Journal of Orthodontics
and Dentofacial Orthopedics, vol. 141, no. 2, pp. 196–203, 2012.

[7] M. K. Nair, A. Seyedain, R. L. Webber et al., “Fractal analyses of
osseous healing using tuned aperture computed tomography
images,” European Radiology, vol. 11, no. 8, pp. 1510–1515,
2001.

[8] Y. Hua, O. Nackaerts, J. Duyck, F. Maes, and R. Jacobs, “Bone
quality assessment based on cone beam computed tomo-
graphy imaging,” Clinical Oral Implants Research, vol. 20, no.
8, pp. 767–771, 2009.

[9] J. L. Fleiss, The Design and Analysis of Clinical Experiments,
John Wiley & Sons, New York, NY, USA, 1985.

[10] J. L. Fleiss and N. W. Chilton, “The measurement of inter-
examiner agreement on periodontal disease,” Journal of Peri-
odontal Research, vol. 18, no. 6, pp. 601–606, 1983.

[11] V. Krishnan and Z. Davidovitch, “Cellular, molecular, and
tissue-level reactions to orthodontic force,” American Journal
of Orthodontics and Dentofacial Orthopedics, vol. 129, no. 4,
pp. 469.e1–469.e32, 2006.

[12] A. D. Vardimon, D. Robbins, and T. Brosh, “In-vivo von
Mises strains during Invisalign treatment,” American Journal
of Orthodontics and Dentofacial Orthopedics, vol. 138, no. 4,
pp. 399–409, 2010.

[13] V. Krishnan and Z. Davidovitch, “The effect of drugs on
orthodontic tooth movement,” Orthodontics & Craniofacial
Research, vol. 9, no. 4, pp. 163–171, 2006.

[14] C. J. Burstone, R. J. Pryputniewicz, and R. Weeks, “Centers of
resistance of the human mandibular molars,” Journal of Dental
Research, vol. 60, p. 515, 1981.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oral Oncology
Journal of

Dentistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Case Reports in 
Dentistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oral Implants
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anesthesiology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Radiology 
Research and Practice

Environmental and 
Public Health

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Dental Surgery
Journal of

Drug Delivery
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oral Diseases
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Pain
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Preventive Medicine
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Orthopedics
Advances in


