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Structured Abstract

Objectives — To evaluate root surface changes and resorption following
toothborne rapid maxillary expansion (RME) using cone beam computed
tomography (CBCT).

Setting and Sample Population — The Department of Orthodontics at
The University of Texas Health Science Center. Twenty-four consecutively
treated patients (mean age: 12.8 years) requiring maxillary expansion.
Material and Methods — An observational cohort included 48 CBCT
images collected prior to (T1) and 4.8 months after (T2) RME from the study
sample. Maxillary (study group) and mandibular (control group) first molars
(n = 48) and first premolars (n = 48) were segmented and digitally regis-
tered using a ‘best-fit" algorithm. Linear surface and volumetric changes
between the study and control groups were compared using independent
sample ttests. Additionally, individual root length measurements were com-
pared between the T1 and T2 images in each group using paired t-tests.
Results — All study teeth had significant changes for the evaluation of
maximum linear surface area and volumetric changes as compared to
control teeth (p < 0.05). On average, premolars and molars in the study
group experienced a root shortening of 0.36-0.52 mm (p < 0.05). Color-
coded diagrams demonstrated thinning and resorption occurring primar-
ily at the apex and buccal aspects of the roots. Severity of these changes
was individual-specific, as root resorption patterns were non-uniform.
Conclusion — Significant volume loss, linear surface area changes, and
thinning/shortening of maxillary first molar and premolar roots were com-
mon findings with the use of toothborne RME therapy.

Key words: maxillary expansion; root resorption; three-dimensional
imaging
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Introduction

Root resorption is an undesirable complication
of orthodontic treatment as orthodontic forces
trigger this clinical problem (1-3). Respectively,
2 and 5% of adolescents and adults develop root
resorption of 5 mm or more in at least one tooth
during their active treatment (4-6). However, the
incidence of resorption among orthodontically
treated individuals differs between studies
because of the variability and potential short-
comings of the evaluation techniques. A striking
cone beam computed tomography (CBCT) inves-
tigation on 152 patients subjects with Class I
malocclusion revealed that practically, all partic-
ipants and up to 91% of all teeth showed some
degree of root shortening upon the completion
of orthodontic treatment (7).

Dental tipping is the most widely seen ortho-
dontic movement and before the teeth can be
moved in the desired fashion, some degree of
dental tipping inevitably occurs (8, 9). In addi-
tion to the orthodontic force applications, ortho-
pedic forces used to correct a transversally
deficient maxilla also cause significant buccal
tipping of the posterior teeth (10-14). Studies
show that heavy buccally directed forces pro-
duce significantly more resorption than light
forces (15-17). As toothborne rapid maxillary
expansion (RME) therapy relies on the transmis-
sion of heavy forces to the maxilla by the anchor
teeth, root resorption of these teeth is a well-
documented finding in histologic investigations
(18-21). However, it is shown that the quantita-
tive value of root resorption in these studies
might be questionable as root resorption craters
may be missed due to their small size and/or
irregular shape (22). Traditionally, root resorp-
tion is studied on anchor premolar teeth that are
extracted upon the completion of RME therapy
as part of the individual’s treatment plan. High
variability of root morphology and curved anat-
omy of the premolars are other confounding
factors that may further complicate the interpre-
tation of conventional histologic investigations
of root resorption (22, 23).

It is suggested that patients at risk of severe
apical root resorption can be identified accord-
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ing to the amount of resorption during the initial
phases of the treatment using conventional two-
dimensional (2-D) radiography adjusted for pro-
jection errors (6). Regardless of the projection
geometry, conventional radiographs are not
good means of quantitative evaluation and dem-
onstration of the actual root resorption pattern
(22, 24). Scientific studies that compare the use
of 2-D radiographs to three-dimensional (3-D)
evaluations agree that root resorption following
orthodontic treatment is underestimated when
evaluated with conventional radiography (3, 25,
26).

Cone beam computed tomography offers a
3-D evaluation of the roots free of projection
errors in vivo. In our study, we aimed to test the
hypothesis that a 3-D surface registration analy-
sis of the maxillary molars and premolars
obtained from CBCT scans would reveal changes
to the roots due to the use of RME appliances.

Materials and methods
The sample

The study sample was formed using the records
of 24 individuals (14 females, 10 males;
12.8 + 0.22 years) that required five to eight mm
of maxillary expansion as part of their compre-
hensive orthodontic treatment. All subjects had
their first molars and premolars completely
erupted at pre-treatment and had a complete set
of images taken before and at the end of the
retention period of expansion therapy. Individu-
als who had craniofacial anomalies, compliance
problems, need for surgically assisted RME, and
previous orthodontic treatment history were
excluded from the sample. Approval for the
study was granted by the Institutional Review
Board of the University of the University of
Texas Health Science at Houston (HSC-DB-13-
0248).

All of the subjects had a complete set of CBCT
images available before (T1) and 4-6 months
after (T2) toothborne RME. CBCT images were
captured with exposure parameters of 85 kVp,
4.0 mA, 8.01 s, 180 um voxel size and with vol-
ume dimensions of 8 x 8 cm (Carestream Kodak



9300; Carestream Health, Inc. Rochester, NY,
USA). The image reconstruction time was
approximately 2 min.

Each subject had a Hyrax appliance that was
supported bilaterally by two bands on each of
the maxillary first molars with extension of
expansion arms from bands anteriorly palatal to
the second and first premolars. Maxillary expan-
sion was started at the beginning of orthodontic
treatment for all the subjects, and the appliance
was activated one turn (1/4 mm/turn) per day
until the maxillary alveolar arch constriction was
overcorrected. That is, the appliances were acti-
vated until the palatal cusps of maxillary first
molars were in contact with the buccal cusps of
mandibular first molars. The average expansion
measured at the mesiolingual cusps of the
molars at the gingival level was 6.45 + 0.15 mm
for the sample. The total expansion time was
3-4 weeks with a mean of 25.8 days. Upon the
completion of active expansion, the RME appli-
ances were held in place between 4 and
6 months with an average retention period of
4.8 months. The appliances were then removed,
and T2 images were obtained.

Measurements

Density values of different tissues, that is, teeth
vs. bone, were identified in Hounsfield units
(HU) and were used to segment the maxillary
(study group) and mandibular (control group)
first molars (n = 48) and first premolars (n = 48)

Fig. 1. 3-D STL image of a maxil-
lary first molar: distal proximal
(left) and buccal views.
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using the commercial software (Anatomage, San
Jose, CA, USA). The same HU were used for the
same individual’s T1 and T2 CBCT scans. Upon
the completion of the segmentation process, the
images were converted to individual stereolithog-
raphy (STL) files (Fig. 1). Eight STL files were
generated for each CBCT scan corresponding to
the appropriate time period: right and left maxil-
lary and mandibular first molars, and right and
left maxillary and mandibular first premolars.

Based on the mean values of the percentages
of root resorption (maxillary first molar, palatal
root: 10.5%, mesiobuccal root: 13.7%, distobuc-
cal root: 10.5%) following RME reported in a pre-
vious study (23), the effect size was calculated
using a statistical program (G*Power 3.1; Hein-
rich Heine Universitat Dusseldorf Institute fur
Experimentelle Psychologie, Dusseldorf, Ger-
many). According to a priori computed sample
size analysis using the same software program, it
was estimated that to detect significant differ-
ences (p < 0.05, effect size d:0.48 and with 70%
power) between the study and control teeth, an
inclusion of 42 teeth with STL images is required
in the groups.

In our study, 48 STL images were used from
each type of tooth investigated, where right and
left teeth of the same type were pooled. Hence,
there were two types of study teeth: right and
left maxillary first molars (n = 48) and first pre-
molars (n = 48), and two types of control teeth:
right and left mandibular first molars (n = 48)
and first premolars (n = 48). The rationale
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behind pooling the left and right sides of the
same type of teeth is that expected amounts of
root resorption on the left and right sides of the
jaw are similar in both the maxilla and the man-
dible (17, 23).

Stereolithography images were used with com-
mercial software (Rapidform, Inus Technology,
Inc, Seoul, South Korea) in pairs that corre-
sponded to the evaluation phases of T1 and T2
for the same tooth. For orientation purposes, at
least five random surface points that referred to
a similar location were manually selected on the
buccal, lingual, mesial proximal, distal proximal,
and occlusal aspects of the T1 and T2 STL
images (Fig. 2a—c). The STL image pairs were
then registered with the ‘best-fit’ algorithm of
the software utilizing all points that constitute
the surface shells of the 3-D images. Following
the initial registration, fine detail overlays were
performed two times. The same procedure was
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carried out for both the study and control
groups. Once superimposed, a 3-D surface regis-
tration analysis (Fig. 2d,e) was performed. This
analysis calculated the average linear surface
change between the two 3-D images based on
data from all points of the surface shells (Fig. 3).
Additionally, maximum linear distance between
the surface shell areas of the 3-D images was
also recorded and evaluated as the maximum
linear surface change (Fig. 4).

Upon the completion of the surface registra-
tion analysis, T1 and T2 STL images were seg-
mented immediately below the cemento-enamel
junction (CEJ) to exclude the crowns. Root vol-
umes were then computed using the same soft-
ware. Additionally, each individual root length
was measured using the cusp tips on the crown
and the most apical point on the root of the 3-D
T1 and T2 STL images (Fig. 5). The same investi-
gator performed all analyses and measurements.

Fig. 2. 3-D surface registration
process of a mandibular first
molar: Orientation of the 3-D STL
images was carried out by select-
ing at least five random points on
the buccal, palatal/lingual, mesial
approximal, distal approximal, and
occlusal aspects of the T1 (A) and
T2 (B) images of the same tooth.
These points referred to a similar
location on the paired T1 and T2
images (C). The STL image pairs
were then registered, and surface
registration analysis was applied to
evaluate the average and maxi-
mum linear differences between
the two 3-D images (D). Maximum
correlation between the two
images resulted in no evident sur-
face changes between the T1 and
T2 images (E).



Fig. 3. Registered T1 (blue) and T2 (red) images of a maxil-
lary right first molar — distal proximal point map view. Linear
differences between the two 3-D images were calculated
based on the data from all points of the surface shells. The
majority of the root surface area is virtually intact despite
thinning and resorption (see the arrows) on the buccal
aspects of the roots.

Fig. 4. Registered T1 and T2 images of a maxillary right first
molar — mesial proximal color map view. Varying colors
depict the surface match between the two images: blue-
green (excellent-good match), yellow-red (reduced-poor
match). Maximum linear change on the buccal aspect of the
palatal root of the maxillary first molar is recorded as
0.35 mm over a small resorption area (a). Other arrows (b-d)
point out to similar resorption areas observed on the buccal
aspects of the apices.
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Statistical analysis

Maximum and average linear surface changes
together with root volume measurements were
compared between the study and control groups
using independent sample ¢-tests. Additionally,
the individual root length measurements were
compared between the T1 and T2 images in
each group using paired ¢-tests. Commercial
software (IBM SPSS Statistics, version 21; IBM,
Armonk, NY, USA) was used for statistical analy-
ses. Level of significance was set at p < 0.05.
Records of 10 randomly selected subjects were
re-evaluated and re-measured 4 weeks after the
initial data analysis. Error study was performed
using the Dahlberg’s formula. The within-obser-
ver repeatability was evaluated using intraclass
correlation coefficients (ICCs).

Results

The mean test-retest ICC between the first and
second evaluations was 0.91 (95% CI 0.86-0.94),
which indicated a high level of repeatability for
the measurements used in the study. Descriptive
and statistical evaluations for the variables used
in this study are presented in Tables 1-3. Opera-
tor error for linear surface changes and volumet-
ric measurements varied between 0.001 mm to
0.027 mm and 0.22 mm® to 0.98 mm?®, respec-
tively. Operator error for the individual root
length measurements did not exceed 0.1 mm.

Linear surface changes

The mean average linear surface changes for
the maxillary first molars and first premolars
(study group) were —0.13 £+ 0.025 and —0.12 +
0.032 mm, respectively, and were not signifi-
cantly different from the mandibular teeth (con-
trol group), which were 0.04-0.05 mm (p > 0.05).
The mean maximum linear surface change
for maxillary first molars and first premolars
(study group) were —0.54 £ 0.04 mm and
—0.44 £+ 0.02 mm, respectively, and significantly
greater than mandibular first molars and
first premolars (control group), which were
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Fig. 5. Root length measurements were carried out by select-
ing two points for each root: cusp tip (a) and most apical
point on the root (b). Buccal root length measurement (see
line between points a and b) of a maxillary first premolar is
recorded as 19.94 mm in this example.

0.10 + 0.009 mm and 0.10 + 0.009 mm, respec-
tively (Table 1; p < 0.05).

Volume changes
The mean volume changes in the study group

from T1 to T2 showed average decreases of
37.4 mm?® for the first molar and 12.4 mm? for

the premolar roots (Table 2). In contrast, the
control group showed minor increases in root
volume for both the molar (5.2 mm?® and the
premolar (2.7 mm?). Comparisons between the
two groups showed these differences were signif-
icant for both the molar and premolars
(p < 0.05).

Root length changes

Individual root length values from T1 to T2 for
the study group showed significant decreases
(Table 3; p < 0.05). On the average, molars and
premolars in the study group experienced a root
shortening of 0.36-0.52 mm. The greatest
changes were recorded for the palatal (0.52 mm)
and mesiobuccal (0.49 mm) roots of the first
molars. On the contrary, mandibular (control
group) molar and premolars had root length
increases of 0.07-0.11 mm, but these differences
were not significant (p > 0.05).

Discussion

Our method allowed us to study the root surface
changes and resorption to the anchor teeth fol-
lowing RME in a non-invasive fashion. The abil-
ity of evaluating these changes three-
dimensionally with both quantitative and quali-
tative measures provides us with a better appre-
ciation of these changes. Baysal et al. (23)
evaluated root resorption following maxillary
expansion through the use of CBCT and deter-
mined that there was a statistically significant

Table 1. Comparison of linear surface changes from T1 to T2 between the maxillary (study) and mandibular (control) groups

T1-T2

Tooth type Group N Mean (mm) SD p

First molar — maximum linear surface change Maxillary 48 0.54 0.043 <0.001
Mandibular 48 -0.10 0.009

First premolar — maximum linear surface change Maxillary 48 0.44 0.027 <0.001
Mandibular 48 -0.10 0.009

First molar — average linear surface change Maxillary 48 0.13 0.025 0.155
Mandibular 48 —0.04 0.007

First premolar — average linear surface change Maxillary 48 0.12 0.032 0.732
Mandibular 48 —0.05 0.009
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Table 2. Comparison of volumetric (nm®) changes between the maxillary (study) and mandibular (control) groups

Group N T1-T2 Mean (mm?) SD Jo)
Molar roots Maxillary 48 37.4 18.4 <0.001
Mandibular 48 -5.2 16.3
Premolar roots Maxillary 48 12.4 11.3 <0.001
Mandibular 48 —2.7 8.82

Table 3. Individual root length measurements before and
after expansion therapy in maxillary (study) and mandibular
(control) groups

N Mean (mm) SD P

Maxillary molar mesiobuccal

T1 48 19.6 0.9 <0.001
T2 48 19.2 0.9

Maxillary molar distobuccal

T1 48 19.4 0.8 <0.001
T2 48 19.0 0.8

Maxillary molar palatal

T1 48 20.7 0.8 <0.001
T2 48 20.2 0.9

Maxillary premolar buccal

T1 48 21.1 0.7 <0.001
T2 48 20.7 0.6

Maxillary premolar palatal

T1 48 19.9 1.0 <0.001
T2 48 19.5 0.9

Mandibular molar mesial

T 48 20.5 0.7 0.112
T2 48 20.7 0.6

Mandibular molar distal

T1 48 20.2 0.4 0.058
T2 48 20.3 0.3

Mandibular premolar

T1 48 21.8 0.4 0.143
T2 48 21.9 0.4

difference in root volumes between the pre-
expansion and post-expansion periods. However,
their study only analyzed the maxillary teeth,
which are directly exposed to forces generated
by the expansion appliances. In the present
study, we were able to use the mandibular teeth
from the same sample group that were subjected

to maxillary expansion as localized controls to
enhance our findings and to add to the existing
information in the literature.

According to our findings, significant volume
decreases were detected for the maxillary teeth.
This was in agreement with the findings of
recent investigations (23, 27). Although, the
mandibular teeth had slight increases in their
volumes, these changes were very small and not
significant. This may theoretically be explained
by the continuous cementum formation due to
changes in the occlusion. However, there is no
certain comparison as the opposing maxillary
teeth are also affected by heavy forces generated
through the RME appliances. The changes in the
control group may also be overestimated by the
operator error. Similarly, mandibular teeth had
slight increases for the root length measure-
ments. Upon analyzing each individual root
length, all the maxillary molars and premolars
experienced significant decreases, while the
mandibular teeth experienced non-significant
changes.

In a study by Castro et al. (28) that examined
frequency of apical root resorption due to ortho-
dontic therapy, the most significant amount of
resorption in the posterior teeth occurred on the
distal roots of the maxillary first molars. Our
results showed slightly more resorption occur-
ring on the palatal root, and this could be a
result of differential forces generated by RME.
RME appliances deliver a much greater buccal
force to the teeth than traditional orthodontic
appliances. In cases where the sutural opening
is limited and/or complicated by other cranial
structures, alveolar bending and buccal tipping
of the teeth occur at a variable rate (29, 30).
Therefore, increased tendency for resorption of
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the palatal root of maxillary first molars in the
current study may be linked to the buccal tip-
ping of the teeth and consequent compression
of PDL against the palatal bone adjacent to this
root tip.

One of the unique aspects of the current study
was the evaluation of the root surface area
changes through a three-dimensional registra-
tion analysis. According to our findings, maxi-
mum linear surface change difference between
the study and the control groups was 0.5—
0.6 mm (p < 0.05). However, when looking at
the mean linear changes at all points of the
surface area, no significant differences were
recorded between the two groups of teeth. This
was due to the non-uniform character and small
size of the resorption areas, which did not signif-
icantly affect the average surface changes. Addi-
tionally, the majority of the root surface area
remained virtually intact.

It is observed that following expansion ther-
apy, the roots of the maxillary first molars and
premolars will experience some structure loss
on the roots that are characterized by resorp-
tion and development of craters in common
areas such as the apices and the buccal aspects
of the roots. This is also true when a part of
the root experiences thinning/shortening as a
result of force application. In a study to investi-
gate the side effects of RME treatment, Lang-
ford (18) reported that the resorption primarily
occurs on the buccal surface of the teeth. Our
findings are in agreement with his conclusions.
Qualitative inspection of the resultant images in
the present study showed most of the changes
from T1 to T2 occurred at the apex of the max-
illary teeth and on the buccal aspects of the
roots. However, root surface area changes may
not indicate any clinical concerns as the overall
root structure remained virtually unchanged as
observed by both quantitative and qualitative
methods.

Segmentation and registration techniques used
in this study could be affected by confounding
factors such as voxel size, scatter radiation, arti-
fact, and other parameters related to the imaging
device (31). Accordingly, it could be difficult to
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determine the borders between the root surface,
cementum, and alveolar bone due to these fac-
tors. Therefore, our findings are limited by the
currently available technology. While segmenta-
tion and three-dimensional registration tech-
niques continue to improve, further studies are
required to confirm and to expand on the cur-
rent results. Additionally, a new study could be
performed to examine other types of expansion
protocols, as we were only able to examine the
effects of a toothborne expander with a single
turn/day protocol. It would also be of great
interest to study the surface changes resulting
from a rapid vs. slow maxillary expansion tech-
nique, intermittent vs. continuous force applica-
tion, and differing age groups.

Conclusions

1. Significant volume loss, linear surface area
changes, and thinning/shortening of maxillary
first molar and premolar roots were common
findings with the use of toothborne RME ther-
apy.

2. Severity of changes in root size and shape
was highly individual-specific, and root
resorption patterns were not uniform.

Clinical relevance

Resorption of the root structure is a common
undesirable side effect of orthodontic applica-
tions — particularly through the use of heavy
forces such as those generated by RME devices.
To our knowledge, this is the first study to
examine resorption and changes of the root
surface following RME application with the use
of a three-dimensional surface registration
analysis. Our results demonstrated the pattern
and nature of this clinical complication with
both quantitative and visual methods. Our find-
ings suggested avoiding the use of toothborne
RME, whenever possible, in individuals that are
deemed to have a preexisting root resorption
condition.
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