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Abstract

Objective: To quantify tooth volume differences from extracted teeth when using three different three-dimensional
(3D) computed tomography (CT)-based imaging modalities.

Design: Ex vivo study.
Setting: Laboratory and clinics of the University of Alberta.

Methods: Cone-beam CT (CBCT) of 12 extracted teeth were scanned using 0.25- and 0.30-mm voxel size from CBCT
and a 0.06-mm voxel size from micro-CT (reference standard). 3D reconstructions for each tooth from each imaging
modality were made through the software ITK-SNAP®. The mean volume differences between each pair of scanning
modalities were calculated and then compared and analysed through a repeated measures ANOVA.

Results: The average overestimations of the teeth volume were 15.2% for the high-resolution CBCT and 28.1% for the
low-resolution CBCT compared to micro-CT measurements. The differences in absolute volume were 81.6 mm® and
152.8 mm?®, respectively. All differences were statistically significant (P < 0.05).

Conclusions: Orthodontists and researchers who assess root resorption through CBCT imaging should be aware
that the depicted volumes may likely be overestimating tooth volume and camouflaging real root volumetric treatment
changes.
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Introduction understanding how much RR is caused by certain ortho-
dontic devices or specific treatment approaches would also
help the clinician choose an adequate appliance for each
patient based on the individual baseline RR risk. Hence,
understanding the accuracy and reliability of imaging tools
becomes crucial.

There is a considerable amount of evidence that supports
an association between orthodontic treatment and external
root resorption (RR) (Roscoe et al., 2015). It is now known
that the large majority of orthodontically moved teeth
depict some histologically noticeable RR (Tieu et al.,
2014; Walker et al., 2013; Weltman et al., 2010). Rarely,
the RR amount is so signiﬁcant that it can lead to impor- School of Dentistry, University of Alberta, Edmonton, AB, Canada
tant long-term viability consequences (i.e. considerable Corresponding author:
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cian who provides orthodontic treatment should monitor 999 rue de Bleury, Apartment 506, Montreal, QC H2Z 0B7, Canada.
possible RR during active treatment. Quantifying and  Email: coutsier@ualberta.ca
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Figure |. Three-dimensional volumetric representation of
one of the teeth.

Traditionally, RR has been quantified by measuring root
length through two-dimensional (2D) radiographs.
However, 2D assessment of a three-dimensional (3D)
structure is destined to be incomplete and inaccurate (Forst
et al., 2014; Roscoe et al., 2015; Samandara et al., 2019;
Tieu et al., 2014). A more accurate RR diagnosis is expected
through cone-beam computed tomography (CBCT) when
compared to traditional 2D imaging. Nevertheless, CBCT
imaging is not perfect. Several issues may arise when
reconstructing 3D volumetric label maps of teeth or roots
from CBCT images (segmentation) to assess pre- and post-
treatment changes in volume. Due to these issues, the accu-
racy of the results may present large variability.

To be certain about RR quantification, comparing the
CBCT measurements to a reference standard is necessary.
Thus, the aim of the present study was to compare the tooth
volume of 12 extracted teeth imaged through CBCTs with
two different voxel sizes to a micro-CT scan (reference/gold
standard) with significantly higher resolution. Information
gathered from this study should help to improve our under-
standing of the accuracy of this technique.

Material and methods

The Research Ethics Committee of the University of
Alberta approved this study ethics (Protocol Pro00101128).
A total of 12 extracted teeth were scanned using a CBCT at
voxel sizes of 0.25 mm and 0.30 mm (360°, 26.9 s and 8.9
s, respectively, 120 kV, 5 mA; CBCT ICAT, Brea, CA,
USA), and a micro-CT scan at 0.06 mm (360°, 75 ms, 50
kV and 0.24 mA; Milabs U-CT, Utrecht, the Netherlands).
The teeth included in the study were maxillary central inci-
sors as well as maxillary and mandibular cuspids.

Reliability analysis was performed before the actual final
measurements. For that purpose, six teeth from the sample
were randomly selected using Microsoft Excel® and its ran-
domization function. The principal investigator calculated
two consecutive measurements at least one week apart of
the same six teeth for the three different techniques.

Using the same technique (described below), the 12
teeth were reconstructed three times to obtain the main data
of the study: one from the 0.25-mm voxel CBCT scan; one
from the 0.30-mm voxel CBCT; and one from the 0.06-mm
voxel micro-CT scan. The type of reconstruction performed
was an automatic segmentation with manual refinements,
and the software employed was ITK-SNAP® (Yushkevich
et al., 2006).

The first step of the segmentation consisted of recon-
structing 3D volumetric label maps of the tooth, which is
done automatically by the software. The second step was
the manual refinements of the contours of the initial auto-
matic reconstruction layer by layer. The final result of
the segmentation of one of the teeth can be observed in
Figure 1. The third step was to collect the main dependant
variable, volume, to compare the two CBCT reconstruc-
tions to the gold standard, the micro-CT scan reconstruc-
tion for each tooth.

Statistical analysis

For a repeated measures design, we estimated the minimum
sample size of 12 for a large effect size (the ratio of mean
difference to standard deviation). For sample size estima-
tion, we set the effect size at 1.20, power at 0.80 and type I
error rate at 0.05 (see Table C.2, page 720 in Portney and
Watkins (2000)).

A significance level of a=0.05 was chosen for all the
computations, and SPSS® version 21 (IBM Corp.,
Armonk, NY, USA) was employed. Regarding the reliabil-
ity analysis, interclass correlation coefficient (ICC) values
<0.5, at 0.5-0.75, at 0.75-0.9 and >0.90 indicated poor,
moderate, good and excellent reliability, respectively (Koo
and Li, 2016). The ICC model used was two-way mixed
effects, absolute agreement, single rater/measurement
(Koo and Li, 2016). Regarding the main objective of this
study, the mean volume difference between each pair of
scanning modalities was analysed through a repeated
measures ANOVA. Normality check for ANOVA was
not performed for two reasons: (1) sample size is small
(n = 12); and (2) repeated measures ANOVA is robust to
departure from normality.

Results

The resultant ICC values were 0.99 (95% confidence inter-
val [CI] = 0.95-0.99), 0.99 (95% CI = 0.96-0.99) and
0.91 (95% CI = 0.57-0.98) for the micro-CT, the 0.25 mm
CBCT and the 0.30 mm CBCT, respectively. Therefore,
this method displays an excellent reliability for the three
types of scans.

In Table 1, the estimated volume (in mm?) of the 12 teeth
is presented. From left to right, the three initial columns
show the volume on the segmentations made from the
micro-CT 0.06-mm, CBCT 0.25-mm and CBCT 0.30-mm
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Table I. Volume (in mm?) of each tooth scanned by micro-CT, CBCT at 0.25-mm and 0.30-mm voxel sizes and their comparisons
in volume difference and percentage increase.

Difference Increase Difference Increase Difference Increase
between between between between between between
CBCT 0.25 CBCT 0.25 CBCT 0.30 CBCT 0.30 CBCT 0.30 CBCT 0.30
and micro- and micro- and micro- and micro- and CBCT and CBCT
Micro-CT CcT CT (%) CcT CT (%) 0.25 0.25 (%)
| 519.5 555.6 634.1 36.1 6.9 114.6 22.1 78.5 14.1
2 579.1 652.0 716.1 729 12.6 137.0 23.7 64.1 9.8
3 3783 427.6 479.7 49.3 13.0 101.4 26.8 52.1 12.2
4 466.0 537.0 594.4 71.0 152 128.4 27.6 574 10.7
5 467.3 538.2 593.5 70.9 15.2 126.2 27.0 55.3 10.3
6 463.2 648.5 728.6 185.3 40.0 265.4 57.3 80.1 12.4
7 527.7 605.6 664.5 77.9 14.8 136.8 25.9 58.9 9.7
8 505.8 618.6 694.5 112.8 223 188.7 373 75.9 12.3
9 674.7 751.1 832.9 76.4 1.3 158.2 23.4 81.8 10.9
10 850.4 963.3 1067.0 112.9 13.3 216.6 25.5 103.7 10.8
I 554.1 594.7 657.6 40.6 7.3 103.5 18.7 62.9 10.6
12 721.0 793.7 877.9 727 10.1 156.9 21.8 84.2 10.6
Mean 558.9 640.5 711.7 8l.6 15.2 152.8 28.1 71.2 11.2

CBCT, cone-beam computed tomography; CT, computed tomography.

Table 2. Mean differences, SE and 95% Cls for all pairwise
comparisons.

Mean Difference

Comparisons of scans (SE) 95% ClI
CBCT 0.25 vs. micro-CT 816+ 117 (55.9-107.2)
CBCT 0.30 vs. micro-CT 152.8 + 14.1 (121.7-183.9)
CBCT 0.30 vs CBCT 0.25 712 + 44 (61.5-80.9)

CBCT, cone-beam computed tomography; Cl, confidence interval; CT,
computed tomography; SE, standard error.

scans. The next columns show the comparisons between
the three techniques. These comparisons are presented in
two forms. The first one is the difference between the larger
value over the lower value and the second one is the per-
centage increase from the smaller value. Consistently, the
lower the definition, the higher the portrayed volume. This
happened for every tooth and for every series of three dif-
ferent scans. In other words, the increase was always in the
same direction, from CBCT 0.30 to CBCT 0.25 to micro-
CT, which ease the computations. The average of all the
values is shown in the last row.

Mean differences, standard errors (SE) and 95% Cls
for all pairwise comparisons are reported in Table 2. The

average increases of the volume were 15.2% for the high-
resolution CBCT and 28.1% for the low-resolution CBCT
when each of them was compared to the gold standard, the
micro-CT reconstructions. Between CBCTs, the average
percentage increase when the high-resolution CBCT recon-
structions were compared to the low-resolution CBCT
reconstructions was 11.2%.

Regarding the absolute difference in volume, the aver-
age increase was 81.6 mm’ when the high-resolution CBCT
was compared to the gold standard. Regarding the low-
resolution CBCT, the yielded difference was 152.8 mm’.
Between CBCTs, the increase was 71.2 mm®.

All comparisons were statistically significantly differ-
ent, yielding a P value < 0.0001.

Discussion

Different CBCT resolution parameters are used in different
scenarios. Therefore, it is important to understand the limi-
tations of the imaging parameters when diagnosing and
assessing RR. Different ways of measuring RR have been
previously described in the literature, from volume and sur-
face reduction to shape change analysis (Ahlbrecht et al.,
2017; Puttaravuttiporn et al., 2018). The percentage of vol-
ume change is the most intuitive for clinicians and, there-
fore, the most helpful to put the results into perspective.
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Several factors affecting the images obtained by the
employed CBCT scanning may explain the consistent over-
estimation of the volume. Among them, one can identify
the voxel size, the partial volume effect, the scattered
x-rays, the field of view (FOV) and the subjectivity in the
segmentation process.

In CBCT imaging, the scanned body is reconstructed as
a 3D matrix of voxels. For each voxel, a grey value is
assigned depending on the attenuation of the material
inside. Voxel size is one of the factors that determine spe-
cial resolution in CBCT-acquired images. However, it may
also cause noise. Noise and spatial resolution are managed
as a trade-off: the factors that increase one decrease the
other. In the case of voxel size specifically, its increase
causes a reduced noise but decreases in image sharpness
and vice-versa (Pauwels et al., 2015).

The definition of the images generated by CBCT with
the voxel sizes used in our study, 0.25 and 0.30 mm, may
neither be accurate nor precise enough to detect specific
amounts of volume change. Thus, this can lead to wrong
diagnostic conclusions when used clinically. The problem
with smaller voxels, which would provide a higher resolu-
tion (Lund et al., 2012), and more accurate results, is that
longer scanning times and greater patient exposure to ionis-
ing radiation are required.

Whereas very-high- and high-resolution CBCTs are
reserved for research purposes and generally are not used in
private clinical settings, lower-resolution CBCTs are more
commonly employed in private clinical orthodontic set-
tings (Lund et al., 2012). In this study, the CBCT imaging
employed was a full FOV (16 X 13 cm) with 0.25-mm and
0.30-mm voxel sizes. These settings are intended to emu-
late the conditions in private practice. They are also ade-
quate to obtain a full FOV CBCT, a useful diagnostic and
treatment planning adjunctive tool for orthodontists.

Another plausible explanation for this consistent
increase of volumetric measurements in images generated
by CBCT is the partial-volume effect. This effect is pre-
sent at sharp edges with high contrast to neighbouring
structures. A voxel can show only one density value. If
that voxel entirely lies within a structure, it will reflect the
density of that structure. However, suppose that voxel lies
at the junction of two different structures of different den-
sity levels, i.e. enamel and air. In that case, the voxel will
reflect an average value between the densities of both
structures. This increase in the surface is challenging to
eliminate in the segmentation process, leading to an artifi-
cial increase in the resultant volume (Baumgaertel et al.,
2009; Ye et al., 2012). It seems that CBCTs with a high
spatial resolution are less affected by the partial volume
effect because their voxel sizes are smaller. Moreover, the
images become less sharp as the voxel size increases and
specific features, such as tooth fissures, are less visible on
images obtained with a CBCT of 0.30-mm voxel size or
larger (Maret et al., 2012).

Another possible source of an artificial increase in vol-
ume could be scattered x-rays. The photons diffracted from
their original path after interaction with matter can cause
scatter, affecting the density values of the tissues, leading to
larger tooth volumes (Schulze et al., 2011; Ye et al., 2012).

FOV is another factor that helps to understand the vol-
ume overestimation. The smaller the FOV, the less noise
from scatter radiation is generated (Lund et al., 2012). A
small FOV is preferred to measure RR more accurately
because of its lower scatter radiation, which produces less
noise and a higher signal-to-noise ratio. Nevertheless, it is
doubtful that small FOV CBCT, with its increased radia-
tion, will be routinely used in a clinical setting to increase
the level of certainty regarding RR. This is also the case
because a small FOV CBCT does not include all the denti-
tion. Hence, more than one small FOV CBCT would be
required. The large FOV CBCT is the one typically used in
orthodontic offices (Lund et al., 2012). This modality has
relatively lower contrast and a lower signal-to-noise ratio,
which generates challenging situations for the segmenta-
tion process (Liu et al., 2010). Even if its quality is not ideal
for all types of measurements, including RR, it seems that
CBCT voxel sizes are usually in the range of 0.30-0.40 mm
(Ahlbrecht et al., 2017). This has logical reasons such as the
need for a comprehensive orthodontic diagnostic (lateral
cephalogram and panoramic radiography) through a full
FOV at the lowest possible ionizing radiation levels.

On top of all that, there is also a certain degree of subjec-
tivity inherent to the manual parts of the segmentation pro-
cess that can consistently bias the results towards an
increase or a decrease in volume (Liu et al., 2010), which
can be verified when two researchers segment the same
tooth (Maret et al., 2012).

Finally, some limitations are noted. The use of extracted
teeth imaged ex vivo eliminates some additional factors
that affect the measurement accuracy in real-life condi-
tions. Attenuation effects provided by surrounding struc-
tures (periodontal ligament, alveolar bone, soft tissues) are
inexistent in this sample. The impact of those factors was
not assessed in this study design.

Conclusion

This project intended to quantify the differences in tooth
volume (ex vivo) using three different 3D imaging modali-
ties. A consistent artificial increase in volume ranged
between 15.2% (81.6 mm®) and 28.1% (152.8 mm®) when
CBCT segmentation was compared to the reference stand-
ard. The volume obtained from the reconstructions
increased with the voxel size. It seems that the sources of
this constant overestimation could be the voxel size, the
partial-volume effect, the scatter x-rays, the FOV size and/
or the subjectivity of the segmentation process. Even if no
scale of RR severity has reached a consensus, the CBCT
imaging, as used in this study, will probably not be able to
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detect minor, moderate, and even large amounts of RR.
Orthodontists and researchers who assess RR through a
day-to-day CBCT imagining technique should be aware of
the limitations of this technique and understand that the
volumes depicted may be overestimating and camouflaging
real root changes that may occur through treatment.
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