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Effects of the cone-beam computed tomography protocol on the accuracy and image quality
of root surface area measurements: An in vitro study
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ABSTRACT

Purpose: The objective of this study was to evaluate and compare the accuracy and image quality of root surface area
(RSA) measurements obtained with various cone-beam computed tomography (CBCT) protocols, relative to the gold
standard of micro-computed tomography (CT), in an in vitro setting.

Materials and Methods: Four dry human skulls were scanned using 8 different protocols, with voxel sizes of 0.15
mm, 0.3 mm, and 0.4 mm. Three-dimensional models of the selected teeth were constructed using CBCT and micro-
CT protocols, and the RSA was automatically measured by the image-processing software. The absolute difference
in the percentage of the RSA (%ARSA) was calculated and compared across the 8 CBCT protocols using repeated-
measures analysis of variance. Finally, image quality scores of the RSA measurements were computed and reported in
terms of percent distribution.

Results: No significant differences were observed in the %ARSA across the 8 protocols (P>>0.05). The deviation in
%ARSA ranged from 1.51% to 4.30%, with an increase corresponding to voxel size. As the voxel size increased, the
image quality deteriorated. This decline in quality was particularly noticeable at the apical level of the root, where the
distribution of poorer scores was most concentrated.

Conclusion: Relative to CBCT protocols with voxel sizes of 0.15 mm and 0.3 mm, the protocols with a voxel size of 0.4
mm demonstrated inferior image quality at the apical levels. In spite of this, no significant discrepancies were observed
in RSA measurements across the different CBCT protocols. (Imaging Sci Dent 2023; 53: 325-33)
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Introduction

The root surface area (RSA), which is the area of the den-
tal root that contacts the alveolar bone, is crucial in deter-
mining the appropriate force magnitude and anchorage value
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for tooth movement during orthodontic treatment. Various
methods have been proposed for measuring RSA. Cone-
beam computed tomography (CBCT) imaging provides
valuable insights into tooth structure and has been ac-
knowledged as a suitable method for measuring RSA in
both extracted and non-extracted teeth." At present, CBCT
is extensively utilized in dental practice to assess the hard
tissue of craniofacial structures.

One of the most pressing considerations in this area is
the optimization of the CBCT radiation dose. A variety of
CBCT scanning parameters, including field of view (FOV),
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voxel size, tube voltage, and tube current, influence the
effective dose.*” The values of these CBCT scanning para-
meters should be tailored to each patient’s situation and
treatment plan. The aim is to adhere to the “as low as reason-
ably achievable™ and “as low as diagnostically acceptable”
principles, utilizing the minimum amount of radiation neces-
sary to achieve adequate image quality.®

CBCT imaging has been employed for measurement in
numerous studies, but the outcomes of both linear and volu-
metric measurements derived from CBCT images remain a
subject of debate. A study measuring porcine tooth and root
length indicated that, irrespective of voxel size (Which was
tested at 0.2 mm, 0.3 mm, and 0.4 mm), no significant differ-
ence was found between direct measurement using digital
calipers and CBCT measurement.’ However, in vitro studies
that examined volumetric tooth measurement using varying
voxel sizes have reported both underestimation and over-
estimation of tooth volume with increasing voxel size ¥1°

While the impact of voxel size on linear and volumetric
tooth measurements has been explored, no research has yet
been published on the effect of voxel size on RSA measure-
ments. Furthermore, no specific CBCT protocol has been
proposed for this type of measurement.'” Consequently,
the objective of this study was to compare and assess the
influence of various CBCT protocols on the accuracy and
image quality of RSA measurements.

Materials and Methods

This cross-sectional in vitro study was granted an exemp-
tion by the Research Ethics Committee (No. 7614/2020,
exempted on 16/12/2020). A power analysis indicated that a
minimum sample size of 32 teeth was necessary to achieve
an o level of 0.05 and the desired power of 80%. This anal-
ysis was conducted using G¥Power (version 3.1.9.6; Uni-
versity of Kiel, Kiel, Germany).

The present study involved maxillary and mandibular
CBCT scans of 4 human skulls, 2 male and 2 female, as well
as the micro-computed tomography (CT) scans of perma-
nent teeth extracted from these skulls. The dry skulls were
sourced from the Department of Anatomy and Forensic Os-
teology Research Center at the Faculty of Medicine, Chiang
Mai University. From each skull, specific permanent teeth
were extracted, including the right maxillary central inci-
sors, canine, second premolar, and first molar, along with
the left mandibular central incisors, canine, second premo-
lar, and first molar. The total sample comprised 32 teeth (8
per skull).

The study incorporated dry human skulls from partici-
pants aged between 18 and 65 years, all of whom exhibited
complete tooth eruption and root formation for all perma-
nent teeth, apart from the third molar. The exclusion criteria
included variation in tooth morphology, the presence of root
resorptions and periapical pathology as revealed on CBCT
images, the presence of dental restoration, and damage to
the tooth or root incurred during extraction.

Each dry human skull was placed in a transparent acrylic
container to simulate soft-tissue attenuation and was posi-
tioned on a specially designed platform that replicated the
patient’s positioning for each scanner. The container’s posi-
tion was additionally adjusted in accordance with the refer-
ence line of the unit. Eight scanning protocols, each with
varying voxel sizes and FOVs appropriate for this study,
were chosen from the 4 devices: 1) NewTom Giano HR
(QR s.rl., Verona, Italy), 2) Carestream Dental CS 9600
(Carestream Dental LLC, Atlanta, GA, USA), 3) DentiScan
(NSTDA, Bangkok, Thailand), and 4) MobiiScan (NSTDA).
The specific scanning parameters for each scanner are de-
tailed in Table 1.

The selected teeth were carefully extracted using extrac-
tion forceps. All samples were stored in a dry container and
delivered to the Research Promotion and Development unit

Table 1. Scanning parameters of cone-beam computed tomography (CBCT) protocols

Protocol . Voxel Eield of Sganning Tube Tube Scan

size (mm) view (cm) time (s) current (mA) voltage (kVp) mode
NewTom Giano HR 0.15 10X 8 26.4 4 90 Pulsed
NewTom Giano HR 03 10x8 144 4 90 Pulsed
Carestream Dental CS 9600 0.15 16 X 10 20 4 100 Pulsed
Carestream Dental CS 9600 03 16 %10 12 3 100 Pulsed
Carestream Dental CS 9600 0.3 16x10 12 2 91 Pulsed
DentiScan 04 16X 13 18 6 90 Pulsed
MobiiScan 03 16.5%12 12 8 90 Pulsed
MobiiScan 04 22X 18.8 12 8 90 Pulsed
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Fig. 1. A. Identification of tooth morphology on 2-dimensional images of each slice orientation and construction of a 3-dimensional tooth
model. B. Identification of the cemento-enamel junction and automatic calculation of the root surface area using 3-Matic Research v. 7.01.

at the Faculty of Dentistry, Prince of Songkla University.
The samples were then scanned with a pCT 35 scanner
(SCANCO Medical, Wangen-Briittisellen, Switzerland),
which served as the gold standard reference. The parameters
for micro-CT scanning were set at 70 kVp, 114 pA, and a
voxel size of 18.5 um.

CBCT and micro-CT images were converted from Digital
Imaging and Communications in Medicine (DICOM) for-
mat to stereolithography (STL) format using Mimics Res-
earch 15.01 simulation software (Materialise, Leuven, Bel-
gium) in accordance with previously described methods 2u
The resulting 3-dimensional tooth model was saved in STL

format before being imported into the 3-Matic Research
7.01 software (Materialise). The cemento-enamel junction
(CEJ) was manually identified, and the RSA was automat-
ically measured using 3-Matic Research software (Fig. 1).
The operator performed the segmentation process twice,
with at least a week between procedures.

The quality of images derived from all CBCT protocols
was subjectively assessed for all CBCT images. This assess-
ment was conducted by 3 observers, each with experience
and published work in the use of Mimics software for tooth
segmentation. The observers examined CBCT images pre-
sented as screenshots of axial slices. The distance from the
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Fig. 2. Axial slice sections of the right maxillary first molar at the middle level using 8 different protocols. A. NewTom Giano HR, 0.15
mm. B. NewTom Giano HR, 0.3 mm. C. Carestream Dental CS 9600, 0.15 mm. D. Carestream Dental CS 9600, 0.3 mm. E. Carestream
Dental CS 9600, 0.3 mm low-dose mode. F. DentiScan, 0.4 mm. G. MobiiScan, 0.3 mm. H. MobiiScan, 0.4 mm.

CE]J to the root apex was measured, after which the root was
equally divided into 3 levels: coronal, middle, and apical.
The slices from each level that offered the best visualization
of the periodontal ligament space and root structure were
selected for use. The observers were permitted to adjust the
brightness and contrast settings. The images were displayed
on a 15.6-inch ASUS Zenbook 15 (UX533) laptop monitor
(ASUSTek Inc, Taipei, Taiwan), set to a screen resolution
of 1920 X 1080 pixels. No limit was placed on observation
time. The observers evaluated all images twice, with a min-
imum interval of 1 week between evaluations, and were
blinded to the protocol used.

Image quality was evaluated based on the observer’s abil-
ity to distinguish the dental root from the surrounding
structures at 3 levels - coronal, middle, and apical - of the
axial section (Fig. 2). The images were assessed using a
5-point rating scale. A score of 1 indicated “excellent” qual-
ity, with the entire root outline clearly identifiable. A score
of 2 was considered “good,” with 75% of the root outline
discernible. A score of 3 was deemed ‘“acceptable,” with
50% of the root outline identifiable. A score of 4 was “bad,”
meaning that only 25% of the root outline could be veri-
fied. Finally, a score of 5 was “very bad,” indicating that
less than 25% of the root outline could be verified. A rating
of “excellent” signified that the image provided a com-
plete visualization of the root surface, enabling the entire
surface to be differentiated from the surrounding structures,
such as the periodontal ligament space and bone.

Statistical analysis was performed using SPSS for Win-
dows (version 25.0; IBM Corp, Armonk, NY, USA). Mea-

surement reliability was assessed using the intraclass cor-
relation coefficient to quantify the intraobserver and inter-
observer agreement. The absolute difference in the percent-
age of the RSA (%ARSA) was calculated using the formula
% ARSA =[(RSAuct—RSAcsct)/RSAuct] X100. The
%ARSA values were then compared across CBCT recon-
struction methods using repeated-measures ANOVA, with
P-values of less than 0.05 considered to indicate statistical
significance.

The overall image quality score, which indicated the obser-
ver’s ability to inspect and distinguish the dental root from
surrounding structures in a representative skull, was pre-
sented as a percentage distribution across the 8 protocols.

Results

The intraexaminer reliability test, conducted for the RSA
measurements, demonstrated a high intraclass correlation
(r=0.998), indicating a high degree of reliability in the
measurements. Regarding image quality, the intraobserver
reliability test exhibited a high intraclass correlation (r =
0.898), while the interobserver reliability test displayed a
good interclass correlation (r =0.829). Both of those results
suggest good reliability in the image quality measurements.

RSA measurements

The Shapiro-Wilk test confirmed the normality of the
RSAs, while the Levene test affirmed the equality of vari-
ances for the RSAs (P>0.05). The absolute difference in
the percentage of the RSA (%ARSA) was validated using
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Fig. 3. Heat map of the absolute difference in the percentage of the root surface area (RSA) across the 8 protocols. The absolute difference
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Table 2. Means and standard deviations of the absolute difference in the percentage of the root surface area across tooth types and cone-
beam computed tomography protocols (by ANOVA)

CS03

NTO.15 low dose

Tooth type NTO0.3 CS0.15 CS03 DS0.4 MS 0.3 MS 04 P-value

142+095 2.39+0.69 286+1.37 248+1.70 2.70+£243 6.70£2.97 284%1.79
123+£097 161126 236+1.38 205+2.73 187+£2.18 439+£2.89 129+0.96
141£107 091£0.62 281*+1.12 294+3.03 3.15+£205 292+2.17 1.21+0.19
164142 253+264 3.11%x1.13 270£1.60 345+x1.61 341+£295 203+2.52
136190 3.60+2.64 204%+0.76 148+0.77 386+242 561+x294 3.08%+193
Mandibular left canine 167149 203+187 147+0.68 3.19+108 152+1.17 491+£578 2.64+1.07
Mandibular left second premolar 2.33+1.80 151+141 236+143 341%£252 206+146 454+4.17 331+233
101+0.63 126%+1.18 139+0.89 2.58+1.09 3.18+098 191+£1.29 141+0.82

1.87+0.48 0.111
147+1.06 0.359
2.72+1.52 0.382
1.98+1.67 0.655
13.59+1523 024
345+1.50 0419
320+1.68 0.553
1.01+1.09 0.157

Maxillary right central incisor
Maxillary right canine
Maxillary right second premolar
Maxillary right first molar
Mandibular left central incisor

Mandibular left first molar

NT: NewTom Giano HR, CS: Carestream Dental CS 9600, DS: DentiScan, MS: MobiiScan

the Mauchly test of sphericity (P>0.05). The means and
standard deviations of the %9ARSA for each CBCT protocol
are presented in Table 2. Repeated-measures analysis of
variance revealed no significant differences in the %ARSA
across the 8 protocols (P >0.05).

The RSA measurements derived from CBCT images exhi-
bited deviations ranging from 1.51% to 4.30% when com-
pared to the measurements based on micro-CT, a discre-
pancy that was amplified with increasing voxel size. These
findings were visually represented using a heat map (Fig. 3).

Subjective image quality assessment

The image quality score, as determined by 3 observers
evaluating images from the 8 CBCT protocols, was presen-
ted as a percentage distribution (Fig. 4). The images gener-
ated with a smaller voxel size were assessed to have super-
ior image quality. The lowest image quality assessment
score was attributed to the images produced with DentiScan,

using a voxel size of 0.4 mm; these were rated “acceptable.”
The highest image quality across all tooth types was obser-
ved in images from the Carestream Dental CS 9600, utiliz-
ing a voxel size of 0.15 mm, which received an “excellent”
rating.

Fig. 5 illustrates the percentage distribution of image qual-
ity scores across 3 root levels: coronal, middle, and apical.
The apical level exhibited a greater distribution of scores
deemed acceptable, bad, and very bad, followed sequential-
ly by the middle and coronal levels.

Discussion

CBCT machines are programmed with a variety of default
settings. In a clinical environment, the selection of an acqui-
sition protocol primarily depends on the area of interest and
the desired quality. The quality of the image and the process
of tooth segmentation are influenced by several variables,
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including CBCT parameter settings, patient-related factors,
and operator-related factors.'>" To control these factors as
much as possible, the present study was conducted in vitro
by a single examiner. The aim was to compare and evaluate
the impact of different CBCT system factors on RSA mea-
surement. Eight protocols were employed, primarily based
on the selection of FOV and voxel size for each CBCT
device. For this study, a large FOV that covered both the
maxillary and mandibular teeth was chosen, and voxel sizes
ranging from 0.15 to 0.4 mm were used. The type of detector,
exposure time, tube voltage, tube current, rotational angle,
and scan mode are all pre-set in each scanner and could not
be adjusted in the chosen protocols. This study was primar-
ily focused on voxel size and FOV, as these are the para-
meters most commonly adjusted in clinical situations.

The RSA refers to the portion of the dental root that con-
tacts the surrounding periodontal tissue and bone. It plays
a crucial role in determining the appropriate magnitude of
force and anchorage values during the orthodontic move-
ment of a tooth. Schwartz posits that orthodontic forces
exceeding 20-26 g/cm” could potentially inflict damage on
the periodontal tissue, leading to root resorption.14 The vari-
ability in RSA among patients is considered a key factor
in orthodontic treatment planning.11 Essentially, a tooth with
a larger RSA offers better anchorage and requires a greater
amount of force to induce tooth movement.' If the optimal
force level could be determined prior to orthodontic treat-
ment, orthodontic appliances would operate more efficiently,
thereby minimizing the risk of root resorption. Moreover,

the RSA is important in providing prognoses for periodon-
tally compromised teeth and in determining the load-bearing
capacity of abutment teeth during prosthesis planning.ls'17
Micro-CT has been extensively utilized for the evaluation
of tooth structure.'® Furthermore, several in vitro studies
have highlighted the use of micro-CT for measuring RSA,
citing its high accuracy and precision in tooth measure-
ment.'** However, this method necessitates tooth extrac-
tion, involves an extended scan duration, and generates large
volumes of data that require a high-speed computer for
processing.

Currently, Mimics is broadly acknowledged as the pri-
mary simulation software for utilizing segmentation and
image analysis algorithms to obtain precise measurements
and calculations of RSA from CBCT data.>”''*'** Another
method for measuring RSA involves the use of algorithms
developed with MATLAB (MathWorks Inc, Natick, MA,
USA).! Essentially, the thresholding of a CBCT image is
dependent on the density of the object. The density of bone
structure is uniform, whereas the density of a tooth varies
from the crown to the root apex. Furthermore, the con-
trast between the root and the surrounding structure varies
across individuals and depends on the tooth’s position along
the jaw. A previous in vivo study indicated that predefined
thresholding cannot be used to fully separate the teeth due
to the similar densities of the tooth and surrounding bone,
necessitating manual intervention. This technique can be
termed semi-automatic segmentation.” Importantly, insuffi-
cient or excessive segmentation may result in overestima-
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tion or underestimation of tooth contour, potentially lead-
ing to the miscalculation of the RSA. During the thresh-
olding process, the present results indicated that a constant
threshold value cannot be universally applied to all CBCT
images obtained from different protocols. Consequently,
manual and semi-automatic procedures were employed in
this study, beginning with the establishment of appropriate

individual thresholding and concluding with the identifica-
tion of the CEJ on the tooth model.

In this study, the findings revealed no significant dispar-
ity in the %ARSA derived from all CBCT protocols, indica-
ting accuracy in RSA measurement. Nevertheless, the devi-
ation from the micro-CT value varied between 1.51% and
4.30%, and this deviation increased with the voxel size.

— 331 —



Effects of the cone-beam computed tomography protocol on the accuracy and image quality of root surface area measurements...

Voxel size is a defining factor of the spatial resolution of
CBCT images. Certain CBCT units allow users to modify
the resolution by choosing an appropriate voxel size.
Although a smaller voxel size improves image resolution, it
also requires a longer exposure duration, thereby increasing
the radiation dose. Consequently, the optimal voxel size
should be determined based on the specific purpose of the
imaging.*** In particular, the voxel size should be suffi-
ciently small to obtain satisfactory data in the area of inter-
est. Typically, the width of the periodontal ligament varies
from 0.15 to 0.38 mm; consequently, the voxel sizes selected
for this study ranged from 0.15 to 0.4 mm.”® Most studies of
CBCT and RSA measurements have utilized a small voxel
size."!" However, a specific protocol for RSA measure-
ment has not yet been established.

Although the present findings did not reveal a statistical
difference in the %ARSA across protocols, the % ARSA de-
viation fluctuated between 1.51% and 4.30%. The greatest
deviation of the %ARSA was observed in protocols involv-
ing a voxel size of 0.4 mm. This can be attributed to the
fact that a larger voxel size leads to a reduced image reso-
lution and produces more surface-surrounding artifacts.””*
Regardless of voxel size, the smallest deviation in the
%ARSA was detected in the protocols from the NewTom
Giano HR device. This minimal error could have been influ-
enced by a smaller FOV.

The secondary objective of this study was to evaluate and
compare the image quality scores derived from the 8 CBCT
protocols. Proper image quality is crucial not only for ensur-
ing superior diagnostic capability, but also for reducing the
radiation dose in accordance with the “as low as reasonably
achievable” principle. In this study, particular attention
was paid to the root level, with the poorest score observed
for the root’s apical region. Furthermore, 80% of the poor
and extremely poor scores at this level were predominantly
associated with the use of a 0.4 mm voxel size. This obser-
vation aligns with the findings of Sang et al., who reported
challenges in distinguishing between the root apex and the
surrounding bone due to the low contrast-to-noise ratio in
CBCT.”

The present findings suggest that voxel sizes between
0.15 mm and 0.4 mm are optimal for RSA measurements.
While the 0.15 mm voxels yielded the smallest deviation in
%ARSA, aligning with the best image quality score, they
also required a higher radiation dose and increased the risk
of patient motion artifacts due to the extended scanning
time. Larger voxel sizes of 0.3 and 0.4 mm, although result-
ing in lower image quality, were still suitable for RSA mea-
surements, with the %ARSA deviation ranging from 1.98%

to 4.30%. However, the use of 0.3- and 0.4-mm voxel sizes
may reduce the CBCT image quality, particularly at the api-
cal levels of the tooth. Regardless of voxel size, choosing
a narrower FOV could enhance both the accuracy and image
quality of the RSA measurement. The insights from this
study offer valuable contributions to future research and
provide guidelines for the clinical application of CBCT in
RSA measurements when indicated.

In conclusion, the 8 CBCT protocols used in this study
exhibited optimal accuracy and image quality for RSA mea-
surement. Although the CBCT protocols with large voxel
size (0.4 mm) showed poorer image quality at the apical
tooth levels for RSA measurement compared with smaller
voxel sizes of 0.15 and 0.3 mm, no significant difference
was observed in RSA measurement across CBCT protocols.
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