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Abstract

Objectives This study aimed to investigate the effect of fracture orientation on the detection accuracy of vertical root fractures
(VRFs) in non-endodontically treated teeth using four different cone beam computed tomography (CBCT) units.

Materials and methods Thirty eight out of 148 extracted human permanent teeth were chosen randomly, and VRFs were
artificially induced to result in 20 mesiodistally and 18 buccolingually oriented root fractures. The fracture width was subse-
quently measured. All the teeth were scanned with four CBCT units. CBCT images were evaluated independently by two
observers. Area under the receiver operating characteristic curve (AUC), sensitivity, and specificity were calculated for each
observer and fracture orientation. The AUC between the two fracture orientations was compared using Z test.

Results The mean fracture width was 140 um (standard deviation 26.8 um). A statistically significant difference was found
between the mesiodistal and buccolingual VRFs for the AUC from the CBCT unit 3D Accuitomo 170 (p = 0.02). There were no
statistically significant differences between the mesiodistal and buccolingual VRFs for AUCs from the CBCT units NewTom
VGi (p=0.21), ProMax 3D Mid (p =0.23), and i-CAT FLX (p =0.21).

Conclusion Fracture orientations ofteeth with VRFs in non-endodontically treated teeth may play a role in the detection accuracy
of CBCT images, but this effect seems to be dependent on the CBCT unit used.

Clinical relevance Although for most of the CBCT units tested, the fracture orientation of VRF in non-endodontically treated teeth
seems not to play a role for the diagnosis, clinical data is needed to further assess the impact of different devices on VRF detection.

Keywords Vertical root fracture - Cone beam computed tomography - Fracture orientation - Non-endodontically treated tooth -
Diagnosis

Introduction any level of the root and extend coronally towards the cervical

margin [1]. A VRF in non-endodontically treated teeth is not
In a vertical root fracture (VRF), the complete or incomplete ~ uncommon in the Chinese population, with over 40% of the
fracture line is longitudinally oriented and may originate from  fractures occurring in non-endodontically treated teeth [2, 3].
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These may be due to a trauma related to certain diet patterns or
chewing habits such as the chewing of bones in meat [2—5],
and to the morphology such as protruding crowns and delicate
root morphologies [4]. Teeth with VRFs often lead to the
development of a deep osseous defect around the fracture site
[6], and resorption of the fractured root has also been reported
[7]. Therefore, a timely and definite diagnosis is important to
avoid progressive alveolar bone loss, which may make future
restorative procedures difficult [8].

The diagnosis of VRFs can be challenging for the lack of
specific clinical signs, symptoms, and/or radiographic features
[9]. An important aspect for the definite diagnosis includes
radiographic demonstration of a fracture line or even lines
[10]. Periapical radiography has limitations in the detection
of VRFs, especially when the fracture plane is located in a
mesiodistal direction [11—14]. This is mainly due to superim-
position of adjacent structures and the difficulty that the pri-
mary beam needs to be aligned with the fracture plane
[15-18]. In the literature, it has been stated that periapical
radiography can detect about one third of the VRFs [19].

Cone beam computed tomography (CBCT) is reported to
have higher accuracy than periapical radiography in the detec-
tion of VRFs in non-endodontically treated teeth [20, 21].
However, the detection accuracy of VRFs in non-
endodontically treated teeth using CBCT varies from study
to study [22-26]. Fracture characteristics such as the fracture
orientation of the VRF in teeth with intra-canal metal post
have been reported to play a role in the detection accuracy
using CBCT [13]. However, whether the fracture orientation
has an effect on the detection accuracy of VRFs in non-
endodontically treated teeth has not been reported yet.
Therefore, the objective of the present study is to investigate
the influence of fracture orientation in the detection accuracy
of VRFs in non-endodontically treated teeth using four differ-
ent CBCT units.

Materials and methods
Sample preparation

This study was approved by the Institutional Review Board of
Peking University School and Hospital of Stomatology
(PKUSSIRB-201838111). One-hundred and forty-eight hu-
man permanent teeth (12 anterior teeth, 125 premolars, and
11 mandibular molars) were obtained without information on
age and sex from the Department of Oral and Maxillofacial
Surgery, Peking University School and Hospital of
Stomatology. The majority of the teeth (premolars) were from
young orthodontic patients, and the remaining teeth (anterior
teeth and molars) were mainly from patients experiencing
tooth loss due to severe periodontitis. Soft tissue and calculus
on teeth were removed. Teeth with caries involving the roots,
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external root resorption, extremely curved roots, and open
apices were not included. Periapical radiographs were taken
to exclude teeth with calcified root canal(s), internal root re-
sorption, complex root canal morphologies, and endodontical-
ly treated teeth. Teeth were evaluated with a magnifying glass
(%2) to exclude root fracture. If root fractures were suspected,
a three-dimensional laser scanning microscope (VK-X100/
X200, Keyence, Japan) was used for confirmation. The teeth
were stored in normal saline except during VRF induction and
CBCT scanning.

Thirty-eight teeth were randomly chosen from the 148
teeth for VRF induction. In 18 teeth, fractures in the
buccolingual direction and in 20 teeth in the mesiodistal di-
rection were made with the following procedure. The teeth
were fixed with paraffin wax, with their longitudinal root axes
parallel to the platform of a diamond-coated wire saw machine
(STX-202AQ, MTI Corp., China). Then, the teeth were cut
into two halves with a diamond-coated wire of 0.25-mm di-
ameter (Fig. 1a). The two halves from the same tooth were
then repositioned with cyanoacrylate adhesive.

Fracture width measurement

Six out of the 38 VRF teeth were chosen randomly and
scanned with the Inveon Micro-CT (Siemens, Munich,
Germany) with an 8.89-um resolution. The scan parameters
were 80 kV, 500 1A, acquisition time 13.8 min, and a field of
view of 18.2 (trans-axial) x 27.3 (axial) mm. The fracture
width was determined on one Micro-CT cross-sectional image
in the midpoint of each third of the fractured roots (Fig. 1b).
The maximum width obtained from the three cross-sectional
images was recorded as the width of fracture.

CBCT image acquisition

Dry human mandibles were borrowed from the Department of
Human Anatomy and Histology and Embryology, Peking
University Health Science Center. All teeth were coded and
allocated randomly into one of 7 dry human mandibles (Fig.
1c). Each mandible was used twice, which equals to 14 man-
dibles in total. According to the sockets available, each man-
dible contained 7 to 14 teeth, including both VRF teeth and
control teeth, and the number of VRF teeth in each mandible
was randomized. In each mandible, teeth were fitted into a
relatively suitable socket by one investigator, who was not
involved in the image evaluation. The gap between the root
and socket wall was filled with paraffin wax to simulate the
radiographic aspect of the periodontal ligament space and to
keep the teeth stable. The mandibles were then placed into a
cylindrical 20-mm-thick water phantom to simulate soft tis-
sues [27]. The water phantom was placed on the chinrest plat-
form or chair of each CBCT unit, with the occlusion plane
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Fig. 1 Sample preparation. a Vertical root fracture induction. b Fracture width measurement on an axial micro-CT image. ¢ One of the 7 dry human
mandibles with 13 teeth (including teeth both with and without vertical root fractures) placed inside the sockets

parallel to the horizontal plane and the mandible in the center
of the scanned field of view.

The CBCT units used were NewTom VGi (Quantitative
Radiology, Verona, Italy), ProMax 3D Mid (Planmeca Oy,
Helsinki, Finland), 3D Accuitomo 170 (J Morita Mfg.,
Corp., Kyoto, Japan), and i-CAT FLX (Imaging Sciences
International Inc., Hatfield, PA). The exposure parameters
used for each CBCT unit are presented in Table 1. After image
acquisition, all images were reconstructed with the dedicated
software from each CBCT unit. The thickness of the axial
images from all CBCT units was the smallest thickness avail-
able for each CBCT, which is 0.15 mm for the ProMax 3D
Mid and 0.125 mm for the other three CBCT units. These
were all kept for the following observations. A total of 78
CBCT datasets were created, including 25 for both NewTom
VGi and 3D Accuitomo 170, and 14 for both ProMax 3D Mid
and i-CAT FLX. The reason why the number of datasets from
the NewTom VGi and 3D Accuitomo 170 were 25 rather than
14 is because of the relatively small field of view used for the
scan. Thus, only one side of the mandible was scanned each
time except for two mandibles.

CBCT image evaluation
Two oral and maxillofacial radiology residents with at least

3 years of experience in CBCT image interpretation evaluated
all radiographs separately. Observers were blinded to the

status of the teeth. However, they were aware of the fact that
certain teeth were without root fractures. Prior to the actual
assessment, the observers were calibrated by providing and
training them with typical radiographic features of VRFs.
The CBCT data from teeth used for calibration were not in-
cluded in the later evaluation. Also, the observers were re-
quired to view the axial, coronal, and sagittal tomographic
slices using the proprietary software of each CBCT unit. All
78 CBCT datasets were numbered from 1 to 78. To avoid
viewing fatigue, the images were randomly divided into 4
groups and at each time only one group of images was
assessed irrespective of the CBCT used.

The observers classified the presence of VRF by using
a 5-point scale as follows: (1) definitely absent, (2) prob-
ably absent, (3) unsure, (4) probably present, and (5) def-
initely present. All images were displayed on a 14-in.
ThinkPad T450 monitor (Lenovo, Beijing, China) in a
quiet room under dimmed ambient light. The brightness,
contrast, and zoom tools were allowed to adjust. There
was no time restriction for an observation. The main ra-
diographic feature for a present VRF was defined as a
direct radiolucent line crossing the trunk of the root in
at least two consecutive sections on any of the three slices
[11]. A second evaluation was performed under the same
conditions with 20% of the randomly selected sample
teeth after 2 weeks by the two observers to assess the
intra-observer agreement.

Table 1 Exposure parameters used for each CBCT unit in the present study
FOV (diameter x height) (mm?) Voxel size (pm) Tube voltage (kVp) Tube current (mA) Scan time (s)
NewTom VGi 60 x 60 125 110 1~3.65 36
ProMax 3D Mid 80 x 80 150 90 10 15
3D Accuitomo 170 60 x 60 125 90 5 30.8
i-CAT FLX 80 x 80 125 120 5 26.9
FOV field of view
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Statistical analysis

Data analysis was conducted using the SPSS software, version
17.0 (SPSS Inc., Chicago, IL), and a significance level of 5%
was set. To determine the overall diagnostic accuracy, the
receiver operating characteristic (ROC) curve was constructed
through the MedCalc Statistical Software version 15.2.2
(MedCalc Software bvba, Ostend, Belgium; http://www.
medcalc.org; 2015). Scores from the two observers were
combined to generate a pooled ROC curve for each fracture
orientation. To calculate the sensitivity and specificity for the
two fracture orientations, the observers’ responses were
dichotomized into the presence or absence of fractures.
Scores of 1, 2, and 3 were regarded as fracture absence;
scores of 4 and 5 were considered fracture presence. The
areas under the ROC curves (AUCs) were compared between
the two fracture orientations within each CBCT unit using Z
test for two independent ROC curves. Based on the 95% con-
fidence interval, the differences between the two fracture ori-
entations for sensitivity and specificity were tested. Intra- and
inter-observer agreement was assessed for the two observers
using the weighted Cohen kappa test.

Results

The mean fracture width of the included teeth with a VRF was
140 um (standard deviation 26.8 pm), and the fracture widths

Fig. 2 Example CBCT axial images of one premolar with buccolingual
vertical root fracure (a—d) and another premolar with mesiodistal vertical
root fracture (e—h) scanned with four CBCT uints. a, e Images scanned
with NewTom VGi voxel size 125 pm, b, f images scanned with ProMax
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Table 2 Intra- and inter-observer kappa values regarding VRF detec-
tion for each of the four CBCT units

Intra-observer kappa Inter-observer kappa

NewTom VGi 0.89 0.84
ProMax 3D Mid 0.56 0.58
3D Accuitomo 170 0.77 0.76
i-CAT FLX 0.80 0.66

Kappa values: agreement was rated as “low” (< 0.41), “moderate” (0.41—
0.60), “substantial” (0.61-0.80), and “excellent” (> 0.80)

were ranging from 110 to 170 um. An example of represen-
tative axial CBCT images of teeth with VRFs from the four
different CBCT units used is shown in Fig. 2.

The intra- and inter-observer kappa values in the detection
of VRFs from the four CBCT units are shown in Table 2. The
intra- and inter-observer agreement was excellent for the
CBCT unit NewTom VGi, while for the ProMax 3D Mid
the intra- and inter-observer agreement was moderate.

The sensitivity, specificity, and AUC for the mesiodistal
and buccolingual VRFs from the four CBCT units for each
observer are presented in Table 3. Generally, there are no
statistically significant differences between the detection of
buccoligual and mesiodistal VRFs except for the CBCT im-
ages scanned with 3D Accuitomo 170. For this device, the
detection accuracy for teeth with a mesiodistal VRF is lower
than that for teeth with a buccolingual VRF. Receiver

\

3D Mid voxel size 150 pm, ¢, g images scanned with 3D Accuitomo 170
voxel size 125 um, and d, h images scanned with i-CAT FLX voxel size
125 pum. The white arrows indicate the fracture lines
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Table 3 Sensitivity, specificity,

area under the receiver operating Observer 1 Observer 2 P
characteristic curve (AUC), and P
values for the four CBCT units MD VRFs BL VRFs MD VRFs BL VRFs
tested: comparison of mesiodistal
vertical root fractures with NewTom VGi Sen 0.90 1.00 1.00 1.00
buccolingual vertical root Spe 0.96 0.96 1.00 1.00
fractures AUC 0.94 0.99 1.00 1.00 021
ProMax 3D Mid Sen 1.00 1.00 1.00 0.89
Spe 0.82 0.82 0.96 0.96
AUC 0.98 0.99 0.99 0.93 0.23
3D Accuitomo 170 Sen 0.85 1.00 0.85 1.00
Spe 091 091 0.95 0.95
AUC 0.90 0.99 0.92 0.99 0.02"
i-CAT FLX Sen 0.95 1.00 0.95 1.00
Spe 0.92 0.92 0.95 0.95
AUC 0.95 0.98 0.96 1.00 0.23

Sen sensitivity, Spe specificity, AUC area under the receiver operating characteristic curve, MD mesiodisatal, BL
buccolingual, VRF vertical root fracture

*Significant difference between the mesiodistal and buccolingual VRFs for AUC

operating characteristic curves for the mesiodistal and
buccolingual VRFs from the four included CBCT units are
shown in Fig. 3.

Discussion

Studies on the effect of fracture orientation on the detection
accuracy of VRFs using CBCT imaging have been reported
previously. However, the VRF in the teeth used in these stud-
ies had intra-canal filling materials or metal posts, which may
have had an influence on the visualization and detection of
fracture lines due to beam hardening effects [13, 28].
Therefore, it is necessary to investigate the effect of fracture
orientation in non-endodontically treated teeth. The results
from the present study demonstrate that only for CBCT data

from the 3D Accuitomo 170 device the fracture orientation
seems to have played a role in the detection accuracy of VRFs.

CBCT can capture structures three-dimensionally. This
overcomes the drawbacks such as superimposition from
two-dimensional intra-oral radiography, which is why CBCT
provides more accurate detection of VRFs than periapical ra-
diography [11, 13]. The present study found that for the
CBCT units NewTom VGi, ProMax 3D Mid, and i-CAT
FLX, the direction of the fracture line has not had an effect
on the detection of VRFs in non-endodontically treated teeth.
This is inconsistent with the result reported by Jakobson et al.
[13]. In that study, 100 human single-rooted endodontically
treated premolars with and without posts inserted into the root
canals and VRF in mesiodistal or buccolingual directions
were evaluated. The results demonstrated that especially teeth
with intra-canal metal posts produced more anatomical and
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scattering noise in the mesiodistal direction [13]. Though no
intra-canal metal posts were used in the present study, the
fracture orientation seems to influence the detection of VRFs
for the 3D Accuitomo 170 device. This finding is interesting
and unexpected. The possible reason may be due to different
device and specific image reconstruction algorithms used by
the 3D Accuitomo 170 unit for coronal and sagittal images.
Nevertheless, this is a mere hypothesis, which needs further
evidence to prove and clarify.

To avoid any possible interference from factors other than
the fracture orientation, the vertical fracture line was induced
with a reproducible and measureable method. In addition, the
number of teeth with VRFs in the mesiodistal and
buccolingual direction was nearly equal. The overall intra-
and inter-observer agreement ranges from moderate to excel-
lent, which seems to exclude any interference from the perfor-
mance of observers. A possible reason for the ProMax 3D Mid
to result in lower intra- and inter-observer agreement scores
than the other three units tested may be due to the relatively
large FOV and/or voxel size of this specific device [29].

Voxel size and fracture width both have been reported to
have an effect on the accuracy of detecting VRFs in non-
endodontically treated teeth using CBCT [29]. Therefore,
the voxel size corresponding to the highest detection accu-
racy for each CBCT unit was employed in the present study.
To avoid the interference of the voxel size, a 0.125-mm
voxel was selected for three of the four CBCT units, and a
voxel size of 0.15 mm, which is close to voxel size of
0.125 mm, was selected for the ProMax 3D Mid unit. This
difference is most likely not having any influence on the
detection accuracy of vertical root fractures [29]. In addition,
only the teeth with the same narrow fracture width were
used in present study in order to exclude any possible effect
from the fracture width.

There are several limitations in the present in vitro study.
First, the fracture width of teeth with VRFs in the present
study may be relatively wider than that of VRFs in patients,
which has been reported to vary from 30 to 100 pum [25].
Second, there was no patient movement and artifacts from
intra-canal radiopaque materials. Movement during CBCT
scanning is very common for the elderly [30, 31], who also
are reported to exhibit quite commonly vertical root factures in
non-endodontically treated teeth [2, 5]. Third, clinical symp-
toms and signs including radiographic features such as sec-
ondary bone destruction and widening of the periodontal lig-
ament space along the crack line, which could be helpful in the
detection and identification of teeth with VRFs, could not be
considered due to the in vitro design of the study. Lastly, as
information on age and gender related to the origins of the
teeth were not available, factors that result in an increase of
the mineral density due to intra-tubular sclerosis or root canal
narrowing especially in aging patients could not be assessed in
this study. As this could be a confounder for the detection of
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root fractures, this specific aspect might be worthwhile explor-
ing in future research.

Conclusion

Fracture orientations of teeth with VRF's in non-endodontically
treated teeth may have an effect on the detection accuracy using
CBCT images, but the effect of fracture orientation seems to be
dependent on the CBCT unit used.
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