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Objectives: The purpose of this study was to clarify the effects of exposure parameters and
image-processing methods when using CBCT to detect clear and unclear mandibular
canals (MCs).
Methods: 24 dry half mandibles were divided into 2 groups with clear and unclear MCs based
on a previous CBCT study. Mandibles were scanned using a CBCT system with varying
exposure parameters (tube voltages 60 kV, 70 kV and 90 kV; and tube currents 2mA, 5mA,
10mA and 15mA) to obtain a total of 144 scans. The images were processed with different slice
thicknesses using ImageJ software (National Institutes of Health, Bethesda, MD). Five
radiologists evaluated the cross-sectional images of the first molar region to detect the MCs.
The diagnostic accuracy of varying exposure parameters and image-processing conditions was
compared with the area under the curve (Az) in receiver-operating characteristic analysis.
Results: The Az values for clear MCs were higher than those for unclear MCs (p, 0.0001).
With increasing exposure voltages and currents, Az values increased, but no significant
differences were found with high voltages and currents in clear MCs (p5 1.0000 and p5
0.9340). The Az values of serial images were higher than those of overlaid images (p,
0.0001), and those for thicker slices were higher than those for thinner slices (p, 0.0001).
Conclusions: Our findings indicate that detection of unclear MCs requires either higher
exposure parameters or processing of the images with thicker slices. To detect clear MCs,
lower exposure parameters can be used.
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Introduction

Implant surgery is a common procedure in clinical
dental practice, and different imaging methods are used
in planning.1–4 When the mandibular molar region is
the implant receptor site, it is important to accurately

establish the location of the mandibular canals (MCs) to
avoid vascular trauma or nerve damage.5

Panoramic radiography is usually the first radio-
graphic method used to evaluate the location of the
MC.6–9 However, the information it provides is only
two-dimensional and the images are distorted, often
resulting in miscalculation of the location of the MC.4,7

CBCT and CT are the most common diagnostic
cross-sectional imaging modalities used for implant
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planning,4,10,11 and both have recently been replacing
conventional panoramic radiographs.1 CBCT requires a
lower exposure dose than CT12,13 and provides ade-
quate image quality at a lower cost and with fewer
artefacts than CT. CBCT has therefore become the ideal
pre-operative assessment tool for dental implant
surgery.1,14

The MC runs from the mandibular foramen to the
mental foramen15 and appears radiographically as a
radiolucent zone lined by superior and inferior sclerotic
borders.16 However, the density and clarity of the MC
borders vary among different people and even within the
same individual, among parts on the same side.3,16–18

One report found that MCs in the first molar region were
not visible in 22.7% of cases using panoramic radiogra-
phy and in 8.2% of cases using CBCT.17 Oliviera-Santos
et al16 found that in the 47% of cases, identification of the
MC was not readily feasible on a CBCT cross-sectional
image. Conditions such as age and location exert a sig-
nificant effect on the visibility of the MC, and better
visibility of the MC is achieved in edentulous regions
than in dentate regions.18,19 These conditions could af-
fect the visibility of the MC in panoramic radiography
and CBCT images.
Exposure variables, such as tube current, tube volt-

age, size of the field of view (FOV) and full- or half-scan
modes, can be altered with some CBCT scanners to
improve image quality.1,10,20 Higher tube currents de-
crease image noise, and higher tube voltages increase
the mean energy of the X-ray beam. To a greater or
lesser extent, both of these exposure parameters in-
fluence the patient dose and image quality by increasing
or decreasing the amount and energy of photons. These
effects on dose and image quality should be properly
balanced, and the image quality should be analyzed
using an objective method.21 Image processing is
routinely performed to extract important information
that may not be seen by viewing only the axial image
set. However, various parameters including slice or
interval thickness are used in an almost completely
arbitrary manner22 without confirming whether it
improves the diagnostic image quality.
Little is known about whether exposure and image-

processing parameters influence the visibility of clear or
unclear MCs in CBCT. The aim of this study was to
investigate the influence of tube current, tube voltage
and slice thickness on the visibility of MCs with dif-
ferent radiological appearances (clear and unclear MCs)
in CBCT.

Methods and materials

Samples
The samples in this study comprised 12 dry human
mandibles (24 half mandibles) with edentulous ridges
posterior to the mental foramen, obtained from the
AnatomyMuseum of the School of Dentistry Department,
University of the Republic, Uruguay. This research was

approved by the Ethics Committee of the School of
Dentistry, expedient number 091900-000071-11.

The samples were divided into 2 groups; 16 “clear” and
8 “unclear” based on the visibility of the MC walls in
a previous CBCT study on the same samples (unpublished
data). In that study, two observers examined the samples
twice with an interval of 15 days, and the half mandibles
were rotated on the horizontal axis in the sagittal plane,
so that the MCs became horizontal in the sagittal view.
The MC walls were then observed from mesial to distal in
the cross-sectional view. At first, each observer noted
whether the cortication of the MC was clearly visible,
partially disrupted or completely disrupted, and then rated
them as “clear”, “partially clear” or “unclear”, respec-
tively. Finally, after consensus with a third specialist
from the Department of Radiology, two groups of
“clear” and “unclear” MCs were confirmed.

In the present study, the total length of the MC was
divided into three sections of equal length on each half
mandible by drawing four vertical lines with gutta-
percha from the posterior margin of the mental foramen
to the anterior margin of the mandibular foramen
(Marks 1–4). For this research, we used the images at
Mark 2 (first molar region) for observation, which is
the most common site of insertion for endosseous
implants.2,3 Each half mandible was fixed within a
container (18 cm in diameter and 7 cm in height) with
the mandibular plane parallel to the floor, ensuring it
was in an upright position (Figure 1). The containers
were filled with water to simulate soft-tissue absorption
and scatter radiation, and the height and width of the
containers were larger than the FOV used.23

Image acquisition
Images of each half mandible were acquired using
a CBCT system (CS 9300C Select; Carestream Health
Inc., Marne-la-Vallée, France). At first, each half mandi-
ble was scanned with a wire inside the MC to identify the
location of the MC. The exposure parameters were: FOV
103 5 cm (diameter3 height); voxel size 0.18mm; tube
voltage 90 kV; tube current 4mA; and exposure time 6.1 s.
The wire was then removed without moving the sample,
and the half mandibles were scanned using the same FOV
and the same exposure time, but at varying tube voltages
and currents. Scan parameters are summarized in Table 1.
We performed analysis in two steps; Step 1 using almost
equal exposure doses (90 kV/5mA, 70 kV/10mA and
60 kV/15mA) to see the effect of tube voltages and that
of slice thickness, and Step 2 using the same tube voltage
(70 kV), but different currents (2mA, 5mA, 10mA and
15mA) to see the effects of tube currents. Thus, each half
mandible was scanned 6 times, and a total of 144 scan
conditions were obtained. Neither the sensor nor the
mandibles was moved during scanning.

Sample image preparation for receiver-operating
characteristic analysis
The images of each half mandible with wire were
rotated on the horizontal axis, so that the MC became
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horizontal at Mark 2, and they were saved. These
images were designated as the gold standard. The
images of the same half mandibles without the wire
were rotated using the same rotation angle. The data
were then exported in digital imaging and communi-
cations in medicine format, with isotropic voxels of
0.18 mm and were imported for analysis with ImageJ
software (National Institutes of Health, Bethesda, MD).

From axial slices of each scan, 100 slices (18 mm) of
serial cross-sectional images were obtained at Mark 2.
Subsequently, overlaid cross-sectional images with 5
different slice thicknesses were obtained using 1, 5, 11,
15 and 21 consecutive slices (Table 2), taking the mark
as the centre. A region of interest of 8.13 8.1 mm was
cropped on each overlaid cross-sectional image to pre-
pare the images for observation. Referring to the gold
standard images (mandible with wire), we cropped the
images with and without the MC (Figure 2). In addi-
tion, the region of interest of the serial cross-sectional
images of 100 slices with and without the MC was also
cropped. Cropped images were randomly displayed on
a personal computer in a quiet room with dim lighting.
Overlaid and serial images were observed at different
times by five oral and maxillofacial radiologists with
experience in assessing images for the presence or ab-
sence of the MC. They were instructed to use a five-
point scale, from “definitely not present”5 1 to “defi-
nitely present”5 5. Observations were performed twice
at intervals of 2 weeks in the order set out below.

Step 1: Cropped images (720 overlaid and 144 serial
images) of 3 combinations of exposure parameters were
selected, which had almost equal exposure doses (90 kV/

5 mA, 70 kV/10 mA and 60 kV/15mA), using a calcu-
lated dose–area product for each combination. The
dose–area product was obtained by X-ray dose emission
information from the CS 9300 Family Safety, Regula-
tory and Technical Specifications (SM747) Ed04. These
images were prepared to see the effect of tube voltages
when comparing the overlaid images with the serial
images, and to see the effect of the number of slices in
the overlaid images.

Step 2: 4 sets of images (960 overlaid and 192 serial
images) with the same tube voltage (70 kV), but differ-
ent currents (2 mA, 5 mA, 10 mA and 15 mA) were ex-
amined to see the effects of tube current.

All variables were compared on clear and unclear
MCs of all half mandibles.

Statistical analyses
Diagnostic accuracy was compared with the area under
the curve (Az) of receiver-operating characteristic
analysis, using ROCKIT v. 1.1B (Charles E Metz,
University of Chicago, Chicago, IL). The significance of
differences in the Az values among the different imaging
protocols was analyzed by Tukey–Kramer test of all
combinations of pairs in multiple comparisons and
Mann–Whitney U-test for two samples using R Core
Team (2015) [R: A language and environment for sta-
tistical computing (R Foundation for Statistical Com-
puting, Vienna, Austria); available from: https://www.
R-project.org/] with a significance level of 5%. Intra-
observer agreement rates between the repeat observa-
tions were assessed with kappa values using three
grades: 1 or 2, 3, and 4 or 5. Values ,0.20 indicated
poor agreement, 0.21–0.40 fair agreement, 0.41–0.60

Figure 1 A half mandible immersed in water and placed on the CBCT machine.

Table 1 Scan parameters for CBCT

Scan parameter Variation
Tube voltage (kV) 60, 70, 90
Tube current (mA) 2, 5, 10, 15
Scanning time (s) 6.1
FOV (diameter and height) (cm) 103 5
Voxel size (mm) 0.18

FOV, field of view.

Table 2 Slice thickness in millimetres (mm)

Number of slices Thickness (mm)
1 0.18
5 0.90
11 1.98
15 2.70
21 3.78
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moderate agreement, 0.61–0.80 good agreement and
0.81–1.00 excellent agreement.

Results

First, we confirmed whether the intraobserver
agreement was sufficient or not. Using the same data
sets as in Step 1 and Step 2, we calculated kappa
values for this analysis. The average kappa value was
0.639, which showed that intraobserver agreement
was good.
Figure 3 shows the Az values in the serial images

(Figure 3a) and those in the overlaid images (Figure 3b)
under similar doses. Az values in the serial images at 60
kV, 70 kV and 90 kV were 0.885, 0.935 and 0.938, re-
spectively (Figure 3a), and those in the overlaid images
were 0.791, 0.851 and 0.883, respectively (Figure 3b).
Higher tube voltages led to higher Az values even under
the same doses. There were significant differences between

60 kV and 90 kV (p5 0.0330) in the serial images
(Figure 3a), and between 60 kV and 70 kV (p5 0.0012)
and between 60 kV and 90 kV (p, 0.0001) in the
overlaid images (Figure 3b).

We compared the Az values of clear and unclear MCs
in the same images used above (Figure 4a; serial images,
Figure 4b; overlaid images). The Az values of the clear
and unclear MCs were 0.965 and 0.819, respectively, in
the serial images (Figure 4a) and 0.872 and 0.787, re-
spectively, in the overlaid images (Figure 4b). There
were significant differences between the Az values in
clear and unclear MCs (p, 0.0001) in both the serial
and overlaid images.

Comparing the Az values for serial images and
overlaid images in Figures 3 and 4, we observed that
the diagnostic accuracy of the serial images was sig-
nificantly higher than that of the overlaid images
(p, 0.0001). A correlation was found between the
serial and overlaid images of each half mandible
(correlation coefficient of 0.69) (Figure 5).

Figure 2 Examples of cropping of overlaid images (1 and 21 slice thicknesses). MC, mandibular canal.

Figure 3 Receiver-operating characteristic (ROC) curves for different tube voltages (60, 70, 90 kV) under similar doses: (a) shows the area under
the curve values of the observation in serial images, (b) shows those in overlaid images.
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Figure 6 shows the effect of the slice thickness of the
overlaid images on the Az values. The Az values in the
Step 1 images increased with thicker slices on clear
(Figure 6a) and unclear MCs (Figure 6b), showing
a significant difference between 1 and 21 slices in both
(p, 0.0001). For clear MCs (Figure 6a), there were no
significant differences among the three thickest slices
(p. 0.7517). The Az values were 0.920 for the 11 slice
thickness, 0.922 for the 15 slice thickness and 0.931 for
the 21 slice thickness. For unclear MCs (Figure 6b), the
Az values were lower than those for clear MCs and, in

contrast to clear MCs, unclear MCs showed significant
differences between thicker slices (11 and 15 slices, and
11 and 21 slices) (p, 0.0423).

Figure 7 shows the influence of tube voltage on clear
and unclear MCs in the serial images acquired under the
same doses. The Az values with different tube voltages
were similar on clear MCs: 0.947 at 60 kV, 0.982 at 70 kV
and 0.976 at 90 kV (Figure 7a). There were no significant
differences in the Az values among the three voltages
(p. 0.1200), especially for high voltages between 70 kV
and 90 kV (p5 1.0000). In contrast, the Az values of
images of unclear MCs were low at 60 kV (0.759) com-
pared with 70 kV (0.849) and 90 kV (0.857) (Figure 7b).
However, there was no significant difference between the
Az values of 60 kV and 90 kV (p5 0.1000).

We compared the Az values in the Step 2 images with
different tube currents. The Az values increased when
higher currents were used (Figure 8). Images with clear
MCs (Figure 8a) recorded an Az value of 0.732 with
a current of 2mA, 0.943 with 5mA, 0.985 with 10mA
and 0.989 with 15mA. These values were much higher
than those of images with unclear MCs (Figure 8b):
0.451 with a current of 2 mA, 0.731 with 5mA, 0.866
with 10mA and 0.897 with 15mA. With high currents of
10mA and 15mA, there were no significant differences
in Az values for either clear or unclear MCs (p5 0.9340,
p5 0.65594); however, for clear MCs, the difference was
smaller than that for unclear MCs. With lower currents
of 5mA and 10mA, there was no significant difference in
Az values (p5 0.0730) for clear MCs, while there was
a significant difference (p, 0.02876) for unclear MCs.
These differences can be seen in Figure 9.

Figure 4 Receiver-operating characteristic (ROC) curves comparing the observation of clear mandibular canals (MCs) with that of unclear MCs
under same doses: (a) shows the area under the curve values in serial images and (b) shows those in overlaid images.

Figure 5 Correlation of area under the curve (Az) values between serial
and overlaid images of each half mandible. Dots represent the Az values
of receiver-operating characteristic analysis of each half mandible.
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Discussion

We evaluated the effects of exposure parameters and
slice thickness on CBCT image quality for detecting
MCs. It was verified that tube voltage, current and slice

thickness affected the visibility of clear and unclear
MCs in different ways. The first molar region (Mark 2)
was selected in this study, because (1) implant surgery is
often performed in this region,2,4,24–26 (2) panoramic
radiography and CBCT offer lower visibility in this

Figure 6 Receiver-operating characteristic (ROC) curves in overlaid images with different slice thicknesses (1, 5, 11, 15 and 21 slice thicknesses)
under the same doses: (a) shows the area under the curve values for clear mandibular canals (MCs) and (b) shows those for unclear MCs.

Figure 7 Receiver-operating characteristic (ROC) curves for different tube voltages (60 kV, 70 kV and 90 kV): (a) shows the area under the curve
values for clear mandibular canals (MCs) and (b) shows those for unclear MCs.
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region3,17–19 and (3) this region was selected as the test
region in another study27 to evaluate different tomo-
graphic techniques.

When exposures with similar doses were used, serial
images were better than overlaid images (Figures 3 and
4). There was a correlation between serial and overlaid
images (Figure 5); therefore, when serial images cannot

be obtained, we suggest using overlaid images with
thicker slices (Figure 6).

Our study showed that slice thicknesses affected the
visibility of MCs in the reconstructed images. Az values
increased significantly with slice thicknesses from
0.18 mm (1 slice) to 3.78 mm (21 slices) (p, 0.0001),
especially in unclear MCs (Figure 6). Chadwick and

Figure 8 Receiver-operating characteristic (ROC) curves for different currents (2 mA, 5 mA, 10mA and 15mA) in serial images at 70 kV: (a)
shows the area under the curve values for clear mandibular canals (MCs) and (b) shows those for unclear MCs.

Figure 9 Cropped images with and without mandibular canals (MCs) at various tube currents in combination with 70 kV with clear (top) and
unclear (bottom) MCs.
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Lam’s22 work suggested that when overlaid images are
used for diagnosis, relatively thicker slices should be
used. Ekestubbe et al28 noted that conventional spiral
tomography simplifies the identification of structures
with thin borders such as the MC, because they produce
images with 4.00-mm slice thickness and the scanning
plane is perpendicular to the MCs. Lofthag-Hansen
et al27 proposed the hypothesis that if 2-mm-thick slices
are used, the clarity of the MCs would be greater than
that for 1-mm-thick slices. These reports are consistent
with our results. Pauwels et al29 stated that image noise
can be reduced by averaging multiple consecutive slices.
Our results also showed that with thicker slices, the
image noise was reduced (Figure 2). Thus, to see MCs,
it is better to use thicker slices, especially for un-
clear MCs.
Svenson et al30 concluded that the variation in di-

agnostic accuracy depends on exposure dose, whereas
the effect of tube voltage is practically negligible. In
contrast, Pauwels et al21 used a combination of tube
currents (1–8 mA) and tube voltages (60 kV, 70 kV, 80
kV and 90 kV) and found an increase in the contrast-to-
noise ratio at the highest tube voltage (90 kV) when the
radiation dose was fixed. Another study by Pauwels
et al,31 in which bone structure was analyzed and the
same exposure dose was used, showed that the contrast-
to-noise ratio with the highest tube voltage protocol
(90 kV) was significantly different from that with lower
tube voltage settings (63 kV and 74 kV). Our study
showed that the visibility of MCs was strongly affected
by tube voltage and tube current, especially for unclear
MCs, for which the highest tube voltage (90 kV) pro-
duced the largest Az value of 0.857 (Figure 7b). These
results support the findings of Pauwels et al.31

High tube currents were needed to achieve better
image quality for detecting MCs (Figure 8). Panmekiate
et al10 acquired 160 CBCT data sets with 8 different
combinations of 4 kinds of tube voltages (60 kV, 80 kV,
100 kV and 120 kV), 2 kinds of tube currents (10 mA
and 15mA) and a scan time of 14 s. They took linear
measurements between the inner surfaces of the MC
walls and the mandibular points and found no signifi-
cant differences among all the images. In consideration
of the dose reduction, they suggested that 10 mA and
60 kV should be used. In the present study, our results

were similar to those of Panmekiate et al10 for clear
MCs, but relatively higher voltages and currents were
needed to see unclear MCs. Neves et al32 acquired images
with a scan time of 10.8 s at 60 kV, with seven different
combinations of tube currents (2mA, 4mA, 6.3mA,
8mA, 10mA, 12mA and 15mA). As in our study, they
found that the image quality increased concomitantly
with the tube current. However, they concluded that the
best low-dose protocol with good image quality was
obtained with the 10mA setting. From the results of
Figures 7 and 8, we suggest using 5mA and 70 kV for
clear MCs, and 10mA and 70 kV for unclear MCs, since
there was no significant difference between 5mA and
10mA for clear MCs (p5 0.0730) and between 10mA
and 15mA for unclear MCs (p5 0.6560) to keep the
dose as low as reasonably achievable (the so-called
ALARA principle), based on Neves et al’s study.32

In the present study, we recognized that when pre-
vious panoramic radiographs of the patients were
available, it was important to know whether MCs in
them are clear or unclear before taking and processing
CBCT images, because the most suitable dose and
image-processing method depend on this information.
Even in edentulous regions, which are reported to have
better visibility of MCs,19 we should increase the ex-
posure parameters in cases in which the MC is unclear.
Some studies16,17 suggest that if the MC is not well vi-
sualized in one technically satisfactory examination, it
would be difficult to identify the MC using other im-
aging modalities. Based on our results, we suggest that
the use of a higher tube current, higher tube voltage and
thicker slices will improve the visibility of the MC, when
it has been poorly depicted in previous examinations.

Conclusions

Serial images are better than overlaid images for
detecting MCs, and slices thicker than 1 mm should
be used for image processing when overlaid images
are used. When patients have clear MCs in previous
panoramic radiographs, lower exposure parameters
can be used to reduce the radiation dose. In contrast,
for unclear MCs, higher voltages and currents are
required.
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