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Abstract

Objectives This study evaluated the effects of changing
the voxel size on the resolution and noise of cone-beam
computed tomography (CBCT) reconstruction images.
Methods The voxel sizes used for reconstruction were
160, 80, and 40 um using prototype software for the Ac-
cuitomo F8 (J. Morita, Kyoto, Japan). The resolution was
measured using a modulation transfer function (MTF), and
CBCT images of a I-mm-thick, 10-mm-diameter alumi-
num pipe set slightly inclined from the vertical were taken
with a field of view of 8 cm. To measure the noise, a
tomographic image of an 8-cm-diameter water phantom
was taken and reconstructed at the three voxel sizes. The
standard deviation (SD) of the noise was then determined.
Results The MTF at 2 Ip/mm was 0.05, 0.12, and 0.12 for
voxel sizes of 160, 80, and 40 pm, respectively, and the SD
of the noise was 10.0, 13.8, and 17.1% for the same
respective voxel sizes.

Conclusions The limit of resolution was determined to be
the 80-um voxel size. When the voxels were smaller, the
noise increased.
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Introduction

In 1997, Arai et al. [1] developed cone-beam computed
tomography (CBCT) for the diagnosis of impacted teeth,
apical lesions, periodontitis, root fractures, enostosis, and
temporomandibular joint disease [2-7]. The imaging area
was originally 4 cm in diameter by 3 cm in height, and
their machine was characterized by a high resolution and
low-radiation dose. The voxel size was 0.125 mm iso-
tropic because the image area was small. Images with this
system could discern the periodontal ligament space very
clearly [8], and the small radiation field of this machine
resulted in a low exposure compared to other CBCT
machines [9, 10].

Subsequently, many other types of CBCT were devel-
oped [11-15], most of which could image large areas of the
maxilla and mandible. Decreasing the noise, pixel size, or
slice thickness while the other factors remained constant
resulted in an increased patient dose [16]. In these CBCT
systems, the voxel sizes used were 0.2-0.4 mm because of
computational limitations. If the imaging area measured
8 cm in diameter by 8 cm in height, and a voxel size of
0.125 mm was applied, one would have 640 x 640 x 640
voxels. Similarly, for a voxel size of 0.080 mm, 1,000 x
1,000 x 1,000 voxels would be obtained, which made
reconstruction difficult using personal computers.

To solve this problem, the newest Accuitomo F8
(J. Morita, Kyoto, Japan) was developed with a max-
imum field of view (FOV) of 8 x 8 cm and a zoom
reconstruction function. When the raw data are
reconstructed, the function decreases the voxel size
(zoom), which enlarges the image. To use this func-
tion, the region of interest (ROI) on the image is first
chosen and then the region is reconstructed with a
smaller voxel size.
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This study evaluated the resolution and noise when the
function is applied with chosen voxel sizes of 40, 80, and
160 pm.

Materials and methods

This study used the zoom reconstruction function of pro-
totype software for the Accuitomo F8. Applying this
function changed the original voxel size of 160 pum to 80 or
40 pm (Fig. 1).

Resolution

A 1-mm-thick, 10-mm-diameter aluminum pipe was placed
slightly inclined to the vertical (Fig. 2). A CBCT image of
the pipe was taken under the following scanning condi-
tions: FOV of 8 cm, at 60 kV and 1 mA, with a focus-to-
detector distance of 710 mm, a focus-to-objective distance
of 500 mm, and exposure time of 17 s. The CBCT image
was constructed with 512 views.

On the CBCT image, an ROI 40 mm in diameter and
40 mm in height was chosen with the pipe at the center of
the image in the coronal section. Then, the zoom recon-
struction function was applied to the image and the voxel
size was changed from 160 pum to 80 or 40 um. Then, the
three resulting images of the pipe were sliced at widths of
160 pm. Consequently, when the voxel size was 40 pum,
the voxel direction in the width was four times greater,
which meant that the dimensions of a voxel were
40 x 40 x 160 pm. Similarly, when the voxel size was
80 um, the dimensions of a voxel were 80 x 80 x
160 um; and the dimensions of a voxel were 160 x
160 x 160 pm when the voxel size was 160 pum.

The line profiles were measured on the three different
images obtained using the zoom reconstruction function.
Then, the resolution was calculated via the modulation
transfer function (MTF) using the edging method [17, 18].

Changing the Voxel Size

Diameter: 4 cm
Height: 4 cm
Voxel size: 40-80 ym

Diameter: 8 cm [
Height: & cm =
Voxel size: 160 ym

Fig. 1 Changing the voxel size. The zoom reconstruction function
changed the voxel size from 160 to 80 or 40 pm
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Fig. 2 First step in measuring the MTF. An aluminum pipe was set
on the Accuitomo F8 at a slight inclination to the vertical

Noise

A tomographic image of an §-cm-diameter water phantom
was obtained and the image was reconstructed at the three
voxel sizes. Then, the standard deviation (SD) of the noise
was measured from the three images. The ROI on the
images was in the same area and position, which was
4.96 x 4.96 mm at the center of the water phantom.

Visual example

A CBCT image of a phantom of a human dry skull with
soft-tissue equivalent material (Type XX; Kyoto Kagaku,
Kyoto, Japan) was taken. The scanning conditions were
90 kV and 4 mA, and all the other CBCT settings were the
same as described above. The image of the apical root of an
upper incisor was reconstructed at the three voxel sizes.

Results

Figure 3 shows CBCT images of the edge of the aluminum
pipe taken at each voxel size. The horizontal arrows indi-
cate the main scan direction and the vertical arrows denote
the sub-scan direction [7, 8]. A graphic representation of
the result is given in Fig. 4. The line profile is indicated for
each voxel size. The line profile for 160 um was gentler
than that for 80 and 40 pm. The MTF was calculated from
the line profile (Fig. 5) at 2 Ip/mm and was 0.05, 0.12, and
0.12 at voxel sizes of 160, 80, and 40 um, respectively. For
all three voxel sizes, the MTF at 3.5 lp/mm was 0.

Figure 6 shows CBCT images of the water phantom
taken at each voxel size: the smaller the voxel size was, the
greater the noise. The SD values were 10.0, 13.8, and
17.1% at respective voxel sizes of 160, 80, and 40 pm.
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Fig. 3 The edge of the
aluminum pipe wall at each
voxel size. The pipe images
were inclined slightly. The gray
arrow indicates the main scan
and the white arrow denotes the
sub-scan used for the edge
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Fig. 4 The line profile of the aluminum pipe wall at each voxel size
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Fig. 5 The MTF at each voxel size. At 2 lp/mm, the results were
similar for the 40 and 80 pum voxel sizes, while the values for 160 pm
were lower

Visual examples are shown in Fig. 7. The authors
evaluated the images subjectively. Specifically, the peri-
odontal ligament space on the palatal side could not be
observed clearly at the 160-um voxel size, while the image
with the 40-pum voxel size had the most noise subjectively.

| Lﬁl‘ 196

' Y
490 mm-gd.
FDD, 710 mm Slice thickness, 800 pm
FOD, 500 mm

60 kV,1mA, 17 s
FOV, diameter 8 cm by height 8 cm

Fig. 6 Tomographic images of a water phantom at each voxel size.
The ROI had the same area and was in the same position. The noise
increased at smaller voxel sizes

Discussion

Before the newest Accuitomo F8 was developed, a wide
FOV required a larger voxel size due to computational
limitations, and additional problems were involved. First,
the resolution was limited. Even at the smallest voxel size,
the resolution could not be increased. This limitation
resulted from the focus size of the X-ray tube, the pixel size
of the sensor, and the precision of rotation. Second, when
the voxel size was small, the noise increased [16, 19]. In
such cases, the radiation dose must be increased to reduce
the noise, but this is impractical based on the principle of
“as low as reasonably achievable” (ALARA) [20].

With the newest Accuitomo F8, the zoom reconstruction
function improved the image resolution. On choosing an
ROI in the image, only the chosen region is reconstructed
with a smaller voxel size. Although the voxel size is small,
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Fig. 7 Human phantom images
at each voxel size. The 40-um
voxel size was noisier than the
80-pm size but had slightly
better resolution

the image reconstruction time is reduced as only a narrow
region is reconstructed, which decreases the computer load.
This is thought to be useful in the clinical setting.

The MTF can be calculated in various ways [16]. For
example, a very narrow metal wire can be used to measure
the fast Fourier transform. In this study, the smallest voxel
size was 40 pm, which meant that a metal wire 40 pm in
diameter would be required. Therefore, using wire was not
practicable. Moreover, a very narrow wire would not pro-
duce good contrast, and a high level of noise would result.
As an alternative, we used an aluminum pipe and the edge
of the pipe was used for the MTF. The wall of the alumi-
num pipe provided sufficient edge contrast for the
measurement.

The resolution was limited when the voxel size was
changed [16, 19]. In this study, the MTF in Fig. 5 shows no
improvement between voxel sizes of 40 and 80 pm.

The noise is constrained by the number of photons
within the voxel unit [16, 21]. The smaller the voxel size is,
the fewer photons there are, increasing the noise.

When the pixel size is halved, the noise is 2 x \/ 2 [16]
because when the pixel size of the sensor is halved, the
imaging area is quadrupled and so the width of the X-ray
transmission is halved. In contrast, with the zoom recon-
struction function in this study, when the voxel size was
halved, the noise value was approximately \/ 2. This differs
from the theoretical value because when the value was
calculated, the size of the sensor remained unchanged.

Choosing a small voxel size without changing the
radiation dose increases the resolution. There was, how-
ever, a limit to the resolution, while there was no limit to
the increase in the noise. As a result, with a voxel size of
40 um, the human phantom image contained a large
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80 pm

amount of noise. With a voxel size of 160 um, the image
contained less noise than at 40 pm, but compared to a
voxel size of 80 um, the periodontal ligament space was
not obvious. In addition, the resolution was similar at voxel
sizes of 40 and 80 pum.

Increasing the radiation dose can reduce the noise at a
small voxel size. However, when CBCT is used clinically,
we must optimize the resolution, noise, and radiation dose.
When a high-resolution image is required, one should
choose a voxel size of 80 um, a limited FOV (e.g., a
diameter of 4 cm and a height of 4 cm), and a standard
radiation dose. For planning dental implants over a large
area, one should choose a voxel size of 160 um and a low
radiation dose to improve the noise in the images.

When the zoom reconstruction function decreases the
voxel size, the resolution increases somewhat. Conversely,
the smaller the voxel size becomes, the greater the noise
will be. To decrease the noise, one has to increase the
radiation dose, making the dose a concern. Therefore, the
voxel size should not be decreased needlessly.

There is a lower limit to the effect of voxel size on
improving the image. With the Accuitomo F8, no
improvement in the resolution was observed when the
voxel size was <80 pum.
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