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Recently, several types of post-processing image filter
which was designed to reduce noise allowing a
corresponding dose reduction in CT images have been
proposed and these were reported to be useful for noise
reduction of CT images of adult patients. However,
these have not been reported on adaptation for pediatric
patients. Because they are not very effective with small
(G20 cm) display fields of view, they could not be used
for pediatric (e.g., premature babies and infants) body
CT images. In order to solve this restriction, we have
developed a new noise reduction filter algorithm which
can be applicable for pediatric body CT images. This
algorithm is based on a three-dimensional post process-
ing, in which output pixel values are calculated by multi-
directional, one-dimensional median filters on original
volumetric datasets. The processed directions were
selected except in in-plane (axial plane) direction, and
consequently the in-plane spatial resolution was not
affected by the filter. Also, in other directions, the
spatial resolutions including slice thickness were almost
maintained due to a characteristic of non-linear filtering
of the median filter. From the results of phantom
studies, the proposed algorithm could reduce standard
deviation values as a noise index by up to 30% without
affecting the spatial resolution of all directions, and
therefore, contrast-to-noise ratio was improved by up to
30%. This newly developed filter algorithm will be
useful for the diagnosis and radiation dose reduction of
pediatric body CT images.
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INTRODUCTION

D ue to technical advances in multidetector
computed tomography (MDCT), such as much

higher table speed, higher rotation speed, and thinner
slices, it has become possible to scan a wide range
with a thin slice thickness during a single breath-hold

and also to scan the same anatomical region
repeatedly at short intervals. Such techniques have
yielded higher image quality and improved the ability
of diagnosis in CT examinations.1,2 In infants and
children, high image quality has also been obtained
and this has given established and invaluable image
information for evaluation of different disorders.3

Therefore, this has led to an increase in the number of
CT examinations. Although many technologies for
CT have been improved, the radiation dose has not
yet been reduced substantially. Indeed, the radiation
dose has increased more by acquiring high-quality
volume data with thin slice thickness. The radiation
dose in CT examinations remains a major concern,
especially in pediatric patients, because of the
potential carcinogenic effects of relatively low levels
of ionizing radiation exposure.4–6 In the future, the
collective medical radiation dose in the pediatric
population will increase with increases in the number
of CT examinations. Therefore, to reduce the
exposure dose, the introduction of effective de-
noising image filters, which permit the exposure dose
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to be minimized, is very important, and realization of
such filters is required in practical clinical fields.
Recently, several types of post-processing image

filter, which was designed to reduce noise allow-
ing a corresponding dose reduction in CT images,
have been proposed, and it was reported that these
were useful for noise reduction in CT images of
adult patients.7,9–12 However, these have not been
reported on adaptation for pediatric patients. For
example, a filter algorithm proposed in Ref. 7 is
weighted local averaging based on neighbor link-
ing (NLK) which was aimed to selectively reduce
image noise in low-contrast regions preserving
high-contrast regions, and a filter processing
application provided with commercially available
CT systems by Toshiba called “Quantum Denois-
ing Software (QDS)” is currently utilized in actual
CT examinations.10,11 QDS is an adaptive noise
reduction filter that works on reconstructed image
data by preferentially smoothing areas with uni-
form density while preserving the edge informa-
tion of the image. Figure 1 shows the noise
reduction performance with NLK and QDS. The
results showed changes in amounts of noise
calculated by standard deviation value (SD)
against the display FOV (DFOV) size for image of
a cylindrical uniformity phantom with a diameter of
20 cm. The images with different DFOV size were
reconstructed from the same raw data of the
phantom. It was clear that both NLK and QDS were
not effective in small-diameter DFOV of less than
approximately 15 cm. Because they are not very

effective with small (G15 cm) display fields of view
(DFOV), they could not be used for pediatric (e.g.,
premature babies and infants) body CT images.
The present study was performed to develop a new

noise reduction filter algorithm to enable dose
reduction in pediatric CT images with small DFOV.
This algorithm was based on three-dimensional (3D)
post-processing using a specific combination of
multidirectional one-dimensional (1D) median filters.
We processed images obtained with a performance
test phantom using the developed algorithm, and
evaluated the basic physical performance of our
algorithm. The effectiveness of clinical pediatric body
CT images of several clinical cases was then evaluated
by quantitative analysis and visual evaluation.

MATERIALS AND METHODS

Properties of Nominal Median Filter
and Review of Median-Based Method

Representative post-processing noise reduction
filters are classified as linear and non-linear types,
and these can be adapted for CT images.7 Noise in
CT images is primarily due to quantum noise
inherent in photon detection and electronic noise,8

and the noise contains a broad range of frequency
components. Therefore, simple linear type noise
reduction filters, such as some types of averaging
filter,13 are effective because the high-frequency
components can be reduced by the filter. However,
such averaging filters provide smoothing effects
not only on noise elements but also on the edges of
anatomical structures that consist of high-frequen-
cy signals. As a result, the image suffers from
blurring caused by unclear edges. Median filter is
the best-known non-linear filter based on order
statistics.8,14,15 It operates in a manner similar to
the averaging filter except that each target pixel is
replaced by the median rather than the average of
pixels in the analysis window. The median filter is
commonly used due to its better ability to preserve
edges than averaging filters, while still effectively
reducing noise. That is, the median filter can
operate effectively on the images to maintain the
resolution in regions near the edges. However, the
median filter is not always effective for reducing
image noise, depending on the properties of the
original images, such as the resolution and amount
of noise. Nodes and Gallagher reported that the
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Fig 1. Graph showing the standard deviation (SD) values in
original images and images processed with the Quantum
Denoising Software (QDS) and weighted local averaging based
on neighbor linking (NLK). QDS is implemented in current CT
systems by Toshiba, and NLK was proposed in Ref. 7. Q03 for
QDS is a parameter for pediatric body exclusive use. The QDS
and NLK process is not effective in small (G15 cm) display FOV
(DFOV) corresponding to the pediatric body.
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resolution (or texture) of original images was
smeared by median filters.15 Figure 2 shows an
original image of a resolution test phantom and
images processed by two different median filter
processing techniques. As shown in Figure 2b, a
simple two-dimensional (2D) median filter
resulted in significant reduction of the resolution.
These defects led to the development of the
hybrid median filter, which is a multiple-step
pixel value-ranking algorithm.16,17 The details of
hybrid median filter algorithm are shown in
Figure 3. This filter calculates three values for
a target pixel, which consisted of two median
values (H1 and H2) from two different arrange-
ments with “x” and “+”shape in five neighbor
pixels centered on the target pixel and the pixel
value of the target pixel itself. The output value
for the target pixel is the median value calculat-
ed from these three values. Although the

processed image with the hybrid median filter
could reduce the negative influence of the simple
median filter on the spatial resolution (Fig. 2c,
white arrowheads), the spatial resolution was
inferior to that of the original image.
We developed a new algorithm that employsmany

more arrangements across the target pixel than the
hybrid median filter and a new calculation between
the values from the arrangements to preserve the
spatial resolution of original images. The filter could
mostly maintain the spatial resolution, while achiev-
ing improved noise reduction. The details of the new
algorithm are described in the next section.

New Filter Algorithm

Riederer and Harpen reported that noise in
CT images results mainly from the Poisson
distribution of photon statistics.18,19 Thus, the
image noise patterns differ between slice images
in z-direction, because the noise is randomly
distributed in spatial position. On the other
hand, human organs have relatively large struc-
tures as compared with thin slice thickness and
small slice interval provided by recent MDCT.
We have exploited this property, and have
developed a new three-dimensional filter algo-
rithm that can utilize CT volumetric datasets
efficiently for pediatric body images. Our new
algorithm of the noise reduction filter is based
on a 3D median filter using a 3×3×3 voxel
mask. The output values from this algorithm are
calculated by weighted averaging of 1D median
values along various 3D directions centered the
target voxel. Figure 4 shows an outline of the
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Fig 3. A 3×3 pixel set and calculation procedure for obtaining
output value for the 2D hybrid median filter algorithm. One
median value H1 is calculated from five neighbor pixels forming
an “x” shape (A, C, E, G, I), and another median value H2 is
calculated from neighbor pixels forming a “+” shape (B, D, E, F,
H). The output value is calculated by the median of H1, H2, and E.
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Fig 2. Comparison of an original image (a) and processed images (b, c) by two different median filters. The original image with DFOV
of 30 cm was obtained using a spatial resolution phantom (Catphan CTP-528). The original image was processed by a simple 2D median
filter (b) with a 3×3 pixel mask composition and a 2D hybrid median filter (c). The SD values of the background were 5.04 HU (a),
3.04 HU (b), and 3.82 HU (c).
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image processing procedure using the new algo-
rithm. First, isotropic volume data were created from
an original CT volumetric dataset by linear interpo-
lation. Second, filter processing by the new algo-
rithm was applied to these isotropic data. Finally, the
slice interval and slice thickness of the original image
were recovered by an appropriate sampling interval
and averaging in the z-direction.
The following section describes the details of

filter processing for each target voxel. The voxel
mask for each target voxel consisted of the target
voxel and 26 neighboring voxels. As shown in
Figure 5, in a selected 3×3 voxel plane (pattern)
centered on the target voxel, four-direction median
values (M1, M2, M3, M4) were calculated from
the pattern and then an output value T(n)

(n=pattern number) for the pattern was calculated
by the following equation:

T nð Þ ¼ Mmin � 0:4þMmax � 0:4þMother1

� 0:1þMother2 � 0:1; ð1Þ
where Mmin and Mmax are minimal and maximal
values in the four medians values, respectively,
and Mother1 and Mother2 denote the other two
median values. The weighting factors in Eq. (1)
were chosen from various settings in our prelim-
inary studies to obtain the best performance
between noise reduction and preservation of spatial
resolution. The eight selected patterns shown in
Figure 6 were used in the algorithm, and the final
output values corresponding to the target voxel
were obtained by averaging of the eight T(n)
values calculated from the respective patterns.
Note that we deselected only the x–y plane in
selecting patterns to preserve the spatial resolution
of the x–y plane as far as possible.

Measurement of the SD Value and Noise
Power Spectrum (NPS)

Using the image uniformity module of a Catphan
phantom (CTP-500; Phantom Laboratory, Salem,
NY, USA), we evaluated the SD and noise power
spectrum (NPS) of the images processed with and
without the proposed algorithm. A CT scanner
(Asteion super 4; Toshiba Medical Systems, Tokyo,
Japan) was employed for the evaluation. The scan
was performed at 120 kV, 187 mA s, beam pitch of
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Fig 5. A 3×3×3 voxel set and calculation procedure for obtaining output value for a selected pattern in the voxel set. The output
values were calculated for the eight patterns shown in Figure 6.
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Fig 4. Outline of the image processing procedure using the
new algorithm.
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0.938, scan FOV (SFOV) of 400 mm, slice
thickness and interval of 2.0 mm, detector config-
uration of 2.0 mm, and reconstruction filter algo-
rithm of FC10. We assessed the SD and NPS in
various sizes of DFOVs (10, 15, 20, 25, 30, and
35 cm) from the same raw data for the slice of CTP-
500. The averaged SD values were obtained from
six SD values of rectangular regions of interest
(ROI) with 40×256 pixels at different locations in
the y-direction. The NPS were calculated by fast
Fourier transform (FFT) of a one-dimensional noise
profile with 256 data obtained by numerical slit (1×
20 pixels) scanning in the x-direction. The final
NPS result for one image was obtained by averag-
ing ten NPS results at different y-locations.20

Measurement of the Contrast-to-Noise Ratio
(CNR)

Using the low-contrast module with 2.0%
contrast (CTP-401 module) in the Catphan phan-
tom, we evaluated the CNR of the images
processed with and without the proposed algo-
rithm. The CT scanner used was a Bright Speed
Elite 16 (GE Healthcare, Hino, Japan). The CNR
were calculated as follows: (ROIo−ROIb)/SDb,
where ROIo and ROIb are the CT values of the
low-contrast object with diameter of 10 mm and

background ROI and SDb is the SD of the
background.21 The scan parameters were 120 kV,
180 mA s, beam pitch of 0.938, SFOV of 500 mm,
slice thickness and interval of 1.25 mm, DFOV of
10 cm, detector configuration of 1.25 mm, and
reconstruction filter algorithm of Standard.

Effect on Spatial Resolution

Using a high-contrast resolution module (CTP-
528) in the Catphan phantom, we compared
maximal distinguishable spatial frequency of the
original and processed images. Most of post-
processing non-linear filter algorithms for noise
reduction are aimed to selectively reduce image
noise of low-contrast regions, and simultaneously
preserve the high-contrast regions. This is because
high-frequency reduction is inevitable in the noise
reduction processing and the high-frequency re-
duction in the low-contrast regions can be accepted
by observers on average. From these view points,
we considered that the high-contrast phantom was
effective for our algorithm to evaluate the high-
frequency preservation. The scan was performed at
120 kV, 180 mA s, beam pitch of 0.938, SFOV of
500 mm, slice thickness of 1.25 mm, DFOV of
10 cm, detector configuration of 1.25 mm and

Pattern_1 Pattern_2 Pattern_3 Pattern_4

Pattern_5 Pattern_6 Pattern_7 Pattern_8

Fig 6. The eight patterns employed for calculating an output value corresponding to a target voxel. The final output value was
obtained by averaging the eight temporal values from these patterns.
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reconstruction filter algorithm of Standard. The CT
scanner used was Bright Speed Elite 16.

Measurement of the Profile Curve of z-axis

We evaluated the performance of edge preser-
vation in the proposed algorithm by testing edge
intensity and edge profile in the z-direction using
two acrylic spherical phantoms 5 and 8 mm in
diameter placed into the water (Fig. 7). The
respective CT values of the two objects were both
about 120 HU. The areas of the ROI were set to 4
and 12 mm2 for 5 and 8 mm spheres, respectively.
For quantitative evaluation for the edge profiles,
we examined the full width at half maximum
(FWHM) values of the respective profiles. The
phantom was scanned with parameters of 120 kV,
8 mA s, beam pitch of 0.938, SFOV of 500 mm,
slice thickness and interval of 1.25 mm, DFOV of
10 cm, detector configuration of 1.25 mm, and
reconstruction filter algorithm of Standard. The CT
scanner used was Bright Speed Elite 16.

Evaluation of Clinical Abdomen and Lung
Images

We evaluated the efficacy of the proposed
algorithm in three clinical cases in infants. The
images for all cases were obtained with the Bright
Speed Elite 16 CT scanner.
Case 1 was a 2-week-old boy, and abdominal

images and lung contrast-enhanced images were
obtained at arterial phase. The images were
obtained with scanning parameters of 120 kV,

45 mA s, beam pitch of 1.375, SFOV of 500 mm,
slice thickness and interval of 1.25 mm, DFOV of
12 cm, detector configuration of 1.25 mm, and
reconstruction filter algorithm of Standard.
Case 2 was a 4-month-old boy, and abdominal

contrast-enhanced images were obtained in portal
phase. The scan parameters were 120 kV, 80 mA
s, beam pitch of 1.375, SFOV of 500 mm, slice
thickness and interval of 1.25 mm, DFOV of
16 cm, detector configuration of 1.25 mm, and
reconstruction filter algorithm of Standard.
Case 3 was an abdominal non-enhanced image

from an 18-month-old boy. With this case, to
examine the efficacy of the proposed algorithm for
dose-reduced images, we created a simulated 30%
dose-reduced image by using dedicated reconstruc-
tion software from GE Healthcare. The software
achieves conversion from an original image to a
simulated dose reduction image by raw-data
attenuation and addition of Gaussian noise. The
advantage of using this software was that the dose-
reduced images were obtained without exposing
the patient twice (scanning). The image was
obtained with scanning parameters of 120 kV,
95 mA s, beam pitch of 1.375, SFOV of 500 mm,
slice thickness and interval of 1.25 mm, DFOV of
18 cm, detector configuration of 1.25 mm, and
reconstruction filter algorithm of Standard. We
processed the simulated dose reduction image
using the proposed algorithm, and compared the
processed image with the original image.
Evaluations of physical measurements (SD

value and/or CNR) and visual image observation
were made to compare the original images with the
processed images for respective cases.

10 cm

z-direction(a) (b)
WaterWater

8 mm
5 mm

8 mm

2mm acrylic rod y
for support Acrylic spherical 

h t
pp

phantom

Fig 7. Design of acrylic spherical phantom for evaluating edge preservation performance in the z-direction. a Design illustration. b
Axial image of the phantom.
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Visual Evaluation of Clinical Abdomen
Images

Clinical images of five patients were visually
evaluated by comparing their original images with
processed images, according to visibility of the
peripheral branches of the portal vein. Table 1
represents the sex and ages of the patients, respective
scan, and reconstruction parameters. The compari-
son was based on the rating system developed by
Tanikake et al.22 and Uchida et al.23

The visibility of each object was graded on a
four-level scale by each observer: grade 3.0 was
assigned when the sub-subsegmental level of
peripheral branches was visible, providing very
useful information prior to interventional radiolo-
gy; grade 2.0 was assigned when the sub-
subsegmental level was not visible and all of the
subsegmental portal vein branches were visible;
grade 1.0 was assigned when some of the subseg-
mental portal vein branches were not visible and
grade 0 was assigned when all of the subsegmental
portal vein branches were not visible. The evaluation
was performed by five radiologists with 7–15 years’
experience, who had not been given any information

about the patients. The observers read 100 images
per one patient (original image set with 50 continu-
ous images and its processed images). The averaged
scores for the original and processed images were
calculated, and the statistical comparison between
the two groups was performed by using Wilcoxon
signed-rank test (SPSS ver. 11.5 J; SPSS Japan Inc.,
Tokyo, Japan).

RESULTS

SD Values and NPS

Table 2 shows the SD values in the original
images, images processed with QDS, images
processed with NLK and images processed with
the proposed algorithm. The SD value was reduced
by approximately 30% by the proposed algorithm,
and was effective in all DFOV. Figure 8 shows the
NPS in the original image and image processed
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Fig 8. SD values and NPS in original images and images
processed with the proposed algorithm.

Table 2. Comparison of SD of Original Image and Image
Processed by the QDS, the NLK and the Proposed Algorithm for

Various DFOV

Standard deviation (HU)

DFOV (cm) algorithm Original image QDS NLK Proposed

10 10.98 10.34 9.91 7.79
15 10.70 9.60 8.74 7.53
20 10.57 8.80 7.32 7.32
25 10.53 8.28 5.97 7.10
30 10.59 7.74 5.04 7.05
35 10.64 7.08 4.29 7.06

Table 1. Patients’ Data and Respective Scan and Reconstruction Parameters for the Visual Comparative Evaluation Using Clinical
Abdomen Images

Data Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Sex (M/F) M M M M M
Age 11 months 12 months 4 months 2 weeks 11 months
Slice thickness/interval (mm) 2.5/2.5 1.25/1.25 1.25/1.25 1.25/1.25 1.25/1.25
DFOV (cm) 19 18 16 12 20
kV 120 120 120 120 120
Tube current (mA) 99 99 134 89 79
Rotation speed (s) 0.5 0.5 0.6 0.5 0.5
Convolution filter algorithm Standard Standard Standard Standard Standard

812 NISHIMARU ET AL.



with the proposed algorithm with DFOV of 10 cm.
The NPS was reduced in all spatial frequency as
compared with that of the original image.

CNR

The results of CNR measurement in the original
images and the images processed with the pro-
posed algorithm were 1.98 and 2.79, respectively.
The CNR value was improved up to approximately
30% by the proposed algorithm. The contrast
values of the original image and the processed
image were 23.34 HU and 22.82 HU, respectively.
The CT value of original image was not affected
by the proposed algorithm.

Spatial Resolution

Figure 9 shows a comparison of the spatial
resolution images. As shown in the figure, the
maximum distinguishable frequency of 0.7 cycles/

mm for the original image was not changed by the
proposed algorithm.

Profile Curve of the z-axis

Figure 10 shows the z-directional profile curves
of the spherical objects with diameters of 5 and
8 mm for the original images and the processed
images. The profile curves of the original images
and processed images were almost equivalent.
Resultant FWHM values for the original images
were 5.44 and 8.11 mm for 5 and 8 mm spheres,
respectively. FWHM values for processed images
were 5.45 and 8.08 mm, respectively. The FWHM
values for the two spheres were not mostly
affected by the proposed algorithm.

Clinical Cases

Figure 11 shows a comparison of the original
and processed images for case 1. The SD values of
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Fig 9. Comparison of the spatial resolution images. a Original image. b Image processed with the proposed algorithm.
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ROI in the liver (white circles) were (a) 8.58 HU
and (b) 6.67 HU, respectively. With the proposed
algorithm, the noise was reduced significantly, and
an artifact appearing near the stomach edge was
reduced (white arrows). As evidence of edge
preservation, the peripheral structures in the lung
image were maintained (black arrows).
Figure 12 shows a comparison of images for

case 2. The mean CT values in an enhanced
lesion (black circles) were (a) 128.83 HU in the
original image and (b) 129.11 HU in the
processed image. The mean CT values and SD
values of a ROI in the liver (white circles) were
(a) 111.12 HU, 9.85 HU and (b) 110.88 HU,
7.13 HU, respectively. The CNR values calculat-

ed from ROI at an enhanced lesion and back-
ground ROI in the liver were (a) 1.80 and (b)
2.56. The CNR value was significantly improved
by the proposed algorithm.
Figure 13 shows a comparison of an original

image, the simulated 30% dose-reduced image,
and the processed image of the simulated dose
reduction image for case 3. The SD values in the
liver (white circles) were (a) 18.98 HU in the original
image, (b) 23.24 HU in the simulated 30% dose-
reduced image, and (c) 19.06 HU in the simulated
30% dose-reduced image processed with proposed
algorithm. With the proposed algorithm, we found
that the appearance of the processed image became
equivalent to that of the original image.

a b

c d

Fig 11. Results of clinical case 1. a, c Original images. b, d Image processed with the proposed algorithm.
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a b

Fig 12. Comparison of original and processed images for clinical case 2. a Original image. b Image processed with the proposed
algorithm.

a

c

b

Fig 13. Comparison of original image, simulated 30% dose-reduced image, and processed simulated image for clinical case 3. a
Original image. b Simulated 30% dose reduction image. c Processed image of the dose reduction image.
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Visual Evaluation of Clinical Abdomen
Images

The results of the visual evaluation of the
peripheral portal vein branches in clinical abdomen
images are summarized in Table 3. The visibility
of the portal vein was clearly improved by the
proposed algorithm (Fig. 14). The averaged scores
of the processed images for all patients were
higher than those of the original images. There
was significant difference between the results of
two groups (P=0.042) (Fig. 15).

DISCUSSION

The proposed algorithm was assessed by physical
evaluation using phantoms and clinical images, and

visual evaluation of the clinical images. Using the
algorithm, the SD values could be reduced by
approximately 30%, and the NPS was reduced in
all spatial frequencies, as compared with the original
image. The unchanged the maximum distinguishable
frequency on the resolution phantom image showed
that the x–y spatial resolution of the processed image
was almost loss-free. We utilized the 3D isotropic
data with 3×3×3 voxels rather than only 2D (slice)
data that were employed in the QDS and the hybrid
median filter. Therefore, we were concerned about
the broadening of the slice profile. However, the
mostly unchanged z-profiles and FWHM values
showed that the proposed algorithm did not affect

(a) (b)

Fig 14. a Original and b processed images for a 4-month-old boy (patient 3 in Table 3). The images are abdominal contrast-enhanced
images obtained in portal vein phase. These images were rated as grade 3.0 because the sub-subsegmental level of the peripheral portal
vein branches are clearly depicted (white arrows).

Table 3. Results of the Visual Evaluation of the Peripheral Portal
Vein Branches in Clinical Abdomen Images

Averaged score

Patient no. Original Processed

Patient 1 2.2±0.4 3.0
Patient 2 1.0 1.4±0.5
Patient 3 2.6±0.5 3.0
Patient 4 2.2±0.4 2.8±0.4
Patient 5 1.0 1.2±0.4

Averaged grades for respective patients are indicated. The
averaged scores of the processed images for all patients were
higher than those of the original images. Value: mean±SD
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Fig 15. Results of the statistical comparison between the
original and processed images. There was significant difference
between the results of two groups (P=0.042).
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the spatial resolution in the z-direction (slice thick-
ness). Okumura et al. reported that the QDS
decreased the NPS only at high spatial frequencies,10

and according to our measurement results for the
QDS, the reduction of SD values in small DFOVwas
less than 6% (original image=10.98 HU; image
processed with QDS=10.34 HU). In addition, the
NLK algorithm was also not effective to small
DFOV (original image=10.98 HU; image processed
with NLK=9.91 HU).
In contrast, our algorithm realized the noise

reduction over a wide frequency range and the
effectiveness for small DFOV, and these clearly
indicated that the algorithm had advantages over
the QDS and the NLK, in that the algorithm would
be effective for lesions of various sizes.
We considered that the main reason for this

improvement was that our algorithm used multidi-
rectional median filtering centered on the target
voxel and excluded directions in the axial plane
from the median calculations. It was suggested that
the four 1D median calculations in a pattern (plane
with 3×3 voxels) and their integration worked to
effectively derive the features of the median
filtering (noise reduction and edge preservation),
and the averaging over the eight selected patterns
in the 3D isotropic data contributed to intensify the
noise reduction preserving the edge. The NPS
improvement and the preservation of the spatial
resolution and slice thickness led directly to
improvement (approximately 30%) of the signal-
to-noise ratio, which was confirmed by the CNR
values. These findings suggest that the proposed
algorithm can improve the detectability of low-
contrast lesions in clinical images such as subtle
lesions in liver images. That is, these results
indicated that the proposed algorithm will be able
to decrease the dose without changing the image
quality.
In clinical case 1, the amount of noise was

significantly reduced without any change in the
edge appearance at the borders of the respective
organs. Therefore, the visibility of vessel shapes
and other low-contrast structures showed obvious
improvement. Clinical case 2 was effective to
demonstrate the improvement of image quality by
the algorithm, and the CNR values calculated from
the images supported the improvement. In clinical
case 3, the quality of the processed simulated dose
reduction image became equivalent to that of the
original image. This indicated that the algorithm

worked properly to reduce X-ray photon noise
itself because the noise in the dose reduction image
was generated by theoretical and basic simulation
of dose reduction. The SD value reduction rates of
the case 1, 2, and 3 were 22%, 28%, and 18%,
respectively. Since, in the case 3, the SD value of
the simulated 30% dose-reduced image was re-
stored to that of the original image, these results
suggested that the proposed algorithm can reduce
radiation dose at least 30% for pediatric CT
examination. The images of all cases were ac-
quired by average exposure parameters used in
many clinical settings. Therefore, we considered
that the SD value reduction obtained in this study
were practical. However, since the possible dose
reduction rate depends on patient’s size, convolu-
tion kernel, tube voltage, etc., we need to further
investigation using more clinical cases.
The visibility of the portal vein was improved

between original images and images processed
with our filter algorithm in all cases. The statistical
comparisons results of the two groups differences
were statistically significant at P=0.042.
Laurence et al. evaluated the noise reduction

effect and maintenance of resolution using various
types of linear and non-linear image filter, and
reported that applying non-linear filters on CT
images may improve the quality of CT images
better than using current linear filters.7 Michelle
and Cheryl applied seven types of image filter and
three types of pixel mask (3×3, 5×5 and 7×7) to
the images with DFOV of 40 cm, and reported that
they were effective in reduction of radiation dose
of CT images8. However, they also described the
necessity of further evaluation of appropriate
conditions because the spatial resolution was
decreased by these image filters.7,8 In contrast,
the proposed algorithm was excellent in that it
could be applied to small DFOV and did not affect
the spatial resolution and slice thickness. These
features would yield a successful effect in improv-
ing image quality or decreasing radiation dose
given to pediatric patients.
The proposed algorithm consisted of only linear

slice interpolation, median calculation, and weighted
averaging, and thus its computational load was
not heavy for modern computers. In fact, the
actual calculation times of 200 images with a
slice thickness of 1.25 mm and DFOV of 10 cm
were about 150 s on a 2.4 GHz Intel Core 2 Duo
processor. Therefore, we considered that the
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algorithm will be able to be implemented easily
on modern computers and will be effective in
practical application for CT dose reduction.

CONCLUSIONS

We have developed a 3D noise reduction filter
algorithm that can be effectively adapted to pediatric
body CT images, and evaluated this algorithm in
detail. The results of phantom studies indicated that
the proposed algorithm could reduce SD by approx-
imately 30% without affecting the spatial resolution
of not only the x–y plane but also the z-direction.
Therefore, the algorithm improved the CNR by
approximately 30%, and the low-contrast visibility
was improved markedly even when the display
DFOV was small. In clinical images, the radiation
dose could be reduced by 30% without affecting the
sharpness of small structures as well as in the
phantom studies. We concluded that this newly
developed filter algorithm will be effective for more
accurate diagnosis and radiation dose reduction of
pediatric body CT images.
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