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The purpose of this study was to confirm the utility of block-matching and 3D filtering (BM3D) algorithm in
computed tomography (CT) images using a tin filter with a high pitch. We acquired phantom images and mea-
sured the coefficient of variation (COV) and contrast-to-noise ratio (CNR) for quantitative evaluation. The
optimized results were obtained when the sigma value of the BM3D algorithm was nine. In addition, when the
sigma value of the optimized BM3D algorithm was applied, superior results were obtained compared with con-
ventional filtering methods. In particular, we confirmed that the COV and CNR of the images obtained using
the BM3D algorithm improved 6.52 and 5.49 times, respectively. In conclusion, the utility of the optimized
BM3D algorithm has been demonstrated in low-dose CT images using a tin filter.

Keywords : radio-magnetic imaging, low-dose CT, Tin filter, radio-magnetic image processing, block-matching and

3D filtering (BM3D), optimization of denoising algorithm

1. Introduction

According to the NCRP 184 report released in 2019,
the number of computed tomography (CT) scans increased
by approximately 25 %, from 67 to 84 million per year
from 2006 to 2016 [1]. As the number of examinations
increased, the research on reduction of exposure dose also
increased steadily; however, the exposure dose did not
fundamentally decrease from 1.46 to 1.37 mSv per person
in 2006 and 2016, respectively. Therefore, methods for
reducing the exposure dose are continuously being studied.

One method uses a high pitch to reduce the exposure
dose. The pitch is the value obtained by dividing the
distance traveled by the patient table during one rotation
of the radiograph tube by the slice thickness. When the
pitch increases, the exposure dose can be reduced by
reducing the time required for the examination.
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Another method for reducing the exposure dose involves
the use of additional filters. Additional filters are used to
reduce the exposure dose by eliminating the low-energy
radiographs reaching the patient. Aluminum materials
have been widely used as conventional additional filters,
but there are many limitations in using them in the field
of X-ray imaging. Among various additional filters, a
method using tin filters has been proposed to improve X-
ray system performance [2-5]. Using a tin filter as an
additional filter for low-dose CT scans can improve the
spatial resolution of the image by absorbing the low-
energy spectrum from the tube-voltage spectrum and
examining it using a suitable spectrum for low-dose
scanning. In addition, a tin filter has little effect on the
spatial frequency and thus does not affect the image
texture; the half-value layer increases by 64-82 %, and
the average weight energy increases by 29-37 % [6].

However, the use of a high pitch or an additional filter
causes noise in the image owing to a decrease in the
number of photons that reach the detector directly [7].
Therefore, various image filtering algorithms have been
proposed to reduce this noise [8-10]. The median and
Wiener filters are representative algorithms. The median
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filter divides an image into several pixels and uses an
intermediate value instead of the neighboring pixels. The
median filter has the disadvantage of acting uniformly
over the entire area with and without noise, deteriorating
the entire edge and visually important areas. The Wiener
filter minimizes the mean square error between the original
and reconstructed images based on the assumption that
additional noise is generated by a static random process,
regardless of the pixel position, while providing excellent
high-frequency characteristics, effectively removing noise
in a flat region, and preserving edge components.
However, since denoising is primarily performed on flat
areas in X-ray image, noise reduction in areas with many
edges will be degraded [11, 12].

To compensate for these disadvantages, a block-matching
and 3D filtering algorithm (BM3D) was developed. The
BM3D algorithm performs two filtering steps using
different filtering in three-dimensional regions, each step
involving hard thresholding and Wiener filtering [13].
The BM3D algorithm uses a noise removal method based
on block-matching and is based on experimental
observations that adjacent patches or blocks of images
have similar features. It has proven to perform well in
removing various types of noise [14].

In this study, after acquiring images to which the
BM3D algorithm was applied in tin-filter-based low-dose
high-pitch CT images, we determined the effectiveness of
the BM3D algorithm by obtaining the contrast-to-noise
ratio (CNR) and coefficient of variation (COV) for
quantitative evaluation using MATLAB.

2. Materials and Methods

2.1. Phantom and CT Device
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Table 1. The parameters for acquisition of normal and low-
dose CT images. The kVp and mA of the two groups were set
identically, and the rotation time and pitch were set differently.

Group

CT paramiisi . Group 1 Group 2
kV 100 100
mA Care Dose 4D Care Dose 4D
Rotation time (s) 0.5 0.25
Detecto(r nclzglmatlon 192*0.6 192%0.6
Pitch 0.8 2.5
Filter Sn Sn

The phantom used in this study was an AAPM CT
Performance Phantom (CIRS, Norfolk, USA), and the CT
device used for the examination was a SOMATOM Force
(Siemens Healthcare, Erlangen, Germany).

2.2. Experimental design

In this study, the image using a tin filter was set as the
control group, and the image using a tin filter and high
pitch was set as the comparison group. Group 1 (control
group) had a pitch of 0.8 and a tin filter was used. Group
2 (comparison group) had a pitch of 2.5 and a tin filter
was used similar to the control group.

The conditions used to scan the phantoms are listed in
Table 1. For Group 1, a tube voltage of 10 kV and current
of Care Dose 4D, rotation time of 0.5 s, detector
collimation of 192x0.6 mm, pitch of 0.8, and tin filter
were used. For Group 2, a tube voltage of 100 kV and
current of Care Dose 4D, rotation time of 0.25 s, detector
collimation of 192x0.6 mm, pitch of 2.5, and tin filter
were used.

Step 2: Final estimate
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Fig. 1. (Color online) Scheme of the BM3D algorithm modeling in this study. The BM3D algorithm includes the process of going
through the final estimation process after the basic estimation from the noisy image.
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2.3. BM3D algorithm modeling

The BM3D algorithm used in this study performs two
filtering stages using different filtering methods in a
three-dimensional domain [15]. Hard thresholding and
Wiener filtering were performed in each step (Fig. 1).

2.3.1. The first denoising step (hard thresholding)

Similar images were collected to form a three-
dimensional group. In one loop, a window of size n" x n™
was specified, and the reference patch of size k" x K at
the center of the window was designated as P. In the
window, patch Q similar to patch P were selected and
stored in a three-dimensional arrangement. Grouping was
performed after measuring the dissimilarity using the L,-
norm. The arrangement p(p) of similar patches was
expressed as follows:

(kht)z -

P(P) = {d(P, o) = vl Tht} m

where 7 is the maximum distance between patches
where two patches are considered similar; »' is a hard
thresholding operator using a 2D threshold; d(P, Q) is a
2D distance between normalized patches.

Once the arrangement p(p) of similar patches was
built, a 3D group P(P) was created by stacking p(p). A
unitary 3D transform was applied, followed by noise
attenuation by hard thresholding of the transform
coefficients. An inverse linear transform was then applied
to estimate each patch. The 3D group P(P) had the
following characteristics:

P(P)" =45 (y[es (P(P))]} @
where the hard threshold operator y with 3D threshold
was as follows:

y(x) = { 0 if lxl <yspo 3)
x otherwise

The group created in the grouping process was
subjected to 2D DCT in each patch and 1D DCT in the
three-dimension direction for 3D transformation.

When the collaborative filtering was completed, the
estimated value for each patch was obtained, and the
estimates for every pixel were then obtained. The
estimates were as follows:

v(x) =v(x) + wptuglp(x)
5(x) = 6(x) + wht

where v (resp. 0) is the numerator of the basic estimation
of the image obtained at the end of collaborative filtering,
ug p(x) is the estimation of pixel x belonging to the patch
0 obtained during collaborative filtering of the reference

vQ € P(P), V,€ Q,{ “)

i nht

if Np© 21 ,and N} is the
otherwise

number of coefficients remaining in 3D block after hard

thresholding.
The basic estimate obtained after the first denoising
step can be expressed as follows:

hty—
patch P, wht = &NP )7

ubasic (x) = 2p 0B’ Toerp) Xo(DUGP (%) (5)
Xp w’ﬁt ZQEJJ(P) XQ (x)

2.3.2. The final denoising step (Wiener filtering)

In this step, the basic estimate #°*" obtained in the first
denoising step was used. The final denoising step performed
Wiener filtering to restore more details and improve the
denoising performance. Patch matching was performed
only for basic estimates. When PPasic(p) = {Q:d (P, Q)
< tW®}, a set of similar patches was obtained, two 3D
groups were formed. p?%si¢(P) was formed by stacking
patches in the basic estimation #’“* and P(p) by
stacking patches of the same order as in the original noisy
image u. Collaborative filtering was performed when two
3D groups were obtained. To achieve this, the empirical
Wiener coefficients were defined as follows:

|T§vDie(pbasiC(P))(f)|2 (6)
e (pbasic(p)) ()] +o2

wp(§) =

The collaborative filtering of |p(p) implemented the
3D transformation of the noisy image 7%'(p(P)) by
elementwise multiplication using Wiener coefficients wp
The 3D group estimated using this process was expressed
as follows:

p*e(P) = 245 [wp - 2357 (p(P))] @
After collaborative filtering, the estimates for each pixel
were stored in a buffer as follows:
v(x) =v(x) + a)}ﬁ’ieug’}e (x) ®)
8(x) = 6(x) + wh®

where v (resp. o) is the numerator of the final estimation
of the image obtained at the end of collaborative filtering,
upp(x) is the estimate of pixel x of patch Q obtained
during collaborative filtering of reference patch P, and
wp'® = |lwpllz?.-

The final estimation obtained in the final denoising step

was as follows:

vQ € P(P), V,E Q,{

final( ) = Xp “’gieZQEP(P)XQ(x)u‘éV,%(x)
u xX) = wie
2pwp ° Xoerp) XQ(x) )

(o (x) = {1 if x€ Q)

0 otherwise
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2.4. Quantitative evaluation of image quality

The sigma value, which is the Wiener filtering adjust-
ment parameter in the BM3D algorithm, was set from 1
to 15 and quantitatively evaluated to derive the optimal
sigma value. Then, the image to which the optimized
BM3D algorithm was applied was quantitatively compared
with the original, median-filtered, and Wiener-filtered
images. The parameters used for the quantitative evaluation
were CNR and COV.

Tin filter

@
M u
(a) (b)

—59 —

CNR was obtained by dividing the signal average by
the standard deviation, and the equation is as follows:

|ROI S1pyg —BKG SIpyg|
VROI SD2 +BKG SD2

CNR = (10)

where ROI Sl,,, and BKG S, denote the average values
of the signals in the region of interests (ROI) and
background (BKG), respectively; and ROl SD and BKG
SD denote the standard deviations in the ROI and BKG,

Tin filter + High pitch

Fig. 2. AAPM CT performance phantom images using (a) tin filter and (b) tin filter + high pitch with region of interests (ROIs) for
quantitative evaluation. The ROI was set in the same area for each image.
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Fig. 3. Denoised images acquired by changing the sigma value from 1 to 15. As the sigma value is increased, it can be visually con-

firmed that the noise parts of the obtained CT image are reduced.
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respectively.

The COV was obtained by dividing the standard
deviation of the ROI by the signal average, and the
equation is as follows:

ROI SD
COV = —— an
ROI SIgpg

Fig. 2 shows a diagram of the ROI and BKG setups.
Six ROIs were set and the mean values of the CNR and
COV were obtained to compare the algorithms.

3. Results and Discussion

Fig. 3 shows images in which the BM3D algorithm was
applied with different sigma values from 1 to 15 to the
image using tin filters with high pitch. The CNR and
COV were measured to quantitatively evaluate the noise
intensity and derive the optimal sigma value. ROIs of the
same size and position as the ROI set shown in Fig. 2
were applied to each image. Tables 2 and 3 show the
calculated CNR and COV results, respectively. Fig. 4
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shows a graph of the average values of CNR and COV.
For CNR, the values started to converge at a sigma value
of 8-9, whereas for COV, the values started to converge at
a sigma value of 5-6. Considering the contrast aspect, the
optimal sigma value was determined to be 9.

To examine the effectiveness of the BM3D algorithm,
we first acquired images in which the median and Wiener
filters were applied to the image using a tin filter with
high pitch (Fig. 5). Table 4 shows the mean CNR values
calculated in six ROIs of the images using the tin filter
and the tin filter with high pitch, and median-filtered,
Wiener-filtered, and BM3D-filtered images. The calculated
CNRs for the images using the tin filter and tin filter with
high pitch, and median-filtered, Wiener-filtered, and
BM3D-filtered images were 17.6349+1.6416, 15.8605+
0.1849, 23.7375+0.6095, 25.3549+0.6593, and 87.1633+
8.0696, respectively. Table 5 shows the mean values of
the COV calculated in six ROIs of the images using the
tin filter and tin filter with high pitch, and median-filtered,
Wiener-filtered, and BM3D-filtered images. The calculated
COVs for the images using the tin filter and tin filter with

Table 2. Results of CNR as a function of sigma value. The CNR result values of 6 ROIs were derived for each sigma value, and the

values were expressed as average values and standard deviations.

o=1 c=2 =3 =4 =5
ROI1 16.1243 18.7910 23.2925 29.7191 38.4153
ROI2 16.0803 18.5239 23.2495 30.2960 39.3738
ROI3 16.3048 18.9582 23.6498 30.7997 40.7779
ROI4 16.4397 19.8692 24.8468 31.5076 41.0002
ROI5 16.0623 18.4435 23.0696 30.3948 40.4053
ROI6 16.6492 19.4380 24.6958 31.2093 40.4520
Mean 16.2768 £0.2340 19.0040£0.5530 23.8007£0.7765 30.6544£0.6523 40.0708 =0.9846

=6 o=7 =8 =9 o=10
ROI1 52.6706 67.1176 73.0045 76.7586 78.9025
ROI2 53.8659 69.7619 75.0676 78.3212 79.9202
ROI3 59.2507 80.5511 89.4320 91.5111 89.2745
ROI4 59.0281 82.6252 94.2605 97.0656 99.9054
ROIS 58.3465 80.1160 89.3003 91.8653 91.1798
ROI6 56.1981 73.2273 81.9892 87.4580 89.9160
Mean 56.5600£2.7943 75.5665+6.4175 83.8424 +8.5728 87.1633 +8.0696 88.1831£7.8101

o=l11 o=12 o=13 o=14 o=15
ROI1 81.2861 84.1241 85.6459 89.1145 90.6479
ROI2 81.7088 81.3994 83.3727 81.5036 81.8386
ROI3 87.7073 90.3277 91.8375 91.5483 91.5131
ROI4 101.6459 105.8142 109.2210 111.1545 111.0998
ROI5 88.1670 94.1389 91.3461 94.6132 91.1040
ROI6 88.7171 93.0768 94.0858 89.6750 88.3862
Mean 88.2054+7.3653 91.4802+8.6272 92.5848+9.1008 92.9349+9.9256 92.4316+9.8272

CNR, contrast-to-noise ratio; ROI, region of interest
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Table 3. Results of COV as a function of sigma value. The COV result values of 6 ROIs were derived for each sigma value, and the
values were expressed as average values and standard deviations.

COV o=1 =2 =3 =4 o=5
ROI1 0.6746 0.5072 0.3452 0.2502 0.2135
ROI2 0.6421 0.5061 0.3286 0.1775 0.1468
ROI3 0.6944 0.5334 0.3424 0.1763 0.0945
ROI4 0.6574 0.3900 0.1679 0.0686 0.0653
ROI5 0.8318 0.6982 0.4677 0.2357 0.1226
ROI6 0.9227 0.6540 0.3097 0.2234 0.1951
Mean 0.7372+0.1136 0.5482+0.1117 0.3269+0.0959 0.1886+0.0662 0.1396+0.0573
=6 o=7 =8 =9 o=10
ROI1 0.2024 0.1986 0.1987 0.1855 0.1812
ROI2 0.1529 0.1534 0.1634 0.1523 0.1511
ROI3 0.0444 0.0732 0.0906 0.0931 0.1260
ROI4 0.0539 0.0313 0.0313 0.0313 0.0222
ROIS 0.0850 0.0797 0.0910 0.0901 0.1114
ROI6 0.2069 0.2151 0.2074 0.1779 0.1746
Mean 0.1243+0.0730 0.1252+0.0746 0.1304+0.0702 0.1217+0.0603 0.1278+0.0583
o=11 o=12 =13 =14 o=15

ROI1 0.1733 0.1703 0.1708 0.1599 0.1542
ROI2 0.1481 0.1623 0.1638 0.1795 0.1807
ROI3 0.1473 0.1473 0.1513 0.1610 0.1610
ROI4 0.0222 0.0222 0.0222 0.0222 0.0222
ROIS 0.1421 0.1200 0.1527 0.1392 0.1595
ROI6 0.1952 0.1847 0.1919 0.2344 0.2519
Mean 0.1380+0.0602 0.1345+0.0593 0.1421£0.0606 0.1494+0.0702 0.1549+0.0745

COV, coefficient of variation; ROI, region of interest
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Fig. 4. (a) CNR and (b) COV value graph of six ROIs according to sigma value. Both the CNR and COV result graphs showed a

tendency for the values to converge from a certain range as the sigma value changed.
CNR, contrast-to-noise ratio; COV, coefficient of variation; ROI, region of interest

high pitch, and median-filtered, Wiener-filtered and
BM3D-filtered images were 0.8041+0.0682, 0.7942+
0.1232, 0.5559+0.0974, 0.4808+0.0842 and 0.1217+

0.0603, respectively.
Fig. 6 shows a comparison of the CNR and COV for
the images using a tin filter, tin filter with a high pitch,
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Fig. 5. Resulting images using various denoising algorithm: (a) tin filter, (b) tin filter + high pitch, (c) median filtering applied to
(b), (d) Wiener filtering applied to (b), and (e) proposed BM3D algorithm (sigma value 9) applied to (b). When the optimized
BM3D algorithm was applied, it was confirmed that the noise of the image was visually improved.

BM3D, block-matching and 3D filtering

o ———

Table 4. CNR value for each acquired image. The proposed BM3D algorithm showed the best CNR results.

Tin filter Tin filter + High pitch Median filter Wiener filter BM3D
CNR 17.6349+1.6416 15.8605+0.1849 23.7375+0.6095 25.3549+0.6593 87.1633+8.0696
CNR, contrast-to-noise ratio, BM3D, block-matching and 3D filtering

Table 5. COV value for each acquired image. The proposed BM3D algorithm showed the best COV results.
Tin filter Tin filter + High pitch Median filter Wiener filter BM3D
COV 0.8041+0.0682 0.7942+0.1232 0.5559+0.0974 0.4808+0.0842 0.1217+0.0603
COV, coefficient of variation; BM3D, block-matching and 3D filtering

9
PR

= R
P

Contrast to noise ratio (CNR)

wl ZA
977777 F 7/

Tin filter  Tin filter+High pitch Median filter Wiener filter BM3D

Coefficient of variation (COV)

T T i T T
Tin filter  Tin filter+High pitch Median filter Wiener filter BM3D
(a) (b)

Fig. 6. Graphs of (a) CNR and (b) COV values with respect to the denoising algorithm. The excellent CNR and COV results were
shown when the proposed BM3D algorithm was applied to the acquired images.
CNR, contrast-to-noise ratio; COV, coefficient of variation

and tin filter with a high pitch applied with a median dose and improve image quality compared to conventional
filter, Wiener filter, and BM3D algorithm. When the CT scan images.

algorithm was applied, the CNR increased by about 1.49, CT images are indispensable for the early diagnosis of
1.59, and 5.49 times compared to that with the original lesions in the diagnostic medical field, and the number of
image and COV increased by about 1.42, 1.65, and 6.52 examinations has been gradually increasing [16, 17].
times compared to that with the original image. Moreover, Particularly, because children are more sensitive to radiation,
when the BM3D algorithm was applied, the noise was a low-dose-based scanning method is essential for
reduced more effectively than that with median and performing CT scans in them [18]. According to the study
Wiener filters. Based on the results, we expect that apply- results of Brenner et al., the risk of cancer mortality by
ing the optimized BM3D algorithm to low-dose CT undergoing abdominal and head CT examinations performed
images with a tin filter could reduce patients' exposure at 1 year of age was significant and at 0.18 and 0.07 %,
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respectively [19]. Compared to adults, it is considered a
more meaningful value for children who are very
sensitive to radiation, and we expect the BM3D algorithm
proposed in this study to be useful in this regard.

A limitation of this study is that the evaluation was
conducted only with images using phantoms. We expect
that a more accurate image evaluation will be possible if
the BM3D algorithm is applied to low-dose CT images
using a high pitch and tin filters through images obtained
from patients in the future. In addition, among CT image
reconstruction methods, we expect that the iterative-based
method that can acquire high-quality image characteristics
with a low dose compared to the filtered backprojection
can further improve the efficiency of the BM3D algorithm
[20].

4. Conclusion

In this study, we demonstrated that the application of
the BM3D algorithm to low-dose CT images using a tin
filter and high pitch was effective in improving the image
quality using the AAPM CT performance phantom. In
conclusion, applying the BM3D algorithm to a tin-filter-
based low-dose CT image can reduce patients' exposure
dose and improve the image quality compared to that
through conventional CT images without a high pitch.
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