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Article type:

Introduction: A simple noise reduction algorithm, i.e. a selective mean filter (SMF), had been previously
Original Paper

introduced. The aim of this study is to investigate the image qualities filtered by a SMF and its comparison to

an adaptive statistical iterative reconstruction (ASIR).

Material and Methods: To assess the basic image quality, an American Association of Physicists in
Medicine Computed Tomography (AAPM CT) performance phantom was used. The phantom was scanned
by 128 Multiple Slices Computed Tomography. The tube current varied from 50 mA to 100, 150, and 200
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mA. The images of a phantom were reconstructed by filtered back projection (FBP) followed by SMF and

Keywords: ASIR (20, 40, 60, 80, and 100%). The image quality assessment was in terms of noise level, noise power
Computed Tomography spectrum (NPS), and modulation transfer function (MTF).

Image Quality Results: The noise level and NPS of SMF was similar with ASIR 100%. The values of the MTFy, of the
Algorithms ASIR filter at any level and SMF were comparable. The MTFy, values of ASIR 60%, and SMF with 50 mA

Image Processing
Selective Mean Filter
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(low) were 0.76 £+ 0.02 and 0.75 + 0.02 cycle/mm, respectively. Meanwhile, the MTFy, of ASIR 60% and
SMF with 200 mA (high) were 0.74 £ 0.00 and 0.73 + 0.00 cycles/mm, respectively.
Conclusion: Our results indicated that the performance of the SMF in reducing noise is equivalent to the

Iterative Reconstruction

maximum level of ASIR strength, i.e., ASIR 100%.
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Introduction

Computed tomography (CT) scanner provides
images that contain patient’s detailed and precise
anatomical information for accurate clinical diagnosis.
However, the use of CT scanner also causes a high
radiation dose on patients that can increase the
incidence of cancer. A method to reduce the radiation
dose without deteriorating the diagnostic image
quality is known as dose optimization. Many studies
have been carried out to optimize CT dose, such as,
implementing a tube current modulation, shielding,
proper patient positioning, and gantry tilting [1-4].
However, the effect of these interventions can vary on
different patients and examination conditions [5].
Another effective method to optimize CT dose is
implementing noise reduction filters in both sinogram
and image spaces [4]. The process is described as
follows: setting a relatively low CT exposure
parameter (mA) to make patient receive a lower
radiation dose, with a consequence of increasing the
image noise, followed by reducing the noise by
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applying a noise reduction filter. It is known that
methods in noise reduction always cause a decrease in
image’s spatial resolution, which can cause a
misinterpretation in diagnosing diseases and
abnormalities [6]. Therefore, several methods have
been proposed to maintain the spatial resolution
quality when reducing noise [7-16].

Many algorithms for noise reduction have been
proposed, including mean filter (MF) [9], adaptive
mean filter (AMF) [8,9], and bilateral filter (BF) [10-
13]. A study reported the ability of MF and AMF in
significantly reducing image noise, although the
spatial resolution of the image significantly decreased
[14]. Meanwhile, the BF, known as a non-iterative
adaptive smoothing filter, maintains object’s edges
while reducing noise [13] and reportedly can increase
the peak signal to noise ratio (PSNR) for about 32%
with still maintaining its image spatial resolution [10].
But the use of BF requires a relatively heavy
computation due to its complex mathematics
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construction. On average, it takes about 25 s to
process a 512 x 512 CT image [10].

CT manufacturers also provide noise reduction
algorithms known as iterative reconstruction (IR)
with different names such as adaptive statistical
iterative reconstruction (ASIR) from GE, sinogram-
affirmed iterative reconstruction (SAFIRE) from
Siemens, iDose from Philips, and adaptive iterative
dose reduction 3D (AIDR3D) from Toshiba [15]. On its
application, IR is able to reduce the noise while
maintaining the spatial resolution of the image [3,16],
that makes it potential to produce a good image
quality with lower dose. However, IR technique is not
always installed in the CT scanner and needs extra
cost to acquire it [16]. Therefore, a simple noise
reduction algorithm with capabilities similar to IR can
be a solution to many institutions, which do not have
IR software yet. A study by Anam et al. introduced a
simple, fast, and easily implemented algorithm of
noise reduction, known as a selective mean filter
(SMF) [17]. The SMF produced similar results of
image’s spatial resolution compared to the original
image [17]. These results suggest the performance of
SMF in maintaining the spatial resolution with
reducing noise. Therefore, this study aimed to
investigate several quantitative image quality
parameters from using SMF and compare them to IR
of one CT manufacturer (ASIR).

Materials and Methods

Phantom, CT and software

An American Association of Physicists in Medicine
Computed Tomography (AAPM CT) Performance
phantom (Model 610, CIRS, Virginia, US) was scanned
using a 128 Slice Computed Tomography (Revolution
Evo, GE Healthcare, Waukesha, WI) with its scanning
parameters tabulated in Table 1. The image quality in terms
of noise level, noise power spectrum (NPS), and spatial
resolution (modulation transfer function, MTF) were
measured. The images were reconstructed by the filtered
back projection (FBP) technique and ASIR. We used five
different levels of the ASIR strength, i.e., 20, 40, 60, 80,
and 100%. The images of FBP were then filtered using the
SMF technique. Meanwhile, in the SMF technique, images
were denoised in another computer using Matlab software
(Mathworks Inc., Natick, Massachusetts, USA). In this
study, we used Acer Nitro 5 Intel Core i5-8300H 2.3 GHz
with 8GB RAM, Graphic Processor Unit (GPU) Nvidia
Geforce GTX 1050 4GB under the Windows 10 Home
operating system with SSD M.2 NVMe 2280 256GB.

Table 1. The Acquisition Parameters for Image Acquisition

Acquisition mode Axial
Tube potential (k\Vp) 120
Tube current (mA) 50, 100, 150, 200
Pitch 0.984
Rotation time (s) 2
Detector coverage (mm) 25
Slice thickness (mm) 5
377

SMF Method

The SMF algorithm is one of the noise reduction
methods based on the mean filter (MF) technique.
However, not all pixels in a particular kernel area are
included in the average calculation, but they are
selectively chosen based on a threshold value (h). The
threshold value was determined based on image noise
(o). In this study, the h was set as 36. The selection of
pixel with position of (i, j) in a kernel with central
position of (x, y) was determined by the following
equation [17]:

I'(x+i,y+))
_{I(x+i,y+j), if 0,y)=Ix+i,y+)l<h o
h 0, if H0,y)=Ix+iy+j)l>h

After that, the mean value in every pixel of (X, y)

I(x,y) = @
Where N’(x,y) is the number of selected pixels
within kernel area.

ASIR

The standard method for image reconstruction is
FBP. CT manufactures have introduced an algorithm
based on IR to reduce radiation doses while maintaining
image quality. One of the IR methods is ASIR, which is
an additional software on the CT scanner with additional
costs. ASIR is an IR technique based on a repetitive
reconstruction of a set of image data that leads to a
better representation of the object being imaged [18].
ASIR works on raw data space modelling of the
fluctuation in the projection measurement and the noise
characteristics of the scanned object. Its performance is
fast and can be achieved by using a high-end fast
computer technology; thus, it is suitable for clinical
applications.

ASIR uses an image from the FBP algorithm as
initial image to be iteratively reconstructed. By this
initial image, ASIR uses an algebraic matrix to change
the measured value of each pixel (y) into a new estimate
of the pixel value (y"). This pixel value is directly
computed to get an ideal value of noise in the image.
This process is successively repeated until the ideal
value of the pixel is finally found. The ASIR process is
divided into three main steps. First, a forward-projection
of the object estimate to produce artificial raw data.
Second, comparison between the artificial raw data and
the measured raw data for correction. Third, a back-
projection of the correction data onto the image of the
object estimate. The iteration loop stops when the
correction to the estimated image is small enough, or the
image quality criteria met, or a certain number of
iterations is reached [19, 20]. There are various levels of
denoising strength of the ASIR, i.e., 10, 20, 30, 40, 50,
60, 70, 80, 90, and 100%.
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(a)

Figure 1. (a) Image of the resolution insert of AAPM CT performance phantom for measuring spatial resolution. (b) Position of ROl for NPS
calculation, and (c) Image of the phantom with 10 cm field of view (FOV). The FOV was decreased for MTF measurement to investigate the high

spatial resolution capability of the CT system.

Image Quality Assessment

The image qualities of FBP, ASIR, and SMF in
terms of noise level, noise power spectrum (NPS), and
modulation transfer function (MTF) were assessed.

Noise was measured using an automated noise
calculation algorithm by MATLAB software (R2019b,
MathWorks Inc., Natick, US). An automatic noise
calculation was performed by using the sliding window
of about 1 c¢cm? to create the standard deviation map
(SDM). The noise was identified as the smallest SD
from the SDM because the smallest SD is the most
homogeneous area within the image [21].

NPS is a useful metric to describe the spatial
frequency content of noise and plays an important role
in analyzing the performance of the imaging system
[22,23]. The NPS is calculated by equation (3) [24]:

d,d
NPS (u,v) = N"Ny |F[1(x,y) — P(x, ]I 3)
x Ny

where u represents spatial frequency in the x-
directions, v represents spatial frequency in the y-
directions, d,and d, are pixel size (mm), N, and
N, represent the number of pixels in the x and y
direction of the ROI, F denotes the 2D Fourier
transform, I(x,y) is the pixel value (HU) of a ROI at
position (x, y), and P(x,y) is a 2nd order polynomial fit
of I(x,y). In this study, the NPS curves were generated
using ImQuest software. A rectangular region of interest
(ROI) of about 31 x 31 mm was placed in homogeneous
area on phantom images to calculate NPS (Figure 1(b)).

MTF values were measured using an automated
algorithm in MATLAB. MTF is basically an objective
way to assess the visibility of any object on an image. It
is a spatial resolution evaluation matrix imaging system
that is often used in CT imaging. The MTF curve
provides information across all spatial frequencies of a
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CT image [25]. MTF can be measured with a disk image
of a cylindrical phantom (such as the American College
of Radiology (ACR) phantom) by taking into account
the line spread function (LSF), point spread function
(PSF), or edge spread function (ESF) [26, 27]. Recently,
Anam et al. [27] reported a simple software to
automatically calculate MTF to be used as part of a
quality assurance program for CT. The MTF curve was
obtained from the Fourier transform of the LSF curve.
The MTF curve was determined by the following
equation [27]:

MTF(f) = |[F(LSF(x))| =

f " LLSF GO e+ dx @

where f denotes the spatial frequency and F indicates
the Fourier transform.

The resolution insert of the AAPM CT performance
phantom is shown in Figure 1 (a) and is reconstructed
with a 25,5 cm FOV. However, to investigate the high
spatial resolution capability of the CT system, the FOV
was decreased to 10 cm (Figure 1(c)). A rectangular
ROI of 32 x 32 pixels was placed in the center of the
wire image (Figure 1(c)). MTF was measured at three
slices of images. To get the quantitative value of spatial
resolution, MTF1p and MTFs, were computed from all
images.

Results

The noises of FBP images and filtered images (ASIR
and SMF) for various tube currents are shown in Figure
2. As depicted, the noise levels increase when tube
current decreases as expected. The noise levels decrease
with the increase of ASIR level in every tube current
value. The noise levels of SMF were almost similar to
ASIR 100% noise levels in every tube current.
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Figure 2. The graphs of noises in the AAPM phantom images with different tube currents for FBP images and filtered images by ASIR with various
levels and standard SMF

Figure 3. NPS curves of FBP images and filtered images using ASIR and SMF for various tube currents (mA): (a) 50 mA, (b) 100 mA, (c) 150 mA,
and (d) 200 mA

Figure 4. The MTF curves of FBP images and filtered images using ASIR and SMF for various tube currents: (a) 50 mA, (b) 100 mA, (c) 150 mA,
and (d) 200 mA
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The NPS curves of FBP, ASIR (20, 40, 60, 80, and
100%), and SMF for various tube currents are shown in
Figure 3. As can be seen, an increase in the tube current
causes a decrease in the noise level. Also, the noise
levels of ASIR and SMF significantly decreased
compared to FBP. The SMF produced the lowest NPS
compared to any level of ASIR. All four images for
various tube currents had the same pattern.

The MTF curves for original images (FBP) and the
images filtered with ASIR (20, 40, 60, 80, and 100%)
and SMF for various tube currents of 50, 100, 150, and
200 mA are shown in Figure 4. As shown, all images
have comparable MTF indicated by an overlap in the
MTFs curves. Figure 4 shows that maximum MTF
curves go beyond a unity, which is because of the effect
of reconstruction filter on the point spread function
(PSF). If the normalized PSF completely follows the
Gaussian distribution (i.e., there is no negative value in
the normalized PSF), then the maximum MTF value is
1. However, due to the effect of reconstruction filter,

there are negative values in both tiles of the normalized
PSF curve, which causes the peak of the MTF curve to
be more than 1.

Figure 4 also shows that in small tube currents,
fluctuations in the MTF curves are indeed relatively
large due to its high noise. This phenomenon has been
reported in a previous study [28]. Therefore, accurate
MTF measurements require relatively large tube
currents (above 100 mA).

From these MTF curves, the MTFy, and MTFsg
values could be derived. The values of MTFy, and
MTFs, for original images (FBP) and the images filtered
with ASIR (20, 40, 60, 80, and 100%) and SMF for
various tube currents of 50, 100, 150, and 200 mA are
tabulated in Table 2. Again, the data show that the
values of MTFi and MTFs, for all images are
comparable. These results indicate that the SMF
preserves the spatial resolution of the images, while it
reduces the noises of images, as expected.

Table 2. MTFy, and MTFs, values for AAPM images for various mA and filter algorithms

Tube current (mA) Algorithms MTFy, (Cycle/mm) MTFs, (Cycle/mm)
FBP 0.747 £0.03 0.408 + 0.05
ASIR 20% 0.736 £ 0.01 0.417 £0.03
ASIR 40% 0.740 £ 0.01 0.420 £0.01
50 ASIR 60% 0.755 +0.02 0.428 +£0.03
ASIR 80% 0.759 £0.01 0.437 £0.02
ASIR 100% 0.774 £0.02 0.451 = 0.05
SMF 0.748 £ 0.02 0.446 +0.04
FBP 0.739 £0.00 0.433+0.01
ASIR 20% 0.747 £0.00 0.434 £0.02
ASIR 40% 0.755+£0.01 0.435 = 0.04
100 ASIR 60% 0.761£0.01 0.444 £ 0.01
ASIR 80% 0.767 £0.01 0.440 £ 0.03
ASIR 100% 0.769 + 0.00 0.448 £0.01
SMF 0.739 £ 0.00 0.434£0.01
FBP 0.738 £0.01 0.424 £0.01
ASIR 20% 0.745 +0.02 0.427 £0.02
ASIR 40% 0.750 + 0.02 0.430 £ 0.02
150 ASIR 60% 0.755 + 0.02 0.432 £ 0.02
ASIR 80% 0.760 + 0.01 0.435+0.01
ASIR 100% 0.770 £0.01 0.441+0.01
SMF 0.743£0.01 0.431 +0.00
FBP 0.730 £0.00 0.416 = 0.00
ASIR 20% 0.735+0.00 0.417 £0.01
ASIR 40% 0.740 £0.01 0.427 £0.01
200 ASIR 60% 0.741 £0.00 0.428 £0.01
ASIR 80% 0.745 £ 0.00 0.430 £ 0.00
ASIR 100% 0.749 £ 0.00 0.435+0.01
SMF 0.732 £0.00 0.416 = 0.00

Discussion

As mentioned in the introduction, many dose
optimization techniques have been used to reduce the
dose of CT. Implementation of noise reduction filters is
one of the effective techniques for dose optimization [4—
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8]. Anam et al. [17] reported that SMF has the potential
to reduce patient doses by up to 75% without reducing
the spatial resolution of the original image. It was also
reported that the SMF algorithm is 54% superior to the
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BF in terms of computational speed with comparable
image spatial resolution results.

In the current study, we investigated the image
qualities of SMF and compared them to IR method, i.e.,
the ASIR. Our findings confirmed previous studies
reporting that ASIR can significantly reduce the noise
level of imaging, and therefore it might reduce the dose
[28-32]. It was reported that ASIR reduces the dose up
to 60% without decreasing its image quality [33]. Chen
et al. [34] reported that ASIR 50% reduced noise by
approximately 35% compared with FBP. In this study,
we found that, on average, SMF reduced noise by more
than 65% compared with FBP in each tube current
(mA). It was found that the noise level of SMF was
lower than the noise levels of the ASIR 20-80%. The
noise level of SMF seems to be similar with the noise
level of ASIR 100%. Similarly, it was found that the
NPS curve of the SMF is equivalent to the ASIR 100%.
This indicated that the performance of SMF in reducing
noise is equivalent to the maximum level of ASIR
performance. The pattern of noise reduction looked
alike in every mA group.

As Figure 2 shows, the noise level of SMF was
similar with ASIR 100%. Numerically, at 200 mA, the
noise level of SMF was 10% lower than ASIR 100%.
However, at 50 mA, the noise level of ASIR 100% was
7% lower than SMF. For 100 mA and 150 mA, it had
the same difference percentage of noise level, i.e., the
noise of SMF was 3% lower than ASIR 100%.

We compared the SMF noise level, which is close to
the ASIR noise level on other tube currents. Noise level
of the 50 mA SMF is close to 200 mA ASIR 20%. Noise
level of the 100 mA SMF is equivalent to 200 mA ASIR
60%, 150 mA ASIR 80%, and 100 mA ASIR 100%.
Noise level of the 150 mA SMF is equivalent to 200 mA
ASIR 80% and 150 mA ASIR 100%. Noise level of the
200 mA SMF was close enough to 200 mA ASIR 100%.
Based on data, it is clear that SMF filter is comparable
to certain ASIR levels at certain tube currents.

Several studies have been carried out to investigate
the impact of spatial resolution as a function of ASIR
[25, 35, 36]. In the current study, we analyzed the image
spatial resolution for FBP, ASIR, and SMF. The average
difference percentage of MTF1o between SMF and FBP
was 0.2% in every mA. Based on the noise level value,
we compared the difference percentage of MTFyo
between SMF and ASIR 100% in every mA, and the
average difference percentage was 3.3%. Therefore, the
MTF1o and MTFso values of SMF, ASIR, and FBP are
very similar. In agreement with our findings, Anam et
al. [17] reported that MTFs of the filtered images using
SMF are very similar to the FBP. Another study by
Richard et al. [25] reported that there is no dependence
between MTF with linearity setting. However, Hussain
et al. [18] reported that ASIR strength more than 50%
resulted in vague images, and Yanagawa et al. [35]
showed that there are partial obscurity and subtle
opacities at ASIR 100% image.

Our findings confirm that results of the SMF are
comparable to those from the ASIR. The advantage is
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that SMF can be an alternative for institutions with CT
scanner not equipped with IR software, such as ASIR.
The main limitation of the IR technique is its long
reconstruction time that needs a sophisticated high speed
computation technology. Silva et al. [36] reported that
ASIR reconstruction needs longer time compared to
FBP reconstruction for a standard abdominopelvic CT.
While Anam et al. [17] found that using netbook
(Lenovo Ideapad 330S with intel Core i5), the
computing time of the SMF was 1.635 + 0.045 seconds
for one slice of image. In this study, we did not carry out
a qualitative assessment involving radiologists in
clinical images. Further studies are required to compare
the image quality (quantitative and qualitative
assessments) between SMF and IR from other CT
manufactures.

Conclusion

The use of the SMF method significantly reduced the
image noise while maintaining the spatial resolution of
the image. It is found that the noise and spatial
resolution of images filtered by the SMF are comparable
to those from ASIR. Therefore, the SMF filters can be
used in the low-dose CT and they could be an
alternative for institutions with CT scanner not equipped
with IR software, such as ASIR.
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