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This study aimed to analyze the applicability of the improved median filter in positron emission to-
mography (PET)/magnetic resonance (MR) fusion images based on parallel imaging using generalized
autocalibrating partially parallel acquisition (GRAPPA). In this study, a PET/MR fusion imaging system
based on a 3.0T magnetic field and 18F radioisotope were used. An improved median filter that can set a
mask of the median value more efficiently than before was modeled and applied to the acquired image.
As quantitative evaluation parameters of the noise level, the contrast to noise ratio (CNR) and coefficient
of variation (COV) were calculated. Additionally, no-reference-based evaluation parameters were used to
analyze the overall image quality. We confirmed that the CNR and COV values of the PET/MR fusion
images to which the improved median filter was applied improved by approximately 3.32 and 2.19 times
on average, respectively, compared to the noisy image. In addition, the no-reference-based evaluation
results showed a similar trend for the noise-level results. In conclusion, we demonstrated that it can be
supplemented by using an improved median filter, which suggests the problem of image quality
degradation of PET/MR fusion images that shortens scan time using GRAPPA.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Anatomical and functional imaging devices are widely used in
diagnostic medical imaging [1,2]. Recently, a fusion imaging system
that can simultaneously acquire anatomical and functional images
was developed. Representative types of fusion imaging systems
include positron emission tomography (PET)/magnetic resonance
imaging (MRI), PET/computed tomography (CT), and single-photon
emission computed tomography (SPECT)/CT [3e6]. Among these
imaging devices, PET/MRI uses a positron-emitting nuclide, such as
18F, and has the advantage of acquiring images with a very high
resolution compared with those acquired using PET/CT [6]. In
addition, compared with CT, MRI has a great advantage in that ra-
diation exposure need not be considered when acquiring
l Science, Gachon University,
Korea.

by Elsevier Korea LLC. This is an
anatomical images.
Compared with CT-based fusion imaging systems, MRI-based

modalities require a longer scan time [7]. In particular, because it
takes as much time as the sum of each scan time of PET and MRI to
acquire a PET/MR fusion image, reducing this is a significant chal-
lenge for many researchers. Although it is possible to reduce the
MRI scan time by reducing the number of samplings in k-space,
aliasing inevitably occurs, thereby reducing the diagnostic accuracy
[8]. Parallel imaging using a multichannel coil is widely used to
overcome these shortcomings [8e10]. Generalized autocalibrating
partially parallel acquisition (GRAPPA), one of the most represen-
tative methods of parallel imaging, is based on the principle of
estimating coil-sensitivity profiles by fully sampling the center of
the k-space and sparsely obtaining the edge [10,11]. Fig. 1 shows a
schematic diagram of a simple GRAPPA approach in a brain MR
image. According to a study by Lindholm et al., parallel imaging
using GRAPPA proved that high-accuracy segmentation and vol-
ume measurement are possible in brain MR images [12]. In addi-
tion, research to reduce the estimation error by deriving optimized
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Fig. 1. A simple schematic diagram of the GRAPPA method, a type of parallel imaging. To obtain an MR image with a fast scan time, when the number of samplings in the k-space
space is sparsely obtained, aliasing artifacts occur. However, it is the principle of acquiring the final MR image with reduced or no aliasing by supplementing the undersamling parts
such as the blue box in the lower left figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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image parameters in GRAPPA diffusion-weighted MRI has been
conducted, proving the possibility of various clinical applications
[13].

However, when acquiring an MR image using GRAPPA, the
signal-to-noise ratio (SNR) is reduced because of the number of
coils receiving a signal, and undersampling inevitably occurs [12].
The SNR of the MR image based on parallel imaging, including
GRAPPA (SNRp), is calculated by the following equation, and addi-
tional SNR reduction is caused by the acceleration factor (A) and
geometry factor (g).

SNRp ¼ SNR

g
ffiffiffi
A

p (1)

Both A and g in Equation (1) have a large effect on the final SNR
loss, and it is difficult to reduce the scan acceleration or reduce the
difference between pixels in order to improve the two situations.
When the acceleration factor is 2, the SNR decreases about 0.71
times, and the increase in the geometry factor due to the in-
homogeneity of the coil decreases the SNR in proportion. The
easiest approach to solving these challenges is to utilize denoising
software technology. One of the most commonly used software-
based filtering methods in medical imaging is the median filter.
The median filter is known to be effective when the pixel value of
the noise in the image is different from the surrounding pixel value.
This filter effectively removes noise using the simple principle of
aligning the values for the surrounding pixels and then using the
intermediate value as the new value. Based on the median filter,
weighted [14], centered [15,16], and adaptive [17] methods have
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been proposed by several researchers. In particular, Lee proposed a
new type of median filtering method based on an improved
thresholding method and demonstrated its applicability in func-
tional gamma-ray images using a cadmium zinc telluride detector
[18]. However, the aforementioned noise filtering methods have
disadvantages in that the efficiency is lowered when the central
pixel is noisy or depends on the density value of noise when
changing the mask size.

Thus, the application of the improved median filter proposed by
Boateng et al. in the principle of selecting an effective median value
for each mask using an overlapping mask in the median filter was
analyzed to confirm its applicability in PET/MR images using the
parallel imaging method with GRAPPA in this study [19]. To analyze
the applicability of the proposed improved median filter to the
acquired PET/MR images, a conventional median filter was
modeled and various image noise levels and no-reference-based
evaluation methods were used.
2. Materials and methods

2.1. Used PET/MR fusion imaging system and phantom

In this study, a simultaneous PET/MR fusion imaging systemwas
used (Biography mMR; Siemens Healthineers, Erlangen, Germany).
PET/MRI in the form of a circularly arranged detector capable of PET
imaging between the radiofrequency (RF) body coil and the
gradient coil was used in a magnet composed of a 3.0T main
magnetic field.

For image acquisition, a Jaszczak phantom, consisting of six



Table 1
Specific imaging parameters for the MR image with GRAPPA
method.

Imaging parameter Value

TR (repetition time, ms) 3.60

C. Park, J.-Y. Kim, C.-H. An et al. Nuclear Engineering and Technology 55 (2023) 222e228
holes of different sizes, was used. Four holes were used for image
acquisition, 37 kBq/mL 18F radioisotopewas injected into the holes,
and the remaining area of the phantom was filled with
NaCl þ NiSO4 solution (Fig. 2). The imaging parameters for the MR
image acquisition using the GRAPPA method are listed in Table 1.
TE (time to echo, ms) 1.23
FOV (field of view, mm) 500
Acquisition time (sec) 19
2.2. Modeling of improved median filter

The adaptive median filter uses the principle of changing the
filtering mask size according to the noise density, so that only the
noise part can be processed. The smaller the mask size of the
general filter, the better the image boundary preservation perfor-
mance; however, the adaptive median filter uses a ð2nþ1Þ�
ð2nþ1Þ mask, and thus the performance is somewhat lower. In
particular, when the mask size of the filter is the maximumvalue, if
the median value is noise, the original pixel value is output as is,
and the image quality improvement rate is insufficient.

In this study, an improved median filter proposed by Boateng
et al. was modeled based on the principle that an effective median
value can be applied to the filtered image using an overlapping
mask in the filter to address these shortcomings [19]. The proposed
filtering method fixes the mask size and the median value is
modeled differently from the middle value of the aligned pixel
values. Based on the mask size determination process of the

adaptive median filter, the value of nwas changed to k2�1
2 ðk ¼ 3; 5;

7; …Þ.
Fig. 3 shows a schematic diagram of the overall process of

improvedmedian filtering using the sample values of the input and
output masks. Assuming a mask size of 3� 3 with pixel values
ranging from 0 to 255, sorting was first performed from the
smallest to the largest. In the example in Fig. 3, the median value is
70, which is selected as the effective median value. Subsequently,
the value (R), which is the processing starting point, was set by
adjusting the appropriate interval of all values. The final output
mask is determined as follows:1. Among the re-sorted values, the
smallest value is subtracted from the second smallest value, and if it
is greater than R, it is reset to the R value. 2. Subtract the second-
largest value from the largest value among the re-sorted values
and reset it to the R value if it is greater than R.
Fig. 2. Photo of (a) the real Jaszczak phantom and (b) a schematic diagram of the phantom v
different diameters, and the phantom was filled with NaCl þ NiSO4 solution.
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2.3. Quantitative evaluation of image quality

To quantitatively evaluate the usefulness of the improved me-
dian filter in PET/MR fusion images, the noise level and no-
reference-based evaluation parameters were used.

The contrast to noise ratio (CNR) and coefficient of variation
(COV) evaluation parameters are one of the most commonly used
noise level evaluation parameters in the medical imaging field. In
this study, CNR and COVwere used to evaluate the noise level of the
acquired image, and the calculation formulas are as follows:

CNR¼

���STarget � SBackground
���ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sTarget
2 þ sBackground

2
q (2)

COV¼sTarget

STarget
(3)

where STarget and sTarget are the mean value and standard devia-
tion, respectively, of the region of interest (ROI) in each target, and
SBackground and sBackground are the mean value and standard devia-
tion, respectively, of the ROI in each background. Fig. 4 shows a
schematic diagram of setting ROIs in four holes for the COV and CNR
calculations. Two evaluation parameters were calculated by setting
each target and background ROI in the four-hole regions.

No-reference-based evaluation parameters were used to eval-
uate the noise level and the overall quality of the acquired PET/MR
fusion images. The natural image quality evaluator (NIQE) and
blind/referenceless image spatial quality evaluator (BRISQUE)
based on the image quality assessment (IQA) algorithm were used
iewed from top to bottom. 18F radiopharmaceutical was injected into the four holes of



Fig. 3. Simple processing schematic diagram of the proposed improved median filtering (3� 3 mask size example).
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as the no-reference-based evaluation parameters. The NIQE and
BRISQUE formulas were completed as follows, based on the prin-
ciple of matching the generalized Gaussian distribution to the
histogram of the MSCN-processed image [20,21].

fGGD
�
x; a; s2

�
¼ a

2bD
�
1
=a

� exp��
�jxj
b

	a	
(4)

where a is the shape parameter that controls the distribution of s2,

b is s

ffiffiffiffiffiffiffiffiffiffiffi
Dð1=aÞ
Dð3=aÞ

s
, and D is the gamma function.
Fig. 4. Schematic diagram of the ROI setting for COV and CNR calculation displayed on
the acquired sample PET/MR fusion image.
3. Results and discussion

Fig. 5 shows the PET/MR fusion image obtained based on parallel
imaging using GRAPPA and the result of filtering, including an
improved median filter. From visual evaluation, we confirmed that
the noise in the hot region containing radioactive isotopes was
significantly reduced when the proposed improved median filter
was applied to the acquired phantom image. In addition, we
confirmed that the edge part could be more clearly indicated using
the proposed filter compared to the conventional median filter in
all hole areas.

Fig. 6 shows the results of the quantitative evaluation of the
noise level of the acquired PET/MR fusion images. Fig. 6 (a) shows a
graph of the CNR results measured for each acquired image. The
CNR results were measured from both the red and yellow circle-
shaped ROIs in the target region shown in the sample image in
Fig. 4. In all four hole areas, the PET/MR fusion image with the
improved median filter showed the best CNR value. The average
values of the CNR results measured in the four hole areas were 4.62,
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13.27, and 15.37 in the noisy image, conventional median filtered
image, and improved median filtered image, respectively. Analysis
of the average CNR value showed that 3.32 and 1.16 times improved
values were derived in the improved median filtered image
compared to the noisy image and the conventional median filtered
image, respectively. In particular, we confirmed that as the



Fig. 5. PET/MR fusion images acquired based on parallel imaging using GRAPPA: (a) noisy image, (b) conventional median filtered image, and (c) improved median filtertered image.
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diameter of the hole decreased, the CNR decreased, and the noise
improvement rate of the proposed filter also decreased gradually in
all three image results. Fig. 6 (b) shows a graph of the COV results
measured for each acquired image. The COV results were measured
from the red circle-shaped ROIs in the target region shown in the
sample image in Fig. 4. In all four hole areas, the PET/MR fusion
image with the improved median filter showed the best COV value.
The average values of the COV results measured in the four hole
areaswere 0.380, 0.187, and 0.173 in the noisy, conventional median
filtered, and improved median filtered images, respectively. Anal-
ysis of the average COV value showed that 2.19 and 1.08 times
improved values were derived in the improved median filtered
image compared to the noisy image and the conventional median
filtered image, respectively. In addition, it was confirmed that in all
Fig. 6. Result graphs of the (a) CNR and (b) COV results meas
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three result images, as the diameter of the hole decreased, the COV
result decreased and the noise improvement rate of the proposed
filter also decreased gradually, similar to the trend seen in the CNR
results measured previously.

CNR and COV, which are representative parameters for the
quantitative evaluation of noise levels, are applied to PET and MR
images. In particular, CNR can evaluate contrast and noise simul-
taneously, and COV can observe signal and noise simultaneously;
therefore, both evaluation parameters are widely used in image
processing algorithms and filter development research. This
research team conducted a study to analyze the applicability of the
algorithm using the total variation approach in PET/MR fusion
images using CNR and COV [22]. In addition, Part et al. demon-
strated the usefulness of a denoising algorithm using a non-local
ured for each hole in the acquired PET/MR fusion image.



Fig. 7. The no-reference-based evaluation results (NIQE and BRISQUE) measured from acquired PET/MR fusion images.
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means approach in diffusion-weighted MR images using high b-
values through COV evaluation [23]. In both studies, the accuracy of
the evaluation parameters was verified by analyzing the complex
image quality changes in the PET or MR images according to the
numerical changes in the CNR and COV.

Fig. 7 shows the results of the no-reference-based evaluation,
including NIQE and BRISQUE, of the acquired PET/MR fusion im-
ages. The evaluated NIQE values are 4.94, 3.06, and 2.75 for the
noisy image, conventional median filtered image, and improved
median filtered image, respectively. Analysis of the NIQE value
showed that 1.79 and 1.11 times improved values were derived in
the improved median filtered image than in the noisy image and
the conventional median filtered image, respectively. In addition,
the evaluated BRISQUE values are 38.66, 30.55, and 29.00 for the
noisy image, conventional median filtered image, and improved
median filtered image, respectively. Analysis of the BRISQUE value,
we demonstrated that 1.33 and 1.05 times improved values were
derived in the improved median-filtered image than in the noisy
image and the conventional median-filtered image, respectively.

NIQE and BRISQUE are representative non-reference-based
evaluation parameters that can evaluate the overall image quality.
The smaller the value of both evaluation parameters, the better the
image quality. NIQE and BRISQUE are the most used databases for
IQA research and are evaluated using the correlation between
blurring and noise level of image quality, which is the most
prominent in human visual elements. NIQE uses the principle of
deriving the characteristics of selected patches for each image and
BRISQUE is evaluated by how much the Gaussian image histogram
distribution is distorted by blurring or noise [20,21]. When
approaching the NIQE and BRISQUE evaluation parameters in the
field of medical imaging, researchers can be very useful in the
development of denoising algorithms. In particular, when
software-based technologies that reduce noise are applied to
medical images, blurring inevitably occurs; therefore, parameters
that analyze the entire image are required to derive appropriate
image quality. Because NIQE and BRISQUE do not use reference
images essential for similarity evaluation, they have the advantage
of being able to analyze the overall image quality easily. In a study
by Kumar, the correlation between the peak signal-to-noise ratio
(PSNR) and structural similarity (SSIM), which are representative
similarity evaluation factors based on reference images, and BRIS-
QUE were analyzed in brain MR images [24]. In particular, they
demonstrated the applicability of no-reference-based evaluation in
diagnostic medical imaging by comparing the evaluation ten-
dencies of the SNR and BRISQUE in diffusion-weighted images [23].
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In this study, by modeling an improved filtering method, the
blurring that inevitably increases with the reduction of noise in the
MR image is evaluated in a complex manner.

One of the key aspects of this study is to propose an improved
method based on an existing median filter. As mentioned earlier,
Boateng et al. proposed the principle of rearranging median values
to compensate for the shortcomings of the adaptive median filter.
In this study, a new spatial domain approach was presented by
applying the modeled improved median filter to the field of diag-
nostic medical imaging based on the results of the existing digital
image analysis. In particular, because signal loss occurs rapidly
during PET/MR fusion imaging based on parallel imaging using
GRAPPA, it is expected that the proposed improved median filter
will be useful, as efficient noise reduction is necessary. GRAPPA is
the principle of estimating missing points in k-space and can
significantly reduce scan time; however, there is a need to
compensate for signal and noise. The GRAPPA type filter has been
suggested by many researchers, and the improved median filter
proposed in this study is thought to be simple and efficient for
various applications. In particular, we expect that a very high lesion
detection accuracy can be obtained when the filter modeled in this
study is applied to anMR image using high-pass GRAPPA suggested
by Huang et al. or non-linear GRAPPA suggested by Chang et al.,
which can improve noise suppression methods [25e27].

In the future, we believe that the improved median filter can be
applied to deep learning technology for MR images. The quality of
training or labeling data in the field of MR image reconstruction or
the development of ultra-high-resolution algorithms is very
important. When constructing these data, a filter or technology
that can appropriately enhance blurring and noise can be used to
develop a deeper learning method with a higher accuracy. In
particular, the improved median filtering method is expected to be
much more useful than existing iteration methods in deep learning
technology, where time resolution is very important.
4. Conclusion

In this study, the applicability of a PET/MR fusion image based
on parallel imaging using GRAPPA was analyzed by modeling a
filter with improved noise-removal efficiency based on the con-
ventional median filtering method. In conclusion, the proposed
filter is expected to compensate, to some extent, for noise ampli-
fication, which is the major problem of parallel imaging including
GRAPA.
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