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Gamma-ray images generally suffer from a lot of noise because of low photon detection in the gamma
camera system. The purpose of this study is to improve the image quality in gamma-ray images using a
gamma camera system with a fast nonlocal means (FNLM) noise reduction algorithm with an acceler-
ation function. The designed FNLM algorithm is based on local region considerations, including the
Euclidean distance in the gamma-ray image and use of the encoded information. To evaluate the noise
characteristics, the normalized noise power spectrum (NNPS), contrast-to-noise ratio (CNR), and coef-
ficient of variation (COV) were used. According to the NNPS result, the lowest values can be obtained
using the FNLM noise reduction algorithm. In addition, when the conventional methods and the FNLM
noise reduction algorithm were compared, the average CNR and COV using the proposed algorithm were
approximately 2.23 and 7.95 times better than those of the noisy image, respectively. In particular, the
image-processing time of the FNLM noise reduction algorithm can achieve the fastest time compared
with conventional noise reduction methods. The results of the image qualities related to noise charac-
teristics demonstrated the superiority of the proposed FNLM noise reduction algorithm in a gamma
camera system.
© 2018 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

Nuclear medicine imaging techniques, including gamma cam-
eras and single-photon emission computed tomography (SPECT),
are crucial applications in the field of medical diagnosis and ther-
apy [1—4]. In gamma cameras and SPECT, the collimator can focus
the gamma ray onto the detector and can localize the gamma-ray
source in the patient [5,6].

However, the gamma camera or SPECT system using gamma
rays is an inherently noisy investigation [7]. Many noises impair
and diminish the detectability of a target region in an image,
especially if it is a low-contrast object. In gamma-ray images, noise
consists of two types: (1) structured noise with nonrandom count
density and (2) random noise with statistical or quantum mottle.

To reduce noise in gamma-ray images, noise reduction
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algorithms have been developed by researchers [8,9]. Among these
algorithms, median and Wiener filters are used as the default
method in the field of medical imaging [10,11]. A median filter is
widely used, because it is effective for noise reduction, calculating
by first sorting all the pixel values, and the Wiener filter is based on
a stationary linear filter using the frequency domain (discrete
Fourier transform) for images degraded by noise. However, the one
major drawback of median and Wiener filters is a lack of edge in-
formation preservation. To address this problem, a noise reduction
algorithm with a total variation (TV) approach was introduced by
Rudin et al, [12]. A TV noise reduction algorithm is a computa-
tionally efficient filtering method with the signal changes between
signal values using an iterative process [12—14]. There is now
extensive research that shows the effectiveness of the above-
mentioned noise reduction algorithms in medical images. In this
study, a fast nonlocal means (FNLM)-based noise reduction algo-
rithm was designed using an acceleration function. There have
been many studies on the FNLM noise reduction algorithm in X-ray
imaging systems, but few on quantitative evaluations of gamma-
ray imaging systems for creating the algorithm-applied images.
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Therefore, the purpose of this work was to evaluate image perfor-
mance related to the noise characteristics using the proposed FNLM
noise reduction algorithm (compared with the median filter,
Wiener filter, and TV noise reduction algorithm) in a gamma
camera system using a low-energy, high-resolution parallel-hole
collimator. The normalized noise power spectrum (NNPS),
contrast-to-noise ratio (CNR), and coefficient of variation (COV) for
the algorithm were evaluated in an experimental gamma-ray
image.

2. Materials and methods
2.1. Gamma-ray image acquisition

A gamma camera system (Discovery NM/CT 670, GE Healthcare)
was used to acquire gamma-ray images. The low-energy, high-
resolution parallel-hole collimator was used, because a®*™Tc source
with 140-keV energy was used in this study, and the source-to-
collimator distance was 21.0 cm. The phantom used (Flangeless
Deluxe Jaszcazk) consisted of two main parts: (1) cold sphere re-
gions and (2) cold rod regions. Fig. 1 shows the overall established
gamma camera system.

2.2. FNLM noise reduction algorithm design

Before designing the FNLM-based method, the simple nonlocal
means (NLM) noise reduction algorithm is defined as follows [15]:
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the Gaussian kernel, and h is the filtering parameter. The biggest
difference between the NLM noise reduction algorithm and con-
ventional filters (local or frequency domain filters) is the systemic
utilization with self-predictions in the image [16].

However, one of the concerns with using the NLM noise
reduction algorithm is the low time resolution in image processing.
To address the low time resolution problem, the acceleration
function was used with Euclidean distance based on comparing two
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Fig. 1. Photo of the gamma camera system (six areas with spheres were located in a
phantom: 9.5, 12.7, 15.9, 19.1, 25.4, and 31.8 mm diameters; six areas with rods were
located in a phantom: 4.8, 6.4, 7.9, 9.5, 11.1, and 12.7 mm diameters).

neighborhood pixels with the fast Fourier transform and summed
squared image [17].
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where S(i,j) is estimated by the Euclidean distance of neighbor-
hood pixels N; and N; with window size (M, M), a; is the standard
deviation of the Gaussian kernel, and [;(I,m) and [;(I,m) are the
corresponding in N; and N;, respectively.

To compare the image performances of the noise reduction al-
gorithms, conventional methods using the median filter, Wiener
filter, and TV noise reduction algorithm were also used.

2.3. Evaluation of image performances

To evaluate the capability of the FNLM noise reduction algo-
rithm for the gamma camera system, the NNPS, CNR, and COV were
calculated as follows:
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where u and v are the spatial frequency conjugates in the X and Y
directions, respectively; Ny and Ny, are the number of pixels in the X
and Y directions, respectively (e.g., Ny and Ny, are both 64 pixels in
this study); 4x and 4y are the pixel spacing in the X and Y di-
rections, respectively (e.g., 4x and 4y are both 3 mm in this study);
I(x;,y1) is the image intensity at the (x;,y;) pixel location; S(x,y) is
the mean intensity; M is the number of ensemble averages and we
implemented the radial averaging at four groups of 16 X 16 pixels.
Here, it is necessary to balance between the best possible value of
the region of interest (ROI) size and M for certainty in the estimate
of NPS. For the details of the NPS, can be found in Refs. [18,19].
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where Ot and o are the mean and the standard deviation for the
target ROI, respectively; and Og and op are the mean and the
standard deviation for the background ROI, respectively.
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3. Results and discussion

The feasibility of the FNLM noise reduction algorithm in Deluxe
Jaszcazk phantom images with the gamma camera system was
confirmed. Figs. 2 and 3 show the acquired phantom image with
different noise reduction methods, including the FNLM algorithm
using cold sphere regions and cold rod regions, respectively.

The calculated NNPS result using the conventional noise
reduction methods and the proposed FNLM noise reduction algo-
rithm is shown in Fig. 4. The NNPS result of the TV noise reduction
algorithm can acquire the lowest value (approximately 10~8 mm?
in both the cold sphere phantom and the cold rod phantom) and is
10 to 10% times (~1.5 mm~! spatial frequency) and 10? to 10° times
(~1.5 mm~"' spatial frequency) lower than that of the median or
Wiener filter. It was proved that the proposed FNLM noise reduc-
tion algorithm can effectively eliminate the noise intensity by a
much greater degree in the cold region phantom using the gamma
camera system and achieve improved noise characteristics. In
addition, the result confirmed that the calculated NNPS values
decreased sharply with the spatial frequency at approximately
1.5 mm~' in the gamma camera system.

The evaluated CNR and COV results using conventional noise
reduction methods and the proposed FNLM noise reduction algo-
rithm in the gamma camera system is shown in Fig. 5. In the cold
sphere and rod phantoms, the evaluated CNR increases from the
median filter to the Wiener filter, via the TV noise reduction algo-
rithm, to the proposed FNLM noise reduction algorithm in that
order. In the cold sphere phantom, when the conventional methods
and the FNLM noise reduction algorithm were compared, the CNR
using the proposed algorithm was approximately 2.27, 1.46, 1.35,
and 1.29 times higher than those of the noisy image, median filter,
Wiener filter, and TV noise reduction algorithms, respectively. In
the cold rod phantom, when the conventional methods and the
FNLM noise reduction algorithm were compared, the CNR using the
proposed algorithm was approximately 2.21, 1.41, 1.31, and 1.26
times higher than those of the noisy image, median filter, Wiener
filter, and TV noise reduction algorithms, respectively.

In addition, the evaluated COV goes from the proposed FNLM
noise reduction algorithm to the TV noise reduction algorithm, via
the Wiener filter, to the median filter, in increasing order, in the
cold sphere and rod phantoms. In the cold sphere phantom, when
the conventional methods and the FNLM noise reduction algorithm

00

Fig. 2. Result phantom images using cold sphere regions for the (a) noisy including
ROIs (NNPS calculation: ROIg; CNR calculation: ROI, and ROIlg; and COV calculation:
ROI,), (b) median filter, (c) Wiener filter, (d) TV noise reduction algorithm, and (e)
FNLM noise reduction algorithm in gamma camera system.

Fig. 3. Result phantom images using cold rod regions for the (a) noisy including ROIs
(NNPS calculation: ROIg; CNR calculation: ROI4 and ROIg; and COV calculation: ROI,),
(b) median filter, (c) Wiener filter, (d) TV noise reduction algorithm, and (e) FNLM
noise reduction algorithm in gamma camera system.
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Fig. 4. NNPS results for the different noise reduction methods in (a) cold sphere
phantom and (b) cold rod phantom.
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Fig. 5. (a) CNR and (b) COV results for each noise reduction method in cold sphere and
cold rod phantoms.

were compared, the COV using the proposed algorithm was
approximately 8.18, 4.91, 4.64, and 2.36 times better than those of
the noisy image, median filter, Wiener filter, and TV noise reduction
algorithms, respectively. In the cold rod phantom, when the con-
ventional methods and the FNLM noise reduction algorithm were
compared, the COV using the proposed algorithm was approxi-
mately 7.73, 4.45, 4.09, and 2.82 times better than those of the noisy
image, median filter, Wiener filter, and TV noise reduction algo-
rithms, respectively.

In particular, the temporal resolution can be improved because
of the term of the acceleration function considering the Euclidean
distance in the designed algorithm. The time required to denoise
the phantom image in the gamma camera system was calculated
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for each noise reduction method, with the fastest being the FNLM
algorithm in all phantom images. The computer system used for the
experiments was an Intel dual core CPU (Q9550 2.8 GHz) and
NVIDIA GeForce graphic card (9500 GS). The average processing
time was approximately 0.11 s with the proposed FNLM noise
reduction algorithm in the acquired cold sphere and rod phantom
images (TV noise reduction algorithm, 3.01 s in the same condi-
tions). This processing time is a reasonable duration for a noise
reduction algorithm in a gamma camera system.

4. Conclusion

We performed experiments to demonstrate the efficiency of
noise reduction with the FNLM noise reduction algorithm in the
gamma camera system. In particular, the comparison between the
proposed reduction algorithm and the conventional methods was
not implemented, since the purpose of this research is to cope with
the various problems using image-processing. The results
confirmed that the proposed FNLM noise reduction algorithm
produced appropriate image quality with acceptable image-
processing time.
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