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Positron emission tomography (PET) images in magnetic resonance (MR)/PET fusion imaging systems are cor-
rected for parts attenuated by gamma-rays by various MR pulse sequences. We aimed to study the quality of
MR/PET images using an attenuation correction method based on ultrashort echo-time (UTE) pulse sequences.
The proposed image-quality improvement algorithm was modeled as a convergence of the median-modified
Wiener filter (MMWFEF) for noise reduction and Prewitt operator for emphasizing the edge area. By applying
the proposed algorithm to MR/PET images, superior contrast to noise ratio and coefficient of variation values
were obtained compared to those in the original image. The edge rise distance data of the proposed algorithm
exhibited a very small difference from that of the original MR/PET image (difference: 2.21 %). In conclusion,
we confirmed the applicability and usefulness of MMWEF and Prewitt operator in UTE-based MR/PET imag-

ing.
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1. Introduction

Recently, anatomical and functional fusion imaging has
attracted significant attention in diagnostic medicine [1].
Magnetic resonance (MR)/positron emission tomography
(PET) was first proposed in the 1990s [2], and began to
develop rapidly with the development of detector modules
and systems capable of acquiring PET images even in
magnetic fields [3]. Recently, integrated MR/PET systems
have also been used in preclinical and clinical fields,
contributing to the accurate diagnosis of Alzheimer's and
cardiovascular diseases [4, 5]. The MR/PET system has
the advantage of being able to accurately quantify the
sensitivity of various stages of Alzheimer's disease and
reducing motion artifact when imaging cardiovascular
disease.

The basic principle of PET is the detection of gamma
rays emitted from radioisotope [6, 7]. Since only one of
the two gamma rays generated from a radioisotope is lost,
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it is assumed to be attenuated; therefore, an attenuation
correction process must be performed during the PET
image acquisition process [8]. In whole-body '*F- Fluoro-
deoxyglucose (FDG) PET images, when attenuation
correction is not performed, a pattern different from the
actual distribution of glucose metabolism in the human
body is observed; therefore, caution is required [9].

CT images based on X-rays are primarily used for
attenuation correction of PET images [10, 11]. However,
to be used appropriately in MR/PET systems, algorithms
that can be used for the attenuation correction of MR
images are required, and several relevant studies have
been actively conducted. In the early stages of research,
methods using brain MR image segmentation and standard
templates were used, and various pulse sequences have
been developed and applied for the attenuation correction
of PET images [12, 13]. Among the various pulse sequences,
ultrashort echo-time (UTE), which can be approximately
10-20 times shorter than the echo-time (TE) sequence
mainly used in clinical practice, has been recognized as
an attenuation correction method [14]. As this sequence is
not modeled based on anatomical reference data, it has
the advantage of being able to distinguish all the attenu-
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ation information [15]. Keereman et al. analyzed its
applicability to various tissues using the relaxation time
derived from MR images acquired using a UTE pulse
sequence [16]. The final quality of the PET image with
attenuation correction based on this UTE pulse sequence
is inevitably lower than that of the gold standard image.
Noise and spatial resolution are representative PET image
quality evaluation parameters, and it is important to
develop methods that can maximally improve these two
parameters. Image filtering is widely used as the most
efficient and simple method to reduce noise in functional
images [17-19]. Among the filtering methods, the useful-
ness of the median-modified Wiener filter (MMWF),
which combines the advantages of the median and Wiener
filters, in functional images was proven by Park er al.
[17].

However, the deteriorated edge information-preservation
ability of PET images resulting from filtering methods,
including MMWE, requires further improvement. The
Prewitt operator is a representative image edge information
improvement approach that has proven to be superior to
the Canny edge method in preserving the edges of
photon-based images [20] and has been applied in various
ways to medical images [21]. Thus, the purpose of this
study was to analyze the applicability of an algorithm that
combines the MMWF and Prewitt operators for
attenuation-corrected MR/PET images using UTE pulse
sequences.

2. Materials and Methods

A flow chart showing the overall research flow is
shown in Fig. 1. The final result image was derived by
applying a fusion algorithm combining MMWF and
Prewitt operator to the acquired MR/PET images.
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2.1. MR/PET system and phantom

The MR/PET system used in this study was a 3.0 T-
based Biograph mMR scanner (Siemens Healthineers,
Erlangen, Germany). The MR/PET image acquisition
parameters using the UTE pulse sequence were: repetition
time (TR) 11.94 ms and TE 0.07 ms. In addition, the field
of view of the image was set to 300 mm? and a matrix
size of 192 x 192 was applied. Jaszczak phantom (Data
Spectrum, Chapel Hill, NC, USA) images consisting of
holes with different diameters (15.9, 19.1, 25.4, and 31.8
mm) were acquired. NaCl and '8F radioisotopes were
injected into each sphere; a schematic diagram is shown
in Fig. 2.

2.2. Fusion algorithm modeling combining MMWF
and Prewitt operator

® 2
15.? r;m
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' 25.4 mm
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‘ 31.8 mm

(b)

Fig. 2. (Color online) Illustration of the experimental setup: (a)
photograph of the phantom containing a mixed solution of
NaCl and '"®F radioisotope used in the actual study and (b)
schematic diagram (top view) of the phantom with the indi-
cated hole diameter.

Acquired MR/PET image using
the UTE pulse sequence

1. Noise reduction:
MMWEF algorithm .

: image
2. Edge detection:
Prewitt operator >
0 fusion

= AGprewitt + (1 — K)byawr

Improved final

Fig. 1. Schematic diagram of the entire research flow. The final result image was obtained by applying the fusion algorithm to the

MR/PET image acquired using the UTE pulse sequence.



Journal of Magnetics, Vol. 29, No. 1, March 2024

MMWEF used for removing noise from MR/PET images
was modeled based on the method proposed by Cannistraci
et al. [22]. MMWF is a nonlinear adaptive filter that
combines median and Wiener filters to improve the noise
reduction efficiency and image edge-information pre-
servation. The formula for MMWF (br(x, y)) is as
follows:

T2 a(x,y) ~ il
(1)

(i = ﬁz:n,men a(x: Y))

bmmwf(x'Y) =g+

where /i is the median values around pixel (N-by-M size
area); o> and v* are the variance in the Gaussian noise
and the variance of noise of the Wiener filter, respec-
tively; and a(x, y) is the pixel value at (x, y) position. In
this study, the mask size of MMWF was set to the default
value for modeling.

The principles of applying weights to adjacent pixels
and convolving masks in the horizontal, vertical, and
diagonal directions are widely used to detect the edges of
an image. The edge detection method using the Prewitt
operator applies gradient masks in the horizontal and
vertical directions in the spatial domain [23].

Lee modeled an algorithm that combines the noise
reduction and edge detection methods [20]. Based on the
aforementioned references, an image quality improve-
ment algorithm that combines MMWF and Prewitt operators
was modeled as follows:

Ofusion = AGprewitt + (1 = K)byywr 2

where Oy, 1s the final image obtained using the fusion
algorithm, A is the original image, Gp..iv 1S the edge
operation of the Prewitt method, and & is a constant.

2.3. Quantitative evaluation of image quality

The contrast to noise ratio (CNR) and coefficient of
variation (COV) were calculated to evaluate the noise
levels in the acquired MR/PET images. The formulae for
the two evaluation parameters are as follows [24, 25]:

S =S
CNR — |target background| (3)

\/Utargetz "'U'backgroumi2

cov = Ztarget &)
Starget

where Sy, and Gjug. denote the intensity and standard
deviation in the target area, respectively; and Spuckgromna
and Gyacigrouna denote the intensity and standard deviation
in the background area, respectively. In addition, the edge
rise distance (ERD) evaluation parameter was used to
measure the degree of edge preservation. The region of
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Fig. 3. (Color online) Region of interest (ROI) schematic dia-
gram for quantitative evaluation of magnetic resonance (MR)/
positron emission tomography (PET) images. The target and
background areas for contrast-to-noise ratio (CNR) and coef-
ficient of variation (COV) evaluation were marked from ROI1
to ROI3 and ROIA to ROIC, respectively.

interest (ROI) for calculating CNR, COV, and ERD is
shown in Fig. 3. The CNR and COV values were aver-
aged by setting ROIs in the three areas, and the ERD
values were analyzed by setting a profile line.

3. Results and Discussion

Fig. 4 shows the resulting MR/PET images, including
those obtained using the proposed algorithm. Fig. 5
shows a magnified image of the smallest hole in the
Jaszczak phantom. When MMWF and the algorithm
combining MMWF and Prewitt operators were applied to
the MR/PET images, we visually confirmed that the noise
level was reduced compared to the original image. In the
image to which an algorithm combining MMWF and the
Prewitt operator was applied in the original image, the
edge area was clearly observed compared to the image to
which only MMWF was applied. When only MMWF
was applied to the image, we were able to observe parts
where the edge became ambiguous (red arrow in Fig.
5(b)), whereas in the image to which the proposed algorithm
was applied, the edge was observed to be similar to that
of the original image (blue arrow in Fig. 5(a)). In
addition, when using the proposed algorithm, the contrast
improved during the application of the Prewitt operator,
resulting in an overall brighter image.
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Fig. 4. Magnetic resonance (MR)/positron emission tomography (PET) result image: (a) original image, (b) the median-modified
Wiener filter (MMWF) noise reduction method, and (c) algorithm combining MMWF and the Prewitt operator.

(a)

(b)

(©)

Fig. 5. Magnetic resonance (MR)/positron emission tomography (PET) image enlarging the 15.9-mm diameter area of the used
phantom. The edge areas observed in the original image (blue arrow) were blurred in the image (b) where only the median-mod-
ified Wiener filter (MMWF) noise reduction method was applied, and when the proposed algorithm (c) was used, an edge area sim-

ilar to (a) was observed.

Figs. 6(a), (b), and (c) show graphs of the quantitative
evaluation results of CNR, COV, and ERD in the acquired
images, respectively. As shown in Fig. 6(a), the best CNR
results were obtained using the proposed algorithm (Fig.
6(a)). The average CNR values in the three ROIs were
22.43, 28.42, and 28.91 for the original image, MMWEF,
and algorithm combining MMWF and Prewitt operator,
respectively. We confirmed that the CNR value in the
MR/PET images using the proposed algorithm improved
by approximately 28.89 % compared to the original
image. The rate of noise reduction was similar when only
MMWF was used, and when the proposed algorithm was
applied to the image, we believe that the difference in
image quality improvement ability between the two
methods occurred in the contrast area.

Superb COV results were obtained when only MMWF
was applied to the acquired images (Fig. 6(b)). The

average COV values in the three ROIs were 0.727, 0.665,
and 0.670 for the original image, MMWF, and the
algorithm combining MMWF and the Prewitt operator,
respectively. We confirmed that the COV value in the
MR/PET images using the proposed algorithm improved
by approximately 7.89 % compared to the original image.
The COV difference between the images obtained using
the proposed algorithm and MMWF was confirmed to be
very small (0.64 %).

For the ERD results, the best value was obtained in the
original image, and the lowest value was obtained with
MMWF (Fig. 6(c)). The ERD values using profile line
were 6.34, 7.63, and 6.48 for the original image, MMWEF,
and the algorithm combining MMWF and the Prewitt
operator, respectively. The ERD results obtained by
applying the proposed algorithm to MR/PET images
showed differences of approximately 2.21 % and 15.07 %



Journal of Magnetics, Vol. 29, No. 1, March 2024

36 T T T T

344 [ Original image
MMWF
37 ] MMWF + Prewitt

Contrast to noise ratio

ROII&ROIA ROI&ROIB ROI3&ROIC

(@

Average

7.8 T

-121 -

0.80 : . u .

0.784 [ Original image 4
076 MMWT 1
07 [ MMWE + Prewitt 1

0.74 1
0.72- ]
0.70 ]
0.68
0.66

0.64 1

Coefficient of variation

ROTI ROI2 ROI3

(b)

Avcerage

7.6
7.4
7.24
7.0
6.8
6.6
6.4 4

Edge rise distance (mm)

6.2

6.0

Original image

MMWF

MMWF + Prewitt

Fig. 6. Graph of quantitative evaluation results: (a) contrast-to-noise ratio (CNR), (b) coefficient of variation (COV), and (c) edge
rise distance (ERD). The proposed fusion algorithm derived the superb CNR, and COV and ERD were obtained with data that

could obtain appropriate noise level and edge preservation.

compared to the original image and MMWF, respectively.

These quantitative evaluation results indicate that the
Prewitt operator compensated for the disadvantage of
deteriorating edge information when applying MMWEF.
Compared to filtering methods that only remove noise,
the proposed algorithm preserves edge information much
better and can similarly reduce the noise level; therefore,
we expect that it can be applied to a variety of medical
images. In addition, we believe that the improved CNR
compared with MMWF can be useful in situations where
contrast and image edge areas are important when
diagnosing lesions. In particular, based on the results of
this study, it will be possible to improve the accuracy of
segmentation and classification in various diagnostic
medical images, including MR/PET images; we expect
that the efficiency of artifact reduction can be increased
by modeling a technology that combines the proposed
algorithm and the inpainting method [26].

MMWEF noise-reduction technology has been applied to
various diagnostic medical images and has shown high

denoising efficiency [27, 28]. Research results showing
improved property evaluation results compared to wavelet
technology by applying a modified MMWEF to nuclear
MR spectroscopy were also analyzed [27], as was the
applicability of X-ray CT images [28]. The change para-
meter of MMWEF, which has proven applicability in the
field of diagnostic medical imaging, includes the mask
size. The CNR and COV values vary depending on the
mask size, and if the algorithm combining the Prewitt
operator is optimized in the future, a more effective
application to MR/PET images can be achieved.

Creating an accurate structural attenuation correction
map during whole-body PET examinations is difficult. To
overcome this problem, deep-learning-based PET image
attenuation correction methods have been proposed [29].
Securing a dataset using a generative adversarial network
(GAN) to apply deep learning technology for attenuation
correction is useful. Removing noise and blurring in the
preprocessing stage for applying GAN to attenuation
correction of PET images is very important for improving
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accuracy. Thus, we expect the algorithm proposed in this
study to be used in deep learning technologies, including
GAN, because it has excellent preservation of noise and
edges in MR/PET images.

4. Conclusion

In this study, we proposed a method for improving the
noise characteristics and edge area of attenuation-correct-
ed MR/PET images using UTE pulse sequences. In
conclusion, we demonstrated that the proposed algorithm
combining MMWEF and the Prewitt operator improved the
quality of MR/PET images.
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