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The present study aims to confirm the attenuation correction (AC) in positron emission tomography (PET)
images using various magnetic resonance (MR) sequences with and without the MR breast radiofrequency
(RF) coil, and thus to evaluate the attenuation effect of the MR breast RF coil. To that purpose, we recon-
structed non-attenuated PET data using the MR ACp;on-carpy MR ACytg, and MR ACpien.grappa S€QUeENces.
The results indicated that the signal loss of the PET image with the MR breast RF coil was the lowest when the
MR ACpixen-Graprra Sequence was applied. In conclusion, the MR ACp;ngrarea Sequence maintained PET
image quality when using the MR breast RF coil during PET/MR scanning.
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1. Introduction

The combined positron emission tomography (PET)
and magnetic resonance (MR) technique, known as
simultaneous PET/MR, provides functional and molecular
information through PET, as well as superior soft tissue
information and uses an attenuation correction map
derived from the MR data to correct the PET image [1].
PET/MR is associated with lower radiation exposure than
PET/CT. Various MR sequences and contrast agents aid
clinicians in ascertaining disease stage [2-4].

Conventional MR breast imaging uses the dedicated
MR breast radiofrequency (RF) coil to receive and trans-
mit MR signals [5, 6]. In PET/MR scanning, the dedi-
cated MR breast RF coil, which contains attenuation and
scatter materials, is positioned between the patient and the
PET detector and may therefore decrease PET signal loss
due to MR hardware [7]. Many researchers have reported
that MR hardware reduced PET count in PET/MR [8-11].
Delso et al. reported a ~17 % decrease in PET quality
when using the MR RF coil [8], Isabel et al. estimated
that the MR breast RF coil led to a 22 % underestimation
in the PET standard uptake value (SUV) during PET/MR
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scanning [9]. In PET/CT, to acquire a good quality of
PET image, attenuation correction is performed by con-
verting the CT-acquired Hounsfield units (HU) using a
511-keV attenuation coefficient, because a similar physical
interaction occurs between an X-ray and a 511-keV photon
[12]. In PET/MR, attenuation correction is performed by
acquiring either the ultrashort echo time (UTE) sequence
or the Tl-weighted two-point Dixon 3D volumetric
interpolated breath-hold examination sequence [13]. The
Dixon sequence uses two echo times to create a fat and
water image that is acquired in and out of phase.

Soft tissues can be divided into four categories: back-
ground, lungs, fat, and soft tissue by using the Dixon
sequence [14]. In PET/MR, attenuation coefficients are
assigned to these different types of tissues to generate an
MR-based attenuation map for the PET image. The
generalized autocalibrating partially parallel acquisition
(GRAPPA) algorithm ensures higher sensitivity and good
spatial resolution in MR-based attenuation correction
(MR AC; MR ACpixon-grarea)- This algorithm accelerates
the acquisition of MR data by imaging the under-sampled
k-space and then compensating for the k-space values by
approximating the MR data that are missed during the
short acquisition time [15]. In addition, controlled alias-
ing in parallel imaging results in higher acceleration
(CAIPIRINHA) algorithm is an expanded GRAPPA
algorithm (MR ACpion.carpr) [16, 17]. It requires a shorter
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acquisition time (9 sec) and therefore usually improves
the high-resolution MR images, because the images should
be acquired during one breath-hold time and as such, a
long acquisition interval is not feasible. In addition, the
UTE MR sequence acquires highly reduced two-echo
time images (MR ACyrg) [18]. In this regard, Keereman
et al. demonstrated that the UTE sequence was more
effective for cortical bone attenuation correction [19]. In
summary, it is clear that the attenuation of the PET image
is corrected using various MR sequences and algorithms.

The aim of the present study was to investigate the
attenuation effect in MR-based PET images with and
without MR breast RF coils. The quality of the MR AC
PET phantom images was evaluated using three MR
attenuation correction sequences (MR ACpion.carr, MR
ACyte, and MR AChixon.Grappa)-

2. Materials and Methods

2.1. Simultaneous PET/MR
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An integrated PET/MR scanner was used in all ex-
aminations (Biograph mMR; Siemens, Germany). This
3.0-T PET/MR equips an excellent gradient system that
generates a maximum amplitude of 45 mT/m and a
maximum slew rate of 200 T/m/s. The PET detector con-
sists of 8 x 8 lutetium oxyorthosilicate (LSO) scintillator
crystals, 8 detector rings, 56 detector blocks, and a 3 x 3
avalanche photodiode array; it is located between the MR
gradient coil and the MR breast RF coil. The PET
detector covers a field of view (FOV) of 59.4 cm in the
transverse direction and 25.8 cm in the axial direction. To
carry out the breast PET/MR scan, an MR breast RF coil
(MR-BI320-PA; Noras MRI Products GmbH, Germany)
was used on the scanner table.

2.2. PET acquisition

As shown in Fig. 1(a), the MR breast RF coil was
positioned at the center of the table to evaluate the attenu-
ation effect. Figure 1(b) shows the cylindrical phantom
without the MR breast RF coil. When we simulated the

Fig. 1. (Color online) Breast PET/MR phantom image (a) with and (b) without the MR breast RF coil.

Table 1. Acquisition parameters.

MR parameters MR ACopixon-carpi MR ACuyrg MR ACpixon-GrAPPA

Acquisition time 00:08 01:58 00:19

Voxel size (mm) 2.6%x2.6x3.1 1.6 x1.6x 1.6 2.6x2.6x3.1

Matrix size 264 x 352 192 x 192 192 x 126

Field of view (mm) 500 300 500
Repetition time (ms) 426 11.94 3.60

Echo time (ms) 1.24/2.47 0.07/2.46 1.23/2.46
PET Reconstruction

Acquisition time 10 min

Reconstruction 3D OSEM (lterations : 3, Subsets : 21)

Post filter Gaussian filter (6 mm)

Matrix size

172 x 172

AC: Attenuation correction, CAIPIRINHA: Controlled aliasing in parallel imaging results in higher acceleration, GRAPPA: generalized autocali-

brating partially parallel acquisition, UTE: Ultra short echo time.
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phantom test, we used styrofoam to fix the cylindrical
phantoms, which were designed to mimic the shape of the
breast. The cylindrical phantoms were filled with an '*F
solution with 37 kBg/mL of radioactivity. All PET data
were acquired for 10 minutes and then reconstructed
using MR ACpixon-carr, MR ACyrg, and MR ACpjyon-GraPpA-
Table 1 indicates the acquisition parameters.

2.3. Data analysis

For the analysis, we used Amide’s a Medical Image
Data Examiner (AMIDE) software. Figure 2 shows the
attenuation corrected PET image drawn as an ROI with
an inner diameter of 2 cm. With and without the MR
breast RF coil, we measured the average count and
standard deviation at the center of the slices. To evaluate
the attenuation effect of the PET image with and without
the MR breast RF coil, SNR and percentage NU were
calculated.

Average Count of Activity (Cy)
Standard Devication of Counts (C,)’

SNR =

where the subscript £ of C indicates an ROI with an inner

diameter of 2 c¢cm in the center slice of the PET image.

The Average Count of Activity (Cy) is the average count

of an ROI in the center slice of a PET image. Standard

Deviation of Counts (Cy) is the standard deviation of the

counts within an ROI in the center slice of a PET image.
The NU (%) is calculated as follows:

Max(C,) — Ave(Cy) 5
Ave(C,)

NU(%) = 100,

where the subscript & of C refers to an ROI with an inner

Fig. 2. (Color online) MR-based attenuation correction PET
image drawn as a region of interest (diameter: 2 cm).
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Fig. 3. (Color online) MR-based attenuation correction PET
image drawn as a region of interest (diameter: 1 cm) accord-
ing to position (upper, bottom, right, and left).

diameter of 2 cm in the center slice of a PET image. Max
(Cy) is the maximum count within an ROI in the center
slice of a PET image, and Ave (Cy) is the average count
within an ROI in the center slice of a PET image.

In addition, attenuation effect was investigated in 10
slices of an ROI with an inner diameter of 2 cm. And
PET images applying for MR ACpixon-carr, MR ACyr,
and MR ACpion.grapea Were evaluated by using average
counts. Figure 3 shows an attenuation-corrected PET
image drawn as an ROI with an inner diameter of 1 cm,
according to position (upper, bottom, right and left) at the
center of the slices. This PET image was analyzed with
and without the MR breast RF coil to confirm attenuation
effect of position.

3. Results and Discussion

Table 2 shows the degree of attenuation of the PET
images with and without the MR breast RF coil. In
comparison with the PET images applied to the three MR
AC sequences, the PET image with the MR breast RF
coil had a SNR that was decreased by 15.0 %, a standard
deviation that was increased by 16.9 %, and a percentage
NU that was increased by 26.4 %. Figure 4 shows the
percentage NU of the PET images applied to the three
MR AC sequences. The MR ACyrg PET image showed
no difference in NU with or without the MR breast RF
coil. However, the percentage NU of the MR ACyrg PET
images was the highest among the PET images applied to
the three MR AC sequences. In a comparison between the
MR ACpixon-carpr and MR ACpiyen.grarea PET images, the
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Table 2. Average count, standard deviation, and signal-to-noise ratio in the three MR-based attenuation correction sequences.

MR ACDixon-CAIPI

MR ACyrs

MR ACDixon-GRAPPA

AC SD SNR NU AC

SD SNR NU AC SD SNR NU

W-coil  49525.0 4223.0 11.7 19.6 72485.0
W/O coil 65158.0 3831.0 17.0 113 83425.0

7800.0 9.3 24.7
6115.0 13.6 232

50473.0
54421.0

4829.0 10.5 229
4468.0 12.2 12.3

AC: Average count, SD: Standard deviation, SNR: Signal to noise ratio, NU: Non-uniformity (%).

30

V2 W- coil
I W/O coil

20

NU(%)

10

CAIPI UTE GRAPPA

Fig. 4. Percentage difference in non-uniformity between the
MR ACpjixon-carr, MR ACyrg, and MR ACpixon.grapea PET
images.

NU of the PET image taken with the MR breast RF coil
was 1.7 and 1.8 times higher than the PET image taken
without the coil, respectively. Similarly, compared with
all MR AC PET images, the percentage NU was 22.4 %
in the MR breast RF coil and 15.6 % in the images
without the MR breast RF coil. The percentage NU of the
PET image with the MR breast RF coil was higher than
that of the PET image without the MR breast RF coil.

Figure 5 compares the average count of the PET images
taken using the various MR AC sequences in the 10 slices
with and without the MR breast RF coil. In the PET
images subjected to MR ACpyon.carr, MR ACyrg and
MR ACpixon-Grappa, the average-count was decreased by
25.2 %, 14.5 %, and 6.5 %, respectively.

Figures 6 and 7 show the percentage difference in
average-count position with and without the MR breast
RF coil. According to position (upper, bottom, right, and
left), the percentage differences were 22.9 %, 25.0 %,
26.0 %, and 25.1 % in the MR ACpixen.caret PET images,
122 %, 17.7%, 14.7%, and 7.1 % in the MR ACyg
PET images, and 9.8 %, 9.6 %, 2.2 %, and 5.4 % in the
MR ACpixon-grarpa PET images.

Thus, we were able to confirm the difference of the
attenuation effect of PET images using three MR AC
sequences with and without the MR breast RF coil. In a
comparison of the three MR AC PET sequences, the
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Fig. 5. Average count of PET images using (a) MR ACpixon.
CAIPI» (b) MR ACUTE; and (C) MR ACDixon-GRAPPA in 10 slices
with and without the MR breast RF coil.
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Fig. 6. Percentage difference in average count with and without the

(b) bottom, (c) right, and (d) left.

acquisition time was shortest in the MR ACpjxon.carpt PET
images, although the highest PET average count loss
using the MR breast RF coil also occurred in those images.
The MR ACyrs PET image, required a long acquisition
time—about 2 minutes. This limits its usefulness to
patients, who need to hold their breath for the whole-body
PET/MR scan. Nonetheless, many researchers have
reported that the MR ACyrg sequence is effective for
brain PET/MR [20, 21]. Average-count acquisition was
also highest in the MR ACyrg sequence among the three
MR AC PET images. However, the SNR was low
because there was a high standard deviation. The MR
ACpixon-grappa PET image indicated that this sequence
had less effect on the difference rate of PET average
count with and without the MR breast RF coil.

4. Conclusion

In the present study, we compared and analyzed PET
image quality with and without the MR breast RF coil
using three different MR AC sequences. The quality of
PET images was evaluated in terms of SNR, NU, and
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MR breast RF coil, according to position, as follows: (a) upper,

average count. Unlikely the previous study, we were able
to evaluate PET images based on various MR AC
sequences with and without MR breast RF coil. We
confirmed that the MR breast RF coil decreased PET
image quality, for the average count within the ROI, the
standard deviation and the uniformity of the average
count, and the SNR for all the MR AC sequences. In a
comparison among the MR ACpiyencarr, MR ACyrg, and
MR ACpiwoncrarea PET images, the MR ACpixon-Grapea
PET images exhibited smaller differences for the SNR,
NU, and average-count with and without the MR breast
RF coil, compared to the other images, as shown in Table
2 and Fig. 5. It follows that the PET image taken with
MR AChpixon-Grappa 18 useful for the attenuation correction
of PET image. In addition, the reduction in PET average
count mostly occurred from the bottom position due to
the MR breast RF coil and PET/MR table. In this regard,
Zhang et al. reported that the PET signal is decreased by
the MR hardware and MR table [22]. In conclusion, our
results confirmed that the MR ACpyoncrapea S€Quence
results in effective PET images when using the MR breast
RF coil during PET/MR scanning.
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Fig. 7. Percentage difference in average count according to
position with and without the MR breast RF coil, as follows:
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