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a b s t r a c t

Positron emission tomography (PET)/magnetic resonance (MR) scanning has the advantage of less
additional exposure to radiation than does PET/computed tomography (CT). In particular, MR based
attenuation correction (MR AC) can greatly affect the image quality of PET and is frequently obtained
using various MR sequences. Thus, the purpose of the current study was to quantitatively compare the
image quality between MR non-AC (MR NAC) and MR AC in PET images with three MR sequences.
Percent image uniformity (PIU), percent contrast recovery (PCR), and percent background variability
(PBV) were estimated to evaluate the quality of PET images with MR AC. Based on the results of PIU, 15.2%
increase in the average quality was observed for PET images with MR AC than for PET images with MR
NAC. In addition, 28.6% and 71.1% improvement in the average results of PCR and PBV respectively, was
observed for PET images with MR AC compared with that with MR NAC. Moreover, no significant dif-
ference was observed among the average values using three MR sequences. In conclusion, the current
study demonstrated that PET with MR AC improved the image quality and can be help diagnosis in all MR
sequence cases.
© 2019 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

In the early 2000s, the development of positron emission to-
mography (PET) in nuclear medicine played an important role in
the diagnosis and treatment of cancer [1]. The principle of imaging
using PET scanner is to detect two 511 keV gamma ray signals
emitted from the body of the patient by a scintillator, and detecting
signal acquires a gamma ray signal through a scintillator and
photomultiplier tubes (PMTs).

However, the nuclear medicine image that expresses the dis-
tribution of the gamma ray signal causes signal attenuation and
scatter whilemoving from the body of the patient to the scintillator.
Therefore, scatter and attenuation correction (AC) procedures are
essential for PET images. Several researchers have suggested that
AC PET image is more effective than non-AC (NAC) PET in identi-
fication of the cancerous lesion and provides images with better
quality [2,3]. C. Bae et al. evaluated the image quality with and
without AC through an anthropomorphic torso phantom and pa-
tient study. The phantomwas simulated to be a lesion by inserting a

sphere of 3.4 cm and 1.8 cm in diameter. The spheres were not
visible in NAC PET image. The lesion of patient was also not
detectable in NAC PET image. Therefore.

NAC PET images might not represent the actual gamma ray
distribution [2]. K. R. Zasadny et al. compared the primary lung
tumor size in 21 patients with NAC PET and CT image. The re-
searchers reported that the NAC PET image shows average over-
estimation of tumor size in 30% when compared to CT image.
According to this paper, NAC PET images might result in distortion
of tumor size and shape [3].

Prior to the development of PET/computed tomography (CT),
the PET scanner corrected the region of attenuation using a radio-
active isotope (68Ge) to generate the AC PET image. This procedure
was associated with increased patient discomfort due to prolonged
duration of the examination. In addition, due to low number of
photons, the image quality of PET was not excellent and it provided
poor anatomical information. Currently, PET/CT using ionizing ra-
diation has gained popularity and enables diagnosis of the
anatomical structure and biochemical metabolism of the human
body [4]. In addition, data from CT are also used to compensate for
the attenuation of gamma rays, which inevitably occurs in nuclear
medicine imaging [5]. PET image was obtained for PET image with* Corresponding author.
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AC using Hounsfield unit (HU) acquired by CT with the linear
attenuation coefficient of fitting to PET energy of 511 keV [6]. Thus,
PET/CT is used commonly, as AC, using CT reduces the examination
time and increases patient convenience [7]. E. Kinahan et al. re-
ported that the efficiency of PET images with AC was confirmed
using CT based scaling, segmentation, and hybrid segmentation/
scaling method [8].

In recent years, PET/magnetic resonance (MR) has been devel-
oped that has advantages over the PET/CT imaging. More favorable
soft tissue contrast can be obtained using MR, for example, spec-
troscopy, diffusion-weighted image. G. Brix et al. reported that
effective dose per examination in PET/CT is approximately 7.0 mSv
and 1.3 mSv for PET of 370 MBq 18F-FDG and low dose CT protocol,
respectively [9]. As a result, the technique reduces additional ra-
diation exposure of the patient [10]. The Ingenuity TF PET/MR
developed by Philips, in 2008, signified further advancement in
PET/MR. However, the drawback of Ingenuity TF PET/MR is that
simultaneous scanning of PET and MR is not possible [11]. PET and
MR images are acquired sequentially, and subsequently fused
automatically using the same method as that used for PET/CT.
Favorable quality of images cannot be obtained using PET/MR
scanner with PMTs due to disturbance in the movement of photons
in the magnetic field [12]. In order to overcome these drawbacks,
Biograph mMR (Siemens, Germany) conjugated avalanche photo-
diodes (APDs) to a PET scintillator. SIGNA PET/MR (GE, USA) scanner
gained popularity by development of a new system using silicon
PMTs (SiPMTs) [13,14]. Owing to development of the above-
mentioned scanners, PET and MR images can be scanned simulta-
neously using one isocenter. Unlike PET/CT, the PET image with AC
using the PET/MR apply for MR data. However, since the proton
density of MR and the photon attenuation of PET are not physically
related, use of the PET/CT AC method is inappropriate. In order to
solve this problem, various MR AC techniques have been reported
[15e18]. Currently, the sequences used for MR AC are the two-point
T1-weighted Dixon and ultra short echo time (UTE) sequences.
Tissue in the Dixon sequence is divided into four classifications (air,
lung, fat, and soft tissue) to perform AC [15]. The Dixon sequence
was corrected by applying the generalized autocalibrating partially
parallel acquisition (GRAPPA) (MR ACDixon-GRAPPA) and controlled
aliasing in parallel imaging results in higher acceleration (CAIPI-
RINHA) (MR ACDixon-CAIPI) algorithm for attenuation lesion [19]. UTE
sequence (MR ACUTE) is useful for AC of cortical bone [20]. There-
fore, the purpose of the current study was to evaluate image quality
of PET with and without MR AC in PET/MR scan. For this purpose,
PET images were acquired with the reconstruction method using
MR AC sequences (MR ACUTE, MR ACDixon-CAIPI, and MR ACDixon-
GRAPPA).

2. Materials and methods

2.1. MR AC sequences

There are three types of MR AC applied in PET/MR: MR ACUTE,
MR ACDixon-GRAPPA, and MR ACDixon-CAIPI. The characteristics of the
MR AC sequence are as follows [21e25]. First of all, there is MR
ACUTE. MR ACUTE sequence has an advantage to be able to distin-
guish cortical bone using multi echo time images. However, this
sequence does not apply for the whole body scan since it takes
several minutes to acquire MR ACUTE data. That is why MR ACUTE
sequence is applied to dedicated lesion such as brain scan [21,22].
Second, MR ACDixon-GRAPPA sequence is an extension technique the
parallel imaging with localized sensitivities (PILS) and simulta-
neous acquisition of spatial harmonics (SMASH) methods. The
strength of this sequence improves image quality with high SNR
and good spatial resolution [23]. Since the scan time is

approximately 20 s, patients who can not hold breath during
acquisition of MR ACDixon-GRAPPA sequence have a weak point that
the artifact of the image may be occur. Finally, there is MR ACDixon-

CAIPI sequence, an extension sequence of the MR ACDixon-GRAPPA
sequence. This sequence is useful for patients who have difficulty
breath hold because the scan time is short (10 s). The resolution can
be improved, and the artifact can be reduced [24,25].

2.2. Image acquisition

An integrated 3.0T Biograph mMR (Siemens, Germany) PET/MR
scanner was used. Table 1 shows the acquisition parameters. The
phantomwas filled with fluid (5 g NaCl per 1000 g water and 3.75 g
NiSO4) using Jaszczak phantom. Fig. 1 shows the settings for the
experiment. The MR AC PET images were reconstructed with MR
ACUTE, MR ACDixon-CAIPI, and MR ACDixon-GRAPPA sequences for
10 min.

2.3. Data analyses

PET images with magnetic resonance NAC (MR NAC), MR ACUTE,
MR ACDixon-CAIPI, andMR ACDixon-GRAPPAwere analyzed using AMIDE
software. Each PET image was obtained followed by estimation of
percent image uniformity (PIU), percent contrast recovery (PCR),
and percent background variability (PBV) by setting the region of
interests (ROIs).

The PIU is calculated as follows:

PIU ð%Þ ¼ 100 ,
Smaximum � Sminimum

Smaximum þ Sminimum
(1)

where, Smaximum is the maximum pixel value and Sminimum is the
minimum pixel value.

PCR is expressed as QH, j, which is calculated using the formula

QH;j ¼ 100 ,

CH;j

CB;j
� 1

aH
aB

� 1
(2)

where, the subscript j of Q represents the sphere of the inner
diameter of j mm. CH, j represents the average count of j mm ROI, CB,

j represents the 10 average background counts of j mm sphere. aH/
aB is the ratio of hot sphere to background remaining 10:1.

The expression of the PBV is as follows:

Nj ¼ 100 ,
SDj

CB;j
(3)

where, the subscript j of N means j mm inner diameter. SDj is the
standard deviation of background ROI for sphere j mm. CB, j rep-
resents the mean count of the background ROI for sphere j mm. The
ROI was set as the biggest of four spheres among the six spheres.

3. Results and discussion

The AC process is necessary to express the gamma ray emitted
from the body of the patient, such as in nuclear medicine images. In
the development of PET/MR, various MR sequences are applied to
generate the PET image with AC. The purpose of the current study
was to compare MR NAC PET images with MR AC PET images (MR
ACUTE, MR ACDixon-CAIPI, and MR ACDixon-GRAPPA).

Fig. 2 shows the PET phantom images, which apply for the MR
NAC, MR ACUTE, MR ACDixon-CAIPI, and MR ACDixon-GRAPPA, respec-
tively. Fig. 3 shows the results of PIU. The PIU values were 84.4%,
99.7%, 99.8%, and 99.7% for MRNAC, MR ACUTE, MR ACDixon-CAIPI, and
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MR ACDixon-GRAPPA PET, respectively. Compared to MR NAC PET, an
increase was observed in MR ACUTE, MR ACDixon-CAIPI, and MR

ACDixon-GRAPPA PET by 15.4%, 15.3%, and 15.3%, respectively. Fig. 4
shows the phantom images containing the four spheres obtained

Table 1
Acquisition parameters of the current experiment.

MR Parameter
MR sequence TR (ms) TE (ms) FOV (mm) Acquisition time (sec)
MR ACUTE 11.94 0.07/2.46 300 118
MR ACDixon-CAIPI 4.26 1.24/2.47 500 8
MR ACDixon-GRAPPA 3.60 1.23/2.46 500 19
PET Parameter
Acquisition time 10 min
Reconstruction 3D OSEM (Iteration: 3, Subsets: 21)
Post filter Gaussian filter (6 mm)
Matrix size 172 � 172

※ AC: Attenuation correction, CAIPI: Controlled aliasing in parallel imaging results in higher acceleration, GRAPPA: Generalized autocalibrating partially parallel acquisition,
UTE: Ultra short echo time.

Fig. 1. Photos of (a) PET/MR system and (b) Jaszczak phantom containing six hot spheres.

Fig. 2. PET phantom images applying for (a) MR NAC, (b) MR ACUTE, (c) MR ACDixon-CAIPI, and (d) MR ACDixon-GRAPPA sequence in PET/MR.
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using PET with MR NAC, MR ACUTE, MR ACDixon-CAIPI, and MR
ACDixon-GRAPPA PET. Figs. 5 and 6 show the results of PCR and PBV for
PET images with MR NAC and MR AC of the four spheres, respec-
tively. The PCR of the PET images with MR NAC were 38.2%, 51.1%,
75.5%, and 73.8% at the sphere diameters of 15.9 mm, 19.1 mm,
25.4 mm, and 31.8 mm, respectively. The PCR of the PET images
with MR AC was approximately 67.5%, 63.8%, 96.7%, and 99.8%, for
each of the sphere diameters respectively. When the PET images
were corrected using MR data for the attenuation lesion, PCR
increased by 43.2%, 16.3%, 21.9%, and 26.1%, for each of the sphere
diameters, respectively. The PBV of the PET images with MR NAC
were 9.9%, 11.2%, 12.1%, and 14.4% at the sphere diameters of
15.9 mm, 19.1 mm, 25.4 mm, and 31.8 mm, for each of the sphere

diameters, respectively. The average PBV of images withMR ACwas
3.8%, 2.3%, 3.4%, and 4.0%, for each of the sphere diameters,
respectively. The PBV of PET images with MR AC decreased by
62.1%, 79.1%, 70.6%, and 72.2%, respectively.

These results indicated that PET image with MR NAC can cause
attenuation region according to our findings when compared with
PET imagewith MR AC. In order to correct the attenuation region in
PET/MR, MR pulse sequence is used to generate attenuation
correction map with 3e4 segmentations of each tissues. The
attenuated region is corrected by applying linear attenuation co-
efficients (LACs) corresponding to 511 keV to each tissue.
R. Boellaard et al. compared MR AC PET image applying LACs using
the national electrical manufacturers association (NEMA) image
quality phantom according to three PET/MR scanner [26]. In addi-
tion, since there is no MR AC sequence to distinguish the bone, it is
necessary to develop an MR AC sequence for the bone. In summary,
MR data in PET/MR can provide more accurate diagnosis using
various MR sequences and contrast agents that can be obtained
from CT, the MR sequences play an important role in correcting the
attenuation region of the photon emitted from the patient. B. Zhang
et al. reported that attenuation correction is needed using MR se-
quences because photon attenuation occurs in the table and coil
during PET/MR scan [27].

In addition, comparing the acquisition time of MR AC sequences,
MR ACUTE, MR ACDixon-CAIPI, and MR ACDixon-GRAPPA require 118, 8,
and 19 s, respectively. Since there was no significant difference in
the quality of image between the three MR AC sequences, it is also
important to consider the acquisition time required for clinical

Fig. 3. Percent image uniformity (PIU) results between MR NAC and MR AC PET im-
ages, respectively (UTE PET: MR ACUTE PET, CAIPI PET: MR ACDixon-CAIPI PET, and
GRAPPA PET: MR ACDixon-GRAPPA PET).

Fig. 4. PET phantom images using the four hot spheres applying for (a) MR NAC, (b) MR ACUTE, (c) MR ACDixon-CAIPI, and (d) MR ACDixon-GRAPPA sequence in PET/MR.
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application in the patient. In case of MR ACDixon-CAIPI and MR
ACDixon-GRAPPA, acquisition time is short. Preventing degradation of
image quality due to breath movements is possible by use of the
twoMR AC sequences. In addition, the Dixon sequence employsMR
AC by segmenting tissues based on four classes (air, lung, soft tissue,
and fat) for torso PET/MR scanning. Unfortunately, due to short T2
relaxation time of bone, distinguishing between air and bone is not
feasible [28]. The UTE sequence consists of three segmentation
compartments (air, soft tissue, and cortical bone). In particular,
V. Keereman et al. suggested the usefulness of head MR AC when
applying a UTE sequence that distinguishes the cortical bone [29].

Therefore, it may be confirmed that image quality of the PET
with MR AC is superior to that of the PET with MR NAC. Based on
the results of PIU, PCR, and PBV, it was confirmed that the image
quality of MR AC was better than MR NAC. These results indicated
that all PET images with MR AC have better uniformity and contrast
recovery than PET images with MR NAC. In addition, background
variability measured was also relatively low.

In this study, there are several limitations. First, additional study

needs to be performed using the other standard phantom in nu-
clear medicine provided by NEMA. Second, this study can be per-
formed with quantitative evaluation in AC PET images according to
various MR pulse sequences through clinical examinations in the
future research.

4. Conclusion

It may be confirmed that PET imaging with MR AC is superior to
that of MR NAC. Therefore, it is necessary to reconstruct an excel-
lent image quality by applying three types of MR sequences to
correct the attenuated PET lesion during PET/MR.
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Fig. 5. Percent contrast recovery (PCR) results for MR NAC and MR AC PET images according to the spheres of four different diameters spheres (UTE PET: MR ACUTE PET, CAIPI PET:
MR ACDixon-CAIPI PET, and GRAPPA PET: MR ACDixon-GRAPPA PET).

Fig. 6. Percent background variability (PBV) results for NAC and MR AC PET images according to the spheres of four different diameters spheres (UTE PET: MR ACUTE PET, CAIPI PET:
MR ACDixon-CAIPI PET, and GRAPPA PET: MR ACDixon-GRAPPA PET).
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