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An MR-based attenuation correction (MRAC) map plays an important role in quantitative positron 
emission tomography (PET) image evaluation in PET/magnetic resonance imaging (MRI) systems. 
However, the MRAC map is affected by the magnetic field inhomogeneity of MRIs. This study aims 
to evaluate the characteristics of MRAC maps of physical phantoms on PET/MRI images. Phantom 
measurements were performed using the Siemens Biograph mMR. The modular type physical 
phantoms that provide assembly versatility for phantom construction were scanned in a four-
channel Body Matrix coil. The MRAC map was generated using the two-point Dixon-based 
segmentation method for whole-body imaging. The modular phantoms were scanned in compact 
and non-compact assembly configurations. In addition, the phantoms were scanned repeatedly to 
generate MRAC maps. The acquired MRAC maps show differently assigned values for void areas. 
An incorrect assignment of a void area was shown on a locally compact space between phantoms. 
The assigned MRAC values were distorted using a wide field-of-view (FOV). The MRAC values 
also differed after repeated scans. However, the erroneous MRAC values appeared outside of 
phantom, except for a large FOV. The MRAC map of the phantom was affected by phantom 
configuration and the number of scans. A quantitative study using a phantom in a PET/MRI system 
should be performed after evaluation of the MRAC map characteristics. 
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Introduction

Attenuation correction in positron emission tomography 

(PET) images is essential for qualitative evaluation and 

quantitative measurements. Attenuation on PETs is depen-

dent on the electron density of the material at an energy of 

511 keV, and the correction procedure can be achieved by 

transmission scans at that energy level [1]. The computed 

tomography (CT) image is widely used for attenuation cor-

rection in the PET/CT systems, which can be performed 

through the bilinear transformation of the CT number 

(Hounsfield unit) to 511 keV [2].

In contrast to CT, magnetic resonance imaging (MRI) has 

no direct relation to electron density. Therefore, attenua-

tion correction for quantitative measurements of PET im-

ages is a challenging issue for PET/MRI systems compared 

with PET/CT systems [3,4]. Various MR-based attenuation 

correction (MRAC) strategies were introduced and imple-
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mented in commercial PET/MRI systems during the past 

several years [5-7]. The most popular MRAC technique 

is the segmentation-based approach that uses the two-

point Dixon method [8,9], which is based on a chemical 

shift of protons in water and fat molecules. The in-phase 

and opposed-phase images are acquired using a two-echo 

acquisition technique. The separated water and fat images 

are reconstructed and segmented by addition and subtrac-

tion of in- and opposed-phase images. The two-point Dixon 

method assumes a uniform magnetic field of an MRI sys-

tem because it is a phase-sensitive technique [10]. However, 

magnetic field inhomogeneity generated by the magnetic 

system or being object is commonly observed in clinical 

MRI systems. This field inhomogeneity can easily cause an 

obstacle phase discrimination for water and fat molecules. 

Therefore, an MRAC map using the two-point Dixon meth-

od varies under the magnetic field inhomogeneity of an 

MRI [11,12].

An imaging phantom allows the objective assessment of 

imaging system characteristics [13]. The MRAC map de-

rived from the PET/MRI system can be assessed by the im-

aging phantom. We developed a modular imaging phantom 

and each module can be combined to make any shape to fit 

well with various MRI coil configurations. This study aims 

to evaluate the characteristics of MRAC maps on PET/MRI 

systems by using a module type imaging phantom.

Materials and Methods

1. Image acquisition

Phantom image acquisition was performed using a 

whole-body PET/MR hybrid system (Biograph mMR; 

Siemens AG Healthcare, Erlangen, Germany). The PET 

detector block consists of an 8×8 lutetium oxyorthosilicate 

crystal array attached to a 3×3 avalanche photodiode array 

for read-out. The PET detector unit consists of eight rings, 

which consist of 56 detector blocks. The MR system consists 

of a shielded 3.0 T magnet, gradient coil, and radiofrequen-

cy body coil. A half-Fourier acquisition single-shot turbo 

spin-echo sequence for T2-weighted images was used to 

acquire coronal images of the phantom (TR=557 ms, TE=8.8 

ms, echo train length=5, matrix size=384×202, field-of-view 

(FOV)=253×450 mm2, slice thickness=3 mm).

2. Modular phantom

The modular phantom consists of a disk type module 

and fixture that supports the phantom during scanning, as 

shown in Fig. 1a. The outer and inner diameters of the disk 

module are 100 mm and 80 mm, and the height is 50 mm. 

The modular phantom has a LEGO type coupling system 

and a small hole for solution injection. Each module was 

filled with distilled water. The upper and lower fixtures as-

sembled four disk module phantoms, as shown in Fig. 1b, 

c. Each module phantom was a compact and non-compact 

assembly with and without interspacing. The length of a 

compactly assembled phantom was 400 mm. The length of 

a non-compactly assembled phantom was 500 mm. Com-

pact and non-compact phantom MRI image acquisition 

was performed in the one bed position on the left-right di-

rection, covering the assembled phantom as shown in Fig. 

2a. Compactly assembled phantoms were scanned in verti-

cal and horizontal directions by using the Body Matrix coil. 

Phantom data acquisition was performed in the two bed 

position in the superior-inferior direction (2 minutes per 

bed position), as shown in Fig. 3. 

Fig. 1. Modular phantom with coupling system used in this study. 
(a) Disk type modular phantom and fixture. (b) Compactly and 
(c) non-compactly assembled phantom using four disk module 
phantoms.
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The MRAC map was generated using the two-point Dix-

on-based segmentation method for whole-body imaging. 

The MRAC algorithm segmented tissue into four classes (air, 

lungs, fat, and soft tissue) based on a two-point Dixon se-

quence [14,15]. Soft tissue is generally considered to be wa-

ter; therefore, a segmented mu-map for this phantom study 

was assigned air and soft tissue. The phantom was scanned 

three times using the Dixon sequence, and consequently 

three MRAC maps were generated. Assigned values of the 

MRAC maps were compared. 

Results and Discussion

The inner areas of water-filled phantoms were all as-

signed a value of 854 using one matrix coil. A wrong assign-

ment of a void area was shown on a locally compact space 

between phantoms, as shown in Fig. 2a. The void areas 

of phantoms outside were calculated as soft tissue, with 

a value of 1,000. An erroneously assigned value of locally 

compact space was reduced by increasing interspacing 

distance between phantoms. However, as the scan FOV was 

increased, the peripheral region was geometrically dis-

torted. As a result, the most outer region was misassigned in 

the MRAC map.

The water in the disk phantom was calculated as a value 

of 854 in the repetitively acquired three MRAC maps by 

using two matrix coils in the superior-inferior direction, as 

shown in Fig. 3. The three MRAC maps presented different 

values for the void areas, which were near the phantom 

margin. These areas were calculated as soft tissue, a value of 

1,000, in the 2nd and 3rd acquired MRAC maps. Interspace 

between disk phantoms was assigned a value of 1,000, but 

the shape was displayed differently. 

We evaluated the characteristics of the MRAC map on the 

PET/MRI image by using an imaging phantom with module 

type. This study clearly demonstrates a lack of consistency 

in the MRAC map derived by the Dixon sequence. The 

MRAC map was severely affected by the phantom configu-

rations and the number of scans. 

The variation of MRAC maps can be generated by the 

field inhomogeneity of MRI systems. Erroneous values were 

affected by being near the phantom margin for compact 

assembly compared with non-compact assembly. The 

magnetic field perturbations were severe on the bound-

ary of the object. The distorted value was generated on the 

contact surface between the phantoms. For non-compact 

assembly, erroneous values were exhibited only on the 

peripheral region for a large FOV. Imaging gradient nonlin-

earity of an MRI system is a major factor in magnetic field 

nonuniformity. Such nonlinearity is easily generated on the 

peripheral region with a large FOV of the MRI. No distortion 

existed between the phantoms, but the wrong value was 

Fig. 2. The magnetic resonance-based attenuation correction 
(MRAC) map of compact and non-compact assembled phantom. 
These coronal images, (a, b), were obtained on the phantom, which 
was placed in the left-right direction using one matrix coil. The 
assigned values are distorted in the contact areas and the wide 
field-of-view (FOV) (white arrows).
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Fig. 3. The repeatedly scanned magnetic resonance-based attenua
tion correction (MRAC) map of compact assembled phantom. 
These coronal images, (a–c), were obtained of the phantom, which 
was placed in the superior-inferior direction using two matrix coils. 
The assigned values are different in the contact and peripheral 
areas of the phantom (white arrows).
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assigned outside of the phantom. The MRAC map was also 

influenced by repetitive scanning. Continuous scanning 

can lead to local magnetic field non-uniformities. Because 

of this non-uniformity, incorrect values were assigned to 

the MRAC map. 

A two-point Dixon MRAC map is based on the chemical 

shift of protons in water and fat molecules, which requires 

two types of tissues. Only phantoms containing water were 

used in this experiment and may have generated the dis-

tortion. However, switched water and fat were reported 

as common artifacts in the patient study [16]. The two-

point Dixon method is severely affected by magnetic field 

inhomogeneity. Therefore, a MRAC map that uses the two-

point Dixon method should be acquired through repeated 

scanning. The appropriate MRAC map should be selected 

through the evaluation of the generated MRAC maps 

because the physical properties of the phantom are well 

known. In addition, erroneous MRAC maps can be evalu-

ated using co-registration with spin-echo T1 images with 

less distortion. In hybrid PET/MRI imaging systems, each 

imaging modality characteristic affects fused image quality 

and quantitative evaluation. For this, the characteristics of 

each modality should be properly evaluated. 

Conclusions 

The MRAC map of phantoms is affected by phantom con-

figuration and the number of scans. A quantitative study 

using phantoms in a PET/MRI system should be performed 

after evaluation of the MRAC map characteristics. 
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