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Abstract: The purpose of this study is to systematically evaluate the usefulness of Positron emission tomography/
Magnetic resonance imaging (PET/MRI) images in a clinical setting by assessing the image quality of Positron emis-
sion tomography (PET) images using a three-segment MR attenuation correction (MRAC) versus the standard CT 
attenuation correction (CTAC). We prospectively studied 48 patients who had their clinically scheduled FDG-PET/
CT followed by an FDG-PET/MRI. Three nuclear radiologists evaluated the image quality of CTAC vs. MRAC using a 
Likert scale (five-point scale). A two-sided, paired t-test was performed for comparison purposes. The image quality 
was further assessed by categorizing it as acceptable (equal to 4 and 5 on the five-point Likert scale) or unaccept-
able (equal to 1, 2, and 3 on the five-point Likert scale) quality using the McNemar test. When assessing the image 
quality using the Likert scale, one reader observed a significant difference between CTAC and MRAC (p=0.0015), 
whereas the other readers did not observe a difference (p=0.8924 and p=0.1880, respectively). When performing 
the grouping analysis, no significant difference was found between CTAC vs. MRAC for any of the readers (p=0.6137 
for reader 1, p=1 for reader 2, and p=0.8137 for reader 3). All three readers more often reported artifacts on the 
MRAC images than on the CTAC images. There was no clinically significant difference in quality between PET images 
generated on a PET/MRI system and those from a Positron emission tomography/Computed tomography (PET/CT) 
system. PET images using the automatic three-segmented MR attenuation method provided diagnostic image qual-
ity. However, future research regarding the image quality obtained using different MR attenuation based methods is 
warranted before PET/MRI can be used clinically.
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Introduction

PET/MRI is a promising, multimodality imaging 
technique that combines two core instruments 
in the field of molecular imaging into one. The 
PET component delivers metabolic information 
with a high sensitivity, whereas MRI, with its 
superior soft-tissue contrast, is valuable for 
morphological imaging providing high-resolu-
tion images [1, 2]. Recent advances in MRI for 
performing sophisticated sequences such as 
diffusion-weighted imaging (DWI) and used as 
a measure of cellularity, and dynamic contrast-
enhanced MRI for depicting tumor perfusion as 
well as tumor neovascularization, have expand-
ed the possibilities of using this technique for 
functional imaging [3-5]. In order to use PET/
MRI in the clinical setting, various technical 

challenges had to be overcome [6, 7], This 
includes major changes required in the hard-
ware and software components used in PET/
MRI. One hardware problem is the possible 
interference of both technologies  with each 
other, and thus requiring novel solutions [8-10]. 
The new PET detector technology which is now 
available offers avalanche photodiodes which 
do not interfere with magnetic fields and are 
now being used rather than conventional photo-
multipliers for PET/MRI systems [11-14]. One of 
the primary software challenges is the MR 
attenuation correction. Many different 
approaches have been suggested to solve the 
attenuation correction problem using the cur-
rent hybrid PET/MRI scanners [15-21]. MR 
attenuation correction for whole-body applica-
tions is particularly difficult as it requires the 
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transformation of inhomogeneous signal inten-
sity MR images into PET attenuation maps [22, 
23]. In the currently used PET/MRI scanners, 
the segmentation-based methods have a short 
acquisition time and are technically relatively 
uncomplicated [24-27]. The only commercially 
available attenuation correction methods cur-
rently available are: (I) Philips® three segment 
(air, soft tissue, and lungs) attenuation correc-
tion algorithm [1, 28] and (II) Siemens® four 
segment (air, soft tissue, fat, and lungs) attenu-
ation correction algorithm [1, 29]. The three-
segment approach was first assessed in 15 

subjects by applying a free–breathing, whole-
body, MR 3D, T1–weighted, spoiled gradient 
echo sequence which was able to distinguish 
the three segments, i.e. air, lung, and soft tis-
sue [1]. The ability of the Dixon to provide four, 
different sets of images, i.e. in-phase, out-of-
phase, water only, and fat only, allows further 
differentiation of the soft-tissue component 
into fatty and non-fatty tissue [3, 6]. For MR 
attenuation correction purposes, the Dixon 
method was used as whole-body imaging and 
was able to further separate soft and fat tissue 
[8]. In these MR attenuation correction meth-
ods, as bone is not considered this may lead to 
quantitative errors of 15-20% compared to 
those seen in the standard, CT-based attenua-
tion correction methods [11, 13]. Ultrashort 
echo time (UTE) sequences alone or in combi-
nation with a third echo were suggested in 
order to represent bone in the MR attenuation 
map [15, 18 ,20].

Artifacts based on CT attenuation correction 
are well known from literature [22]. The routine-
ly performed CT attenuation correction 
approach may lead to linear artifacts mimicking 
fluorodeoxyglucose (FDG) uptake when the  CT 
contrast agent used accumulates in the venous 
system or when a patient’s body has a metallic 
object such as an orthopedic device [24, 26, 
27]. Focal artifacts may result from calcified 
lymph nodes and which may lead to incorrect 

Figure 1. Distribution of the artifact prevalence in CTAC as well as MRAC for each individual reader.

Table 1. 2x2 table for reader 1 (panel A), 
reader 2 (panel B), and reader 3 (panel C) 
documenting the distribution of artifacts in 
CTAC and MRAC images

CTAC
Yes No

Panel A

M
RAC

Yes 23 16

No 3 6

Panel BM
RAC

Yes 22 8

No 6 12

Panel CM
RAC

Yes 22 12

No 5 9
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therapy decisions [28]. Such focal artifacts can 
propagate into the PET image, thus compromis-
ing imaging quality and affecting image 
interpretation.

Using PET/MRI for determin-
ing clinical indications, the 
MR attenuation correction 
scan must be of a high qual-
ity as it is used as an ana-
tomic localizer. This quality 
prerequisite must be fulfilled 
before using PET/MRI quali-
tatively in terms of lesion 
localization and quantitative-
ly in terms of standardized 
uptake value (SUV) measure-
ments obtained in the clini-
cal setting.

The purpose of this prospec-
tive, randomized study is to 
systematically assess the 
quality of the PET images 
obtained using automatic 
three-segment MRAC vs. 
those using CTAC and to thus 
evaluate the usefulness of 
PET/MRI images in the clini-
cal setting. We used the pre-
viously published method for 
MRAC, and which automati-
cally generates attenuation 
maps from MRI performed 
using a dedicated, 
T1-weighted technique, pre-
viously described in the liter-
ature [1].

Materials and methods

Patients

Forty-eight patients (mean 
age 59±14 years; 24 males, 
24 females) were enrolled in 
our prospective, PET/MRI 
attenuation correction study 
between February 2012 and 
June 2012. These patients 
first underwent routine, clini-
cal FDG-PET/CT scanning 
(average scanning time after 
injection 66±7 min; range 
56-87 min) and then under-
went an FDG-PET/MRI exam-

Figure 2. Representative image quality instances in MRAC using the Likert 
scale. In panel A an MRAC is shown which was rated as 5 on the Likert scale 
(meaning excellent defined as “no artifacts exist”). The upper row shows the 
non attenuation corrected image, whereas the lower row shows the attenua-
tion corrected image. In panel B an MRAC is shown which was rated as 4 on 
the Likert scale (meaning good defined as “minor artifacts which do not affect 
clinical use”). Mild attenuation artifact across the neck is appreciated on this 
image. The upper row shows the non attenuation corrected image whereas 
the lower row shows the attenuation corrected image.

ination (average scanning time after injection 
120±16 min; range 93-162 min). The Health 
Insurance Portability and Accountability Act 
(HIPAA) compliant study was approved by the 
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hospital’s Institutional Review Board (IRB). 
Each patient gave written informed consent 
prior to their image acquisition.

FDG PET/CT and PET/MRI techniques

In each patient an F-18 FDG PET/CT examina-
tion was performed on a current–generation, 
large-bore, time-of-flight PET/CT scanner 
(Philips Gemini TF PET/CT, Philips Healthcare, 
Andover, MA) according to the standardized 
protocol we previously described [30]. Prior to 
scanning, each patient fasted for at least six 
hours, after which they were given an injection 
of F-18 FDG (mean dose 11.9±1.7 mCi; range 
9.1-15.0 mCi). Emission images were obtained 
in 8-9 bed positions with a time frame between 
90 and 120 sec per position. The CTAC was 
derived from routine low-dose CT scans (120 
kV, 100 mAs, slice thickness 5 mm, dose mod-
ulation, pitch 0.813). Following the PET/CT 
scanning, all patients underwent PET/MRI. The 
F-18 FDG PET/MRI examination was conducted 
using current-generation, time-of-flight PET 
combined with a high-field, 3.0T MRI system 
(Philips Ingenuity TF PET/MRI, Philips 
Healthcare, Andover, MA). Emission images 
were obtained in 8-9 bed positions with a time 

frame between 120 and 150 sec per position. 
MRI was performed using an integrated radio-
frequency coil and using a multi-station proto-
col (slab size 6 cm, maximal field of view 46 
cm). For the whole-body MRI, a 3D, T1-weighted, 
spoiled gradient echo sequence (TE 2.3 ms, TR 
4 ms, 10-degree flip angle) was acquired, and 
MRAC was done based on the previously pub-
lished automatic three-segment model which 
distinguishes air, lung, and soft tissue [1].

Image reading procedure and data analysis

The image analysis was conducted using com-
mercially available software (MIM Version 5.2, 
MIM Software Inc, Cleveland, OH). Each patient 
had a torso non-attenuated corrected and a 
torso attenuated corrected PET/CT and PET/
MRI image set. Study numbers were assigned 
to these two sets for each patient, and all of the 
patient-related data were deleted. Images were 
randomized, and the readers were blinded to 
all patient information and to whether the 
image pairs were derived from CTAC or MRAC. 
Three, nuclear radiologists (25, 12, and six 
years of clinical nuclear medicine and radiology 
experience, respectively) independently evalu-
ated the image quality using a Likert scale (1: 

Figure 3. The mean image quality values for CTAC and MRAC are shown for each reader. The error bars indicate the 
standard deviation from the mean value. The mean value is calculated as an average from the scores assigned to 
each of the CTAC or MRAC images by each individual reader. A significant difference was found for reader 1 between 
CTAC and MRAC (p= 0.0015), whereas for readers 2 and 3 no significant differences were detected (p=0.8924 and 
p=0.1880, respectively) using a two-sided, paired t-test.
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Results

Detection of artifacts

The prevalence of artifacts in CTAC as well as in 
MRAC for each reader, is shown in Figure 1 and 
the artifacts are listed in Table 1.

Analysis of image quality using a Likert scale

The representative image quality ratings are 
shown in Figure 2. The image quality analysis of 
CTAC and MRAC revealed a significant differ-
ence between them (p=0.0015) for reader 1, 
whereas for readers 2 and 3 there were no sig-
nificant differences (p=0.8924 and p=0.1880, 
respectively) using a two-sided, paired t-test. 
The mean image quality values for CTAC and 
MRAC for each reader are shown in Figure 3. 
The numbers of patients who were ranked in 
the image quality categories 1 to 5 are shown 
over all readers in Figure 4.

Analysis of image quality by grouping

The image quality analysis was performed by 
grouping the image quality scores into accept-
able in the patients who were assessed as 
either 4 or 5 using the Likert scale or unaccept-
able (in the patients who were assessed 
between 1 and 3 using the Likert scale). Reader 
1 reported 36 acceptable and 12 unaccept-
able cases with regard to CTAC concerning the 

Figure 4. The number of cases ranked in according to the image quality categories 1 to 5 are depicted over all read-
ers.

‘extremely poor’ defined as “major artifacts 
exist and the images are not clinically useful”; 
2: ‘poor’ defined as “major artifacts exist and 
clinical use is, therefore, not advised”; 3: ‘aver-
age’ defined as “borderline clinical use due to 
the image quality”; 4: ‘good’ defined as “con-
taining minor artifacts which do not adversely 
affect the clinical use”; and 5: ‘excellent’ 
defined as “no artifacts”).

Statistical analysis

The difference in image quality scoring of CTAC 
and MRAC was evaluated using the Student’s 
two-sided, paired t-test for the data we derived 
using a Likert scale. P<0.05 was considered to 
represent a significant difference.

Based on clinical considerations regarding 
grouped sub-analysis image quality, scores 4 
and 5 were considered “acceptable image 
quality”, whereas image quality scores 1 to 3 
were grouped as “unacceptable image quality”. 
Intra-reader comparisons between MRAC and 
CTAC were based on a chi-squared test used to 
establish the symmetry of the rows and col-
umns in a two-dimensional contingency Table 
foe analyzing this grouping analysis using the 
McNemar’s test. P<0.05 was considered to 
represent a significant comparison difference.

Statistical analysis was conducted with R (R 
Core Team 2012, Vienna, Austria) [31].
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image quality, whereas using MRAC there were 
28 acceptable and 20 unacceptable cases with 
regard to the image quality. Reader 2 reported  
28 acceptable and 20 unacceptable cases with 
regard to the image quality using both CTAC 
and MRAC. Finally, reader 3 reported 29 accept-
able and 19 unacceptable cases using CTAC 
and concerning image quality, whereas with 
MRAC there were 27 acceptable and 21 unac-
ceptable cases. The 2x2 Table for readers 1 to 
3 is shown in Table 2. No significant difference 
was found for any of the readers between CTAC 
and MRAC (p=0.06137 for reader 1, p=1 for 
reader 2, and p=0.8137 for reader 3, respec-
tively) using the McNemar test.

A more detailed grouping into three 
classes of image quality is also shown in 
Table 3: class 1 is defined as above aver-
age (corresponding to the Likert scale 
value 4 or 5), the second class is defined 
as average (corresponding to the Likert 
scale value 3), and the third class is con-
sidered as not acceptable (correspond-
ing to the Likert scale value 1 or 2).

Discussion

Published studies have shown that MR 
sequences used for attenuation correc-
tion algorithms were as reliable as low-
dose CT for ascertaining anatomic local-
ization [29]. The SUV values obtained 
using these MR attenuation correction 
techniques did not differ significantly 
from those obtained using conventional 
methods [32] with the exception of bone 
tissue representation [33].

This study shows that PET images 
obtained using an automatic three-seg-
mented MR attenuation method provide 
diagnostic image quality when this novel 
attenuation correction was applied. 
When comparing CTAC vs. MRAC, there 
was no statistically significant difference 
in two readers, whereas for one reader 
there was a statistically significant differ-
ence between the images derived from 
MRAC vs. CTAC when analyzing the data 
using an ungrouped approach and a two-
sided, paired t-test. Proper blinding 
would never be possible as readers are 
now accustomed to seeing PET images 
on PET/CT scanners and may not be 
familiar with the image alterations found 

on MRAC. Artifact prevalence was more often 
reported on PET/MRI images by all of the read-
ers, although it had no impact on the final qual-
ity assessment. Once again, reader 1 differed 
from the other two readers by reporting many 
more artifacts on the MR-attenuated PET imag-
es, and which supports the theory that this 
might have been related to the reader feeling 
more comfortable with CT-attenuated images 
which he might have recognized despite the 
blinding process. Simple analysis of the pres-
ence of artifacts, as seen in Table 1, revealed 
that 88%, 79%, and 81% of the reported arti-
facts for PET/CT images for readers 1, 2, and 3, 
respectively, were also reported in PET images 

Table 3. 2x3 table for reader 1 (panel A), reader 2 
(panel B), and reader 3 (panel C) showing the grouping 
according to the image quality, as above average (cor-
responding to the Likert scale value 4 or 5), average 
(corresponding to the Likert scale value 3), and not 
acceptable (corresponding to the Likert scale value 1 
or 2)

Not acceptable Average Above average
Panel A
    CTAC 3 9 36
    MRAC 4 16 28
Panel B
    CTAC 4 17 27
    MRAC 4 16 28
Panel C
    CTAC 6 13 29
    MRAC 5 16 27

Table 2. 2x2 table for reader 1 (panel A), reader 2 
(panel B), and reader 3 (panel C) for grouping of the 
image quality as acceptable (corresponding to the Lik-
ert scale value 4 or 5) or unacceptable (corresponding 
to the Likert scale values 1 to 3)

CTAC
Acceptable Unacceptable

Panel A
    MRAC Acceptable 25 3

Unacceptable 11 9
Panel B
    MRAC Acceptable 19 9

Unacceptable 9 11
Panel C
    MRAC Acceptable 19 8

Unacceptable 10 11
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from PET/MRI. Therefore, those artifacts could 
be either patient- or PET-scanner related. Other 
explanations for the artifacts seen in this study 
might be related to the segmentation algorithm 
which is reliable but might pose problems for 
instance in the case of metal artifacts as 
observed by us as well as other researchers 
[35]. Furthermore, the arms of the patients are 
down during the PET/MRI study, thus frequently 
leading to truncation artifacts in MRAC. Scatter 
might also be increased due to the table and 
coils used for PET/MRI. In future studies, the 
use of a wide range of standardized artifacts 
and appropriate physician training for detecting 
those artifacts will allow correct evaluation and 
classification eventually distinguishing artifacts 
which are truly related to the attenuation tech-
nique from those which are technology- or 
patient-related.

PET/MRI is a new, hybrid imaging modality 
which was recently introduced in the clinical 
area. It allows whole-body imaging integrating 
the metabolic information derived from the PET 
component with the anatomical as well as the 
functional information obtained from MRI [36]. 
It is crucial to see the MR component not purely 
as a means for anatomical localization of 
lesions as beyond morphological imaging, MR 
provides the opportunity to acquire sophisti-
cated sequences such as perfusion, diffusion 
imaging as well as spectroscopy [37, 38]. This 
opens new horizons with regard to the correla-
tion of metabolic and functional information, 
thus leading to a comprehensive evaluation of 
a patient’s lesion. Furthermore the reduced 
radiation dose is of particular interest in the 
young patient population requiring frequent 
follow-up examinations [39].

In our study we used the commercially avail-
able, 3D, T1-weighted, spoiled gradient echo 
sequence to distinguish three segments  [1]. 
Furthermore, the technology used for PET 
acquisition in this study is the state-of-the-art 
time-of-flight technology which is also commer-
cially available on PET/CT scanners. This makes 
the image quality findings dependent on only 
the MRAC sequence, patient characteristics, 
and radiotracer-related variables And thus 
eliminating the PET detector technology as a 
potential variable. A further advantage of our 
study is the fact that all of the readers were 
shown randomly the images.

One of the major limitations of this study is the 
inability to securely blind the readers to the 
method that generated the PET image. Slight 
alterations, such as different arm positions, 
gave the readers potential hints as to whether 
they were going to read a CTAC or a MRAC map.

Another limitation is the prolonged period of 
time that elapsed between the FDG injection 
and the PET/MRI scanning. Since the PET/CT 
scan must be diagnostic in individual patients, 
we cannot acquire the PET data of the PET/MRI 
in the time frame the guidelines suggest. We 
decided that performing PET/MRI first or per-
forming a randomization if doing PET/MRI or 
PET/CT first, would have been unethical. 
Although scan time was added per each bed 
position, it cannot be assured that this com-
pensates for the amount of radiopharmaceuti-
cal decay.

Finally, lesion detection was not compared in 
both imaging technologies. With regard to 
lesion detection, the number of patients was 
still too low and the patient population was too 
heterogeneous to be able to accurately com-
pare the lesion detection capabilities of CTAC 
vs. MRAC. Patients are currently being enrolled 
to perform this analysis in a larger group and 
thus also allowing the separate analysis of dif-
ferent cancer types.

In conclusion, our data show no difference in 
quality between PET images generated from 
PET/MRI to those generated from PET/CT. The 
three, segment models allow for diagnostic 
image quality in the MRAC maps. Further inves-
tigation is warranted, both using this and other 
attenuation methods, in order to gain a better 
understanding of the strengths and weakness-
es of MR attenuation maps as well as their pos-
sible pitfalls, in order to establish the use of 
PET/MRI in the clinical area.
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