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The recently introduced first integrated whole-body PET/MR
scanner allows simultaneous acquisition of PET and MRI data
in humans and, thus, may offer new opportunities, particularly
regarding diagnostics in oncology. This scanner features
major technologic differences from conventional PET/CT
devices, including the replacement of photomultipliers with
avalanche photodiodes and the need for MRI-based attenua-
tion correction. The aim of this study was to evaluate the
comparability of clinical performance between conventional
PET/CT and PET/MR in patients with oncologic diseases.
Methods: Thirty-two patients with different oncologic diag-
noses underwent a single-injection, dual-imaging protocol con-
sisting of a PET/CT and subsequent PET/MR scan. PET/CT
scans were performed according to standard clinical protocols
(86 + 8 min after injection of 401 + 42 MBq of '8F-FDG, 2 min/
bed position). Subsequently (140 = 24 min after injection), PET/
MR was performed (4 min/bed position). PET images of both
modalities were reconstructed iteratively. Attenuation and scatter
correction as well as regional allocation of PET findings were
performed using low-dose CT data for PET/CT and Dixon MRI
sequences for PET/MR. PET/MR and PET/CT were compared
visually by 2 teams of observers by rating the number and loca-
tion of lesions suspicious for malignancy, as well as image quality
and alignment. For quantitative comparison, standardized uptake
values (SUVs) of the detected lesions and of different tissue types
were assessed. Results: Simultaneous PET/MR acquisition was
feasible with high quality in short acquisition time (=20 min). No
significant difference was found between the numbers of sus-
picious lesions (n = 80) or lesion-positive patients (n = 20)
detected with PET/MR or PET/CT. Anatomic allocation of PET/
MR findings by means of the Dixon MRI sequence was compa-
rable to allocation of PET/CT findings by means of low-dose CT.
Quantitative evaluation revealed a high correlation between mean
SUVs measured with PET/MR and PET/CT in lesions (p = 0.93)
and background tissue (p = 0.92). Conclusion: This study dem-
onstrates, for what is to our knowledge the first time, that inte-
grated whole-body PET/MR is feasible in a clinical setting with
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high quality and in a short examination time. The reliability of PET/
MR was comparable to that of PET/CT in allowing the detection
of hypermetabolic lesions suspicious for malignancy in patients
with oncologic diagnoses. Despite different attenuation correc-
tion approaches, tracer uptake in lesions and background cor-
related well between PET/MR and PET/CT. The Dixon MRI
sequences acquired for attenuation correction were found use-
ful for anatomic allocation of PET findings obtained by PET/MR
in the entire body. These encouraging results may form the
foundation for future studies aiming to define the added value
of PET/MR over PET/CT.
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Recently, the first whole-body integrated PET/MR scan-
ner (Biograph mMR; Siemens Healthcare) was introduced.
This new technology bears the potential to repeat the suc-
cess of PET/CT, particularly for oncologic indications,
which are better addressed with MRI than with CT. With
regard to soft-tissue contrast, CT is known to be clearly
inferior to MRI. This is the reason why MRI is regarded
as the first-line imaging procedure for diagnostic problems
in oncology associated with soft-tissue regions (e.g., tumors
in the brain, the head-and-neck region, or the pelvis). Be-
cause PET has proven valuable for several of these diag-
nostic problems, a potential added value of combined MRI
and PET over PET/CT can be expected for these indications
(1-5). In principle, PET and MRI data may be fused in
retrospect using dedicated software registration algorithms;
however, these approaches often encounter problems with
patient position and motion (6,7).

Consequently, first platforms have been developed in
which spatially separated MRI and PET scanners are
positioned side by side and connected by means of a moving
patient table on which the patient undergoes PET and MRI
consecutively (8). However, these solutions do not allow
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simultaneous image acquisition, are associated with lengthy
examination protocols, and still bear the risk of misalign-
ment due to patient movement. The replacement of conven-
tional photomultipliers with avalanche photodiodes, which
are not affected by strong magnetic fields, allowed the in-
tegration of PET and MRI technology in a single machine
(9,10). The feasibility of this concept has been demon-
strated in small-animal scanners and in a first generation
of head-only human PET inserts that could be flexibly in-
stalled inside the bore of conventional MRI tomographs
(11-14).

A Biograph mMR was installed in November 2010 in the
Department of Nuclear Medicine at the Technische Uni-
versitdt Miinchen, funded by the German Research Foun-
dation (Deutsche Forschungsgemeinschaft). The Biograph
mMR consists of a high-end 3-T MRI scanner (technically
corresponding to the Siemens Verio system) that harbors
a fully functional state-of-the-art avalanche photodiode—
based PET system within its gantry. The scanner is operated
by a consortium between the Departments of Nuclear Med-
icine and Radiology from Technische Universitat Miinchen
and from the Ludwig-Maximilians-Universitit.

This scanner features several basic technical differences
from a conventional PET/CT scanner. Two factors may
affect the quality of the acquired PET data: the replacement
of the photomultipliers with avalanche photodiodes, and the
attenuation correction of PET data acquired in the PET/MR
scanner, which has to be derived from MRI scan information.
In conventional PET/CT scanners, attenuation correction is
performed on the basis of a CT scan that is used to generate
an attenuation map based on a transformation of the CT
Hounsfield units into attenuation factors at 511 keV (75).
Naturally, the MRI signal does not provide information on
the radiodensity of the tissue and cannot directly be used for
attenuation correction. Several alternative approaches have
been discussed, including anatomically based attenuation
maps and automatic atlas-based pattern recognition ap-
proaches (/6-20). The procedure implemented in the Bio-
graph mMR uses an MRI-based attenuation map that is
generated on the basis of a 2-point Dixon MRI sequence
(19). The Dixon sequence allows estimation of the distribu-
tion of 4 different tissue types (fat, soft tissue, lungs, and
background/air) throughout the body and the calculation of
an attenuation map on the basis of the presumed radiodensity
of these tissue types (1/9,21,22). Although disregarding at-
tenuation by cortical bone, this technique has been suggested
to show performance comparable to that of CT-based atten-
uation (/9,23). However, so far the quality of clinical PET
data acquired on an integrated whole-body PET/MR scanner
and attenuation-corrected by means of MRI data has not
been systematically compared with PET data acquired on
a PET/CT scanner in the same patients.

Another difference between PET/MR and PET/CT is that
the anatomic allocation of PET findings in the whole body
has to be performed by means of the MRI data rather than
by the information provided by CT. The PET signal alone
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provides only limited anatomic information. In conven-
tional PET/CT, low-dose CT information is used not only
for attenuation correction but also for anatomic allocation
of PET findings, when diagnostic CT is not performed (24).
In addition, even on low-dose CT some PET-negative pa-
thologies can be detected, such as small pulmonary lesions
or bone metastases (25,26). MRI offers high-resolution di-
agnostic sequences, providing detailed anatomic informa-
tion. However, because of relatively long acquisition times,
usually high-resolution sequences are acquired only in se-
lected regions of interest and in 1 preferred anatomic ori-
entation (nonisotropic). Also for PET/MR, time constraints
may not allow covering the whole body with fully diagnos-
tic MRI sequences, and predominantly nonisotropic data
will be acquired. However, unpredicted PET findings may
also be detected in regions not covered by high-resolution
MRI, and anatomic information may also be necessary to
distinguish physiologic tracer uptake from pathologic find-
ings throughout the body. Thus, a fast method for rough
anatomic allocation of PET findings may be valuable also
for regions in which diagnostic sequences have not been
performed. In this context, a recently published paper from
Eiber et al. concluded that images derived from the 2-point
Dixon MRI sequence, which is performed for attenuation
correction in a short time (19 s acquisition time) for each
PET bed position (BP), may have considerable value for the
anatomic allocation of PET findings throughout the body
23).

The aim of this study was to evaluate the clinical per-
formance of integrated whole-body PET/MR as compared
with PET/CT in 2 aspects: First, is the quality of the PET
data obtained with PET/MR comparable to that obtained
with PET/CT, regarding the detectability of lesions suspi-
cious for malignancy in patients with oncologic diagnoses,
despite different PET detector technologies and attenuation
correction procedures? Second, will anatomic allocation of
the suggestive PET findings in PET/MR (by means of the
MRI Dixon images) in the entire body be as reliable as that
of low-dose CT in conventional PET/CT?

MATERIALS AND METHODS

Patient Population

Of the pool of patients routinely referred to our institute for
clinical '®F-FDG PET/CT for staging and follow-up of malignant
disorders, 32 subjects were recruited consecutively for this pro-
spective study (mean age, 61 = 11y, 21 male, 11 female, Table 1).
Oncologic diagnoses included anal cancer, breast cancer, colon
cancer, carcinoma of unknown primary, esophageal cancer, sar-
coma, leukemia, lymphoma, and pancreatic cancer (Table 1).

After their clinical PET/CT scan, the patients underwent a PET/
MR examination on the integrated whole-body scanner. All patients
gave informed consent, and the approval of the institutional review
board and the radiation protection authorities had been obtained. The
inclusion criteria were informed consent, ability to undergo another
scan after the PET/CT examination, and a clinical indication for '3F-
FDG PET with a low-dose CT scan. Exclusion criteria were preg-
nancy, age below 18 y, and standard contraindications for MRI
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TABLE 1
Patient Characteristics

Patient no. Sex Age Type of malignancy No. of suggestive PET-positive findings No. of lesions
1 M 54 Anal cancer Lymph nodes (3), primary tumor (1) 4
2 F 69 Bronchial carcinoma Lung (1) 1
3 F 44 Breast cancer Bone (5) 5
4 F 67 Breast cancer Breast (1) 1
5 F 69 Breast cancer Bone (5), lymph nodes (2). liver (1) 8
6 M 60 Colon cancer Liver (5) 5
7 F 68 Colon cancer Liver (1) 1
8 F 73 Colon cancer Lymph nodes (3) 3
9 M 44 Colon cancer Liver (1) 1

10 M 61 Carcinoma of unknown primary Lymph nodes (2) 2

11 M 70 Carcinoma of unknown primary No suggestive findings 0

12 M 54 Carcinoma of unknown primary No suggestive findings 0

13 M 61 Carcinoma of unknown primary Prostate (1) 1

14 M 49 Esophageal cancer No suggestive findings 0

15 F 25 Ewing sarcoma Lung (2), bone (3), peritoneum (2), pleura (1) 8

16 F 68 Hepatocellular carcinoma Liver (1) 1

17 M 66 Hepatocellular carcinoma No suggestive findings 0

18 M 71 Hepatocellular carcinoma Adrenal gland (1), liver (2%) 3

19 M 52 Leukemia No suggestive findings 0

20 M 51 Leukemia No suggestive findings 0

21 M 72 Lymphoma Lymph nodes (3), lung (1) 4

22 M 67 Lymphoma Lymph nodes (91), bone (1), spleen(1), skin (1) 12

23 M 71 Melanoma No suggestive findings 0

24 F 71 Melanoma No suggestive findings 0

25 M 62 Melanoma No suggestive findings 0

26 F 53 Melanoma Lung (1), lymph nodes (1) 2

27 M 48 Melanoma No suggestive findings 0

28 M 55 Melanoma No suggestive findings 0

29 M 65 Pancreatic cancer No suggestive findings 0

30 M 65 Rectal cancer Lymph nodes (2) 2

31 F 64 Rectal cancer Lung (5), rectum (1) 6

32 M 81 Thyroid cancer Lung (5), pleura (1), lymph nodes(4) 10

*Detected only on PET/CT.
TDetected in different compartments.

examinations (magnetic metal implants, pacemakers, etc.). We did
also not include patients undergoing diagnostic CT with application
of intravenous contrast material, to ensure homogeneity in the data-
sets used for CT-based attenuation correction.

Imaging Protocol

All subjects underwent a single-injection, dual-imaging pro-
tocol including PET/CT and subsequent PET/MR. After comple-
tion of the PET/CT scan, patients were subsequently positioned on
the PET/MR scanner with the smallest possible temporal delay, to
allow for using the remaining activity of the initial '8F-FDG in-
jection. Consequently, this approach did not require additional
injection of '8F-FDG and, thus, was not associated with any ad-
ditional radiation exposure for the patients.

PET/CT Acquisition

PET/CT acquisition was performed according to standard
clinical protocols, as previously reported (23), on a Biograph Sen-
sation 64 PET/CT scanner (Siemens Medical Solutions). The
scanner has an average spatial resolution of 4.4 mm at 1 cm and
of 5.0 mm at 10 cm from the transverse field of view (FOV) and
a maximum sensitivity of 8.1 keps/MBq at the center of the FOV.
Its axial FOV is 21.8 cm (27). Patients fasted for at least 6 h before
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undergoing scanning, and blood glucose levels were measured just
before injection to ensure a value below 150 mg/dL. Patients were
injected with 401 * 42 MBq of '8F-FDG intravenously depending
on their body weight, and the acquisition was started 86 = 8 min
after injection, moving from pelvis to head. The acquisition time
was 2 min per BP, with 5-6 BPs (each 21 cm) covering the trunk
of the patients. The result was a total acquisition time of approx-
imately 15 min per patient for PET/CT. PET BPs started from the
pelvis and moved up toward the head. For attenuation correction,
low-dose CT (120 keV, 20 mAs) in shallow inspiration was per-
formed. Patients received an oral contrast agent (ioxithalamate
[Telebrix]; Guerbet, 15 mL diluted in 1 L of water), but no in-
travenous contrast agent was applied. For both modalities, a head
pillow and knee cushion were used for positioning the patients, to
render positioning comparable in both scanners.

PET/MR

Instrumentation. PET/MR was performed on the Biograph
mMR. The technical specifications were summarized recently in
a performance evaluation paper (28). In brief, this system consists of
a 3-T MRI scanner featuring high-performance gradient systems (45
mT/m) and a slew rate of 200 T/m/s. The PET/MR system is
equipped with Total Imaging Matrix coil technology (Siemens),
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covering the entire body with multiple integrated radiofrequency
surface coils. This technology allows MRI acquisitions of the whole
body without the need to interrupt the examination for repositioning
of coils for different body regions (29). The coils (and all other
equipment such as patient table and cables) have been redesigned
for PET/MR in order to minimize their attenuation and, thus, to
allow unimpaired PET acquisition with the coils in place. Within the
gantry, the MRI scanner harbors a fully functional PET system,
equipped with the avalanche photodiode technology (9). The PET
scanner has a spatial resolution of 4.3 at 1 cm and of 5.0 mm at
10 cm from the transverse FOV and a sensitivity of 15.0 kcps/MBq at
the center of the FOV. The axial FOV is 25.8 cm (28), which allows
covering the entire body with a low number of BPs in a short time.
For calibration, during the daily quality assurance procedure, a cylin-
dric %8Ge phantom is centered in the FOV and the ECAT count
conversion factors and normalization files are produced, according
to the National Electrical Manufacturers Association criteria.

Imaging Protocol. On average, the PET/MR scan was started
140 = 24 min after injection. Patients were positioned in the MRI
scanner as similarly as possible to their positioning for the PET/
CT examination. Acquisition started in the pelvic region and
moved toward the head. First, a localizer MRI scan was performed
to define the BPs. After correct positioning of the spatial acquisi-
tion windows had been ensured, the combined PET/MR acquisi-
tion was initiated with 3—-5 BPs at a 4-min acquisition time per BP.
First, a coronal 2-point Dixon 3-dimensional volumetric interpo-
lated breath-hold T1-weighted MRI sequence was acquired at
each BP and used for the generation of attenuation maps and for
anatomic allocation of the PET results, as previously described
(19,23). The parameters for this sequence were as follows: inte-
grated parallel acquisition technique; factor, 2; voxel size, 4.1 X
2.6 x 3.1 mm (in-plane resolution X slice thickness); acquisition
time, 19 s; repetition time, 3.6 ms, first echo time, 1.225 ms;
second echo time, 2.45 ms; matrix, 79 X 192; number of excita-
tions, 1; FOV, 500 mm; phase FOV, 65.5%; 1 slab with 128 slices;
slice thickness, 3.1 mm; flip angle, 10°; and bandwidth, 960 Hz/
pixel. To minimize artifacts from an incomplete breath-hold, a cen-
tric k-space acquisition was chosen (30). No contrast agent was
administered for the MRI studies. The software of the MRI scanner
automatically used the raw images to generate 4 different images:
T1-weighted in-phase, T1-weighted out-of-phase, water-only, and
fat-only.

Simultaneously with the start of the Dixon MRI sequence, the
PET acquisition started at the same BP, thus ensuring optimal
temporal and regional correspondence between MRI and PET data.
The PET acquisition time was 4 min per BP, taking delayed
acquisition times and radioactive decay into account. After comple-
tion of the PET acquisition, the table was moved to the next BP and
the procedure was repeated. In the thorax and abdomen regions, the
MRI scans were acquired during breath-hold in shallow inspiration,
similarly to the acquisition of the low-dose CT. Subsequently, the
patients were instructed to continue breathing during the remaining
PET acquisition time. Because of the large FOV (25.8 cm), the trunk
of the patients could be covered within 3—-5 BP, resulting in an aver-
age total examination time below 20 min.

Data Processing

Reconstruction. PET data obtained on the PET/CT and PET/MR
scanners were processed with comparable reconstruction and correction
algorithms. For both modalities, emission data were corrected for
randoms, dead time, scatter, and attenuation. A 3-dimensional attenu-
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ation-weighted ordered-subsets expectation maximization iterative re-
construction algorithm (AW OSEM 3D) was applied with 3 iterations
and 21 subsets, gaussian smoothing of 4 mm in full width at half
maximum, and a zoom of 1. Attenuation maps were obtained from the
CT data by bilinear transformation, as implemented in the postprocess-
ing software of the PET/CT scanner, and were used for attenuation
correction of the PET/CT data, as previously described (15).
MRI-Based Attenuation Correction. For attenuation correction
of the PET data from the PET/MR scanner, attenuation maps
generated on the basis of the Dixon MRI sequence were applied, as
recently published (/9,23). The attenuation maps were generated on
the basis of the 2-point Dixon MRI sequences obtained for every
BP. This approach has recently been demonstrated to provide results
comparable to those of conventional attenuation correction by low-
dose CT (19,23). The procedure has been implemented in the post-
processing software of the scanner and operates automatically. The
Dixon fat- and water-weighted images were used to create an at-
tenuation map with 4 distinct tissue-classes: background, lungs, fat,
and soft tissue. The lungs were identified by connected-component
analysis of the air in the inner part of the body. By application of
a morphologic closing filter, virtual air artifacts induced by the
absence of an MRI signal in cortical bone, heart, and aorta (because
of blood flow) were corrected. Attenuation of the PET signal caused
by instrumentation such as the patient bed and the fixed MRI coils is
automatically integrated into the attenuation maps (37). The flexible
Total Imaging Matrix coils have been specially designed for low
attenuation and are not included in the attenuation maps.

Image Analysis

Visual Rating. Images were analyzed by 4 experienced (board-
certified) readers (2 nuclear medicine physicians and 2 radiol-
ogists). The readers were grouped into 2 teams, each containing 1
nuclear medicine physician and 1 radiologist. The acquired scans
were distributed to the 2 groups in the following fashion: Of 32
patients who had undergone PET/CT and PET/MR, the PET/CT
data of patients 1-16 and the PET/MR data of patients 17-32 were
read by team 1, and the PET/MR data of patients 1-16 and PET/
CT data of patients 17-32 were read by team 2. Thus, readers
would never have to rate the PET/CT and PET/MR scans of the
same patient. Using this approach, we aimed to avoid potential
bias due to the circumstance that readers would potentially detect
a lesion more easily in one modality after knowing it from the
other modality. To minimize interobserver variability, we required
that concordant conclusions regarding the number, location, and
dignity (i.e. benign vs. malignant) of PET findings had to be drawn
within teams. The entire rating procedure was performed on a ded-
icated workstation and software (Syngo MMWP and Syngo TrueD;
Siemens Medical Solutions). For rating of the PET/CT data, PET
images were screened for any suggestive focal uptake, and the
coregistered low-dose CT scan was used for anatomic correlation
and for identification of a potential structural correlate in the CT
scan. Similarly, for rating of the PET/MR data, PET images were
used to identify any region with suggestive focal uptake, and all
4 coregistered Dixon MRI datasets (T1-weighted in-phase, T1-
weighted out-of-phase, fat-only, and water-only) were evaluated
for anatomic allocation of the finding and for the presence of a dis-
tinct lesion corresponding to the focal uptake.

The '8F-FDG PET data from both modalities were rated globally
for every patient with regard to the presence, number, and location
of findings suggestive of malignancy. In analogy to a recent publi-
cation (23), a scoring scale ranging between 0 and 3 was used for
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visual ratings of 4 features. First, the subjective contrast of the
detected lesion in the PET image was rated by judging the visual
detectability of the lesion versus the respective surrounding back-
ground tissue (0, not detectable; 1, low contrast; 2, intermediate
contrast; 3, high contrast). The second rating was of the feasibility
of anatomic allocation of the PET finding using the low-dose CT
scan and the MRI Dixon sequences (0, no anatomic correlation
possible/no morphologic correlate detectable; 1, uncertain anatomic
correlation/no morphologic correlate detectable; 2, good anatomic
correlation/questionable morphologic correlate; and 3, excellent an-
atomic correlation with a clear morphologic correlate). Third, the
overall image quality of the PET data (0 [bad] to 3 [very good]) was
rated on the basis of the subjective impression of the overall quality
of the PET data (including, for example, impressions of smooth-
ness/scatteredness, resolution, sharpness of contours, anatomic de-
tail, homogeneity, and presence of artifacts). Fourth, the quality of
the alignment between PET and structural image data was rated (0,
major misalignment of several organ systems; 1, major misalign-
ment of the dome of the liver/diaphragm; 2, mild misalignment of
the dome of the liver/diaphragm; 3, no apparent misalignment).

As in previous studies, in the case of excessive numbers of
PET-positive lesions in a single organ system or compartment, up
to 5 lesions only per organ system or compartment were chosen to
avoid bias from individual patients (23). We decided to select the
first 5 lesions in order of appearance when screening the patient
data on axial slices in the craniocaudal direction. Using this ap-
proach, we tried to avoid bias induced by the subjective selection
of lesions based on their contrast or size. To ensure that in these
cases the identical lesions had been rated by the observing teams
in the PET/MR and PET/CT datasets, we performed a retrospective
comparison with both teams present.

Quantitative Assessment. For quantitative comparison between
the PET data acquired on the PET/CT and PET/MR scanners, we
performed a standarized uptake value (SUV)-based analysis of
tracer uptake in the suspected lesions and in different normal
organ systems (lung, vertebral bone, liver, spleen, and muscle).
Volumes of interest (VOIs) were placed over matching '3F-FDG
images of suspected tumor lesions and organs. To ensure place-
ment of VOIs in corresponding locations, both PET scans were
coregistered by dedicated software (TrueD; Siemens). The cor-
rectness of coregistration was controlled visually. To calculate
SUVs for suspected tumor lesions, the axial slice with the maxi-
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mum SUV of the lesion was first located automatically, using
standardized software, for the images of both scanners. An iso-
contour VOI including all voxels above 50% of the maximum was
then created to calculate mean SUVs. This method was selected
on the basis of a previous study suggesting that this approach has
a high accuracy (32). To avoid overrating of individual patients,
we limited the number of rated lesions to 5 per patient. For the 2
modalities, the SUVs of the organs were determined by placement
of regions of interest in 3 consecutive anatomically corresponding
central axial slices through the organ in question, delineating the
shape of the organ but not including edge pixels. The mean of all
organ measurements was used to define a background SUV for
every patient. Within all VOIs, mean and maximum SUVs were
measured. The volume of the automatically defined VOIs was
assessed as well and was compared between the 2 modalities.

Statistical Analysis

To test agreement on the number of detected lesions between
PET/CT and PET/MR, we used a Fisher exact test. The
Kolmogorov—Smirnov test was used to test for a normal distribu-
tion. For calculating the overall statistical differences in measured
SUVs and visual ratings between the 2 imaging modalities, we
used a nonparametric Wilcoxon matched-pairs signed rank test for
nonnormally distributed samples. The Spearman rank correlation
coefficient (p) was calculated to examine the correlation between
the visual ratings and the mean and maximum SUVs derived from
PET/MR and PET/CT. A P value below 0.05 was considered
significant.

RESULTS

Number of Detected Lesions, Rating of Subjects
Generally, PET results obtained by PET/MR showed
good correspondence with PET results obtained by PET/CT
(Fig. 1). In 20 of the 32 included subjects (62.5%), sus-
pected lesions were detected with both PET/MR and PET/
CT. All subjects who had been rated positive or negative for
suspected lesions on PET/CT were also rated positive or
negative on PET/MR. With PET/CT, a total of 80 suspected
lesions were detected. Of these lesions, 78 were observed
with PET/MR accordingly (i.e., in the same subjects at the

FIGURE 1. Proof of principle: comparison
between PET/CT and PET/MR data acquired
on same day in same patient with metasta-
sized thyroid carcinoma. (A) '8F-FDG PET ac-
quired on PET/CT scanner displayed as
maximume-intensity projection. (B) Overlay of
PET (in orange) and structural low-dose CT
data acquired on PET/CT scanner. (C) Over-
lay of PET (in orange) and water-weighted
Dixon MRI acquired on PET/MR scanner.
(D) '®F-FDG PET acquired on PET/MR scan-
ner, displayed as maximume-intensity projec-
tion. An overall similarity can be seen in
pattern of suspicious lesions in cervical, me-
diastinal, and pulmonary regions in A and D.
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identical locations). In only 1 patient, 2 liver lesions were
clearly detectable in the PET/CT dataset but were missed
by the team reading the PET/MR scans (patient 18). On
retrospective evaluation by both teams, these lesions
could also be identified in the PET/MR dataset but with
low contrast. In 12 of the 32 subjects, no suspected
lesions were detected with either of the 2 imaging modal-
ities. In total, 29 lymph node metastases, 15 lung nodules,
14 bone lesions, 11 liver lesions, 2 pleural lesions, 2
peritoneal lesions, and 2 rectal lesions were observed,
as well as single lesions in the spleen, prostate, breast,
adrenal gland, and skin (Table 1). In patients with exces-
sive numbers of lesions, only 5 lesions were counted per
single organ system or compartment, to avoid bias by
individuals with many lesions. The Fisher exact test did
not reveal a significant difference (P = 0.5) between the
number of lesions detected on PET/MR and the number
detected on PET/CT (Table 2).

Anatomic Allocation of PET-Positive Lesions

According to the subjective rating, anatomic allocation
of suspected PET-positive lesions with good reliability was
possible both using low-dose CT (mean rating, 2.61 of 3)
and using MRI Dixon images (mean rating, 2.03-2.42 of 3,
depending on the type of sequence used, Table 3; Figs. 2
and 3). Numerically, the best performance was observed for
anatomic allocation of PET findings by means of low-dose
CT. However, no significant difference was observed be-
tween the scores obtained for the low-dose CT and the
scores obtained with the opposed-phase and water-
weighted Dixon MRI scans. The water-weighted images
and opposed-phase images had similar ratings, without
a significant difference. In contrast, anatomic allocation
based on the in-phase or fat-weighted images was rated
significantly worse than that based on low-dose CT and
opposed-phase or water-weighted MRI scans.

The Spearman correlation analysis revealed generally
low, nonsignificant correlation coefficients between the
scores for the MRI sequences and those for low-dose CT
(Table 3). Scores for the quality of anatomic allocation of
the PET findings correlated strongly among all MRI
sequences, with the highest correlation coefficient being
between opposed-phase and in-phase images and the lowest
being between the water- and the fat-weighted images.

Image Quality, Contrast, Alignment

The subjective rating of the contrast of suspected foci
revealed no significant difference between values obtained
for PET/MR and PET/CT (Fig. 1; Table 2). Alignment
between PET scans and the anatomic scans was judged to
be slightly better for PET/MR than for PET/CT, but this
difference did not reach statistical significance. Subjective
evaluation of general image quality revealed high ratings
for both modalities, with a somewhat better result for PET/
CT. The observers reported moderately inhomogeneous
liver uptake in 12 of the PET scans acquired on the PET/
MR scanner. Otherwise, no systematic artifacts were de-
scribed by the observers for any of the modalities.

A significant correlation in the ratings of lesion contrast
was found between PET/MR and PET/CT (p = 0.75). The
ratings of image quality and alignment did not correlate
significantly between PET/MR and PET/CT.

SUV-Based Evaluation

On the basis of the predefined assessment protocol,
SUV analysis was performed for 63 lesions in all 20
lesion-positive patients and in different organ systems. In
this analysis, a significant decrease was observed between
the SUVs (mean and maximum) measured in the PET/CT
data and in the subsequent PET/MR data. This was the
case for the values obtained for suspected lesions, as well
as for background and organ VOIs (liver, spleen, bone,
muscle, and lung). For lesions, a mean difference between
the SUV mean values of 9.4% * 18.4% (PET/CT > PET/
MR) was observed, with a range between —40.5% (PET/
CT < PET/MR) and 49.7% (PET/CT > PET/MR). For the
background measurements, a mean reduction of 24.5% =+
22.6% (PET/CT > PET/MR) was found, with a range
from -31.6% (PET/CT < PET/MR) to 79% (PET/CT >
PET/MR). (Table 4; Fig. 4). Because of the stronger de-
crease of background SUVs, we observed a higher quan-
titative lesion contrast in the PET/MR data than in the
PET/CT data. This contrast was demonstrated by the semi-
quantitative evaluation of the lesion-to-muscle ratio,
which increased significantly for the later-acquired PET/
MR data (Fig. 4). In the patient for whom the 2 liver
lesions had been missed on first inspection of the PET/
MR scan, the SUV decreased strongly for the lesion and
also for the background between PET/CT and PET/MR

TABLE 2
Visual Rating
Parameter PET/CT PET/MR P
No. of lesion-positive patients (of 32) 20 20 NS
Total no. of detected lesions 80 78 NS
Subjective lesion-contrast PET (0-3), mean = SD 2.76 = 0.56 2.69 * 0.58 NS
Subjective image quality (0-3), mean = SD 2.93 = 0.26 2.52 = 0.69 0.02
Alignment (0-3), mean *+ SD 2.72 + 0.60 2.90 + 0.31 NS

Visual rating (0-3): 0 = bad, 3 = good.
NS = not statistically significant.
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TABLE 3
Anatomic Allocation

Opposed-phase Water-weighted In-phase Fat-weighted
Parameter Low-dose CT MRI MRI MRI MRI

Rating of anatomic allocation (0-3), 2.61 = 0.67 2.42 = 0.87 2.39 = 0.86 2.24 = 0.92* 2.03 = 0.97*f

mean *= SD
Spearman correlation coefficient (p)

Low dose CT NS NS NS NS
Opposed-phase MRI 0.81 0.90 0.62
Water-weighted MRI 0.75 0.61
In-phase MRI 0.72

*Significantly lower scores as compared with low-dose CT, opposed-phase MRI, and water-weighted MRI (P < 0.05).
TSignificantIy lower scores as compared with in-phase MRI (P < 0.05).

Visual rating (0-3): 0 = bad, 3 = good.
NS = not statistically significant.

(lesions, 39%; background, 38%). Consequently, the le-
sion-to-background contrast did not increase in this case,
in contrast to other cases.

Correlation Analysis of Quantitative Values. Correlation
analysis of the tracer uptake expressed by SUVs demon-
strated a strong correlation in the mean SUVs of suspected
lesions between PET/MR and PET/CT (p = 0.93) (Table 4,
Fig. 5). Also, a high correlation was found between the
PET/CT and PET/MR measurements of background SUVs
(all organ VOIs combined) (p = 0.92). Lower correlations
in the SUVs measured in individual organ systems were
found between PET/CT and PET/MR, with the highest cor-
relation detected for bone, intermediate values being found
for liver and lung, and no significant correlation being
found for muscle or spleen (Table 4).

Volumetric Assessment. Similarly to the maximum and
mean SUVs, the mean volume of the automatically defined
VOIs was significantly lower for PET/MR (mean, 6.2 + 8.2
cm?) than for PET/CT (mean, 8.5 * 11.5 c¢cm?), but the

18F.FDG PET

Water-weighted

Fat-weighted

In phase Opposed phase

MRI (Dixon)

18F-FDG PET

PET/MR VErsus PET/CT v OncoLogy ¢ Drzezga et al.

individual volumes correlated strongly between the 2 mo-
dalities (p = 0.97).

DISCUSSION

The results of this study indicate that integrated whole-
body PET/MR imaging is feasible and produces PET
information similar in quality to data acquired on a con-
ventional PET/CT scanner. The effective increase in the
axial FOV—nearly 31%—for PET/MR allowed the same
distance to be covered with fewer BPs, resulting in a short
examination time (<20 min). This may be further reduced
when shorter acquisition times per BP are applied. These
encouraging results were obtained despite differences in the
PET acquisition technologies (photomultipliers for PET/CT
and avalanche photodiodes for PET/MR) and in the
approaches to attenuation correction (CT-based for PET/
CT and MRI-based for PET/MR).

Importantly, the detectability of lesions with increased
I8F-FDG uptake (presumably representing '8F-FDG-avid

FIGURE 2. lllustration of comparable qual-
ity of PET data and feasibility of anatomic
allocation by low-dose CT and Dixon MRI
in patient with metastases of melanoma:
PET/CT (A) and PET/MR (B). (Left) maxi-
mum-intensity projection overview of find-
ings with '8F-FDG PET. (Middle) Axial
slices of both modalities showing inguinal
focus, presumably representing lymph node
metastasis (labeled with red circles). Struc-
tural correlate of PET lesion is detectable on
low-dose CT and all 4 Dixon MRI scans.
Suggestive lymph node can be identified
on all types of images consistently. (Right)
Fusion overlay of PET and CT, and fusion
overlay of PET and opposed-phase Dixon
MRI.

Fusion

Fusion
& MRI
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FIGURE 3. lllustration of comparable qual-
ity of PET data and feasibility of anatomic
allocation by low-dose CT and Dixon MRI
in patient with metastases of melanoma:

9F.FDG PET

Fusion

PET/CT (A) and PET/MR (B). (Left) MIP over- B
view of findings with '8F-FDG PET. (Middle)
Axial slices of both modalities showing
pulmonary focus, presumably representing
lung metastasis. Structural correlate of PET
lesion is detectable on low-dose CT and on
3 of 4 Dixon MRI scans (labeled with red
circles). Pulmonary nodule node cannot be
identified on the fat-weighted sequence.
(Right) Fusion overlay of PET and CT, and
fusion overlay of PET and opposed-phase
Dixon MRI.

malignant foci) was comparable for both types of instru-
ments. In statistical comparison, neither the number of
patients rated positive for suspected lesions nor the total
number of detected PET lesions was significantly different
between the 2 modalities. In 1 patient, 2 liver lesions ob-
served on PET/CT were missed at first by the team rating
the PET/MR data. However, on retrospective analysis, this
finding was present also on the PET/MR scan with rela-
tively low lesion-to-background contrast. The PET/MR
scan of this patient had been acquired particularly late after
injection of the tracer (247 min after injection) for technical
reasons. In contrast to other cases, in this case the lesion-to-
background contrast did not increase, because of a strong
drop in SUV in both. This patient had a hepatocellular
carcinoma, and it has been demonstrated that k, (dephos-
phorylation kinetic constant) can be elevated in this tumor
type, preventing intracellular accumulation of '8F-FDG
(33). This fact in combination with the late acquisition time
and the resulting low count rate may explain the problems
in detecting the mentioned liver lesions on the PET/MR
scan. We nevertheless decided to include this patient in
the study population, as a late acquisition time had not
originally been defined as an exclusion criterion.

Regarding subjective rating, the contrast of the lesions
was scored comparably high in both imaging modalities.
Ratings showed a good correlation between the groups,
indicating that lesions rated as being of high contrast on
PET/CT were also rated of high contrast on PET/MR. Also,
the general image quality was rated to be very good for both
modalities, with a somewhat lower rating for PET/MR,
most probably because of the later acquisition times of the
PET/MR scans. The observers reported partially inhomo-
geneous liver uptake in some of the PET/MR PET data, but
otherwise no systematic artifacts were described.

The PET findings were allocated using the low-dose CT
scan for PET/CT and the Dixon MRI sequence for PET/
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18FFDG PET

Opposed phase

In phase
MRI (Dixo

MR. The Dixon MRI sequence is routinely acquired at
every BP for attenuation correction of the PET data in the
PET/MR scanner. In a recent study, Eiber et al. suggested
that this MRI sequence has a high value for anatomic
allocation of PET findings, comparable to low-dose CT
(23). Also in our study, MRI-based allocation of the PET
findings was possible with good success. Opposed-phase
and water-weighted MRI scans were rated best, with no
significant difference from low-dose CT-based allocation.
The lowest performance was observed for the fat-weighted
images. A correlation analysis between the ratings of the
quality of anatomic allocation revealed high correlation
coefficients between all MRI datasets, indicating that the
feasibility of locating lesions was similar with the different
available MRI datasets. In contrast, correlation between the
scores for all individual MRI scans and the low-dose
CT scans was generally low, suggesting that difficulties in
anatomic allocation were different in nature for low-dose
and MRI-based approaches.

TABLE 4
Mean SUVs

Site PET/CT PET/MR P* p
Lesions 6.1 + 3.7 5.4 + 3.1 <0.001 0.93
Background 1.2 0.9 0.9 = 0.6 <0.001 0.92
Lung 0.36 = 0.08 0.29 * 0.1 0.002 0.5
Liver 24 + 0.3 1.6 =04 <0.001 0.46
Spleen 2.0 = 0.3 1.7 £ 0.6 0.025 NS
Bone 2.4+ 04 16 =05 <0.001 0.65
Muscle 0.99 = 0.19 0.69 = 0.16 <0.001 NS

*From Wilcoxon signed-rank test.

Background = all organ values combined; NS = not statistically
significant (P > 0.05). p = Spearman correlation coefficient.
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sequent PET/MR in suspected lesions and
different organ systems in same subjects.

Tracer uptake in suspected lesions and
in most organ systems shows relative de-

: mPET/CT
M PET/MR FIGURE 4. Quantitative VOI-based com-
parison of SUVs between PET/CT and sub-
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In contrast to the study of Eiber et al. (23), the best
performance regarding locating lesions was observed for
opposed-phase and water-weighted MRI scans rather than
for in-phase scans. This discrepancy may be due to several
basic differences between the 2 studies: First, in contrast to
Eiber et al., we analyzed PET data that were from the same
patients but were acquired on 2 different PET scanners with
different start times after injection and different acquisition
times. The proportion of the type of lesions was different
between the studies (e.g., 10% lung lesions in the study of
Eiber et al. vs. 19% in our study). Finally, in contrast to the
study of Eiber et al., 2 teams of observers rated exclusively
the MRI- or CT-based attenuation-corrected data in our
study; that is, raters could not be biased by knowledge of
the location of a lesion from a previous rating in another
modality. Disregarding these minor differences, we believe
that both studies suggest that the MRI Dixon sequence can
be used for anatomic allocation of whole-body PET/MR
findings in a fashion similar to using low-dose CT for
PET/CT. Because the Dixon sequences are acquired any-
way for attenuation correction in PET/MR, this option may

crease between PET/CT and PET/MR.
Lesion-to-muscle ratios show increase be-
tween PET/CT and PET/MR due to relatively
stronger decrease of background activity
over time. Background = all organs com-
bined. *Significant difference.

LesionMuscle
Ratio

be valuable for all body regions for which high-quality di-
agnostic MRI sequences are not acquired because of time
restrictions.

Regarding quantitative analysis of tracer uptake by
means of SUV-based analysis, significantly lower SUVs
have been observed for data acquired on the PET/MR than
on the PET/CT scanner for suspected lesions and the
different organ systems assessed. The decrease of mean
SUV in suspected lesions between PET/CT and PET/MR
was much less pronounced (—9.4%) than the decrease in
organ-to-background ratios (e.g., muscle tissue: —29.3%).
Consequently, the lesion-to-background contrast increased
with delayed acquisition time, corresponding to results
from previous repeated-imaging studies (34-37). However,
whereas a decrease in background SUV over time has been
anticipated, higher lesion SUVs would have been expected
in the later-acquired PET/MR data, as demonstrated previ-
ously (37). This discrepancy may be due to several factors:
First, it may be a consequence of systematic differences in
the technologic specifications and data-processing algo-
rithms of the 2 scanners. Previous studies have shown that

20 - 4
Y = 0.57 + 0.79X , Y = 0.06 + 0.67X

p=0.93 p=0.92
16

w

o

FIGURE 5. Correlation analysis of tracer
uptake between PET/CT and subsequent
PET/MR in suspected lesions (A) and back-

SUVmean PET/IMR
N

SUVmean PET/IMR

ground (B) (all organs combined), as
assessed by SUV-based evaluation. x-axis
displays quantitative values as obtained by

PET/CT, and y-axis displays corresponding
values as obtained by PET/MR. High corre-
lation exists between findings from both

o 2 4 6 8 10 12 14 16 18 20 0 1

SUVmean PETICT SUVmean PETICT

modalities, despite differences in start time
and duration of acquisition. p = Spearman
correlation coefficient.
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SUV measurements may not be highly reproducible across
different scanner types or even between sites using the same
scanners (32,38). The obvious differences in SUV reported
in these previous studies have been observed despite the fact
that phantom or patient data acquired under identical con-
ditions have been used to test the reproducibility of the SUV.

In the current study, distinct differences in scanner
technology were present between the 2 modalities, in-
cluding differences in scanner geometries/fields of view, in
scanner beds, in detector technologies, in whether MRI
coils are present, and particularly in the approaches used for
attenuation correction (MRI-based for PET/MR, CT-based
for PET/CT). Several potential effects of these technical
issues on the quality of the PET/MR data have been
previously discussed (truncation artifacts, ignorance of
attenuation by the bone) (39,40). Several approaches for
further optimization of data processing have been proposed,
particularly with regard to the MRI-based attenuation cor-
rection, and are currently under evaluation (40—45). We
have not used any of these additional correction algorithms
to avoid the potential introduction of further nontransparent
variance into the data. Studies of the value of adding these
correction algorithms to the processing of the PET/MR data
are currently ongoing. In addition to the mentioned techni-
cal differences, apparent differences in examination proto-
cols were present in the current study: Longer PET
acquisition times per BP were used for PET/MR (4 min)
than for PET/CT (2 min), to ensure sufficient quality of the
data. The acquisition start of the second scan (PET/MR)
was relatively late (140 min after injection), even compared
with previous studies on dual time-point examinations (e.g.,
Kumar et al., 101 min after injection (37)), and was not
identical for all subjects. In summary, several different fac-
tors may have potentially affected the SUV quantification
of the PET/MR data in the current study, and we believe that
most probably a combination of factors is responsible for our
findings. The current study protocol is not well suited to
pinpoint the potential impact of the various technical differ-
ences between the scanners on quantification of the PET sig-
nal. Thus, future studies should systematically address these
issues and test the value of more sophisticated data-processing
algorithms, particularly for attenuation correction.

Despite the observed difference in mean SUV, a high
correlation (p = 0.93) was observed between uptake values
measured with PET/CT and those measured with PET/MR
in suspicious lesions. Furthermore, a high correlation be-
tween background SUVs measured with PET/CT and those
measured with PET/MR was observed as well. These en-
couraging results indicate that relative proportions of tracer
uptake in lesions and in the background are preserved in
PET/MR, as compared with PET/CT, despite different tech-
nologies and different approaches for attenuation correc-
tion. This implies that the PET/MR scanner is suitable for
quantitative evaluation (e.g., of a therapy response) in lon-
gitudinal studies but that care should be taken in comparing
SUVs between PET/MR and other scanner types. In con-

854

trast to the high correlation across all organ-to-background
values, relatively low correlations have been observed be-
tween PET/MR and PET/CT SUVs in individual organ
systems. The reason for this finding is not clear, but several
potential explanations arise: First, the tracer kinetics over
time may be subject to stronger interindividual variation in
different organ systems (46), and the interval between PET/
CT and PET/MR was not constant for all patients in the
current study. Second, relatively low SUVs have been
detected in some organs (e.g., in lungs or muscle), and
the respective low counting rates may have affected the
reliability of the quantitative evaluation. Third, the fact that
most organ values were narrowly grouped around their
mean (i.e., showing low variance) may also have hampered
the detection of a distinct correlation. Finally, the technical
differences between the scanners may also have affected
these examinations.

CONCLUSION

The current study demonstrated that integrated whole-
body PET/MR is feasible in a clinical setting and produces
images of high quality and without loss of information, as
compared with conventional PET/CT. PET data acquired
with the new PET/MR technology in patients with oncologic
diseases allowed the detection of hypermetabolic lesions
suspicious for malignancy with a reliability comparable to
that of PET/CT. Despite different attenuation correction
approaches (MRI-based for PET/MR, CT-based for PET/
CT), tracer uptake in suspected lesions correlated well
between PET/MR and PET/CT. The Dixon MRI sequences
acquired for attenuation correction of the PET/MR data were
of comparable value to low-dose CT for anatomic allocation
of PET findings in the entire body. The acquisition time for
PET/MR of the body trunk was short (<20 min) and can
probably be further reduced. In the current study, neither
contrast-enhanced diagnostic CT scans nor high-resolution
contrast-enhanced diagnostic MRI sequences were performed,
and no conclusions on the potential added diagnostic value of
PET/MR over PET/CT can be drawn. However, the encour-
aging findings of the current study may form the necessary
foundation for further studies, aiming to prove the added value
of PET/MR over conventional PET/CT, when including vari-
ous diagnostic MRI sequences for specific indications.
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