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We are pleased to present the SMRT Home Study Educational Semi-
nar, Volume 18, Number 2: MR-PET (Positron Emission Tomography).
This is the 68" accredited Home Study developed by the SMRT, exclu-
sively for SMRT members. The accredita-
tion is conducted by the SMRT acting as a

imaging systems. They support this endeavor by saying "As the
newest hybrid imaging technology, simultaneous PET/MR combines
these exciting areas of growth for radiology and nuclear medicine

and further bridges the divide between

anatomic and molecular imaging. PET/

RCEEM (Recognized Continuing Educa-
tion Evaluation Mechanism) for the ARRT.
Category A credits are assigned to each
home study, which can be used to main-
tain one's ARRT advanced registry. SMRT
Home Studies Educational Seminars are
also approved for AIR (Australian Institute
of Radiography), NZIMRT (New Zealand
Institute of Radiation Technology) and
CPD Now (The College of Radiographers,
United Kingdom) continuing professional

development (CPD) activities.

Three peer-reviewed articles have been
chosen for this Home Study issue. As intro-
duced in the first article by the authors,
“Initiated by the success story of hybrid

imaging by combining positron emission

“Such PET/MR hybrid imaging
modality has potential
diagnostic advantages in
cases where MR outperforms
CT (i.e., increased soft tissue
contrast and reduced radiation
dose) with clinical potential in
oncology, neurology, cardiology
and monitoring of early

therapeutic success.”

MR can noninvasively provide molecu-
lar, functional, and anatomic information
in a single imaging session using FDG
and other PET tracers in conjunction with
state-of-the-art MRI.”

In the third and final article that discusses
the initial experience at a clinical cancer
center with MR/PET, the authors begin by
reminding us: “Staging, re-staging and
therapy monitoring are important steps
in the management of oncologic patients.
All of these imaging management catego-
ries consist of a determination of the local
tumor extent, detection of adenopathy,
and secondary spread to their organs.

MR/PET leverages the inherent strengths

of both technologies and thereby opens

tomography (PET) and computed tomog-

raphy (CT) in PET/CT, researchers have

pursued the technically challenging but diagnostically attractive idea
of integrating PET and MR imaging in one single system. Such PET/
MR hybrid imaging modality has potential diagnostic advantages
in cases where MR outperforms CT (i.e., increased soft tissue con-
trast and reduced radiation dose) with clinical potential in oncology,
neurology, cardiology and monitoring of early therapeutic success.”
What follows is an intriguing and detailed description of this recently
introduced hybrid-imaging modality.

The authors of the second article continue to expand on the tech-
nology of MR-PET but with more specific information regarding the
adaptation and optimization of imaging software given the challenges

of hardware modifications required to merge these two complex

new horizons in functional and molecular

imaging.”

A special thank you to Julia Lowe, B.S., RT.(R)(MR) from Columbus,
Indiana, USA, for acting as the Expert Reviewer. Thanks also to Heidi
Berns, M.S., RT.(R)(MR), FSMRT, Chair of the SMRT RCEEM Ad-hoc
committee from Coralville, lowa, USA, and all those who participate on
this committee by reviewing the Home Studies Educational Seminars
for accreditation. Finally, many thanks to Kerry Crockett, Associate
Executive Director, ISMRM/SMRT, Mary Keydash, Publications Director,
Linda O-Brown, SMRT Coordinator, Sally Moran, Director of Electronic
Communications and the entire staff in the Berkeley, California, USA,
office of the ISMRM and SMRT, for their insight and long hours spent
supporting these educational symposia.
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Educational Objectives

Integrated PET/MR

® Discuss the history behind the development of
PET/MR;

® Review the technical considerations of an
integrated PET/MR system;

e Describe the attenuation correction (AC) and
motion correction (MC) software;

e Review the clinical applications including
oncology, neurology, pediatric and
cardiovascular;

® Explain the workflow of the hybrid imaging
modality, artifacts, quantification and
standardization; and

® Show imaging examples including MRI, PET
and merged data acquired simultaneously.

Whole-Body Simultaneous Positron

Emission Tomography (PET)-MR:

Optimization and Adaptation of MRI

Sequences

e Discuss the technologic challenges involved
in integrating PET and MR;

® Review the attenuation correction (AC) and
its importance for generation of accurate PET
data;

e Describe optimization of MR sequences for
whole body PET/MR including body imaging

at 3T; (continued next column)

Continued from Whole-Body Simultaneous Positron
Emission Tomography (PET)-MR: Optimization and
Adaptation of MRI Sequences

e Review the development of PET/MR scan
protocols and selection of scan parameters;

e List whole body anatomically focused
protocol trees; and

e Show imaging examples including MRI, PET
and merged data acquired simultaneously.

Initial Experience of MR/PET in a
Clinical Cancer Center

® Review the pre-MR Conditional cardiac
device era;

e Describe the technology and workflow
considerations in a sequential MR/PET
system;

® Review the opportunities and challenges of
MR/PET,

e Describe the clinical oncologic applications
including head and neck cancer, lung cancer,
genitourinary cancer, and rectal cancer;

e Explain the importance of low-dose oncologic
imaging in the pediatric population; and

e Show imaging examples including MRI, PET
and merged data acquired sequentially.

Expert Reviewer
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Integrated PET/MR

Harald H. Quick, Ph.D.*

Reprinted with permission from the ISMRM Journal of Magnetic Resonance Imaging: Volume 39: 243-258, © 2014 with

permission from 2014 Wiley Periodicals, Inc.

Integrated whole-body PET/MR hybrid imaging combines
excellent soft tissue contrast and various functional imag-
ing parameters provided by MR with high sensitivity and
quantification of radiotracer metabolism provided by posi-
tron emission tomography (PET). While clinical evaluation
now is under way, integrated PET/MR demands for new
technologies and innovative solutions, currently subject
to interdisciplinary research. Attenuation correction of
human soft tissues and of hardware components has to
be MR-based to maintain quantification of PET imaging
because computed tomography (CT) attenuation informa-
tion is missing. This brings up the question of how to
provide bone information with MR imaging. The limited
field-of-view in MR imaging leads to truncations in body
imaging and MR-based attenuation correction. Another
research field is the implementation of motion correction
technologies to correct for breathing and cardiac motion
in view of the relatively long PET data acquisition times.
Initial clinical applications of integrated PET/MR in oncol-
ogy, neurology, pediatric oncology, and cardiovascular
disease are highlighted. The hybrid imaging workflow
here has to be tailored to the clinical indication to maxi-
mize diagnostic information while minimizing acquisition
time. PET/MR introduces new artifacts that need special
observation and innovative solutions for correction.
Finally, the rising need for appropriate phantoms and
standardization efforts in PET/MR hybrid imaging is
discussed.

Key Words: integrated PET/MR; PET/MR hybrid imaging;
whole-body PET/MR; attenuation correction (AC); motion
correction (MC); simultaneous data acquisition

J. Magn. Reson. Imaging 2014;39:243-258.

© 2013 Wiley Periodicals, Inc.

INITIATED BY THE success story of hybrid imaging
by combining positron emission tomography (PET)
and computed tomography (CT) in PET/CT, research-
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ers have pursued the technically challenging but
diagnostically attractive idea of integrating PET and
MR imaging in one single system (1-3). Such PET/
MR hybrid imaging modality has potential diagnostic
advantages in cases where MR outperforms CT (i.e.,
increased soft tissue contrast and reduced radiation
dose) with clinical potential in oncology, neurology,
cardiology and monitoring of early therapeutic suc-
cess (4, b). Integration of MR and PET, however, is
technically demanding; standard PET detectors could
not be placed in the isocenter of an MRI scanner
because of their scintillation crystal blocks read out
by photomultiplier tubes (PMT), which are highly sus-
ceptible to magnetic fields (2, 3). MR compatible
detectors had to be developed, substituting PMT
with, e.g., Avalanche Photo Diodes (APD). These
detectors are able to detect gamma quanta even
inside of strong magnetic fields up to 9.4 Tesla (T) (6)
and convert the detected events from scintillation
light to electrical signals. To retain space for the
patient inside the bore, the detector system needs to
have a low geometric profile, which is solved by
implementing APD technology (1). Recent develop-
ments also consider the use of silicon photomulti-
pliers (SiPM) as MR compatible PET detectors that
due to their timing resolution qualify for time-of-flight
PET detection mode (7). This technology, however, is
not yet available for clinical use.

In 2006, prototype hybrid systems featuring a PET
head insert based on Lutetium Oxyorthosilicate
(LSO)/APD detector rings in a 3T whole-body MR sys-
tem were introduced for clinical research applications.
These prototype systems offered simultaneous PET
and MR data acquisition in humans for the first time
(8-10). In 2010, the first commercially available
whole-body systems for PET/MR hybrid imaging
entered the market, based on two separate MR and
PET imagers in one room (Philips Ingenuity TF PET-
MRI, Best, The Netherlands) (11), followed by a fully
integrated whole-body PET/MR hybrid imaging sys-
tem (Biograph mMR, Siemens AG, Healthcare Sector,
Erlangen, Germany) that enables simultaneous PET/
MR data acquisition (12). Since then the number of
worldwide installations of PET/MR systems has
steadily increased and as of today (May 2013) has
reached approximately 40 installations worldwide
considering only the fully integrated whole-body PET/

SMRT Educational Seminar Volume 18, Number 2: MR-PET (Positron Emission Tomography)
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Magnet shielding coil ——————————————_ B MR

B PET

Primary magnet coil
O Air/Vacuum

Gradient coil
PET detector

Figure 1. A: Integrated PET/MR System (Biograph mMR, Siemens AG, Healthcare Sector) installed at the Institute of Medical
Physics, University of Erlangen, Germany. B: Schematic drawing showing the integration of the PET detectors in the MR
hardware structure of the Biograph mMR. From the inside to the outside: RF body coil, PET detector, gradient coil assembly,
primary magnet coil, and magnet shielding coil. The latter two magnet coil assemblies are contained in the helium filled mag-
net cryostat. The PET/MR integration as shown requires that the PET detector works within strong static and dynamic mag-
netic fields, and does not disturb any of the associated electromagnetic MR fields. The PET detector must not disturb the
static Bp-field, the gradient fields nor the RF transmission and reception. Additionally, in this configuration the RF body coil
needs to be designed “PET transparent” with little attenuation of gamma quanta. C: PET detector assembly: 64 Lutetium Oxy-
orthosilicate (LSO) crystals form one block that transforms 511 keV gamma quanta into light flashes. Light events in the LSO
crystals are detected by a 3 x 3 array of avalanche photo diodes (ADP). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

MR systems. This trend is ongoing and expected to
gain further pace once initial clinical evidence has
been established, new diagnostic applications have
been successfully introduced and further technical
refinements and products find their way into the clini-
cal arena.

While the first clinical evaluation is under way (13-
15), integrated PET/MR demands for new technolo-
gies and also for innovative solutions, currently sub-
ject to interdisciplinary research. Attenuation
correction (AC) of human soft tissues and of hardware
components in integrated PET/MR has to be based on
MR imaging to maintain quantification of PET imaging
because CT attenuation information is missing. This
brings up the question of how to provide bone infor-
mation with MR imaging. Furthermore, the limited
field-of-view (FOV) in MR imaging may lead to trunca-
tion of, e.g., the patient’'s arms in body imaging.
Attenuation correction in PET/MR, however, man-
dates the arms to be considered in the AC to provide
quantitative results. Another field of active research is
the implementation of motion correction (MC) technol-
ogies to correct for gross patient motion as well as
breathing and cardiac motion in view of the relatively
long PET data acquisition times. This holds promise
for quantification of lesions and tissue viability in
moving organs. Furthermore, hybrid imaging work-
flow has to be tailored to the clinical indication to pro-
vide a maximum of diagnostic information in a
minimum of acquisition time for both PET and for MR
data acquisition. Finally, each new imaging modality
introduces the potential for new artifacts that need
special observation and innovative solutions for
correction.

TECHNICAL CONSIDERATIONS
Integrated PET/MR System Technology

To achieve a full integration of an MR and PET imag-
ing modality in one whole-body system, numerous
physical and technical preconditions and challenges
had to be overcome. The potential physical interac-
tions of both modalities in both directions—PET on
MRI and MRI on PET—are manifold. Full integration
of a PET system into an MRI environment required
technical solutions for three groups of potential elec-
tromagnetic interaction: (i) the strong static magnetic
Bo-field for spin alignment, (ii) the electromagnetic
changing fields of the gradient system (Gy,) for spa-
tial signal encoding, and (iii) the radiofrequency (RF)
B;-field for MR signal excitation and MR signal read-
out. PET hardware and PET signals must not be dis-
turbed by any of these fields. Equally, for full and
unlimited MRI system performance, PET must not
disturb any of these electromagnetic MR fields and
signals (12).

One current example of an integrated whole-body
PET/MR system is the Biograph mMR (Siemens
Healthcare Sector, Erlangen, Germany) (Fig. 1A,B)
(12, 15). This hybrid system comprises a 3.0T whole-
body MR system with a length of 199 cm (magnet
length 163 cm) that hosts a fully integrated PET
detector in its magnet isocenter providing a 60 cm
diameter patient bore. Maximum gradient strength is
45 mT/m in all three axes and maximum slew rate is
200 mT/m/ms. The FOV of the MR system is speci-
fied to 50 x 50 x 45 cm® The hybrid system is
equipped with a set of phased-array RF receiver coils
connected to 32 independent RF receiver channels.

SMRT Educational Seminar Volume 18, Number 2: MR-PET (Positron Emission Tomography)
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Figure 2. Attenuation maps for attenuation correction (AC) of PET data in PET/MR hybrid imaging. Image (A) shows a trans-
versal view through the CT-based hardware attenuation map of a PET/MR system patient table with a radiofrequency head
coil in place. Image (B) adds the MR-based human soft tissue attenuation map of the patient’s head. Image (C) shows the
completed attenuation map that represents the geometric distribution of attenuating hardware and soft tissue structures in
the PET field-of-view. The attenuation map from (C) is then used for AC of PET data in PET/MR hybrid imaging.

The RF coil system provides coverage of the patient’s
body from head to the upper legs featuring a rigid 16-
channel head/neck coil, a rigid 24-channel spine
array coil, and up to five flexible 6-channel body
matrix RF coils.

A total of 56 LSO-APD detector blocks, each consist-
ing of 64 crystal elements with a block area of 32 x
32 mm?, are aligned circumferentially to form one
PET detector block ring (Fig. 1C). Eight detector block
rings form the full PET detector unit, spanning a field
of view of 25.8 cm in z-direction (12, 15).

Attenuation Correction (AC)

PET data need to be attenuation corrected in the
reconstruction process to provide a valid quantifica-
tion of tracer activity distribution in the human body.
Scanner hardware components (e.g., table top, posi-
tioning aids, RF coils, etc.) as well as patient tissues
within the FOV of the PET detector during data acqui-
sition attenuate the number of true annihilation
events and consequently lead to false results without
AC. Depending on the relative position of an active
lesion in the patient’s body, the associated gamma
quanta experience different attenuation on their way
through different body tissues to the PET detector.
Non-AC PET data generally show underestimation of
the tracer activity deep in the patient’s body. In con-
ventional PET/CT hybrid systems, AC is obtained by
performing a CT scan of the patient’s body that pro-
vides geometric representations of the tissue distribu-
tion and associated 80-140 keV attenuation values as
Hounsfield units (HU). These data are then converted
to linear attenuation coefficients (LAC) at the 511 keV
energy level of the PET annihilation photons and used
for AC of PET data (16, 17). Because the PET/MR
hybrid system cannot measure linear attenuation, AC
here needs to be performed differently (Fig. 2).

Hardware Component AC

Radiofrequency surface receiver coils are a technical
precondition for high resolution MR imaging and are
well established in clinical MRI. In integrated PET/MR

imaging, the RF surface coils cover the patient’s body
during simultaneous MR and PET data acquisition.
Thus, all RF surface coils have to be optimized for
PET-transparency, i.e., such coils should attenuate
gamma quanta only minimally (18-21).

The PET signal attenuation of rigid and stationary
equipment such as the RF spine array and the RF
head/neck coil can be compensated for by straightfor-
ward AC methods. After scanning this equipment by
using CT, a three-dimensional (3D) map of attenua-
tion values can be generated (Fig. 3A, B). These data
can then be converted into a 3D representation of the
511 keV attenuation values, the so-called “w-map”
(Fig. 3C). The CT-based measurement of 3D attenua-
tion values is only necessary once for each rigid hard-
ware component to integrate the adapted p-map into
the PET image reconstruction algorithm. This proce-
dure is usually performed by the systems manufac-
turer for all associated hardware components and the
user does not have to interact with the system to per-
form hardware component AC. By linking the RF
spine—or RF head coils position to the patient’s table
position, the corresponding AC w-map for each table
position is automatically selected by the system for
PET image reconstruction (Fig. 3C). Another recent
example of hardware component AC is the integration
of a four-channel RF breast coil into the concept of
PET/MR breast imaging (Fig. 4A,B) (22). The RF
breast coil in that study has been selected regarding
its PET transparency and is used in conjunction with
CT-based 3D attenuation maps (Fig. 4C,D) that are
completed with MR-based patient soft tissue AC for
overall AC of PET data (Fig. 4E). Another aspect of
hardware component AC is, that the use of patient
positioning aids might have an influence on PET
quantification in PET/MR (23).

Human Tissue AC

Attenuation correction of human soft tissue is neces-
sary to correct for the individual patient anatomy.
Because no linear attenuation coefficient-based CT
information is available in integrated PET/MR hybrid
imaging, tissue-specific AC has to be based on MR

SMRT Educational Seminar Volume 18, Number 2: MR-PET (Positron Emission Tomography)
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Figure 3. Photograph (A) shows a head/neck radiofrequency (RF) coil that was designed and optimized for PET-transparency
for use in an integrated PET/MR hybrid system. This RF coil serves as an example for a rigid hardware component that is
stationary at its known position with regard to the patient table. Image (B) shows a 3D CT-scan of this rigid RF coil. Such
CT-template provides hardware attenuation values that can be transformed from the CTs 140 keV energy level with appropri-
ate conversion factors to the 511 keV energy level of PET to derive a PET-equivalent attenuation map (p-map), shown in
image (C). The p-map in (C) has been acquired at level a-b shown in image (B). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

information which is based on proton density and
relaxation properties (e.g., Tl and T2 relaxation
times), rather than on the attenuation of X-rays in tis-
sue. Both air and solid bone lack signal in MRI, thus
these fundamentally different tissue classes are diffi-
cult to separate. Different methods have been pro-
posed recently for MR-based tissue AC (24-31). In the
current implementation of integrated PET/MR sys-
tems, tissue attenuation and scatter correction is per-
formed using a 3D Dixon-VIBE (volume interpolated
breath hold examination) technique, providing two
sets of images where water and fat are “in phase” and
“out-of phase” (Fig. 5) (26). This allows reconstruction
of fat-only, water-only, and fat-water images and
results in tissue segmentation of air, fat, muscle, and
lungs in the reconstructed and displayed p-maps (Fig.
5) (26). Studies have been initiated to evaluate the
impact of segmentation-based AC methods on PET
quantification in PET/MR hybrid imaging (32-34).
Cortical bone is currently not being accounted for in

the Dixon-based MR-AC approach. Bone is here clas-
sified as soft tissue and thus the exact magnitude of
PET signal attenuation of bone might be underesti-
mated (35, 36).

Bone in AC (UTE)

Because bone and air both do not provide signal in
conventional MRI sequences, bone is currently not
considered in MR-based AC. In current Dixon-based
methods, bone is assigned the LAC of soft tissues dur-
ing tissue segmentation (26). This leads to a systematic
underestimation of the attenuating effects of bone
during MR-based AC (35, 36). Samarin et al (35) have
evaluated and quantified the amount of underestima-
tion when bone is assigned the LAC of soft tissue. This
evaluation was performed on PET/CT patient datasets
in which bone has been assigned with soft tissue
attenuation values as it is the case in MR-based AC.
The result is that an overall underestimation of up to

Figure 4. Computer rendering of a four-channel radiofrequency (RF) breast coil with breast phantoms for integrated PET/MR
breast imaging in coronal (A) and sagittal (B) orientation. Corresponding CT-based hardware attenuation map of the RF
breast coil in coronal (C) and sagittal (D) orientation. Image (E) shows the combined CT-based hardware (patient table and
RF breast coil) and MR-based soft tissue attenuation map of a female patient in transversal orientation. Note that only the
middle part of the RF breast coil with the region around the two circular openings is placed in the PET field-of-view during
simultaneous PET and MR data acquisition.

SMRT Educational Seminar Volume 18, Number 2: MR-PET (Positron Emission Tomography)
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Figure 5. Soft-tissue attenuation correction (AC) based on MR imaging. A: Uncorrected whole-body PET scan showing relative
activity enhancement in the lungs and along the outer contours of the patient. B,C: Dixon-VIBE MR sequence providing
separate water/fat “in-phase” and “opposed phase” images that serve as basis for soft-tissue segmentation. D: Segmented
soft tissue groups (air, fat, muscle, lungs) that can be assigned to a PET attenuation map. E: Resulting attenuation corrected
whole-body PET scan of the initial dataset (A). Note: Bone signal is assigned as soft tissue values in this MR-based approach

for AC.

4% for soft tissue lesions close to bone has been found
when compared with PET/CT data where bone has
been assigned with the correct LAC values from CT
(35). However, when quantifying osseous lesions this
value might increase to substantial quantification
errors of up to 31% (35).

Atlas-based methods have been proposed (27) to
retrospectively add bone information to MR-based
attenuation maps. As was demonstrated, atlas-based
AC methods have the potential to work robustly and
deliver reliable AC results (27). However, such meth-
ods require previous knowledge, correct assignment
and registration of the atlas data to the actual patient
data. This method may thus be limited whenever the
current patient anatomy deviates significantly from
the average patient cases stored in the atlas due to
pathological variations or implants. An AC method
that derives bone and tissue information from current
MR-based patient data is therefore required.

Current methods for MR-based AC include ultra-
short echo time (UTE) sequences able to also display
tissues with very short T2* (e.g., bone) (37-39). This is
to render information about trabecular and cortical
bone that then will be assigned LAC of bone during
image segmentation (Fig. 6A,B). Further refinements
use the combination with Dixon-based sequences to
provide soft tissue information within the FOV and to
generate pseudo-CT like AC maps (40-42) leading to
further improved quantification results. Further
refinements of the method have been pursued to
include pattern recognition knowledge (support vector
regression, SVR) (43). This method recently succeeded
in assigning continuous LAC instead of only 3-4 dis-
crete LAC for limited number of tissue classes (Fig.
6C.,D) (43). While UTE-based protocols and combina-
tions of UTE with Dixon sequences have been vali-
dated in the head region in numerous initial studies
(38-43), the application to other body regions is still

at the beginning (43) (Fig. 6E,F). This is reasoned to
the fact that UTE sequences are limited to rather
small FOVs, supporting bone imaging only in head-
like volumes. Exceeding the limited FOV, however, as
would be required for body imaging is often associated
with progressively increasing artifacts that hamper
bone visualization in larger FOVs. The relatively long
acquisition time, in the range of several minutes per
bed position, is another obstacle. In body imaging,
this might be associated with motion artifacts that
impede accurate tissue and bone segmentation for AC
purposes. Limited FOV, overall image quality, and
long acquisition times are the current limitations to
be handled before a broad implementation of UTE
sequences can be expected in MR-based bone detec-
tion in whole-body applications. New ultrashort echo
time imaging strategies with improved features are
currently under development (44, 45).

Truncation of field-of-view (FOV)

The field-of-view in MR imaging is inherently limited
and often specified to a spherical volume of 45-50 cm
diameter. This limitation is mainly substantiated by
two factors: (i) homogeneity of the static magnetic field
By, and (ii) linearity of the gradient fields associated
with spatial signal encoding in all three dimensions.
Both effects lead to geometric distortions, image trun-
cations, and even signal voids of body portions that
exceed the dimensions of a conventional FOV in MR
imaging. This is consequently also associated with
limitations in MR-based AC generation. If the patient
body is not completely and correctly assessed in its
overall dimensions and current shape, the human tis-
sue AC based on truncated images will not consider
the exact amount and position of tissues that contrib-
ute to PET signal attenuation and thus provide wrong
values for PET quantification following AC (46). This

SMRT Educational Seminar Volume 18, Number 2: MR-PET (Positron Emission Tomography)
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Figure 6. Adding bone to MR-based attenuation correction (AC) with UTE sequences. Three-dimensional renderings (A,B) of
a CT-scan (A) and of MR-based bone information (B) of the same patient. Attenuation maps (C,D) for attenuation correction
of PET data. The CT-based attenuation map (C) correlates well with the corresponding MR-based “pseudo-CT” attenuation
map (D) that was acquired using a Dixon-VIBE and UTE sequence and pattern recognition information. Coronal views (E,F)
of MR-predicted “pseudo-CT” data acquired in the pelvis of a volunteer using the Dixon-VIBE and UTE acquisition model
from (D). The window/level in (F) was adjusted to display bone only. The field-of-view of the UTE sequence was limited to 300
x 300 mm. Accordingly the model predicts cortical bone in this pelvic study where both UTE and Dixon-VIBE information is
available or simply water/fat in the absence of UTE intensities (white arrow in E). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

frequently has an impact on correction of the patient’s
arms because they in most cases exceed the lateral
dimensions of conventional FOVs and it especially
applies to larger patients with high body mass indices
(BMI). Truncation also might appear when imaging
patients are in noncentered imaging positions as, e.g.,
during a PET/MR breast examination when the
patient is positioned on top of a radiofrequency (RF)
breast coil (22).

Several methods have been explored to complement
the truncated MR-based information in AC. One
method that is currently implemented in integrated
PET/MR systems is to iteratively extract the contours
of the arms in 3D from PET data (Maximum Likeli-
hood reconstruction of Attenuation and Activity,
MLAA) and use this information to complete the MR-
based AC map of the body trunk (47, 48). This is a
robust method that may, however, show limitations
when radiotracers other than FDG are associated that
do not render the body contours as well. The iterative
nature of this approach also requires increased data
processing times because PET and MR data that are
not necessarily acquired simultaneously need to be
combined for completion of the AC map.

A novel approach for the extension of the MR-based
FOV has been proposed by Blumhagen et al (49). This
method (Homogenization Using Gradient Enhance-
ment, HUGE) (49) is based on a measurement and
quantification of the B and gradient nonlinearities of
a specific MRI system followed by patient-specific
optimization of the readout gradient used for imaging
such that MR signal truncations and deformations
outside of the regular specified FOV are compensated
to a large extent. Applying the HUGE method thus
provides an extension of the lateral FOV from the con-
ventional 50 cm to a lateral FOV of 60 cm (49) (Fig.
7A-C). Because this method of FOV extension with
according gradient adaption works best in the imme-
diate isocenter of the magnet (axial z-position=0
mm), a combination with moving table imaging strat-
egies (50-52) seems attractive and straightforward in
the context of MR-based AC acquisition. With such a
continuously moving table strategy, MR data are
acquired only in the isocenter of the MR system while
the patient is slowly moved through the isocenter
using fast 2D imaging in combination with compen-
sating gradients (HUGE). This leads to seamless FOVs
in longitudinal direction (up to 200 cm) in
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Off-Center, FoV = 500 mm
x = [-300mm, +200mm)]
Non-optimized

Off-Center, FoV = 500 mm
x = [-300mm, +200mm]

Optimized

Figure 7. Truncation of structures exceeding the conventional MR field-of-view (here the arms in coronal localizer, A) also affects
MR-based attenuation correction of the truncated tissues. Transversal slice with a field-of-view of 600 mm. Typical distortions of
the patient’s arms lying at offcenter positions (red arrows in B) were reduced using an optimal readout gradient during MR data
acquisition for the patient’s left and right arms (green arrows in B) using the HUGE method (HUGE, B, Homogenization Using Gra-
dient Enhancement). D,E: The 3D shaded surface display of a volunteer measured with a transaxial oriented HASTE sequence in
conjunction with using continuous table movement (CTM). Distortions and signal voids at off-center positions (D) could success-
fully be reduced using the HUGE method and CTM (E). Courtesy of JO Blumhagen and K Scheffler, University of Basel, Switzer-
land. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

combination with extended lateral FOV (up to 60 cm)
also including the arms of the patient (Fig. 7D,E) (52).

Motion Correction (MC)

Integrated PET/MR systems provide the inherent
advantage of simultaneous PET and MR data acquisi-
tion. In view of motion correction (MC), this is an
inherent advantage over PET/CT that is currently
being explored (53). While in PET/CT, the CT data are
static and for dose considerations are acquired only
once at the beginning at a typical hybrid examination,
the MR data in PET/MR are acquired simultaneously
to PET data acquisition and this applies to data
acquisition in each bed position. This inherently leads
to less deviation and gross motion between both imag-
ing modalities when compared with PET/CT imaging
(54). Furthermore, real-time MRI data and 4D MR
data can be used to retrospectively motion correct
PET data to provide improved fusion of PET and MR
data sets (55, 56). Another aspect of MC is that the
MR-based AC, e.g., in the thorax can be acquired in
different positions of the breathing cycle (57) and PET
data acquired during free breathing over several
minutes can retrospectively be matched to the individ-
ually best corresponding breathing phases of the pre-
acquired AC map (58). This may potentially lead to
improved lesion visibility in the lungs, upper abdo-
men, and liver and may also result in better lesion

quantification because lesions are better depicted and
less smeared over a larger volume which otherwise
leads to reduced standardized uptake values (SUV) of
lesions subject to motion (55-62).

CLINICAL APPLICATIONS

Hybrid imaging with PET/MR is generally character-
ized with providing excellent soft tissue contrast
paired with the high inherent sensitivity of PET
regarding the detection of metabolism of specific
radiotracers. At the same time, PET/MR provides
these diagnostic features while reducing overall radia-
tion dose when compared with PET/CT examinations.
It is thus to be expected that PET/MR will outperform
PET/CT in diagnostic value in selected applications
where MR is superior to CT. Beyond the scope of ini-
tial clinical PET/CT versus PET/MR comparison stud-
ies (13-15, 63) integrated PET/MR hybrid imaging is
now under evaluation to define its diagnostic value in
various clinical applications in oncology, neurology,
pediatric imaging, cardiovascular disease, and ther-
apy planning and response monitoring.

Oncologic Disease

Among the first studies evaluating the diagnostic
potential of PET/MR are intraindividual PET/CT ver-
sus PET/MR comparison studies on oncologic
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patients encompassing a broad spectrum of tumor
entities (13-15, 63, 64) (Fig. 8). PET/MR imaging in
this oncologic patient population is applied to cover
single organ region to whole-body tumor staging and
metastasis screening (65-67) (Figs. 9, 10). Lesion
detection rates in these studies showed high correla-
tion values (>90%) for detection of congruent lesions
in PET/CT as well as PET/MR (13-15, 63). Quantifi-
cation of lesion activity with PET/CT compared with
PET/MR, however, indicated somewhat lower SUV for
PET/MR compared with identical lesions measured
with PET/CT. Potential reasons for these differences
are inherent to the study design: In all comparison
studies PET/CT has been performed first, then fol-
lowed by PET/MR. Starting time of the PET/MR exam
thus was delayed by several hours when compared
with PET/CT (13-15, 63). Consequently, the advanced
tracer metabolism and biodistribution over time might
have had an influence on lesion quantification (68—
70). Another potential source of error is the MR-based
attenuation correction with the above listed shortcom-
ings (segmentation into discrete tissue classes, miss-
ing bone information, FOV truncation, etc). These
aspects should not be overrated because first clinical
studies overall show very good, robust, and reproduci-
ble results, however, deserve further investigation in
carefully designed studies systematically separating
physiological effects of tracer dynamics from technical
and methodological effects.

Neurologic Disease

In diagnosis of neurologic disease integrated PET/MR
unveils its full morphologic and functional potential.
The diagnostic power of MR in neuro imaging here is
multiplied with the capabilities of PET using various
specific tracers. Because PET and MR data are
acquired simultaneously at one bed position only, the
overall acquisition time can be invested in multiple
contrast weightings, spectroscopic information (71),

Figure 8. Patient with successfully
treated lung carcinoma and with two
resected brain metastasis. Axial slices
in (A) show T2-weighted and inverted
MR images acquired at each position of
the resected brain metastasis (both
right side, black arrows in A). Simulta-
neously acquired corresponding PET
data in (B) do not show any signs of
recurrence (black arrows in B). The
PET/MR hybrid data (C) show exact
spatial overlap of anatomical and func-
tional information.

and also in adding dynamic information in PET and/
or MR. Contrast agent dynamics (in MR) as well as
tracer metabolism (in PET) can be monitored over
time (72). Motion correction algorithms have been
developed (53) to further improve the image quality
also when imaging uncooperative patients of patients
with tremor (e.g., Parkinson’s disease). First results
applying amyloid-specific PET tracers in PET/MR
have shown to support the diagnosis of Alzheimer’s
disease using PET and MR information (73-75)
(Fig. 11).

Pediatric Oncology

In pediatric oncology, MR can provide valuable diag-
nostic information complementary to PET or PET/CT
(76-78) (Fig. 12). Moreover, considering dose aspects,
PET/MR can be seen as a valuable alternative to
PET/CT imaging for longitudinal follow-up studies
monitoring the therapeutic response to chemotherapy.
Especially in a pediatric patient population, dose con-
siderations are of high importance. The substitution
of PET/CT by PET/MR in these patients reduces the
overall dose by the fraction of the CT scan multiplied
by the individually necessary number of follow-up
imaging sessions per patient. Although this is a rather
new application and data are still sparse, first studies
have demonstrated impressive diagnostic results (79).
Potential dose savings of up to 80% have been postu-
lated when using PET/MR instead of PET/CT in pedi-
atric oncologic imaging (79), however, this has to be
validated in larger studies.

Cardiovascular Disease

Integrated PET/MR appears an attractive diagnostic
tool in cardiovascular disease because it combines the
strength of MR imaging in providing anatomic, func-
tional, flow, and perfusion information and the
strength of PET imaging in quantifying physiologic
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Figure 9. A 44-year-old female with bronchial carcinoma (NSCLC, stage IV). PET data (A; 236 MBq F18 FDG) and MR-based
attenuation map (B) for the attenuation correction (AC) of human soft-tissue. The AC map (B) is based on a multi-station 3D
Dixon-VIBE sequence and segments into air, fat, soft tissue and lung tissue. C: T1-weighted coronal views of two planes. D:
PET/MR data fusion of the two planes shown in (C). E: Axial PET/MR views at different body levels show FDG-positive
lesions in the left supraclavicular groove, ipsi- and contralateral mediastinum, and contralateral lung. There are additional
FDG-positive lymph nodes in bilateral iliac lymph nodes. The five image levels of (E) are indicated with white lines in the
upper panel of (D). Arrows point to an identical lesion in different views. Note that in the AC map (B) this lesion has been cor-
rectly identified as soft tissue in the surrounding lung tissue.

Figure 10. Breast cancer patient with invasive breast cancer and ductal carcinoma in situ (DCIS) in the right breast and
postradiation cellulitis, inflammation, and residual tumor in the left breast. A: Contrast-enhanced fat-suppressed T1-
weighted MRI shows bilateral contrast enhancement. B: Corresponding PET images show bilateral 18F-FDG-enhancement.
C: PET/MR datasets show excellent spatial and geometric overlap of the breast lesions.
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Figure 11. A 77-year-old male patient with suspected dementia disorder due to change of personality, impaired long and
short term memory, and productive aphasia. MR imaging (A,B; T1-FLAIR) in a simultaneous PET/MR examination reveals
hippocampal and temporal atrophy (arrows in (A,B)) while 18F-FDG-PET imaging (C,D) in this hybrid examination shows
severe unilateral glucose hypometabolism (arrows in (C,D)). An additional 11C-PIB-PET examination (E,F) shows cortical 3-
amyloid deposition (arrows in (F)). The patient was diagnosed with unilateral Alzheimer’s disease. Courtesy of Department of
Nuclear Medicine (Director: Prof. Dr. O. Sabri), University of Leipzig, Germany.

Figure 12. A 14-year-old female patient that was diagnosed with acute myeloid leukemia (AML). Primary staging with inte-
grated PET/MR (A-C) revealed renal, pancreatic, mammary, splenic, and lymph node involvement. Chemotherapy was thus
commenced. PET/MR imaging at 1 months follow-up after start of chemotherapy (D,E) revealed residual tumor in left mam-
mary formation (SUVy,,x=3.6) (arrow in D) and residual tumor in inguinal lymph nodes (SUV,,x=3.1) (arrows in E). PET/
MR imaging at 2 months follow-up after start of chemotherapy (F,G) shows a complete response to chemotherapy and no sign
of increased tracer activity in the same regions (arrows in F,G). Courtesy of Department of Nuclear Medicine (Director: Prof.
Dr. O. Sabri), University of Leipzig, Germany.
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Figure 13. Simultaneous cardiac PET/MR with 18F-FDG after oral glucose loading in a patient with STEMI because of an
acute occlusion of the left circumflex artery (CX). Imaging was performed 5 days after the event and subsequent interven-
tional revascularization. The MR data (A) show late gadolinium-enhancement (LGE) with transmural extend (bright area in
the lateral wall, white arrows in A) and areas of microvascular obstruction (dark spots within bright area). Image (B) shows a
fusion of the MR image (A) and corresponding PET image. The fusion shows almost perfect agreement between LGE and
reduced glucose uptake (white arrows in B). Courtesy of F. Nensa and T. Schlosser, University Hospital Essen, Germany.

and metabolic processes in vivo (80). Potential clinical
applications in cardiac imaging have been identified,
such as the detection of myocardial viability (80)
where the unique strengths of each modality could
potentially be combined to complement each other
(81). In a recent simultaneous PET/MR feasibility
study, Nensa et al investigated 20 patients with myo-
cardial infarction. The results of the study demon-
strated high correlation of ischemic myocardial
segments in MR late gadolinium enhancement (LGE)
and 18F-FDG (PET) (82) (Fig. 13).

Hybrid imaging with PET/MR may also find a role
in atherosclerotic imaging. Initial experimental stud-
ies on atherosclerotic rabbits with PET/MR using
ultra small particles of iron oxide (USPIO) for contrast
enhancement in MR and 18F-FDG as PET tracer
allowed for assessment of changes in the inflamma-
tion of atherosclerotic plaques (83). The authors con-
cluded that 18F-FDG PET seemed more sensitive than
USPIO MR to detect early changes in plaque inflam-
mation (83).

With the heart being subject to cardiac and breath-
ing motion during PET and MR data acquisition, it is
expected that the development and application of
advanced triggering, nonrigid motion correction, and
attenuation correction methods will have a substan-
tial impact on PET/MR cardiac imaging in general
and more specific in myocardial tissue quantification
(62).

WORKFLOW AND STANDARDIZATION
Hybrid Imaging Workflow

Because integrated PET/MR systems allow for the
simultaneous data acquisition of PET and MR data,
the imaging workflow should be designed to maximize
diagnostic information in the shortest possible acqui-
sition time without sacrificing image quality. This

strategy also maximizes patient comfort and patient
throughput. However, PET and MR are rather slow
imaging modalities that acquire data in the range of
several minutes for each bed position which has to be
multiplied by the number of typically 5-7 bed posi-
tions (each with approximately 26 cm coverage along
z-axis in current integrated PET/MR systems) for
whole-body coverage. In contrast to MR-only imaging,
additional acquisition time has to be assigned to the
MR-based attenuation correction sequences that typi-
cally amounts to one breath hold acquisition (18-19
s) per bed position for a 3D Dixon-VIBE sequence
(13-15, 26) (Fig. 14).

Two basic whole-body imaging workflow strategies
are currently being pursued in integrated PET/MR: (i)
Fast whole-body screening with 2-3 min acquisition
time for simultaneous PET and MR data acquisition
featuring only a Dixon sequence on the MR side to
provide MR-based AC and some anatomic reference
(84). This allows for fast whole-body coverage and if
necessary for dedicated local protocols at defined
body regions (e.g., liver) then featuring other MR
sequences (e.g., contrast agent). (ii) Imaging with a
comprehensive MR protocol featuring standard T1, T2
anatomic sequences supplemented by functional
imaging with, e.g., diffusion weighted imaging (DWI)
(67, 85), followed by contrast agent administration
and multi-phase perfusion studies, if necessary. In
such protocols, the MR data acquisition time deter-
mines the overall bed position time and thus is the
limiting factor. Bed position times here amount to
approximately 6-10 min and accordingly comprehen-
sive whole-body imaging protocols last in the range of
40-60 min (13, 15).

First studies now investigate the aspect of imaging
workflow optimization with the motivation to tailor
MR imaging protocols but also PET imaging times
according to the clinical indication while supporting
diagnostic image quality (86-88). New whole-body
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PET/MR

MR | AC > T1-weighting >> T2-weighting >> e.g. Diffusion >
simultaneous data acquisition for each bed position e.g. 1-5 time
PET | sinogramor list mode data >

Figure 14. PET/MR simultaneous imaging workflow. MR (left) and PET (right) data acquisition is performed simultaneously
during a multi-step examination with typically 4-7 bed positions (here 5 positions) for whole-body coverage. The standard
MR examination encompasses sequences for attenuation correction (AC), and T1 and T2-weighted imaging for each individual
station (time bars). Depending on the clinical indication other or additional sequences (e.g., diffusion weighted imaging, DWI)
are acquired during simultaneous PET data acquisition. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

data acquisition strategies are also being explored
revisiting the concept of data acquisition during con-
tinuous movement of the patient table (51). Such a
strategy allows for more flexibility in whole-body data
acquisition and holds potential for further improve-
ments in the PET/MR hybrid imaging workflow.

Artifacts

Each new imaging modality and technical system
introduces new types of artifacts and in new hybrid
imaging concepts the potential for new artifacts is
even higher than just considering two independent
systems. Artifacts in PET/MR might not only affect
the visual impression of either MR or PET data but
may also have an effect on quantification in MR and
even stronger on PET being a quantitative method.
Artifacts in integrated PET/MR may result from tech-
nical crosstalk between the MR and the PET compo-
nents of the hybrid system. Both imaging centers
might not be co-aligned correctly. Differences in the
data acquisition speed between MR and PET might
lead to local misalignments. MR-based AC is still a
new concept that is supposed to support PET data
quantification in the best possible way. All deviations
from the real physical gamma quanta attenuation will
ultimately lead to false values in PET quantification
following attenuation correction (89, 90). Administra-
tion of contrast agents before application of MR-based
AC due to changes in contrast potentially may lead to
errors in tissue segmentation (91). Patient implants
made from metal in this context introduce new associ-
ated artifacts. Metal implants might introduce signal
voids or local image distortions in the MR-based AC

sequence (e.g., Dixon), that exceed the physical
implant volume. Such signal voids might then be
assigned with the low linear attenuation coefficients
of air in the image segmentation process. This will
then lead to undercorrection of the real attenuation
values in the region of and around the implant. While
the first clinical studies evaluate the impact of
implants on MR-based AC (92), current methods for
artifact reduction suggest, e.g., to assign the implant
induced signal voids with the LAC of soft tissue by
inpainting (92). This, in consequence, reduces the
quantification error but does not completely eliminate
the problem of undercorrection.

Artifact reduction in MR imaging of patients with
implants is currently an active topic of research. New
methods such as MAVRIC (multi-acquisition variable-
resonance image combination) (93), VAT (view-angle
tilting) (94), SEMAC (slice encoding for metal artifact
correction) (95) are currently under development with
the overall goal of reducing the amount of image dis-
tortion and signal voids often exceeding the physical
size of the implant by multitudes (93-95). The use of
such artifact reducing sequences also appears poten-
tially attractive in the context of MR-based AC in
PET/MR. Knowing the real extent of an implant can
help reducing the amount of wrong LAC assignments
and basically allows for substitution of the implant
induced signal voids with high attenuation values.

The CT-based attenuation correction in PET/CT
hybrid imaging is also confronted with quantification
errors when imaging patients with metal implants,
e.g., dental implants (96, 97) and hip prosthesis.
Here, however, local streak artifacts from CT beam
hardening around metal structures can lead to an
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Challenges and current correction methods for attenuation correction (AC) in integrated PET/MR hybrid imaging

Challenge

Correction method

Reference #

e Attenuation correction (AC) of hardware
components
e Attenuation correction (AC) of human tissues

e Adding bone information to MR-based
attenuation correction

e Truncation of body structures exceeding the
field-of-view in MR-based attenuation correction

e Motion during MR and/or PET data acquisition
e Motion between MR-based attenuation
map and PET data acquisition

e Implants causing artifacts in MR-based
attenuation correction

e CT-based and energy converted templates of hardware
components (e.g. Patient table, RF coils, etc.)

e MR-based tissue segmentation into tissue classes
(e.g. background air, soft tissues, fat, lung) with
Dixon-sequences

e MR-based bone segmentation with ultrashort echo time
sequences (e.g. UTE, PETRA)

e Training data using pattern recognition methods

(e.g. support vector regression, SVR) and UTE sequences

o Atlas-based registration of pre-acquired bone
information (CT-data) to individual patient cases

e PET-based detection of outer patient contours and
subsequent image segmentation (e.g. MLAA algorithm)

e MR-based extension of the field-of-view with optimized
read out gradients (e.g. HUGE algorithm)

e MR-derived motion fields applied to PET reconstruction

e Acquisition of multi-phase MR-based AC maps during
breathing and co-reconstruction of list-mode PET-data
to matching AC phase

e Artifact reducing MR sequences (e.g. MAVRIC, VAT,
SEMAC, UTE, etc.). Inpainting to assign artifacts
to soft-tissue

(15-24)

(24-34)

(35-42, 44, 45)
(43)

(24, 27)
(46-48)

(49, 52)
(53-62)

(57, 58)

(89, 90, 92-95)

assignment of higher LAC in the tissue volume sur-
rounding implants and this consequently leads to an
overcorrection and associated higher PET activity val-
ues around implants (96, 97). Also, in PET/CT imag-
ing artifact reducing algorithms have been proposed
to optimize CT-based AC in regions around implants
(97) (Table 1).

Quantification and Standardization

In PET, CT, and combined PET/CT imaging quantifi-
cation and standardization mechanisms as well as
according phantom tests have been developed and
routinely implemented because these imaging modal-
ities methods are associated with ionizing radiation

(98). Furthermore, PET is a quantitative method and
in standardized calibration measurements it must be
assured that each PET system provides correct values
for tracer activity and quantification as well as con-
stant image quality (68, 69, 98). Because MR imaging
is not associated with ionizing radiation, such calibra-
tions and image quality testing is not mandatory on a
regular basis to date. This might change in the future
with the current introduction of PET/MR hybrid imag-
ing systems. At least the PET component of PET/MR
systems for aforementioned reasons requires routine
calibration and image quality testing along estab-
lished standards (98) which is currently performed
with according phantoms. Because AC of PET data is
an important aspect for quantification with hybrid

230 mm

Figure 15. The IEC 61675-1 standard PET body-phantom for image quality testing in PET imaging (A) (14). The images on
the right show examples of inhomogeneous MR excitation (at 3.0T) in water (B) and inhomogeneous PET-tracer distribution
(18F-FDG) in oil-based substances (C) in the described phantom. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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systems, standardization will long-term also have an
impact on the methods of overall AC-map generation
and, more specific, on MR-based AC. An important
first step in this direction is the development of phan-
toms that are visible and quantifiable in MR imaging
as well as in PET (99). This is demanding because
water-filled large body phantoms (e.g., NEMA stand-
ard image quality phantom, 10 Liters volume) (Fig.
15A) show artifacts and B,-signal inhomogeneities
and MR signal voids when imaged at 3.0T field
strength as with the current 3T PET/MR systems (99)
(Fig. 15B). This is attributed to the high dielectric con-
stant epsilon r (g) of water reducing the RF excitation
wavelength resulting in standing RF waves in phan-
toms (100-102) and central brightening effects (103).
Phantom oil fillings thus are an established alterna-
tive in highfield MR imaging and due to their low e,
show improved B;-signal homogeneity. The most com-
mon PET tracer, FDG, however, does not dissolve well
in oily substances (Fig. 15C) (99). Phantom fluids that
provide favorable image quality features in PET, MR,
and PET/MR hybrid imaging are currently under
development and can be considered a first step
toward standardization in PET/MR hybrid imaging
(99, 104). As in PET/CT hybrid imaging before, the
development of appropriate phantoms and standards
for PET/MR is driven by the motivation to standardize
aspects of PET activity quantification and attenuation
correction. A success in this regard potentially will
allow for standardized on-site quality control, multi-
center trials, and inter-modality comparisons in PET/
MR hybrid imaging.

CONCLUSIONS

Integrated whole-body MR/PET imaging has entered
the clinical arena. On the physics and hardware
development level, this opens up completely new
options for medical imaging research. Hardware com-
ponent and tissue attenuation correction, MR-based
motion correction for PET imaging, development of
dedicated RF coils and hardware components
designed toward PET-transparency, and standardiza-
tion efforts are only few examples of this exciting
hybrid imaging field. Beyond the scope of initial clini-
cal PET/CT versus PET/MR comparison studies, inte-
grated PET/MR hybrid imaging is now under
evaluation to define its diagnostic value in various
clinical applications in oncology, neurology, cardiol-
ogy, pediatric imaging, and therapy planning and
monitoring. Already today neurologic diagnostic imag-
ing and therapy monitoring in pediatric oncology
emerge as potential key applications of integrated
PET/MR. The use of various radiotracers, administra-
tion of MR contrast agent, and dedicated MR sequen-
ces for specific indications will unveil the full
diagnostic potential of this new hybrid imaging
modality.

EDUCATIONAL OBJECTIVES

Upon completion of this educational activity, partici-
pants will be better able to describe the basic princi-
ples of integrated PET/MR, methods for attenuation

correction, hybrid imaging workflow, artifact charac-
terization, and the clinical application of integrated
PET/MR in various diseases.

ACTIVITY DISCLOSURES

The Biograph mMR integrated PET/MR system at the
Institute of Medical Physics (IMP), Erlangen, Ger-
many, is funded by a research agreement between the
University of Erlangen and Siemens AG Healthcare
Sector, Erlangen, Germany.
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The purpose of this article is to introduce the underlying
challenges associated with the incorporation of magnetic
resonance imaging (MRI) into the new hybrid imaging
modality simultaneous positron emission tomography
(PET)/MR and their impact on attenuation correction,
sequence optimization, and protocol development. Many
adjustments to MR sequences are necessary for optimal
whole-body and fused image results.
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imaging
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RADIOLOGY AND NUCLEAR MEDICINE are evolving
fields, expanding beyond the traditional boundaries of
anatomic and molecular imaging. As one of the
fastest-growing modalities in radiology, magnetic reso-
nance imaging (MRI) gives both anatomic and func-
tional information. Positron emission tomography
(PET) / computed tomography (CT) with the glucose
analog 2—[18F]ﬂuoro—2—deoxy—D—glucose (FDG) has
been a main area of growth for nuclear medicine in
recent years. One of the main strengths of FDG-PET/
CT is the clinically relevant metabolic information
obtained with FDG that complements the anatomic
and morphologic information provided by CT. As the
newest hybrid imaging technology, simultaneous
PET/MR combines these exciting areas of growth for
radiology and nuclear medicine and further bridges
the divide between anatomic and molecular imaging.
PET/MR can noninvasively provide molecular, func-
tional, and anatomic information in a single imaging
session using FDG and other PET tracers in conjunc-
tion with state-of-the-art MRI.
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Technological challenges of incorporating the pho-
tomultiplier tubes used in traditional PET acquisi-
tion within the magnetic field prompted the first
PET/MR systems to be developed as sequential
imaging units. In the sequential approach, the
whole-body MR images and PET data are acquired
separately with a common table to shuttle the
patient between scanners and postacquisition fusion
of the images. This approach, while avoiding the
issue of crosstalk between PET and MRI hardware,
led to long examination times and potentially poor
patient compliance. The first simultaneous system
was a head-only prototype consisting of an MR-
compatible PET-insert in 2007 (1). Shortly there-
after, the first simultaneous integrated whole-body
PET/MR system was introduced in 2010 (Siemens
Biograph mMR, Erlangen, Germany). This review
focuses primarily on simultaneous PET/MR,
although many of the same challenges are also faced
by sequential PET/MR systems.

While representing a true technological advance-
ment, the clinical role and impact of PET/MR has yet
to be fully defined. Several potential benefits of PET/
MR over PET/CT are clear. These include improved
coregistration of PET and anatomic MR images
through simultaneous acquisition, improved soft-
tissue contrast compared to CT for anatomic imaging,
and reduction in overall radiation exposure. While
these benefits are evident, the translation into
improved clinical care for patients has yet to be
shown. Early studies demonstrate the feasibility and
noninferiority of PET/MR compared to PET/CT with
comparable standard uptake values (SUV) and ana-
tomic localization (2-4). However, there remain many
challenges and obstacles to overcome prior to wide-
spread adoption into clinical use.

This article focuses on outlining and addressing
some of the clinical challenges of PET/MR, with spe-
cific emphasis on optimization of MR sequences for
oncologic imaging within the context of simultaneous
imaging. Topics to be covered include MR-based
attenuation correction, optimization of sequences on
3T for whole-body imaging, adapting MR sequences to
PET/MR, and development of clinical protocols for
whole-body imaging.
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Figure 1. uMap and four Dixon sequences from attenuation correction sequences. The umap segments tissues in soft tissue,

fat, lung, and air for attenuation correction of the PET data.

ATTENUATION CORRECTION

Attenuation correction in PET/CT is achieved through
electron density information provided directly from CT
transmission images, where Hounsfield units are
used to create linear attenuation coefficients for the
511-keV photons. A common source of error in CT-
based attenuation correction is the lack of simultane-
ous acquisition and subsequent misregistration of the
PET and CT data. While modern postprocessing and
reconstruction can correct for a majority of this misre-
gistration, potential errors of up to 10% in SUV meas-
urements have been reported (5,6). In contradistinction
to CT Hounsfield units, MRI signal intensity reflects a
combination of proton density and tissue relaxation
properties, yielding no direct information about elec-
tron density and hence no inherent attenuation correc-
tion factor for the PET data. An additional source of
error in attenuation correction that applies to both CT
and MR methods is that of artifact related to metallic
implanted devices.

Current MR-based attenuation correction methods
can be divided into two types: segmentation-based
and template-based. The US Food and Drug Adminis-
tration (FDA)-approved Dixon segmentation method
divides the body into four distinct tissue types based
directly on the MR image intensity: soft tissue (muscle
and solid organs), lungs, air, and fat (3,7-9) (Fig. 1).
These tissues are then assigned a corresponding lin-
ear attenuation coefficient based on known densities.
While soft tissues can be readily segmented using
MRI sequences, cortical bone and air pose more chal-
lenges, as they contain virtually no proton signal
when imaged with Dixon techniques. Hofmann et al
(9,10) proposed an atlas registration and pattern rec-
ognition approach as an alternative method for whole-
body attenuation correction. This template-based
method uses multiple MR image sets averaged to form
high signal-to-noise ratio (SNR) templates that are
coregistered to the patient’s images. Spatial transfor-

mations are then applied to a corresponding CT atlas
dataset producing a pseudo-CT from which weighted
intensities are generated for each voxel. While the seg-
mentation method is likely sufficient for most clinical
instances, this template-based approach may be use-
ful where segmentation fails, such as artifact related
to implanted prostheses, and may potentially improve
PET quantification in bone marrow and brain, where
segmentation may underestimate uptake (9,10).

Attenuation correction for osseous structures and
adjacent soft tissues has proven particularly challeng-
ing using MR-based segmentation methods. Mineral-
ized bone has a higher linear attenuation coefficient
for 511 keV photons than soft tissues but is not rep-
resented in Dixon-based MR attenuation methods.
Cortical bone has a much faster transverse relaxation
rate than soft tissues, and hence any signal produced
within traditional MR sequences disappears prior to
sampling. As a result, the Dixon-based attenuation
correction method does not take cortical bone into
consideration and is less robust for osseous lesions
and for the brain due to attenuation from the calva-
rium. For example, a study comparing standardized
uptake values (SUVs) of FDG with attenuation maps
that included and did not include cortical bone dem-
onstrated underestimation of SUVs by ~10%-20%
when cortical bone was not included in the attenua-
tion map with a maximum error of 30.8% (11). It is
possible to image with an ultrashort echo time (UTE)
sequence, using TE less than 100 psec, and visualize
signal from cortical bone allowing for segmentation
and hence attenuation correction (12,13). While the
UTE approach to MRAC is promising, this approach
currently is not suitable for routine clinical use and
can introduce segmentation artifacts in the attenua-
tion map. Overall, there are several approaches to
MR-based attenuation correction that are particularly
relevant to the brain and bones, and this issue
remains an active area of research and development
(8-13).
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Figure 2. Single-shot fast spin echo images acquired with traditional parameters show respiratory motion and misregistra-
tion artifact which degrades image quality when reconstructed in different planes.

The initial research and clinical experience with
FDG-PET/MR for oncologic imaging suggests that
MR-based attenuation correction using the Dixon
sequence provides PET data that is qualitatively very
similar to data obtained from PET/CT (4,8). Because
much of the interpretation of clinical FDG-PET is
based on qualitative assessment of FDG uptake com-
pared to adjacent tissues, relatively small differences
in measured SUVs between PET/MR and PET/CT
may not have substantial effect on lesion detection or
characterization. The amount of variability in SUVs
measured with MR-based attenuation correction is
similar to or less than the ~20% test-retest variability
seen with FDG-PET/CT studies (14). However, further
studies are needed to prove this fundamental concept
for clinical and research applications.

OPTIMIZATION OF MR SEQUENCES
FOR WHOLE-BODY PET/MRI

Body Imaging at 3T

Given that the first simultaneous system for PET/MR
was a 3T magnet, issues related to body imaging at
3T are relevant to the discussion of PET/MR develop-
ment. Inherent benefits of imaging at 3T relate pri-
marily to increased SNR, which can be traded for
increased speed and/or spatial resolution; however,
several challenges prevent full realization of these
benefits for body imagers (15). These revolve mostly
around more pronounced MR artifacts and specific
absorption rate (SAR) issues. Image quality may be
impacted by bands of signal loss, susceptibility arti-
fact, poor fat suppression, and pronounced edge of
field of view artifacts. Spin echo and turbo spin echo
sequences may provide better image quality over

gradient echo as the 180" refocusing pulse reduces
susceptibility artifact. Other traditional options to
decrease artifact such as obtaining images in isocen-
ter mode (such that the center of the MR field of view
is optimally positioned in the center of the magnetic
field with regard to the z axis) and limiting the MR z-
axis field of view are not ideal for simultaneous PET/
MR. During simultaneous acquisition, the field of view
and table translation are determined by the PET
acquisition, which is maximized for coverage and
must be acquired in a stationary fashion, which pre-
cludes continuous table movement or multiple small
sequential stack/slab acquisitions that have tradi-
tionally been used in whole-body MR protocols. As a
result, some gradient echo sequences which would
otherwise be ideal in terms of speed of acquisition,
such as balanced gradient echo sequences (true fast
imaging with steady-state precession, True FISP), may
not be the best option for whole-body coverage due to
accentuated artifacts. Other challenges of body imag-
ing at 3T are not unique to PET/MR and have for the
most part been overcome. Issues related to image con-
trast as a result of increased T1 relaxation times and
T2* effects at greater field strength may be overcome
by optimally adjusting the time to repetition (TR),
bandwidth, and flip angle and most sequences pro-
vide default parameters allowing for reasonable image
quality (16). Additionally, chemical shift in- and
opposed-phase imaging may be acquired with ultra-
short TE allowing for acquisition of the first sequence
during opposed phase (1.1 msec), which is ideal for
identification of steatosis in the liver and characteriza-
tion of adrenal and renal lesions.

SAR remains a challenge for 3T body imagers, and
while not specific to PET/MR, deserves discussion as
it may lead to unpredictable acquisition times not
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Figure 3. T2 single-shot fast spin echo sequence obtained at free-breathing with adjusted parameters (Table 2) demonstrate
very little artifact when reformatted and register well with the PET data acquired simultaneously.

encountered with PET/CT that can negatively impact
the workflow. SAR is a measure of the radiofrequency
(RF) power absorbed per unit mass of the object
being imaged (watts/kg). As magnetic field strength
increases, SAR increases (from 1.5T to 3T, SAR
quadruples). Other factors that increase SAR include
increased flip angles, increased number of RF pulses,
and reduced spacing of RF pulses. Hence, single-
shot sequences or sequences with long echo trains
are notorious for triggering SAR warnings on the con-
sole. Modifiers that affect SAR and potential solu-
tions are shown in Table 1. These solutions are not
without cost. Balancing sequence acquisition time,
image quality, and SAR are a constant battle for the
body imager. Manufacturer solutions may provide
the best balance of image quality and safety. These
include hyperecho-turbo spin echo sequences and
low SAR RF options. Hyperecho is a variable flip

angle sequence, with highest flip angle determining
contrast in the center of k-space and lower f{lip
angles applied to the periphery. This results in 60%-—
80% reduction in SAR and has been shown to have
no significant impact on image quality when used for
brain imaging (17). In our experience, this option
results in reasonable image contrast and SNR for
body imaging as well.

OPTIMIZATION OF MR SEQUENCES FOR PET/MR

Several factors must be taken into account when
designing PET/MR protocols. These include issues
related to free-breathing acquisition and multiplanar
viewing of the composed fused datasets, as is the tra-
ditional approach to PET/CT viewing. In addition,
specific challenges related to simultaneous acquisition
warrant discussion.

SMRT Educational Seminar Volume 18, Number 2: MR-PET (Positron Emission Tomography)



Page 24

Whole-Body Simultaneous Positron Emission Tomography (PET)-MR: Optimization and Adaptation of MRI Sequences

Table 1
Specific Absorption Rate (SAR) Variables and Solutions

Parameters Effect on SAR

Possible solutions

Flip angle (FA) Increases as FA increases

Echo train length (ETL)
RF pulse

Increases with length of ETL
Increases as RF pulses increase

Hyperecho option allows up to 60—-80%
decrease in SAR

Reduce length of ETL

Low SAR RF option

in number and get closer together

Magnetic field strength Quadruples from 1.5T—3T

Time to repetition (TR)

Increases as TR decreases

Opt for 1.5T (not currently
an option for mMR)
Increase TR if possible

Free-breathing FDG-PET data acquisition is the
standard approach for whole-body staging examina-
tions on PET/CT and PET/MR due to the need for at
least 90-120 seconds of data acquisition at each bed
position to obtain sufficient counting statistics.
Unfortunately, respiratory motion results in blurring
and distortion that can reduce the maximal achieva-
ble resolution of PET from the intrinsic spatial resolu-
tion of ~4 mm to closer to 11 mm (18-20). Prospective
or retrospective gating of the PET data to the respira-
tory cycle may theoretically achieve optimal resolu-
tion. However, this form of motion correction
generates a final image that is reconstructed from
only a portion of the total useful counts. The end
result is an image that either suffers from reduced
SNR or requires a very long acquisition to recoup
counts and image quality, making this option tempo-
rally inefficient for whole-body imaging. While a full
discussion of motion correction is beyond the scope of
this article, it should be noted that the simultaneous
acquisition of PET and MR images affords the oppor-
tunity for more sophisticated motion correction. In
particular, tagged MRI shows promise in animal and
phantom models for nonrigid motion correction (21-
24). Using this methodology, it may be possible to
obtain motion-corrected PET data without increasing
the imaging time for PET acquisition.

With regard to free-breathing acquisition, this
approach is not ideal for MR sequences, which are
sensitive to motion artifact and are often broken into
multiple breath-holds or are acquired using respira-
tory navigation. While free-breathing sequences might

Table 2
T2 HASTE Whole Body Sequence Parameters

offer the best coregistration for whole-body PET data,
few MRI sequences are optimized for this type of
acquisition. Pairing free-breathing PET data with end-
expiration MR sequences might be the best option,
allowing for minor misregistration, and this is often
done with PET/CT examinations. A few MR sequences
provide reasonable image quality when obtained dur-
ing free-breathing. These include, single-shot ultra-
fast sequences such as half-Fourier acquisition single
shot turbo spin echo (HASTE), short-tau inversion
recovery T2 weighted sequences (STIR), and echo-
planar diffusion-weighted imaging (DWI). Additional
sequences show promise with regard to whole-body
imaging, but are optimally acquired as breath-held
sequences, such as 3D volumetric interpolated
breath-held examination (VIBE) or turbo spin echo
T1-weighted images. Further discussion of the merits
of each sequence is presented under the protocol
development section.

While free-breathing sequences may provide the
best registration for PET data, respiratory motion is
often apparent as one scrolls through MR slices, and
this presents a challenge to multiplanar viewing of the
composed datasets (Fig. 2). MR sequences are tradi-
tionally optimized for in-plane resolution at the
expense of slice thickness and historically without
any consideration for how the image may appear as a
multiplanar reconstructed dataset. In contradistinc-
tion, PET data are isotropic in nature and often
viewed in three dimensions (sagittal, coronal, and
transverse) without loss of resolution, both with and
without fusion to anatomic images. Acquisition of true

MR sequence parameters

Possible utility of sequence

Tips/pearls

FOV-500 mm Anatomic localization.
TR/TE-3000/116 ms T2 contrast allows visualization
Ave-1 of fluid structures like bile
ST-5 mm ducts, bowel, ureters, CSF.
Res-320 x 240 mm

FS-no

BH-no

FA-150 degrees
TA-approximately 90 seconds per station
IPAT GRAPPA-2

nonoverlapping MR FOV if
acquired in transverse plane,
acquire in main viewing plane,
ascending order of acquisition

FOV, field of view; TR, time to repetition; TE, time to echo; Ave, number of averages; ST, slice thickness; Res, resolution; BW, bandwidth;

FS, fat suppression; BH, breath hold; TA, acquisition time.
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T2 HASTE _

——

>

3D whole-body isotropic MR images would result in
unacceptable spatial resolution, adding little anatomic
information over that of low-dose CT, and the length
of acquisition required to achieve adequate resolution
would be impractical. Compromising some with
regard to spatial resolution or allowing for some loss
of resolution in the reconstructed images is unavoid-
able. While not a complete solution, acquisition in the
preferred viewing plane (transverse or coronal) and
slice thickness no greater than 4-5 mm may improve
the quality of reconstructed images (Fig. 3, Table 2).

For localized anatomic sequences, such as brain or
pelvic imaging, 3D isotropic sequences are ideal (Fig. 4)
and can be reconstructed in three planes without loss
of resolution. Sampling perfection with application opti-
mized contrast using flip angle Evolution (T2 SPACE) is
one possible solution for pelvic imaging. By employing
a variable flip angle pulse train, constant echo ampli-
tude can be achieved allowing for high-resolution 3D
imaging with adequate contrast and SNR. The applica-
tion of lower flip angles is also beneficial in avoiding
SAR. By acquiring a single isotropic sequence and
reconstructing images in the other planes this can also
save time and obviate the need to acquire multiplanar
high-resolution sequences, although this is not neces-
sarily a straightforward tradeoff.

T2 SPACE

Figure 4.T2 SPACE isotropic
acquisition (1.2 mm) shows no
significant loss of resolution

when reformatted in three other
planes. Note the distortion and
blurring with single-shot fast spin
echo sequence acquired with non-
isotropic voxels.

DEVELOPMENT OF PET/MR PROTOCOLS

Beyond the technical challenges of 3T whole-body
imaging and optimizing sequences for PET/MR, proto-
col development must be addressed from a clinical
and patient perspective. Whole-body PET/MR should
be fast enough to compete with PET/CT (which takes
~20 minutes from beginning to end) and at the same
time provide added clinical value over PET/CT or MRI
alone. Within a few years of its clinical introduction,
PET/CT is now widely accepted and has demon-
strated efficacy over PET alone with regard to better
attenuation correction, improved anatomic localiza-
tion, and more accurate local staging of tumors (25).
To demonstrate a similar improvement in diagnostic
accuracy with PET/MR for whole-body cancer staging
will prove challenging. The most likely gain in accu-
racy would be at the level of local staging (T stage)
with modest improvements in anatomic localization of
lymph nodes and metastases (M and N stage) over
that of PET with low-dose CT. These improvements
may be further reduced when comparing PET/MR to
PET in conjunction with diagnostic quality contrast-
enhanced CT.

As an initial step towards clinical acceptance, PET/
MR protocols for whole-body staging must be fast
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Table 3
Basic Whole Body Examination

PET acquisition:
e 4-5 stations to cover vertex-thighs
— Max transaxial FOV 59.4 cm x axial FOV 25.8 cm
MR:
e 2 Point DIXON 3D VIBE
— TE1/TE2=1.23msec/2.46 ms, TR=3.6 ms, L-R
FOV =500 mm and A-P FOV =300 mm.
— Select extended FOV
e T2 HASTE or STIR
Scanner time/set up:
e Allow for shim and adjustments/table
translation/exam set-up.
e Patient preparation (coils, positioning)

Acquisition time:
o Approximately 90 seconds / station®

Acquisition time:
e Approximately 18—20 seconds /station, simultaneous to PET
e Approximately 60—-90 seconds/station, simultaneous to PET.
Allow extra time for STIR

Additional time:
e Approximately 45 seconds/station
e Allow 15 minutes per examination

Total room time: Allowing for a 5 station examination and turnover time =30 minutes

&This is if FDG is injected for this examination. For studies done following a standard of care PET-CT utilizing same FDG dose, allow for

~4 minutes per station to account for decay.

enough to compete with PET/CT and must be toler-
ated by patients. Relatively short PET/MR protocols
can optimize throughput, which is essential to eco-
nomic viability and at the same time can improve
patient comfort and compliance, reduce imaging qual-
ity degradation arising from patient motion or inabil-
ity to follow instructions during image acquisition.
The most basic whole-body PET/MR examination is
detailed in Table 3. While using Dixon sequences for
both attenuation correction and anatomic localization
without additional MR sequences can certainly be
done quickly enough to compete with PET/CT, this
method does not fully utilize the added value of MRI.
Authors have suggested several whole-body PET/MR
protocols, yet no universally accepted standard of
care approach exists (26-29). Eiber et al (28) have
proposed a possible whole-body staging examination
for head and neck cancer patients, consisting of
whole-body Dixon, T2 STIR, T1 TSE before and after
contrast, and T1 TSE fat-suppressed sequences, with
examination scan times ranging from ~31-42 minutes
(mean ~23 minutes). Martinez-Moller et al (29) sug-
gest possible scenarios for PET/MR protocols ranging
from single-station examinations for local staging
information to head-to-toe examinations and also
combinations of both approaches. Protocols tailored
to specific disease entities with different metastatic
patterns will likely be necessary. For instance, STIR
images may be very helpful in identifying soft-tissue
deposits, lymph nodes, and bony lesions in patients
with melanoma. VIBE postcontrast images of the
chest, abdomen, and pelvis can provide very good
anatomic detail of solid organ metastases; however,
dynamic imaging focused on the liver may be neces-
sary for accurate staging of colorectal metastases,
whereas dynamic pelvic imaging would be more
appropriate for a patient with cervical cancer.

An additional consideration to development of pro-
tocols is the potential flexibility in PET acquisition
time. While 90 seconds is needed for enough counts
when a standard dose of FDG is given, it is possible
that lower doses could be administered and imaging
times per station lengthened. This approach allows

more MR sequences to be obtained while decreasing
the overall radiation exposure from the examination
without reducing the overall counts in the PET
images.

While addition of more MR sequences is tempting to
improve diagnostic accuracy, overall examination time
should be considered with regard to patient tolerance.
MR protocols should be modified to better fit with the
hybrid imaging concept and to address the specific
clinical questions pertinent to individual patients.
Decreasing the number of sequences by eliminating
those that are not necessary for staging, shortening
existing sequences, and opting for a single 3D iso-
tropic acquisition in lieu of multiplanar high-
resolution sequences are all options for decreasing
examination length. Table 4, shows examples of
whole-body and dedicated anatomic area PET/MR
protocols. Note that the additional sequences are
abbreviated versions of traditional standard of care
examinations. For instance, in the proposed liver pro-
tocol, the b50 DWI sequence can substitute for a T2
fat-suppressed sequence. If hepatobiliary contrast
agents are desired, such as gadoxetic acid (Eovist,
Bayer Pharmaceuticals), time should be allotted for
hepatobiliary phase 20-minute delayed sequences.

Specific discussion of DWI is worthwhile in the set-
ting of PET/MR protocol development. While whole-
body DWI has been suggested as an alternative to
FDG-PET for detection of and treatment monitoring
for neoplasms, difficulty with artifacts, consistency
with image quality, and reproducibility hinder the
routine implementation of this concept. Many investi-
gators have shown a negative correlation between
ADC and SUV max for solid tumors, and DWI has
been suggested as a semiquantitative parameter for
detecting treatment response in many tumors (30-33).
Other studies have demonstrated added value of
whole-body DWI in initial staging in lung cancer, bone
malignancy, and lymphoma over whole-body MRI
alone (34-42). However, given the delicate balance of
obtaining adequate high-resolution anatomic imaging
and whole-body images within a tolerable length of
time, it is unclear if whole-body DWI as part of a PET/
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Table 4

Possible Whole Body Plus Anatomically Focused Protocol Trees

Indication for examination

Sequences

Special considerations

Liver neoplasm

(colorectal liver metastases,
hepatocellular carcinoma,
cholangiocarcinoma)

Whole body:

PET 4-5 stations

MR AC 2 point Dixon

HASTE or STIR

Abdomen:

-Transverse HASTE

-In/Opposed phase (~90 sec)

-DWI/ADC (~2.5 min)

-+/— MRCP (~15 minutes)

-Pre/postcontrast VIBE®
(~20 sec per acquisition)

Liver sequences should be breath-held

DWI may be performed as free-breathing or as a
navigated sequence (+/- EKG gating)

Dynamic VIBE?®: arterial, portal venous, equilib-
rium, and 5-minute delay

Pelvic neoplasm

(cervical cancer, rectal cancer,
endometrial cancer)

Whole body:

PET 4-5 stations

MR AC 2 point Dixon
HASTE or STIR (~90 sec)

Pelvis:
-Transverse HASTE (~90 sec)
-T2 SPACE (~5-10 min)
-DWI/ADC (~2.5 min)
-Pre/postcontrast VIBE

(~20 sec per acquisition)

T2 SPACE may be reconstructed in 3 planes if
acquired isotropically

Glucagon may help decrease smooth muscle
motion

Thoracic neoplasm

(lung cancer, mesothelioma,
mediastinal tumor)

Whole body:

PET 4-5 stations

MR AC 2 point Dixon

HASTE or STIR (~90 sec)

Thorax:

-Cor/Tra HASTE (~90 sec)

-T2 IR BH (~2.5 min)

-DWI/ADC (~2.5 min)

-Pre/postcontrast VIBE
(~20 sec per acquisition)

Respiratory navigated sequences or breath-held
may be acquired
EKG gated DWI may result in reduced artifact.

3Test bolus or care bolus should be used to time late arterial phase.

PHepatobiliary contrast agents may be used and additional hepatobiliary phase imaging should be performed after appropriate delay.

DWI, diffusion-weighted imaging; VIBE, volumetric interpolated breath-held examination; FS, fat suppressed; Cor, coronal; Tra, transverse;
BB, black blood; (ST)IR, inversion recovery. All times are listed in parentheses following sequences and are variable due to differences in
patient size, sequence parameters, and potentially SAR issues. Respiratory navigation and EKG-gating will add variability to acquisition
times related to frequency/periodicity of respirations and pulse rate.

MR exam would add sufficient additional information they may add supplemental information and increase
to justify its inclusion for all disease types. Dedicated lesion conspicuity, such as the instance of colorectal
DWI sequences of the area of interest are clearly bene- liver metastases when performed in combination with
ficial and recommended as part of routine protocol, as hepatobiliary phase imaging (Fig. 5) (43-45).

Figure 5. Added value of DWI. T2 single-shot fast spin echo, DWI (b =500), and fused PET/HASTE images show a focus of
FDG avidity at the site of pancreaticojejunostomy in this patient with recurrent pancreatic adenocarcinoma following a Whip-
ple procedure (arrows). Note the region is relatively inconspicuous on single-shot fast spin echo image but stands out as a
site of disease on DWI sequence and is confirmed on the fused image.
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What constitutes a standard of care whole-body
PET/MR examination is yet to be determined and will
likely be influenced by local reimbursement, radiolog-
ist preference, and efficiency demands. It is also likely
that protocols will be tailored to specific clinical indi-
cations and that there will not be a single PET/MR
protocol that is optimal for all studies. Consideration
should be given to patient comfort when developing
protocols, and sensitivity to length of examination is
important for optimizing compliance.

SUMMARY

PET/MR has been validated as a clinically feasible
modality with similar anatomic localization and SUV
measurements compared to the current standard of
care PET/CT in oncologic patients. While work is
ongoing to optimize MR-based attenuation correction,
the current algorithm appears to be on par with PET/
CT for most clinical purposes. Development of effi-
cient, clinically relevant, and diagnostically optimal
protocols will require consideration of issues related
to 3T imaging, multiplanar viewing, and overall exam-
ination length. Alteration of existing MR protocols and
sequences will likely be necessary in this context.
Making PET/MR fast enough to compete with PET/CT
yet still add additional clinical value over PET/CT will
be critical for acceptance of this new hybrid modality
by the medical community and for economic viability.
Continued success and advancement in this field will
require true collaboration between diagnostic radiol-
ogy and nuclear medicine.
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Magentic Resonance/positron emission tomography (PET)
has been introduced recently for imaging of clinical patients.
This hybrid imaging technology combines the inherent
strengths of MRI with its high soft-tissue contrast and biolog-
ical sequences with the inherent strengths of PET, enabling
imaging of metabolism with a high sensitivity. In this article,
we describe the initial experience of MR/PET in a clinical
cancer center along with a review of the literature. For estab-
lishing MR/PET in a clinical setting, technical challenges,
such as attenuation correction and organizational chal-
lenges, such as workflow and reimbursement, have to be
overcome. The most promising initial results of MR/PET
have been achieved in anatomical areas where high soft-
tissue and contrast resolution is of benefit. Head and neck
cancer and pelvic imaging are potential applications of this
hybrid imaging technology. In the pediatric population, MR/
PET can decrease the lifetime radiation dose. MR/PET proto-
cols tailored to different types of malignancies need to be
developed. After the initial exploration phase, large multicen-
ter trials are warranted to determine clinical indications for
this exciting hybrid imaging technology and thereby opening
new horizons in molecular imaging.

Key Words: MR/PET; molecular imaging; oncologic imag-
ing; head and neck cancer; genitourinary cancer
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Staging, re-staging, and therapy monitoring are
important steps in the management of oncologic
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patients. All these imaging management categories
consist of a determination of the local tumor extent,
detection of adenopathy, and secondary spread to
other organs. MRI/positron emission tomography
(MR/PET) is an evolving hybrid imaging modality
introduced clinically. It leverages the inherent
strengths of both technologies and thereby opens new
horizons in functional and molecular imaging.

MRI has a pivotal role in oncologic imaging. Histori-
cally, it was seen as an imaging modality that enabled
detailed depiction of anatomical structure. It delivers
high contrast resolution in soft tissues, even when
applied as an unenhanced technique (1). In addition to
sequences for morphological imaging, functional MRI
sequences were later developed, including diffusion-
weighted imaging (DWI), MR spectroscopy, and dynamic
contrast enhanced (DCE) methods. In oncologic imag-
ing, MRI has an established role for certain indications.
These include but are not limited to the evaluation of
pelvic malignancies such as rectal cancer, liver metasta-
ses, and renal tumor characterization. MRI as a stand-
alone technique possesses certain limitations such as
differentiation of benign lymph nodes versus adenopa-
thy and its use as a whole-body approach.

PET/computed tomography (PET/CT) is a well-
established modality for oncologic imaging including
staging, re-staging, and treatment assessment (2,3). It
opens the opportunity to depict metabolism and
receptor expression on the cellular level with a high
sensitivity (4,5). For anatomical correlation and
attenuation correction (AC), PET/CT was introduced
as a hybrid imaging modality into the clinical arena
around one decade ago, advancing stand-alone PET
(6,7). PET/CT can be applied in a whole-body
approach and is often able to differentiate benign
from malignant processes. Certainly it possesses
limitations as well, such as low spatial resolution and
difficulties in distinguishing malignant from inflam-
matory reactions.

To this end, combining PET and MRI in one inte-
grated hybrid imaging modality was expected to have
substantial scientific merit. MR/PET became commer-
cially available first for preclinical imaging but it took
until 2006 when this technology was introduced clini-
cally as a brain-dedicated PET insert prototype for
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3 Tesla (T) (8) and 7T MRI (9). The Philips Ingenuity
TF MR/PET scanner includes state-of-the-art time of
flight (TOF) PET technology combined with a 3.0T MRI
magnet in a sequential system (10,11). The 3.0T MRI
unit opens new possibilities for sophisticated MR
sequences and also increases the signal-to-noise ratio
as opposed to the more routinely used 1.5 T systems
(12-14). According to preliminary experiences, the
image quality in MR/PET is comparable to PET/CT
and fulfills oncologic diagnostic needs (15-17).

The next step for further establishing this hybrid
modality is to identify clinical indications, in particu-
lar in oncologic imaging. For this, it is crucial to take
advantage of the innovative opportunities of both
imaging components like new PET radiotracers
(18,19). Unlike the low-dose CT component, which is
the minor partner in PET/CT, the full potential of the
MRI can be used in MR/PET, including both its mor-
phological and functional tools, so it becomes a
hybrid imaging modality of two equals. In the hybrid
imaging system PET/CT, the CT component might
also be run as a full-fledged high-dose contrast
enhanced diagnostic CT. By making MRI a major part-
ner, the gap between the PET and the MRI component
can be closed, leading to a true hybrid molecular
imaging device, enabling correlative morphological-
metabolic and -functional studies in individual
patients. For oncology staging, the MR component of
MR/PET focuses on the local tumor extent and depic-
tion of metastases in anatomic regions where high
soft-tissue-contrast is required such as the pelvis,
liver, or brain. The PET component identifies adenop-
athy and distant metastases with a whole-body
approach. It is key to foster collaboration between
nuclear medicine and MRI experts, as well as between
technologists and physicians. Specific contraindica-
tions in both imaging modalities apply to this hybrid
imaging technology such as metallic implants, defib-
rillators, pacemakers, claustrophobia on the MR side,
and pregnancy on the PET one.

TECHNOLOGY AND WORKFLOW
CONSIDERATIONS IN MR/PET

Attenuation correction in PET was originally per-
formed by acquiring a source-based transmission
scan, e.g., using rotating '®’Cs or ®®Ge sources, or
now a low-dose CT scan (CTAC) in PET/CT. When
using low-dose CT for attenuation correction the
attenuation values are transformed into coefficients at
511-keV (20,21). In contrast to CT, MRI does not pro-
vide the electron density information of the scanned
object, which is the primary source of PET photon
attenuation; therefore, MR images require further
manipulation to derive attenuation coefficients. Sev-
eral MR-based attenuation correction (MRAC) meth-
ods have been described based on anatomical atlases
(22), segmentation of images obtained with specific
MR sequences (23,24) or a combination thereof (25).
Furthermore, MRAC images need to be acquired in a
clinically reasonable timeframe especially as a signifi-
cant amount of MR/PET applications are expected to

require whole-body imaging and need to provide use-
ful clinical information for whole-body disease assess-
ment. Currently, the methods implemented on the
commercial systems use MR-sequences specific to
attenuation correction and also image segmentation
into three (26) or four (27) different classes of attenu-
ating media.

The accuracy of the MRAC method has been
assessed in phantom studies and also in comparative
studies with CTAC, and these studies reported no sig-
nificant differences between the two methods (26,28).
A recently published manuscript compared standar-
dized uptake values (SUVs) in oncology using CTAC
versus MRAC and also found a high correlation in
certain tissues including myocardium, fat, liver, bone
marrow, mediastinal blood pool, and psoas muscle
(29). In initial data from our study, we applied a
three-segment model that delivered robust data in a
short acquisition time by acquiring a whole-body free-
breathing three-dimensional (3D) T1-weighted spoiled
gradient echo sequence as described in detail else-
where (26). This three-segment model differentiates
air, lung, and soft tissue as demonstrated in Figure 1.
Preliminary data demonstrated that this attenuation
correction technique is feasible in an oncology patient
cohort (30,31).

Currently, none of the MRAC methods implemented
in commercial systems take into account cortical
bone, the most highly attenuating natural material in
the human body, and non-bone MRAC has been
shown to result in considerable underestimation of
SUVs especially for areas such as spine and pelvis. As
the transverse relaxation time (T2) of cortical bone is
very short, the signal from bone has already decayed
at the time of image acquisition in classical MR
exams, which makes separation of air and bone on
the acquired MR images practically not possible. To
obtain a bone signal, ultra-short echo time (UTE)
sequences for MR attenuation correction have been
proposed (32), which sample the free induction decay
(FID) very soon after the excitation of the spins, yield-
ing signal from bone and all other tissue, and then
sample again in the same sequence, when the bone
signal has already decayed. Attenuation maps are
subsequently derived by segmentation into air, tissue,
and bone components (11,32). New triple-echo
sequences combining UTE and Dixon acquisitions
make it feasible to obtain information about water
and fat content in conjunction with bone signal in a
single sequence (33). The improvement of MRAC with
clinically reasonable MR acquisition times is subject
of ongoing research.

An accurate MRAC map is an important prerequi-
site for reliable measurements of SUVs. SUVs meas-
ured when comparing standard MRAC with a
transmission-based AC approach revealed reasonable
quantitative accuracy with the MRAC method (34). In
a preclinical study, New Zealand white rabbits were
investigated with MR/PET and PET/CT. An excellent
correlation between SUVs derived from MRAC in com-
parison to those from CTAC was found. When analyz-
ing the absolute SUV differences, it was shown that
SUVs from MRAC maps were underestimated

SMRT Educational Seminar Volume 18, Number 2: MR-PET (Positron Emission Tomography)



Page 32

Initial Experience of MR/PET in a Clinical Cancer Center

compared with those from CTAC in the tissues ana-
lyzed, namely aorta, kidneys, liver, spine, and soft tis-
sue (35). A clinical study investigated lesions with
PET/CT and subsequent MR/PET using different
tracers. SUVs were significantly decreased in MR/PET
versus PET/CT with a strong correlation of the values
between either imaging modality (36). SUVs are a sur-
rogate marker for FDG uptake. These values actually
increase with time in malignant lesions (37,38). How-
ever, these results might be explained by scatter and
attenuation correction issues or by the influence of

Figure 1. Representative example
of MR/PET attenuation correction
which was performed on a
sequential MR/PET system (Phi-
lips Ingenuity TF MR/PET, Philips
Healthcare, Andover, MA). Panel a
shows the unattenuated PET.
Panel b contains the 3D multi-
station T1lw spoiled gradient echo
of the same patient as the basis
for the corresponding MR-based
attenuation correction map (c).
The three segments are comprised
of outside air (white), lung (light
gray), and soft tissue (gray). This
map is then used in the recon-
struction of a MR-attenuated PET
(@).

radiofrequency coils on the PET component (39,40).
Another clinical study on head and neck cancer
patients compared FDG-PET followed by FDG-MR/
PET. The SUVmax values were significantly higher in
the tumor and cerebellum in MR/PET in comparison
to PET (41). The authors explained this with an FDG
uptake of the tumor during time as described above
(42) or differences related to MR-based attenuation
correction (41). In our own study, we investigated an
oncology patient population with PET/CT and subse-
quent MR/PET. We measured SUVs in healthy tissues
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of CTAC versus MRAC maps using the three-segment
model provided by the manufacturer (26). A strong
correlation was observed in myocardial tissue, media-
stinal blood pool, psoas muscle, fat, liver, and bone
marrow. A moderate correlation was found in lung tis-
sue and iliac muscle.

Metallic implants cause a local magnetic field heter-
ogeneity, resulting in image distortion (43). This is a
well-known limitation to MR imaging and has a direct
effect on MR-based attenuation correction. The result-
ing MR/PET artifacts are likely to be larger in volume
than the actual metallic implant, with a considerable
effect on quantification. A methodology using semi-
automatic inpainting has been proposed to increase
accuracy (44). Single organ imaging is often per-
formed within one (e.g., for brain) or two (e.g., for
lungs) bed positions, depending on the organ size and
the scanner’s field of view (FOV). To study organ func-
tion (e.g., brain, heart, liver) or regional disease (e.g.,
tumor, carotid plaques) in detail often dynamic, gated
or extended PET and/or MR acquisitions are required.
MRI scans can start before or after PET depending on
the workflow of the department and, in some occa-
sions, MR scans may start during the radiotracer’s
uptake time (11). The sequential scanner design lever-
ages technologies from both modalities such as TOF
PET and multiple-transmission MRI to minimize the
required imaging time.

For whole-body (i.e., base of the skull to mid-thighs)
or total-body (i.e., head-to-toes) imaging, several bed
positions are acquired and then fused during postpro-
cessing. In modern PET scanners, the number of bed
positions required are dictated by the combination of
desired scan duration and the size of the scanner’s
axial FOV. In the current MR/PET scanners, the axial
FOV ranges from 18 to 25.8 cm with overlap between
adjacent of up to 50% (28,45). However, individual
diagnostic MR protocols may surpass 60 min of total
acquisition time. In a staging examination, both local
disease and potential distant metastases need to be
assessed. Hence, an MR AC/localization scan is per-
formed first, followed by the FDG-PET acquisition and
findings may indicate distant regions with putative
metastasis, which will be interrogated consequently
by targeted diagnostic MR contrasts (e.g., in breast
cancer staging). To reduce the MRI acquisition time,
several techniques have been introduced such as par-
allel transmission in high-field MR, which reduces the
local specific absorption rate (SAR). This techniques
resulted in shorter pulse repetition time and, there-
fore, faster acquisitions (46,47) by 31% across 77
clinically tested MR sequences (48), although acquisi-
tion time varied, depending on the pulse sequences
used (49).

In January 2010, the first Philips Ingenuity TF MR/
PET, a whole-body integrated MR/PET unit with
sequential acquisition capability was installed (28).
Later that year, the first Siemens Biograph mMR (50),
a whole-body MR/PET system with simultaneous
acquisition capabilities was released as well. There-
fore, there are two different commercially available
designs for clinical MR/PET systems: simultaneous
and sequential. In the simultaneous system, the PET

detector is positioned inside the MRI magnet, whereas
in the sequential design, PET and MRI are positioned
in tandem and connected by a sliding table top, simi-
lar to the design of PET/CT (51). Either system leads
to compromises in clinical utility, flexibility, imaging
capabilities, or cost compared with stand-alone, state-
of-the-art PET and MRI. Standard PET and MRI when
combined would interfere with each other to the point
of being incompatible. Standard PET detectors made
of scintillation crystals coupled to photomultiplier
tubes (PMTs), do not operate in high magnetic fields.
PET electronics affect MR acquisition and field homo-
geneity and, vice versa, MR electronics affect PET
acquisition (52).

The Philips Ingenuity TF MR/PET which is in use in
our department is a sequential MR/PET unit combin-
ing a state-of-the-art time-of-flight PET and a high-
field MRI with parallel transmission capabilities. To
avoid any interference with the MR signal of radiofre-
quency (RF) noise arising from PET front-end electron-
ics, the PET system’s RF-generating circuits were
moved from the gantry to outside the Faraday cage.
The detector power is dynamically modulated and
suspends during MR acquisition. The sequential
arrangement also has the benefit that no PET hard-
ware is located within the FOV of the magnet, thereby
addressing concerns about magnetic field heterogene-

ity (11).

OPPORTUNITIES AND CHALLENGES OF MR/PET

MR/PET as a hybrid imaging technology has the
potential to significantly impact imaging, including
altering patient management in some clinical indica-
tions particularly in oncology. Commercially available
MR/PET units have whole-body imaging capabilities,
which are necessary to perform oncological and car-
diac scans. The latter is another opportunity for MR/
PET to succeed given the excellent attributes of car-
diac MRI and absolute quantification by PET (53).
MR/PET also provides the potential to better discrimi-
nate moving structures such as the heart or bowel by
applying MR-based motion correction techniques (1).

MR/PET may help increase diagnostic accuracy and
help to improve TNM staging and re-staging. Due to
the MR component, T staging will be superb in areas
where a high soft-tissue contrast is required. Accord-
ing to a recently published article, N staging might be
equal between PET/CT and MR/PET (54). One might,
therefore, expect M staging in certain areas to benefit
from the MR component as well. In summary, MR/
PET might significantly improve the T and M staging,
although challenges will remain to be investigated.
For example, the detection of micrometastases
remains limited, in particular when unselective radio-
tracers are used for PET imaging (55).

Cancer therapy encompasses multimodal treatment
including surgery, irradiation, chemotherapy, and
most recently targeted molecular therapy. MR/PET’s
unique combination of metabolic, functional, and
high-resolution anatomical information opens a new
horizon toward sophisticated therapy monitoring. To
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take advantage of the full imaging capabilities of this
hybrid imaging technology, it is of utmost importance
to use the MRI not only as an anatomical reference
technique for the PET images but also acquire dedi-
cated functional sequences. This is a shift in para-
digm in comparison to PET/CT in which the low-dose
CT data are used for anatomical correlation and
attenuation correction. Particularly for therapy moni-
toring purposes the PET and the functional MR data
should be correlated with the overall goal toward a
tailored therapy approach in individual patients as
the future of oncology.

An important concern for MR/PET is length of scan
time, as both MRI and PET require long acquisition
times for a comprehensive examination. Extended
scan times impact patient comfort, increase drop-out
rates and decrease throughput, and thereby increase
the average cost per scan. This might be addressed by
moving into single-organ as opposed to whole-body
imaging or acquisition over several bed positions.

The lengthy scans times, require optimization of
imaging protocols to streamline workflow and the
acquisition of diagnostic information. In addition to
the respective design philosophies and technical con-
cepts MR/PET as a novel hybrid imaging modality
requires changes and significant innovation with
respect to clinical, organizational, and technological
framework conditions. Questions about how it com-
pares with PET/CT, under which clinical scenarios
either of them should be used, patient throughput,
ease of workflow, building and running costs, owner-
ship of device and staff (between different depart-
ments), reliability of the new technology, and image
quality in comparison to standalone systems are
points of attention.

Furthermore, to adopt successfully MR/PET, an
organization has to change its logistics of disease
management and patient workflow (56). One impor-
tant alteration is the cross-training of MR-based and
Nuclear Medicine physicians and technicians in both
modalities as well as forming a strong collaboration
between Nuclear and MR physicians and technicians
(57). Research facilities that investigate the research
capabilities of MR/PET also benefit from strong multi-
disciplinary research teams with the supporting infra-
structure already in place, and a financial model that
includes research grant attraction rather than pure
reimbursement for clinical scans.

There are indications for PET and PET/CT that are
reimbursed when they are medically necessary. PET
scans performed using MR/PET equipment for these
indications are also reimbursed to the same extent
that a stand-alone PET or PET/CT. There are no
approved codes for MR/PET reimbursement; there-
fore, there is no financial difference for a MR/PET
scan compared with a stand-alone PET or PET/CT
when the MR component of a MR/PET is performed
for attenuation correction or to otherwise improve the
diagnostic quality. If using the technology in its
hybrid modality, some have recommended billing the
existing PET code and an unlisted code on top of that
for a fusion procedure. Other indications for PET and
PET/CT are only covered if the provider complies with

certain additional requirements, including registration
of the study with the National Oncology PET Registry
(NOPR). This registry identifies the indications that
are covered without compliance with NOPR require-
ments and those for which NOPR provides a route to
coverage (58). Patients referred for a diagnostic MRI
can be reimbursed using MRI-only codes on a MR/
PET system, provided the MR is of diagnostic quality
and the MR/PET system has been cleared by the
FDA. In this case, diagnostic MR codes can be used.
Some Medicare contractors have adopted local cover-
age determinations (LCDs), identifying the conditions
that cover a diagnostic MR when performed on a MR/
PET in case a (59).

CLINICAL ONCOLOGIC APPLICATIONS
Head and Neck Cancer

Imaging techniques in head and neck cancer (H&N)
play a pivotal role. Imaging helps to establish the
extent of the disease with respect to tumor size, inva-
sion of adjacent structures (surrounding soft tissue
and bone), regional adenopathy, tumor recurrence
and posttreatment changes, and the presence of dis-
tant metastases (60). Due to its superb soft-tissue
contrast, MRI has become the most significant mor-
phologic modality for imaging of H&N cancer in gen-
eral and in particular for T staging purposes (61). MRI
data are also used for radiation therapy planning (62).
For detection of lymph node metastases, morphologi-
cal criteria alone are not sufficient (63). The comple-
mentary metabolic information measured by whole-
body PET/CT is valuable for N and M staging (64,65).
Furthermore, PET/CT might help to differentiate
residual or recurrent disease from therapy-induced
changes (62,66,67).

The data suggest that the information from PET and
MRI are significant for diagnosis, staging including re-
staging and treatment assessment in H&N. To this
end, MR/PET seems to be a promising modality for
head and neck malignancies (41,61). A recent study
demonstrated the feasibility of FDG-MR/PET for ini-
tial staging of H&N without quality impairment (41).
One of the first studies on integrated MR/PET of H&N
demonstrated superior tumor delineation and a good
correlation between the metabolic ratios measured
using MR/PET and PET/CT (62). A representative
instance of H&N is shown in Figure 2.

Lung Cancer

PET/CT is a well-established imaging tool in the
work-up of lung cancer patients (68,69), and particu-
larly beneficial in N and M staging (70-73). The CT
component is able to detect very small nodules (74)
but it is limited with regard to determining the exact
tumor extent. Because of this, proper assessment of
chest wall invasion or parenchymal changes induced
by the tumor might be challenging when performing
PET/CT. Similarly tumor characterization and the dif-
ferentiation between benign lymph nodes and
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Figure 2. MR/PET of a patient with head & neck cancer which was performed on a sequential MR/PET system (Philips Inge-
nuity TF MR/PET, Philips Healthcare, Andover, MA). Axial T1 TSE (a) and axial STIR (b) at the level of the oropharynx show
an asymmetrical enlargement of the soft tissue in the left medial pterygoid muscle (arrow). This enlargement is associated
with heterogeneous tissue signal, more evident on the STIR sequence where an area of hyperintensity inside the lesion can
be seen. There is also an area of signal void (arrowhead) inside the lesion that most probably represents calcium. PET images
(c,d) show asymmetrical focal uptake in the same region of the area described previously. Symmetrical uptake is seen in the
base of the tongue probably related to physiologic uptake. Fusion images (e,f) confirms that the uptake is from the lesion
seen in the MR. Noteworthy is that the area of uptake matches almost perfectly with the area of hyperintensity described in
the STIR sequence. The area described as calcium (arrowhead) shows no uptake as expected.

adenopathy based on morphologic criteria can be dif-
ficult with this hybrid imaging modality (75-77).

One of the weaker areas of MRI has traditionally
been the lung. Therefore, lung cancer imaging has
been conducted with CT or PET/CT. PET/CT is more
accurate than MRI in detection of metastases in the
lung (78,79). In particular, small lung lesions are less
reliably imaged with MRI (80). Recently, progress has
been made in MR lung cancer imaging through the
development of advanced sequences with parallel
imaging capabilities (80). Fast, T1-weighted gradient-
echo sequences decreased the size threshold of lung
nodules detected by MRI to 3 mm (81).

One recently published study investigated MR/PET
in 10 lung cancer patients (82), demonstrating that
obtained MR/PET images had high diagnostic quality.
In addition, higher tumor-to-liver-ratios in compari-
son to PET/CT and a high correlation between the
ratios in MR/PET and PET/CT were observed. TNM
staging was highly concordant between MR/PET and

PET/CT, with slightly different stages in only 3 of the
10 patients (82). Future studies in a larger lung can-
cer patient cohort using advanced lung imaging MR
sequences are warranted to better define the role of
MR/PET in this patient collective. In one study, PET
and dynamic contrast enhanced MRI were able to
identify lung cancer patients who responded to anti-
angiogenic therapy (83). One possible future indica-
tion for MR/PET in this patient population is therapy
assessment, taking advantage of functional MR
sequences and superior anatomical resolution in MR
together with the PET information.

Genitourinary Cancer

MR/PET has a bright future in areas where high soft-
tissue and contrast resolution is required. One of
these areas where we see a strong benefit of this
evolving imaging modality is the pelvic region. MR/
PET for genitourinary cancer is feasible for generating
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Figure 3. MR/PET of a patient with vaginal cancer which was performed on a sequential MR/PET system (Philips Ingenuity
TF MR/PET, Philips Healthcare, Andover, MA). Sagittal T2 fat sat (a), sagittal T2 (b), and axial T2 (c) -weighted sequences of
the pelvis. Thickening of the soft tissue of the vagina is seen (arrows) showing a low to intermediate signal. PET images (d—f)
show an area of high FDG uptake near the bladder. Fusion images (g-i) show concordance between the tissue thickening and
the increased FDG uptake (arrows).

Figure 4. MR/PET of a patient with ovarian cancer which was performed on a sequential MR/PET system (Philips Ingenuity
TF MR/PET, Philips Healthcare, Andover, MA). Axial T1 fat sat (a), axial T2 fat sat (b), and coronal T2 (c) MR sequences show
perihepatic peritoneal thickening. PET images (d—f) appear to show FDG uptake following the same distribution as the lesions
seen in MR. Fusion images (g-i) confirm the MR findings and the potentially malignant etiology of them.
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Figure 5. MR/PET of a patient with ovarian cancer which was performed on a sequential MR/PET system (Philips Ingenuity
TF MR/PET, Philips Healthcare, Andover, MA). Axial and coronal T2 (A,B) showing free fluid and a soft-tissue lesion with an
intermediate signal near the cecum. PET images (C,D) appear to show FDG uptake of the lesion. Fusion images (E,F) show
the match between the lesion seen in MR and the uptake seen in the PET. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

diagnostic-quality images, according to our experi- ovarian cancer with MR/PET. The detection of malig-
ence. In Figure 3, vaginal cancer imaging with MR/ nant lymph nodes is possible, as shown in the case of
PET is demonstrated. In Figures 4 and 5, we depict a pelvic lymph node in Figure 6. These examples

Figure 6. MR/PET of a patient with pelvic adenopathy, which was performed on a sequential MR/PET system (Philips Inge-
nuity TF MR/PET, Philips Healthcare, Andover, MA). Axial T2 TSE (a,b) and coronal T2 TSE (c) of the pelvis which show two
hypointense lesions (arrowhead and arrow) in the left inguinal space, near the neurovascular package. PET images (d-f) show
two areas of uptake that might be related to the previous structures. Fusion images (g-i) show that the lesions seen in the
MRI match with the foci of uptake (arrowhead and arrow) raising concern for lymph nodes with metastasis. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. MR/PET of a patient with rectal cancer which was performed on a sequential MR/PET system (Philips Ingenuity
TF MR/PET, Philips Healthcare, Andover, MA). Asymmetrical thickening of the rectal wall is seen in the axial (a), sagittal (b),
and coronal (c) planes of the T2 TSE sequence. Associated increased FDG uptake in relationship to the finding described pre-
viously is seen in the PET acquisition (d-f). Fusion images (g-i) help determine de malignant origin of the thickening and the

absence of involved lymph nodes.
wileyonlinelibrary.com.]

reveal that, even without the use of MR contrast
agents, imaging of the pelvic region applying MR/PET
can be conducted. Future application of MR/PET in
genitourinary cancers may include dedicated proto-
cols for radiation therapy planning. One group
recently suggested using MR/PET for brachytherapy
planning in cervical cancer (15). Our examples reveal
that diagnosis and therapy assessment in genit-
ourinary cancers is a potential future indication of
MR/PET.

Rectal Cancer

MRI with endorectal coils is established for imaging of
local tumor extent evaluation in cases where the bowel
wall or mesorectum is infiltrated by the primary tumor.
MRI provides an alternative to endorectal ultrasound,
allowing local staging beyond the rectal wall (84).
Another important indication for morphological MRI in
rectal cancer is the preoperative determination of the
tumor-free margin, a crucial outcome factor (85).
Functional MRI is also applied in this patient popula-
tion: have shown that DWI is a surrogate marker in
rectal cancer for the biological behavior of the neo-
plasm, and lower apparent diffusion coefficient (ADC)
values are associated with a more aggressive tumor
phenotype (86). To provide evidence of the effect of
neoadjuvant radio-chemotherapy with regard to tumor

[Color figure can be viewed

in the online issue, which is available at

clearance of the mesorectal fascia, DWI can be com-
bined with standard morphological MRI (87).

In a recently published study, the diagnostic accu-
racy for malignant lymph node detection was increased
by combining PET/CT and MRI read-outs, clearly indi-
cating the potential of MR/PET for rectal cancer N
staging (88). In cases of nonlocal recurrence, whole-
body MR/PET can help the tumor site and metastatic
spread. Due to its high spatial resolution, we expect
MR/PET to be of particular benefit for the re-staging of
rectal cancer. After radio-chemotherapy or surgery
alterations in the tissue, e.g., desmoplastic or fibrotic,
reactions may occur. These therapy-induced reactions
are sometime difficult to differentiate from residual or
recurrent tumor. Morphological MRI together with DWI
may increase sensitivity and specificity for the diagno-
sis of rectal cancer recurrence (84). To this end, MR/
PET has the potential to become a valuable tool for re-
staging of colorectal cancer as it is suggested in
another publication and is confirmed by the experience
in our MR/PET program (54,89). Furthermore, re-
staging MR/PET might be of interest for increasing
treatment monitoring accuracy. In particular, DWI with
the derived ADC values in conjunction with the meta-
bolic information, including SUV values obtained from
the PET component, might be of significant value.

A recently published study investigated PET/CT as
compared with MR/PET in an oncology patient
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population including four colon cancer and two rectal
cancer patients (16). Altogether 32 patients were
enrolled, and the study comprised a qualitative com-
parison of lesion localization and count as well as a
quantitative comparison of SUVs. No difference in the
qualitative analysis was appreciated. A Dixon MRI
sequence was beneficial for anatomical localization,
revealing results comparable to the low-dose CT com-
ponent of PET/CT. High correlation of both lesion and
background SUVs between MR/PET and PET/CT has
been found, suggesting that quantitative MR/PET will
be useful for follow-up studies, including assessment
of therapy response. The authors concluded that MR/
PET is feasible in the clinical arena with an examina-
tion time of less than 30 minutes, and that it can be
applied for lesion detection in oncologic imaging (16).

Rectal cancer images acquired with MR/PET at our
institution are shown in Figure 7. Concerning rectal
cancer, previous data from separate MRI and PET/CT
is very promising, and we might extrapolate those
expectations to envision the use of MR/PET for diagno-
sis, staging, re-staging, and treatment monitoring.
Nevertheless, this new hybrid imaging modality needs
to prove its true benefit over either standalone imaging
technology.

LOW-DOSE ONCOLOGIC IMAGING IN
THE PEDIATRIC POPULATION

In pediatric patients, limited exposure to radiation is
of utmost importance. For follow-up, repeat imaging
examinations are required and have to be conducted
with low-dose protocols, whenever possible (90,91).
Using MR/PET as opposed to PET/CT opens the
opportunity to image this patient population with a
lower radiation dose, as the MR component has no
ionizing irradiation and the PET radiotracer dose is
minor in comparison to CT (92,93). A successful
switch from PET/CT to MR/PET was reported in a
young female with aggressive fibromatosis requiring
repeat follow-up studies (1). Furthermore, MR/PET as
a one-stop imaging device also has the potential to
obviate chest CTs, which are often included in the
diagnostic work-up of pediatric solid tumors. These
chest CTs are associated with a high radiation burden
over time.

A first study with MR/PET for initial staging and
treatment response in 15 pediatric patients has been
recently published (94). The authors reported a signif-
icant reduction of radiation dose to 4.6 mSv, which is
approximately 20% of the equivalent PET/CT exam.
Further MR/PET was established as a comprehensive
approach leading to a lower absolute number of diag-
nostic studies. This had a positive impact on the
stress level of the children and parents, and it short-
ened the time frame between staging and initiating
appropriate treatment (94). Whole-body DWI is a
known imaging technique, also in the pediatric popu-
lation (95,96). Additionally, this imaging technique
proved to be useful for biopsy-site determination and
treatment planning in tumors with heterogeneous
FDG uptake, as demonstrated in the cases of meta-
static testicular cancer and neuroblastoma (94).

The optimization of protocols for MR/PET should
have the highest priority when planning to apply MR/
PET in the pediatric population. The MR/PET scan
time has to be decreased as low as is reasonably pos-
sible, in particular when considering that small chil-
dren need to be sedated for the investigation and that
older children need to be imaged in a comfortable
atmosphere with low stress levels.

DISCUSSION

MR/PET is a novel, evolving, and promising hybrid
imaging modality that opens new horizons in onco-
logic imaging and, furthermore, in other fields such
as cardiovascular imaging and neurodegenerative dis-
ease. It offers a unique combination of morphological,
functional, and metabolic information fostering a new
dimension in molecular imaging sciences. Multipara-
metric MRI can be combined with new radiotracers,
pursuing the imaging of cancer at very early stages
and impacting on patient management.

The era of feasibility studies and preliminary qualita-
tive comparisons between PET/CT versus MR/PET
(16,17) is coming to the end, and the next phase of
investigating the clinical benefits of the new technology
has begun (94,97). MR/PET protocols for different types
of (cancer) indications need to be developed, as dedi-
cated MR sequences can be practically acquired only in
specific regions of the body due to time constraints.
Hence, the currently available MRI protocols have to be
tailored to this specific hybrid modality. A uniform MR/
PET protocol as it is common in PET/CT will not exist,
and larger clinical trials are needed to define clear indi-
cations for this exciting technology.

Technical challenges such as attenuation correction
need to be overcome for successful implementation in
the clinical arena. In addition to the respective design
philosophies and technical concepts, MR/PET as a
novel hybrid imaging modality requires changes and
significant innovation at various levels with respect to
clinical, organizational, and technological framework
conditions (56). Questions about how MR/PET com-
pares with PET/CT, under which clinical scenarios
either of them should be used, patient throughput,
ease of workflow, building and operating costs,
departmental affiliation of the device and staff, the
reliability of new the technology, and image quality in
comparison to stand-alone systems are all common
and remaining points of consideration.
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