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Abstract

More than a decade ago, multimodality imaging was introduced into clinical routine with the development of the
positron emission tomography (PET)/computed tomography (CT) technique. Since then, PET/CT has been widely
accepted in clinical imaging and has emerged as one of the main cancer imaging modalities. With the recent devel-
opment of combined PET/magnetic resonance (MR) systems for clinical use, a promising new hybrid imaging
modality is now becoming increasingly available. The combination of functional information delivered by PET
with the morphologic and functional imaging of MR imaging (e.g., diffusion-weighted imaging, dynamic contrast-
enhanced MR imaging and MR spectroscopy) offers exciting possibilities for clinical applications as well as basic
research. However, the differences between CT and MR imaging are fundamental. This also leads to distinct
differences between PET/CT and PET/MR not only regarding image interpretation but also concerning data acqui-
sition, data processing and image reconstruction. This article provides an overview of the principal differences
between PET/CT and PET/MR in terms of scanner design and technology, attenuation correction, speed, acquisition
protocols, radiation exposure and safety aspects. PET/MR is expected to show advantages over PET/CT in clinical
applications in which MR is known to be superior to CT due to its high intrinsic soft tissue contrast. However, as of
now, only assumptions can be made about the future clinical role of PET/MR, as data about the performance of PET/
MR in the clinical setting are still limited. The possible future clinical use of PET/MR in oncology, neurology and
neurooncology, cardiology and imaging of inflammation is discussed.
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Introduction

With the development of positron emission tomography
(PET)/computed tomography (CT), multimodality ima-
ging entered the clinical arena more than a decade ago[1].
The success of the hybrid imaging technique is primarily
based on the delivery of complementary information.
Mainly morphologic imaging modalities such as CT pro-
duce excellent anatomic images, however information on
tissue metabolism is limited. PET can deliver this valu-
able functional information, e.g., about glucose consump-
tion, which is important for oncologic staging, for
example, albeit with only sparse anatomic detail and lim-
ited spatial resolution. Integration of the two into a single
device facilitates exact fusion, thus providing an ana-
tomic reference for the functional information, which is

very helpful for exact lesion localization, for example. As
a result of this synergy, the information obtained in an
examination is richer, leading to more accurate image
interpretation. Regarding oncology, which is now the
main indication for a PET/CT scan, improvements in
staging and restaging accuracies over stand-alone PET
or CT have been established for different cancers and,
overall, PET/CT has emerged as an important cancer
imaging modality[2]. Furthermore, CT is utilized as the
basis for attenuation correction of the PET data, which
supersedes lengthy transmission scans using rotating
radioactive sources as in solitary PET imaging.
Therefore, the advantages of PET/CT over PET are not
only increased confidence in image evaluation and fewer
equivocal interpretations but also increased speed and
throughput[3]. From an economic point of view,

This paper is available online at http://www.cancerimaging.org. In the event of a change in the URL address, please use the DOI
provided to locate the paper.

1470-7330/13/000001þ 17 � 2013 International Cancer Imaging Society



combined hybrid imaging offers advantages. It has been
reported recently that a combined contrast-enhanced
PET/CT scan is more cost-effective than the two exam-
inations performed separately[4].

Since their introduction into clinical routine in 2001,
hybrid PET/CT devices have largely replaced solitary
PET scanners in many centers worldwide, which reveals
the wide acceptance of hybrid imaging, especially in
oncology. By 2006, clinical solitary PET-only scanners
were no longer commercially available, and PET/CT
has been one of the fastest growing medical imaging
modalities[5].

With the recent development of combined PET/mag-
netic resonance (MR) systems for clinical use, a promis-
ing new hybrid imaging modality is now becoming
increasingly available. It is well established that MR ima-
ging (MRI) delivers better soft tissue contrast than CT
and is thus especially advantageous in body regions with
closely adjacent different soft tissue types, including the
brain, the abdomen and the pelvis. Next to morphologi-
cal imaging, MRI also provides functional imaging such
as MR spectroscopy, diffusion-weighted imaging (DWI),
perfusion imaging and functional MRI (fMRI), e.g.,
blood oxygen level dependent imaging (BOLD).
Combined with the additional functional information

delivered by PET imaging, MRI offers exciting new pos-
sibilities for clinical applications as well as basic research.

As the differences between CT and MRI are fundamen-
tal, so are the differences between PET/CT and PET/
MR, not only regarding image interpretation but also
concerning data processing and image reconstruction,
the general setup of clinical examination protocols, the
contrast agents used, clinical indications and contraindi-
cations, examination speed and patient throughput, radi-
ation exposure of the patients and staff, requirements for
the medical and technical staff, costs and collaboration
between nuclear medicine and radiology (Table 1).

This article outlines the principal differences between
PET/CT and PET/MR from the technological and clini-
cal point of view and discusses the possible future use of
PET/MR in the clinical setting.

Differences between PET/CT and
PET/MR

Scanner design and detector technology

The concept of a combined PET/CT scanner was devel-
oped in the early 1990s. The initial PET/CT scanners
took advantage of low-cost PET scanner designs that

Table 1 Comparison of PET/CT and PET/MR

PET/CT PET/MR

Scanner designs Sequential: tandem Sequential: tandem, shuttle
Simultaneous: insert, fully integrated

Attenuation correction Bilinear transformation of CT data: possible
source of artifacts: metal implants

Atlas-based algorithms: possible sources of artifacts: individual
anatomic variations (e.g., organ configuration, resected
organs, implants)

Segmentation-based algorithms: possible sources of artifacts: metal
implants, bony structures, lungs, edge of transverse MR field of
view

Speed Short examination times (510 min) Longer examination times (depending on scanner design and
MR protocols used)

High throughput Lower throughput
Protocols Number of protocols manageable:

native low-dose CT; diagnostic
contrast-enhanced CT

Diagnostic MR protocols are more variable
Protocols have to be adapted individually for each patient

Specialized protocols: e.g., multiphase
(abdomen) or head and neck

Time-saving protocols can be laborious to establish
Compromise between number of MR sequences and a reasonable

examination time
Radiation exposure Depending on radiotracer and CT protocol,

CT component may take up to 70% of
total dose in diagnostic CT protocols

Only depending on radiotracer
No additional ionizing radiation by the MR component

(especially relevant for pediatric and nononcologic patients)
Safety considerations Radiation exposure Ferromagnetic passive implants (e.g., prostheses, heart valves)

Contrast-induced nephropathy Active implants (e.g., pacemakers, defibrillators)
Nephrogenic systemic fibrosis (NSF)Anaphylactoid reactions

Standardization and
comparability

Highly standardized Standardization can be challenging
No direct comparability of signal intensity over different sequence

parameters, models, and manufacturers
Radiodensity comparable over different

models and manufacturers
(Hounsfield units) Signal intensity usually not proportional to concentration of

contrast agentRadiodensity proportional to tissue
concentration of contrast agent

Clinical use Clinically established Up to now, only limited clinical data available
New research possibilities: e.g., combination with fMRI (DWI,

DCE, MRS), motion correction of PET data
CT has highest sensitivity for small

pulmonary nodules
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were based on rotating detector blocks rather than on
complete detector rings. It was proposed to fill in the
gaps between them with the main components required
by a CT scanner, an X-ray source and detector. This
concept would constitute a fully integrated PET/CT scan-
ner, allowing the truly simultaneous acquisition of PET
and CT data. However, it became evident that the space
requirements of the CT components did not allow for
such an incorporation, and it was abandoned[5]. The
PET/CT design that first became reality as a prototype
in 1998 was a tandem design that consisted of a coupled
1-slice spiral CT tomograph and a rotating bismuth ger-
manate (BGO) PET detector block in one single gantry.
PET and CT data were acquired sequentially by moving
the patient bed from one modality to the other. Although
current system designs reflect technological advances in
both modalities (e.g., multislice spiral CT, full-ring PET
detectors and advanced scintillation materials), the dif-
ferent models currently offered by the major medical
companies are still based on the tandem design.

The tandem or sequential configuration with two phys-
ically separated subsystems also constitutes the most
straightforward design for PET/MR systems (Fig. 1).
This approach is least demanding from a technical
point of view, as it does not require fundamental changes
to already established PET and MR technologies. Despite
the physical separation, it takes more than just the instal-
lation of two devices in the same room and the creation
of a logical link between them. Additional care has to be
taken to adequately shield the PET detectors, especially

the commonly used photomultiplier tubes (PMTs), which
are affected by low magnetic fields and cease to work in
high magnetic field strengths[6]. Shielding has to be
applied to minimize disturbances of the magnetic field
of the MR scanner and prevent mutual interference of
the MR gradient fields and radiofrequency (RF) pulses
on the one hand and the front-end electronics of the PET
unit on the other. Shuttle solutions, which allow the
installation of the PET and MR scanners in separate
rooms, avoid these issues. A patient bed with an immo-
bilization device is used to transfer the patient from one
modality to the other, minimizing patient motion during
transport. The main disadvantage of sequential PET/MR
scanner designs is the obvious lack of simultaneous
acquisition, resulting in relatively long total examination
times. Furthermore, in designs with both devices located
in the same room and one common patient bed, one of
the modalities is always idle. Therefore, shuttle systems
are advantageous from an economic point of view, as the
first device can be used for the next patient as soon as the
previous patient is moved to the second device[7].

PET inserts do allow simultaneous PET and MR acqui-
sition. This not only shortens total imaging time for the
patient and reduces possible misregistration artifacts due
to patient motion between the two different scans but
also opens up opportunities for new applications. In
this approach, an MR-compatible PET detector ring is
placed inside an existing MR scanner (Fig. 2). This
does not require any changes to the MR device. Due to
their proximity, however, the PET detectors have to be

Figure 1 The tandem design is the most straightforward system design for PET/MR scanners. In principle it is the
same strategy used in PET/CT scanners, with the 2 modalities physically separated from each other, connected by a
common patient bed, on which the patient is moved from one modality to the other sequentially. This approach is
advantageous as, aside from shielding, only small technical adjustments are needed regarding the PET and MR devices.
However, this approach does not allow simultaneous acquisition of PET and MR data. Moreover, sequential scanning
leads to longer examination times for the patient, and one subsystem is always idle. Image is courtesy of Gaspar Delso.
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redesigned completely to minimize the mutual distur-
bance and interference already mentioned. PMTs have
to be replaced altogether or, as was the case in the first
MR-compatible PET detector designs, positioned several
meters away from the MR scanner, where the magnetic
field strength is low enough. Optical fibers were then
used to guide the light pulses emitted by the scintillator
crystals to the photodetectors[8]. Avalanche photodiodes
(APDs), on the other hand, are insensitive to magnetic
fields and can therefore be used to detect scintillation
light directly in the bore of the MR scanner[9].
Furthermore, APDs are very compact compared with
PMTs, which is advantageous regarding the limited
space inside the gantry of an MR scanner. Drawbacks
of APD detectors include low gain and lower energy and
timing resolution compared with PMTs. Furthermore,
APDs require very stringent temperature adjustment[6].
In practice, the insert design is very useful for preclinical
small-animal imaging and clinical imaging of the brain
and extremities, but not feasible for clinical whole-body
imaging, as the gantry diameter is substantially narrowed.
It constitutes a cost-effective way for institutions to gain
access to PET/MR imaging, still allowing conventional
MR examinations as well[6].

Fully integrated whole-body PET/MR is a recent devel-
opment that allows truly simultaneous imaging of
patients (Fig. 3). This approach is technologically the
most challenging and most expensive as it requires
major modifications of both the PET and MR technol-
ogy. Fully integrated PET/MR scanners are now commer-
cially available and the first scanners were installed in
clinical centers in 2010. The design of the hybrid
Siemens PET/MR scanner (Biograph mMR) is mainly
based on a Siemens Verio 3 Tesla MR device, into
which PET detector rings using lutetium orthosilicate
(LSO) crystals and water-cooled APD photodetectors
have been added between the gradient and body coils.
This results in a smaller bore of the Biograph mMR
(60 cm) compared with the Verio MR scanner (70 cm).
Detailed performance characteristics of this scanner and
data about the feasibility of PET/MR in comparison with
PET/CT in oncology patients have been published by our
group previously[10,11]. Its clinical performance is cur-
rently being evaluated in trials.

Attenuation correction

A prerequisite for quantitative PET image information is
the correction of emission data for attenuation. In PET/
CT this is achieved with the help of the CT component.
As it delivers direct information about the gamma ray
attenuation properties of tissue, the generation of atten-
uation maps containing attenuation coefficients for
511 keV electromagnetic radiation from the CT data by
bilinear transformation is quite straightforward[12].
However, errors and artifacts may occur in the region
of metal implants. On the other hand, the MR signal
depends on the density of protons and the relaxation
properties of their spins in tissue, but does not deliver
information about the absorption of ionizing radiation.
Thus, the generation of attenuation maps with PET/MR
is more complex.

Different approaches have been investigated concern-
ing attenuation correction of PET/MR data, which can
be assigned to 2 categories: atlas-based methods and seg-
mentation-based approaches[13]. Atlas-based methods
typically use a set of standard population-based MR
images and corresponding predefined attenuation maps.
Basically, the standard MR image is coregistered to the
MR data for the individual patient, and the same spatial
transformation can then be applied to the corresponding
predefined attenuation map to generate a map matching
that patient. The advantage of atlas-based methods is the
possibility of easily including bony structures in the atten-
uation maps. However, individual anatomic anomalies
cannot be accounted for, e.g., postoperative states
(resected organs, implants) or different organ configura-
tions (e.g., filling state of the stomach or urinary blad-
der). Segmentation-based algorithms build on the image
information of the acquired MR data for tissue classifi-
cation. Voxels are assigned (segmented) to tissue types,
such as air, water, and fat, based on their MR signal

Figure 2 The insert architecture consists of an MR-com-
patible PET detector ring, which is introduced into an
existing MR scanner, allowing truly simultaneous acquisi-
tion of PET and MR data. This approach demands a
complete redesign of the PET detector technology, as
the conventionally used PMTs cease to work in the high
magnetic field strengths of the MR scanner. As only min-
imal changes to preexisting MR devices are needed, this
approach would constitute a cost-effective way for institu-
tions to gain access to PET/MR imaging. However, the
PET insert substantially narrows the MR gantry, which
limits this approach to preclinical imaging and to imaging
of the head and extremities in patients. Image is courtesy
of Gaspar Delso.
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properties. One way to accomplish this is the acquisition
of images with a 2-point Dixon sequence, which delivers
water- and fat-weighted images[14]. The technical chal-
lenges regarding segmentation-based approaches might
be most evident in the separation of cortical bone and
air. These show the largest differences in absorption coef-
ficients, but the proton density and thus MR signal inten-
sities of both are typically low. Some algorithms simply
ignore bone in the attenuation map generation. Although
its attenuation coefficient is much higher than that of soft
tissue, the impact of neglecting bones on attenuation cor-
rection has been reported to be low in clinical prac-
tice[15], except in the head and in lesions near bone
structures. The incorporation of ultrashort echo time
(UTE) sequences, which generate an MR signal even
from cortical bone might be a solution to this prob-
lem[16]. As with CT, artifacts may also arise in the case
of metal implants. These cause a loss of MR signal and
thus result in misclassification of surrounding voxels as
air. MR surface coils might not be included in the atten-
uation correction and therefore cause additional artifacts.
Further artifacts may occur if the lung compartment is
wrongly classified as air, or due to distortion and signal

loss at the edge of the transverse field of view of the MR
image (Fig. 4). Efforts are made to recover the patient
surface in these areas by additionally incorporating atlas-
based data or by image processing of the non-attenuation
correction PET data to subsequently correct the attenua-
tion correction map. Depending on the segmentation
method, administration of gadolinium-based MR contrast
agents might also adversely affect the generation of atten-
uation maps.

Speed

Technological advances in the last 15 years have led to
significant gains in speed of PET acquisitions, among
them the development of new scintillation materials,
such as LSO. The most significant increase in speed,
however, was achieved by the introduction of PET/CT
and the use of CT instead of transmission data for atten-
uation correction. This reduced the total examination
time by up to 40%[17]. With modern multislice CT scan-
ners, high-quality whole-body examinations can be per-
formed in just a few seconds. On state-of-the-art PET/
CT scanners, a whole-body examination can be

Figure 3 Fully integrated PET/MR designs for clinical whole-body imaging have recently become commercially
available. These scanners allow truly simultaneous acquisition of PET and MR data in patients, which reduces the
examination time in comparison with sequential approaches, and opens up new possibilities for clinical research. This
approach is most challenging from the technological point of view, as it demands a complete redesign of the PET
detector ring, as well as substantial changes to the MR technology. PMTs have been replaced by APDs, which allow
detection of the scintillation light even in high magnetic field strengths, and the PET detector ring has been integrated
between the RF and gradient coils of the MR gantry. Image is courtesy of Gaspar Delso.
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completed in less than 10 min, including fully diagnostic
CT protocols. Short examination times are not only
advantageous regarding economics and patient through-
put, but also improve patient comfort and help to reduce
misalignment artifacts due to patient motion during the
examination.

The speed of PET/MR examinations is strongly depen-
dent on the scanner design and MR protocols. The
sequential acquisition of PET and MR data in scanners
based on the tandem design have the longest total exam-
ination time for the patient.

Scanner designs allowing simultaneous PET and MR
acquisitions (insert systems and fully integrated systems)
may help to keep scan times shorter for the patient.

However, in our clinical experience, we observed that
with a fully integrated PET/MR scanner, total examina-
tion times tend to be longer compared with PET/CT. The
technician�s task of planning a PET/MR acquisition is
more complex and thus time consuming. Patient prepa-
ration, positioning on the scanner, and unloading signifi-
cantly contribute to the patient room time and are
prolonged by, e.g., applying and connecting the MR
coils. Additional diagnostic MR sequences are another
major contribution to examination times, e.g., within
organ-specific protocols and sequences after the applica-
tion of intravenous contrast agents that are not acquired
before the completion of whole-body PET scans. Not
only examination times tend to be longer for PET/MR

Figure 4 (A) Attenuation map of one PET bed position generated from the 2-point MR Dixon sequence using seg-
mentation algorithms as implemented on the Biograph mMR without obvious artifacts. (B) Metal, such as in hip
implants, does not yield an MR signal and reduces the signal in its vicinity (arrows). (C) The resulting attenuation
map as generated by the Biograph mMR therefore wrongly exhibits air instead (black arrows). Furthermore, truncation
artifacts may occur at the edge of the transverse field of view of the MR (white arrows). (D) A transaxial slice of the
fusion of an attenuation map with the emission image clearly shows the truncation of arms in the attenuation map due to
the smaller field of view of the MR (arrows).
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but also image interpretation and reporting take longer
due to their complexity.

Acquisition protocols

Examination protocols for PET/MR tend to be diverse,
strongly depend on the indication, and are complex and
laborious to design, especially simultaneous PET/MR
protocols. Time-saving protocols are desirable, achieving
the right compromise between the MR sequences needed
and a reasonable examination time and then efficiently
intercalating the PET scans and MR sequences.

The most basic PET/MR protocol consists of MR loca-
lizers to allow planning of the PET bed positions, then
performing the PET emission scans while simultaneously
acquiring MR sequences for attenuation correction, e.g.,
a 2-point Dixon sequence for each bed position. The
resulting Dixon images (in-phase, opposed-phase, water-
weighted and fat-weighted) can also be used for simple
anatomic correlation of PET lesions, analogous to a low-
dose CT scan[18]. Examples of PET/MR protocols using
additional diagnostic MR sequences are given in Fig. 5.

Radiation exposure and safety aspects

MRI is based on static and rapidly alternating magnetic
fields with high field strengths and radiofrequency (RF)
electromagnetic fields[19], but does not utilize ionizing
radiation. Therefore, performing a PET/MR examination
instead of a PET/CT examination reduces the exposure
of ionizing radiation for the patient. This is of special
relevance for pediatric and nononcologic indications.
However, PET/MR may be associated with a higher radi-
ation exposure for the technicians performing the exam-
ination, as patient positioning takes considerably longer,
particularly when attaching and connecting the MR sur-
face coils, during which the technician is in close prox-
imity to the gamma-emitting patient.

There is little evidence that static magnetic fields, even
at high field strengths, have a biological effect on cells or
tissues, although sensations of nausea, vertigo and metal-
lic taste have been reported at field strengths above
2 T[20]. The rapid switching of the magnetic gradient
fields induces currents in the patient�s body, which may
stimulate nerve and muscle cells. The RF pulses used for
excitation of the spin system lead to a temperature
increase in the tissue. During the examination, the core
temperature of the patient should not increase more than
0.5�C and 1�C in normal and controlled operating
modes, respectively, which is estimated by the specific
absorption rate (SAR) during the examination.
However, there is a different sort of safety risk in MRI.
Any ferromagnetic object is accelerated in a magnetic
field and can therefore cause fatal harm to the patient,
staff, and equipment. Objects with ferromagnetic proper-
ties can include passive and active implants (e.g., aneur-
ysm clips, wires, mechanical heart valve prostheses and
pacemakers, defibrillators, cochlear implants, medication

pumps, etc.), foreign bodies in the patient (e.g., posttrau-
matic metallic foreign bodies, bullets, etc.) and other
objects that are inadvertently brought into the examina-
tion room (e.g., patient bed, oxygen flasks, etc.). These
may pose absolute contraindications for a PET/MR
examination and careful interview of the patient and
investigation about the MR compatibility of implants is
required before the examination.

Safety risks may also arise from contrast agents used
for diagnostic imaging. Anaphylactoid reactions are very
rare in MR examinations, and thus, in this regard, Gd-
based contrast agents are considered safer than CT con-
trast media. However, it was recognized a few years ago
that MR contrast media are associated with nephrogenic
systemic fibrosis (NSF), a rare but potentially life-threa-
tening complication that leads to rapid fibrosis of the
skin and internal organs, including the heart, liver,
lungs, and kidneys. Presumably the release of small
amounts of free gadolinium from the Gd complexes is
the reason for the development of NSF, and preexisting
severe renal impairment poses a risk factor for the devel-
opment of NSF[21]. Cyclic Gd-chelates, e.g., Gd-DOTA
(tetraazacyclododecane-tetraacetic acid), are more stable
than linear complexes such as, e.g., Gd-DTPA (diethy-
lene triamine pentaacetic acid) and clinical data indicate
that the risk of developing NSF after the application of
cyclic Gd-chelates is significantly lower, thus cyclic com-
plexes are preferred in patients with preexisting severe
renal impairment[22].

Standardization

The radiation emitted by a CT scanner is not monochro-
matic, but instead a spectrum of x-rays. This spectrum
depends on the scanner hardware and might not only be
different for scanners from different manufacturers but
also for different models by the same manufacturer.
Because the absorption coefficient of any matter is a
nonlinear function of energy, this means that the CT
values of the same object obtained on different scanners
are not necessarily equal. Standardization, however, is
straightforward.

Values in reconstructed CT images are conventionally
given in Hounsfield units (HU). The Hounsfield scale
ideally converts the linear absorption coefficients of
materials such that air is assigned �1000 HU and
water 0 HU. By calibrating a CT scanner using air and
water, any HU measured on that scanner can be cor-
rected and the ideal HU calculated[23]. These ideal
HUs facilitate standardization of CT examinations over
different scanner models, manufacturers, and institu-
tions. Furthermore, it allows the direct and quantitative
measurement of the concentration of radiodense contrast
agent in the tissue.

The MR signal is affected by many more factors.
Sequences are designed to give more weight to certain
tissue constituents, such as fat or water. Manufacturers
provide their own sets of hardware-specific and often
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unique sequences. Adjusting the acquisition parameters
of a sequence can also alter contrast. In general, the
signal increases with increasing field strength, but not
all sequences are suitable for all field strengths.
Furthermore, the MR signal intensity usually is not pro-
portional to the concentration of Gd-based contrast agent
in the tissue. Dedicated coils are used to detect the MR
signal during an acquisition, the design and position of
which influence the received signal as well. The nearer
these coils can be placed to the body region or the object
under investigation, the higher the signal-to-noise ratio

and the overall signal strength will be. Dedicated proto-
cols exist for almost any indication, whereas their exact
composition and sequence parameters are determined by
the operator. Such dependency on hardware, acquisition,
and operator make quantification and standardization of
MR data extremely difficult at the present time.

Research possibilities of PET/MR

Hybrid PET/MR is an ideal platform for basic biomedical
and clinical research. One advantage is the inherent

Figure 5 Sample workflows for oncologic diagnostic PET/MR protocols. First, MR localizers are performed for
planning of PET bed positions. Then, PET emission data are acquired. Here, the body trunk can be covered by
about 4 bed positions (e.g., 4 min emission time per bed position). Simultaneously, a Dixon sequence for attenuation
correction and additional diagnostic MR sequences are run at each bed position, e.g., a coronal T1 turbo spin echo
(TSE) and an axial T2 half Fourier acquisition single shot turbo spin echo (HASTE) with fat suppression. However, as
the application of MR contrast agent may affect the generation of the attenuation correction map, Gd should not be
administered before all MR Dixon sequences are completed. Optional diagnostic MR sequences are then performed over
the region of special interest depending on the clinical indication. Contrast agents can be injected if necessary. During
this phase, additional PET data may be collected at the corresponding bed position using long emission times, delivering
potentially lower-noise PET images. Concluding MR scans may be acquired covering the body trunk (thorax, abdomen,
pelvis) after the application of Gd, e.g., axial T1 volumetric interpolated breath-hold examination (VIBE) sequences. (A)
Sample workflow with focus on the liver using e.g., [18F]FDG or 68Ga-labeled somatostatin analogues for staging of
patients with neuroendocrine tumors. (B) Sample workflow with focus on the neck for staging of patients with head and
neck cancer. (C) Sample workflow for imaging of patients with prostate cancer using choline PET/MR. Image is
adapted from Ref.[55].
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coregistration of the two modalities. A stimulating further
possibility of fully integrated PET/MR devices is the truly
simultaneous acquisition of PET and MR data. This
could be used for motion correction and gating of PET
data without external sensors by incorporation of MR
information into the PET list mode data stream, allowing
postprocessing of PET data. Another exciting base for
research applications is the possibility of simultaneously
acquiring dynamic PET data and fMRI sequences. This
would allow the examination of organs and tissues under
the same physiologic conditions by the two different
modalities.

Neurologic research might gain most from truly simul-
taneous PET/MR imaging, as the physiologic state of the
brain, e.g., secretion of neurotransmitters, receptor bind-
ing, drug-receptor interaction, and cortical activation,
changes rapidly. One example would be the simultaneous
temporal and spatial assessment of specific ligand-recep-
tor displacement by dynamic PET (e.g., using a radiola-
beled dopamine-receptor ligand) and cortical activation
by BOLD MRI, while the patient is performing tasks[24].

An example for an oncologic field of research that
might profit from simultaneous PET/MR acquisition is
tumor perfusion and hypoxia. Tumor hypoxia is known
to be a predictive factor for clinical outcome in several
tumor entities, especially regarding squamous cell carci-
noma of the head and neck. It is largely accepted that
tumor hypoxia is not static, but rather a cycling process
with fluctuating areas of transient hypoxia in the tumor
due to variances in perfusion, which might change in the
time frame of just a few minutes[25]. The possibility of
validating perfusion measured by PET (e.g., [15O]H2O or
[13N]NH3) with markers of MR perfusion (dynamic con-
trast-enhanced (DCE)-MRI or arterial spin labeling)
under the same physiologic state is exciting. The correla-
tion of simultaneously acquired fMRI (e.g., BOLD MRI,
which delivers a measure of the amount of deoxyhemo-
globin present in the tissue) and hypoxia-specific
PET tracers (e.g., [18F]fluoromisonidazole (FMISO),
[18F]fluoroazomycin arabinoside (FAZA) or [64Cu]-dia-
cetyl-bis-methylthiosemicarbazone (ATSM)) might pro-
vide further insights into the complex physiologic
processes associated with tumor hypoxia.

Possible clinical advantages of PET/MR

PET/MR is a young technology and has only recently
become available for clinical use. Published data on the
clinical performance of PET/MR is still very limited and
only assumptions can be made concerning the benefits
and future applications of PET/MR in the clinical routine
setting.

Oncology

In oncology, PET/MR might show improvements com-
pared with PET/CT in terms of local tumor evaluation.

The assessment of exact tumor localization, size, and
potential infiltration of neighboring organs, vessels, and
neural structures requires imaging data with high spatial
resolution. In many tumor entities, the resulting informa-
tion is also important to determine the required therapy
approach, e.g., the necessary extent of tumor resection,
and for radiation therapy planning (Fig. 6). However, the
spatial resolution of about 4 mm in current state-of-the-art
clinical PET is limited. Therefore, T-staging primarily
relies on the information delivered by high-resolution
morphological imaging. PET/MR will probably show
advantages in body regions and tumor entities where
MRI, due to its high intrinsic soft tissue contrast, is
known to be superior to CT (e.g., soft tissue sarcomas,
head and neck cancer, breast cancer, and tumors of the
parenchymal abdominal organs)[26].

Regarding breast cancer, MR mammography is a
highly sensitive tool for preoperative assessment of
tumor size and ductal invasion[27]. On the other hand,
fluorodeoxyglucose (FDG)-PET seems to be advanta-
geous in differentiating unifocal from multicentric
lesions, which also influences the therapeutic strategy
concerning breast ablation or breast-preserving sur-
gery[28]. Combined PET/MR could integrate these advan-
tages into one single examination, while at the same time
performing whole-body staging for loco-regional and dis-
tant metastases. However, this approach might require
specialized positioning devices for breast imaging[26].

Choline PET/CT is a promising modality for restaging
of patients with biochemical recurrence of prostate
cancer, and first results on its use for therapy response
assessment are also promising[29]. PET/MR could com-
bine the high sensitivity of choline PET with the high
resolution and high soft tissue contrast imaging of MRI
and potentially fMRI data such as DWI, DCE-MRI and
MR spectroscopy (Fig. 7). Hybrid imaging using choline
PET/MR might improve differentiation of tumor recur-
rence from scar tissue, which can still cause problems in
MRI[30].

For the evaluation of lymph node metastases, CT pri-
marily relies on the size and shape of lymph nodes to
differentiate between benign and malignant lesions. The
additional metabolic information delivered by FDG-PET/
CT has been shown to significantly improve the diagnos-
tic accuracy of lymph node staging compared with CT
alone[31]. As whole-body MRI based on T1- and T2-
weighted images and postcontrast sequences also primar-
ily relies on lymph node size and shape, the advantage of
PET/MR over PET/CT for N-staging is debatable. DWI
might allow the detection of malignant lymph nodes with
higher sensitivity and specificity, although reports in the
literature are diverging[32,33]. The additional use of ultra-
small iron oxide particles (USPIO) as an MR contrast
agent specific for the reticuloendothelial system poses an
interesting opportunity for PET/MR to more accurately
differentiate reactive tracer uptake in inflammatory
lymph nodes from lymph node metastases[34].
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However, USPIO particles have not received regulatory
approval in the United States or in Europe[30].

Because MRI is well suited for the detection of cellular
infiltration of the bone marrow and whole-body MRI has
been reported to be of high diagnostic accuracy for the
evaluation of bone metastases[35], PET/MR may be
expected to show advantages with respect to the detec-
tion of osseous metastatic disease. Moreover, increased

physiologic background activity and image degradation
caused by respiratory motion decrease the sensitivity of
FDG-PET for small liver lesions. On the other hand, MRI
using DWI is highly sensitive for the detection of liver
metastases[36], making PET/MR a promising combina-
tion for their evaluation (Fig. 8). Theoretically, the MR
information acquired simultaneously with the PET emis-
sion data could be used for motion correction of the PET

Figure 6 A 58-year-old man with biopsy proven synovial sarcoma of the left thigh. The patient was restaged by PET/MR
after neoadjuvant radiotherapy. (A�C) Remaining pathologically increased glucose metabolism (maximum standardized
uptake value 7.2) is observed especially in the solid medial tumor part (A, PET; B, PET/MR fusion), which also shows
increased contrast enhancement in the fat-suppressed T1-weighted image after the application of Gd (C), consistent with
remaining vital tumor tissue after radiotherapy. (D) High-resolution anatomic MR imaging (T2-weighted image) delivers
valuable information for planned tumor resection, e.g., the close proximity of the tumor to the femoral vessels and nerve
(arrows).
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images, improving their diagnostic quality and quantita-
tive information[37], which could prove to be useful not
only for evaluation of the liver, but for all organs affected
by respiratory motion.

Furthermore, as MRI is the modality of choice for the
evaluation of brain metastases, inclusion of diagnostic
MR sequences of the brain into whole-body FDG-PET/
MR staging protocols would enable the additional

evaluation of cerebral metastases in a convenient one-
stop-shop examination.

Overall, when identifying the indication correctly,
PET/MR may provide a more accurate staging than
whole-body PET/CT or whole-body MRI[26]. However,
it is well known that the sensitivity of MRI for the detec-
tion of small pulmonary nodules (53 mm) is limited, and
the sensitivity of FDG-PET for small pulmonary nodules

Figure 7 A 69-year-old patient with suspected prostate cancer (prostate-specific antigen 12 ng/ml). (A) [11C]Choline
PET/MR shows pathologically increased tracer uptake in the left peripheral zone of the prostate, suspicious of the
primary tumor (arrow). (B�D) Consistent with choline PET, the T2-weighted MR images show a suspicious signal loss
in the left peripheral zone (B, arrow), corresponding to an area of increased perfusion in the DCE MR sequence (C,
arrow) and a low apparent diffusion coefficient in the diffusion-weighted MR images (D, arrow). Subsequent prosta-
tectomy confirmed a carcinoma of the prostate in the left peripheral zone.
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is low. As CT has the highest sensitivity for detection of
small pulmonary metastases, the indication for a PET/
MR or a PET/CT examination has to be evaluated with
care, and a CT of the thorax complementing a whole-
body PET/MR will have to be considered in some
indications.

Neurology and neurooncology

PET and MR imaging is an ideal combination for tack-
ling neurologic and neurooncologic clinical problems.
MRI is undoubtedly the clinical standard imaging mod-
ality for brain tumors, delivering information about
tumor localization and size as well as secondary effects
such as focal edema or bleeding. Amino acid PET (e.g.,
[18F]fluoro-ethyl-L-tyrosine) or L-[methyl-11C]methionine)
can add substantial clinical information to MRI

regarding differentiation of tumor tissue from reactive
or inflammatory changes and tissue edema, and may
help to better delineate the true extent of the tumor
tissue, which can be over- and underestimated by con-
trast-enhanced MRI[38]. Combined PET/MR imaging in
neurooncology might evolve as a valuable tool for more
exact delineation of the tumor extent before surgery or
radiation therapy, for selection of appropriate biopsy
sites, for follow-up of patients as a modality allowing
differentiation of tumor recurrence and radiation necro-
sis, and possibly also for early therapy response assess-
ment. Using PET/MR including functional MR
sequences (e.g., MR spectroscopy) may help in preoper-
ative grading of tumors and guiding of therapeutic
decisions.

FDG-PET has proven value in neurologic applications,
such as the detection of hypometabolic cortical patterns

Figure 8 A 73-year-old patient with a neuroendocrine carcinoma of the small intestine and metastatic spread to the
liver. 68Ga-DOTATOC PET/MR shows increased uptake in 2 of the hepatic lesions, corresponding to overexpression of
the somatostatin receptor (black arrows; A, PET; B, PET/MR fusion). (C) Diffusion-weighted MRI shows a third
suspicious hepatic lesion that was not detected by PET, possibly due to loss of receptor expression (white open arrow).
(D) A low apparent diffusion coefficient of this lesion, however, indicates that it indeed is a metastasis (white open
arrow).
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for early diagnosis and differentiation of neurodegenera-
tive diseases, and for the detection of hypometabolic
epileptogenic foci. These applications benefit from the
synergistic information delivered by PET and MRI, as
well as both dementia[39] and epilepsy[40] studies
(Fig. 9). A simultaneous PET/MR examination seems
expedient for neurologic indications and offers a conve-
nient one-stop-shop examination.

Truly simultaneous PET/MR brain scans are an excit-
ing possibility for research applications, e.g., correlation
of PET hypoxia markers (e.g., [18F]FMISO) with MR
perfusion (DCE) and metabolic markers (MRS), valida-
tion of MR DWI and MR perfusion with PET perfusion
measurements (e.g., [15O]H2O) in ischemic stroke, or
evaluation of the effect of specific tasks on transmitter

release and receptor binding by combining fMRI with
dynamic PET measurements of receptor ligands[41].

Cardiology

The possibility of quantifying tracer accumulation makes
PET an ideal tool for cardiac imaging applications,
because myocardial blood flow and coronary flow reserve
can be quantitatively assessed by tracer kinetic modeling,
e.g., using 13N-labeled ammonia or 15O-labeled water.
PET has emerged as the most robust noninvasive clinical
tool for the assessment of myocardial viability and perfu-
sion in patients with coronary artery disease (CAD)[42].
Its reported sensitivity and specificity for diagnosing
obstructive CAD is about 90%[43]. MRI also offers a

Figure 9 FDG-PET/MR in a patient with cognitive impairment and suspicion of a neurodegenerative disease. Cortical
glucose hypometabolism is observed in the parietal and temporal lobes bilaterally, more pronounced in the left hemi-
sphere (D), overall consistent with Alzheimer disease. Transaxial PET images (A) show most pronounced hypometa-
bolism in the left temporal lobe, whereas T1-weighted MR images (B) and PET/MR fusion images (C) indicate that the
decreased FDG uptake in the dorsal part of the left temporal lobe is due to cortical atrophy (blue arrow), whereas true
glucose hypometabolism is present in the rostral parts of the temporal lobe without signs of cortical atrophy (red arrow).
Image is courtesy of Alexander Drzezga.
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variety of cardiac imaging possibilities, including the
assessment of cardiac structure and anatomy, ventricular
function (e.g., volumes, ejection fraction, wall thickening
and wall mass), and, in conjunction with the application
of Gd-based contrast agent, assessment of myocardial
perfusion and detection of postischemic myocardial scar-
ring. Thus, in cardiac PET/MR, the MR component can
deliver important information for the assessment of
CAD, complementing the information acquired by PET
(Fig. 10).

PET using a combination of FDG and perfusion tra-
cers offers the possibility of detecting hibernating myo-
cardium, reflecting viable but jeopardized myocardium in
patients with CAD. Hibernating myocardium is charac-
terized by a mismatch of reduced perfusion but sustained
or even increased glucose metabolism. The delayed
enhancement assessed by MRI can reflect acute myocar-
dial infarction or myocardial scarring caused by old
infarctions, but not hibernating myocardium. Although
there are indications that there is an association between
PET mismatch and clinical outcome, prospective clinical
trials will have to show whether PET and MRI can
deliver data with complementary clinical information
regarding myocardial viability[42].

In cardiac studies, truly simultaneous acquisition of
PET and MR could prove useful for minimization of
misalignment between the two modalities, which is cru-
cial in cardiac imaging to minimize artifacts in the PET
data set[44]. During PET acquisition, repeated MR mea-
surements for generation of attenuation maps and PET

motion correction could be performed without additional
radiation exposure for the patient. Simultaneous PET/
MR imaging could also offer MR-based cardiac and respi-
ratory gating of the PET data without the need for exter-
nal sensors. Furthermore, simultaneous rest/stress PET/
MR perfusion scans offer the possibility of cross-validat-
ing MR and PET perfusion measurements.

Inflammation

Infectious diseases of the bone, peripheral osteomyelitis
as well as spondylitis and spondylodiscitis, can be diffi-
cult to diagnose. FDG accumulates in inflammatory pro-
cesses due to uptake in activated lymphocytes,
neutrophils, and activated macrophages, and FDG-PET
as well as MRI are valuable clinical tools in the assess-
ment of osteomyelitis[45]. High sensitivity and specificity
in the diagnosis of chronic osteomyelitis have been
reported for both modalities; FDG-PET has even outper-
formed MRI in some studies[46,47]. In diabetic patients
with suspicion of osteomyelitis of the foot, MRI showed
higher sensitivity, whereas PET had a higher specifi-
city[48]. MRI has special advantages differentiating soft
tissue and bone infection, however its specificity can be
impaired regarding osteomyelitis of the foot due to side
findings of neuropathic arthropathy often present in dia-
betic patients (including, e.g., bony destruction and
marrow edema), which are also morphologic signs of
osteomyelitis on MR images[49]. Thus, the combination
of PET and MRI might provide complementary informa-
tion in these patients, improving sensitivity and

Figure 10 A 57-year-old man with cardiac 3-vessel disease and reduced left-ventricular function (ejection fraction 40%).
PET/MR was performed two months after anterior infarction and stenting of left anterior descending artery and first
ramus posterolateralis to delineate myocardial viability. Late gadolinium enhancement (LGE) images revealed a non-
transmural uptake pattern in the apex and the inferolateral wall with matching, modestly reduced, FDG uptake (filled
arrows). However, note the nontransmural late gadolinium enhancement in the anterior wall (open arrow) with almost
normal FDG uptake pointing to the synergetic effects of PET and MRI. Image is courtesy of Stephan G. Nekolla.
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specificity. Hybrid PET/MR might also be beneficial for
imaging of spondylodiscitis as MRI offers a higher spatial
resolution than PET, allowing the differentiation of invol-
vement of vertebrae and vertebral discs. The use of MRI
in treatment response evaluation of spinal infections is
less clear[49], whereas FDG-PET could be potentially
useful in the evaluation of treatment response[50].
Overall, PET/MR might prove to be a useful clinical
tool for the diagnosis and response evaluation of bone
infections, however no clinical data are presently
available.

PET and MRI also seem to be a promising combina-
tion in the evaluation of vasculitis, e.g., giant cell arteritis
or Takayasu arteritis. FDG-PET shows high sensitivity of
about 80�90% for vasculitis of the large arteries[51,52].
Concerning smaller vessels, e.g., the superficial cranial
arteries, MRI seems more promising as it has the ability
to visualize the inflamed wall of smaller arteries (e.g.,
thickening) and Gd-contrast enhancement of the vessel
wall, whereas due to its limited spatial resolution, the
sensitivity of PET is impaired with respect to inflamma-
tion of smaller vessels. Furthermore, FDG uptake has
been shown to correlate with the risk of later aneurysm
formation, making it a prognostic marker, whereas aneur-
ysm size and morphology can be visualized with MRI,
adding additional value in the diagnosis and follow-up in
patients with vasculitis[45].

FDG-PET is also a suitable modality for the diagnosis
of vascular graft infection[53] and for the detection of
infectious foci in patients with bacteremia[54], however,
the role of MRI (and PET/MR) in these scenarios
remains to be established.

The conventional imaging modalities used in the diag-
nosis of inflammatory bowel disease are ultrasonography,
CT and MRI. The latter provides the highest sensitivity of
the 3, especially for detecting signs of intestinal and
mesenteric inflammation[49]. Available data about the
use of FDG-PET for the evaluation of inflammatory
bowel disease, albeit limited, suggest a similar sensitivity
to MRI and leukocyte scintigraphy. Nonetheless, the
potential benefits of combined PET/MR in the diagnosis
and follow-up of patients with inflammatory bowel dis-
ease remain to be evaluated, and prospective clinical stu-
dies are warranted[45].

Conclusion

The development of PET/CT successfully introduced
hybrid imaging to clinical routine and it has been
widely accepted in clinical imaging. The recent introduc-
tion of PET/MR offers new opportunities for research as
well as clinical applications. The possibility of truly simul-
taneous acquisition of PET and MR data is probably
most relevant for neurologic research applications.
Furthermore, it offers new opportunities for cross-valida-
tion of the two methods, e.g., regarding quantitative myo-
cardial blood flow assessment in cardiology. In oncology,

PET/MR holds promise to improve the accuracy and
convenience of clinical staging and therapy response
assessment, especially in indications and body regions
where MR is known to be superior to CT, e.g., liver
tumors and liver metastases, breast and prostate cancer,
soft tissue sarcomas, neuroendocrine tumors, and neu-
rooncology. However, only limited data are available on
the clinical performance of the new hybrid imaging tech-
nology, and its clinical value remains to be evaluated in
studies. Further clinical data are awaited eagerly.

In oncology, PET/CT has mostly replaced stand-alone
PET. Rather than being repeated with PET/MR and
PET/CT, the two hybrid imaging modalities will likely
coexist, each of them offering specific advantages as
well as shortcomings. Overall, the appropriate modality
will have to be chosen individually for each patient
depending on the indication.

The new technology also comes with challenges.
Acquisition and maintenance costs of integrated whole-
body PET/MR scanners are higher than those of PET/
CT. Also examination times tend to be longer, leading to
presumably lower patient throughput, and image interpre-
tation and reporting is more complex and time consum-
ing. Therefore, the cost-efficiency of PET/MR needs to be
evaluated.
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