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ABSTRACT: Multimodality imaging of positron emission tomog-
raphy/computed tomography (PET/CT) provides both metabolic
information and the anatomic structure, which is significantly
superior to either PET or CT alone and has greatly improved its
clinical applications. Because of the higher soft-tissue contrast of
magnetic resonance imaging (MRI) and no extra ionizing radiation,
PET/MRI imaging is the hottest topic currently. PET/MRI is swiftly
making its way into clinical practice. However, it has many technical
difficulties to overcome, such as photomultiplier tubes, which cannot
work properly in a magnetic field, and the inability to provide density
information on the object for attenuation correction. This paper
introduces the technique process of PET/MRI and summarizes its
clinical applications, including imaging in oncology, neurology, and
cardiology.
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1. INTRODUCTION

Positron emission tomography (PET) can provide functional
information on biological tissues and molecular information on
biological processes by the use of radiopharmaceuticals, which
have been widely used in preclinical and clinical applications.1−4

As a functional imaging technology, PET can give precise
metabolic information but does not provide clear visualization
of anatomical structures, which is its major limitation. Hybrid
positron emission tomography/computed tomography (PET/
CT) imaging provides both metabolic information and the
anatomical structure by combining PET and CT, making this
method significantly superior to either PET or CT alone and
greatly improving its clinical outcomes. PET/CT has been used
heavily in clinical oncology, neurology, and cardiology. It is also
an important research scanner in human brain mapping, heart
function studies, and drug developments.
Magnetic resonance imaging (MRI), another anatomical

imaging modality, is superior to CT in providing high-
resolution anatomical information with excellent soft-tissue
contrast. One of the major advantages of MRI compared with
CT is the fact that it is radiation-free, thus allowing patients to
undergo multiple scans without concerns about excessive
radiation dose, especially in monitoring therapy or scanning
pediatrics. For these reasons, combining PET and MRI has
become a topic of discussion in the imaging community over
the past several years. Because of the strong magnetic field
produced by MRI, the combination of PET and MRI is a

challenging problem, and many efforts have been devoted to
solving it. The sequential PET/MRI system scans the PET and
MRI images on two devices separately to avoid the interaction
of the two systems. The simultaneous PET/MRI system
combines the two modalities by a total redesign of the PET
detector to be compatible with the MRI device. For PET/MRI,
another challenge is that the MRI cannot provide information
on electron density, which can be converted to the attenuation
coefficient used for attenuation correction. As a result, the
quality of the PET image is decreased compared with that
obtained using PET/CT. The solution of this problem is still
not satisfactory. The main solution is to segment the MRI
image to obtain the attenuation coefficient map. However,
bones cannot be segmented accurately from conventional MRI
images, and thus, an accurate attenuation coefficient map is still
difficult to obtain.
Presently, the dual-modality PET/MRI technique has been

applied in preclinical studies and clinics. The resulting
combination of molecular, functional, and morphological
information is paving the way for a better understanding of
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molecular biology details, disease mechanisms, and pharmaco-
kinetics in animals and humans. In this paper, we introduce the
technique process of PET/MRI and summarize its clinical
applications, including tumor, neuro-, and cardiac imaging.

2. ADVANCES IN PET SYSTEMS

2.1. PET. In PET imaging, a positron-labeled probe is
injected intravenously into the patient, is distributed through-
out the body via the bloodstream, and enters the organs.5 PET
imaging is performed on the patient 40 min after the vein
injection of the nuclear probes. As the radioisotope undergoes
positron emission decay, a positron is emitted from the nucleus
and travels in tissues for a short distance before being
annihilated. When the positron meets an electron, annihilation
occurs, and a pair of annihilation γ photons move in
approximately opposite directions. γ photons are emitted
from the surface of the human body and can be detected by
the PET system.
PET imaging utilizes a dedicated PET camera system that

includes multiple rings of detectors. Similar to γ cameras, PET
detectors consist of scintillation crystals coupled with photo-
multiplier tubes (PMTs). The scintillation crystals used in
clinical PET imaging are either bismuth germanium oxide
(BGO), gadolinium oxyorthosilicate (GSO), or lutetium
oxyorthosilicate (LSO).
Presently, the most advanced clinical PET scanners can offer

spatial resolution with the limitation around 43 mm3. The
sensitivity varies between 10−11 and 10−12 mol/liter, which is
independent of the location depth of the tracer of interest.
For human imaging, time-of-flight (TOF) PET information

provides better localization of the annihilation event along the
line of the response, resulting in an overall improvement in the
signal-to-noise ratio (SNR) of the reconstructed image. The
SNR can be improved by constraining the annihilation position
by using timing information.
2.2. PET/CT. As an imaging technique, PET provides

functional information with limited spatial resolution.6 To
overcome this limitation, the combination of a PET scanner
and a CT scanner in a single dual-modality PET/CT system
has been widely applied in clinics to acquire nuclear images
with high-resolution structural information. CT can provide
anatomical information on tissues and organs in three-
dimensional (3D) viewing, which offers excellent complemen-
tarity for monomodal PET. In clinics, 64-slice PET/CT is a
highly precise and revolutionary metabolic imaging technique.
It simplifies complicated high-end work and makes diagnosis of
cancer and other lesions more accurate.7 However, the
significant extra radiation and low soft-tissue contrast from
CT also limits its clinical applications.8−10

2.3. PET/MRI. PET/CT is a milestone in molecular imaging
and has been widely used in clinical cancer diagnosis. However,
for applications requiring high soft-tissue contrast and low

radiation doses, PET/MRI is more qualified. In a PET/MRI
system, MRI provides the structural information with high
spatial resolution and soft-tissue contrast while PET provides
the physiological and metabolic information at the cellular level.
The combination of the two modalities contributes great
advantages in oncologic, neurologic, and cardiovascular
imaging.11−13 Compared with the PET/CT system, PET/
MRI is a newer technology and not widely spread in the
market, but it has many advantages:14,15

(1) Unlike CT, MRI does not bring in any ionizing radiation.
Therefore, PET/MRI is more suitable for pediatric imaging,
where the radiation dose is strictly controlled. Especially in
cases where continuous monitoring of treatment progress is
necessary, this superiority is even more significant.14

(2) MRI has excellent soft-tissue contrast and the ability to
manipulate tissue contrast through a variety of imaging
sequences. Therefore, PET/MRI is better than PET/CT for
imaging of complicated heterogeneous tissue environments,
such as the brain and liver, without using a contrast medium.
(3) Both MRI and PET have advanced functional and

molecular imaging capacity. With suitable molecular imaging
probes, PET/MRI can offer more comprehensive physiological
and pathological information at the cellular and molecular
levels.
(4) In the state-of-the-art PET/MRI design, MRI and PET

can acquire data simultaneously. As a consequence, anatomical,
metabolic, and even molecular information can be observed at
the same time for an imaging subject in PET/MRI. PET/CT,
however, can acquire data only sequentially, with the challenge
of accurate imaging registration.

2.3.1. System Design. With the advantages listed above,
PET/MRI has attracted much attention in recent years.16−19

Many efforts have been devoted to combining the two
modalities without compromising the imaging quality. The
development of PET/MRI systems can be briefly categorized
into small-animal PET/MRI, brain PET/MRI, and whole-body
PET/MRI. This paper mainly discusses whole-body PET/MRI.
The three major commercial whole-body PET/MRI systems
are listed in Table 1. MRI generates a strong magnetic field and
causes an interaction with the PET system, which leads to
quality degradation of both modalities. To solve this problem,
two major design concepts of whole-body PET/MRI have been
proposed: sequential scanning and simultaneous scanning.
Scanning PET and MRI sequentially is the most straightfor-

ward idea for constructing a PET/MRI system. In a sequential
PET/MRI system, PET and MRI scans are performed
sequentially on two distinct systems as part of a single
examination.20 The sequential system is relatively easy to
establish because of the small extent of interaction between
PET and MRI. The major examples of sequential PET/MRI are
General Electric (GE) Healthcare’s Discovery PET/CT+MR
combo and Philips Healthcare’s Ingenuity TF system.21,22 A

Table 1. Comparison of Commercially Available Whole-Body PET/MRI Systems

company GE Philips Siemens
model Discovery PET/CT+MR combo Ingenuity TF PET/MR Biograph mMR
scan scheme sequential sequential simultaneous
mode time-of-flight time-of-flight conventional
inner bore dimensions 70 cm PET, 70 cm; MR, 60 cm 60 cm
system sensitivity 7.5 cps kBq 7 cps kBq 13.2 cps kBq
transverse resolution 4.0 mm 4.9 mm 4.4 mm
axial resolution 5.0 mm 4.9 mm 4.5 mm
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patient bed compatible with both modalities brings the PET
and MRI devices together.22 The difference between the two
designs is whether the two systems are in the same room. The
Philips Healthcare’s design puts the two systems in the same
room. The patient bed can rotate 180° to get the patient into
the two systems sequentially. A rather big room is needed to
place the two systems far enough apart to reduce their
interaction. The GE design places the two systems in separate
rooms. The patient is transferred from one scanner room to the
other on a specially designed patient bed. The quality of the
images remains nearly the same compared with a single
modality because of adequate distance and some bulky
shielding.23 The images obtained by the two modalities are
registered by software according to the sensor-coded bed
position. The advantage of this design is that PET and MRI can

operate separately when the patient does not need dual-
modality information. The system is flexible according to the
application and workload, but as the two modalities are scanned
at different time points, it is difficult to guarantee that the
posture and metabolic state of the patient are the same. The
resulting difficulties depend on the registration restrictions of
the system in some special applications. It is noteworthy that
the two models from GE and Philips have a major difference.
The Discovery PET/CT+MR combo system needs CT
information to conduct an attenuation correction of the PET
data, so excessive radiation is still needed. In contrast, the
Ingenuity TF system adopts an MRI-based attenuation
correction.
In order to overcome the disadvantages of the sequential

system, simultaneous PET/MRI systems have been designed.

Figure 1. Simultaneous PET/MRI system adopts fibers (light guides) to transmit the photons emitted from the scintillation crystal and places the
PMTs far away from the magnetic field. The magnet is split to make space for the PET detector and fibers.32

Figure 2. Sectional view of the Siemens Biograph mMR, the first fully integrated simultaneous PET/MRI system. The PET detector is placed
between the radiofrequency coil and the gradient coil.32
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Simultaneous PET/MRI systems are expected to offer
structural and functional scanning at the same time. Unlike
sequential systems, for simultaneous PET/MRI systems the
interaction problem is solved by totally redesigning the
structures of the PET and MRI systems. The major interaction
problems of simultaneous PET/MRI are the following: (1) the
PMT used in the PET system cannot work properly in the
magnetic field of the MRI system; (2) the PET photodetector
may interfere with the radiofrequency (RF) and gradient coils,
resulting in a nonuniform magnetic field; (3) an eddy current
may occur if metallic shielding is used.24 Many prototype PET/
MRI systems were developed to overcome these problems. In
the early designs, researchers used PET detectors based on
traditional PMTs.25−28 Usually, these kinds of simultaneous
PET/MRI systems adopted fibers to transmit photons emitted
from the scintillation crystal and placed the PMTs far away
from the magnetic field (Figure 1). However, photon loss in the
fibers led to a substantial degradation of the energy resolution
at the photopeak.29 Other groups used magnetically immune
photomultipliers, such as avalanche photodiodes (APDs) and
silicon photomultipliers (SiPMs), as substitutes for PMTs.
APDs are magnetically immune. Compared with a PMT, an
APD not only has a higher quantum efficiency but also requires
a lower supply voltage. Moreover, the small size of an APD
makes a PET detector easy to integrate with MRI. All of those
characteristics make APDs very suitable for simultaneous PET/
MRI. Besides the advantages of APDs, SiPMs have better time
resolution and magnetic immunity.30 Siemens Healthcare
(Erlangen, Germany) developed the first whole-body simulta-
neous PET/MR system (Magnetom Biograph mMR), which
used APDs to avoid interference from the magnetic fields. The
PET detector was placed between the RF coil and the gradient
coil (Figure 2). This was the first time that one system could
conduct whole-body PET and MRI scans coaxially and
simultaneously. In this PET/MRI system, the MRI subsystem
consisted of a 3.0 T niobium−titanium superconductor magnet,
an actively shielded whole-body gradient coil with an amplitude
of 45 mT/m, and an RF body coil with a transmitter bandwidth
of 800 MHz. The magnetic-field-compatible PET detector
consisted of 56 detector blocks. Each detector block was
composed of 64 LSO scintillation crystals and nine APDs.
Recent reports have proved that the interference between PET
and MRI in the Biograph mMR instrument is insignificant.31,32

The Biograph mMR system has been applied in diagnosis of
prostate cancer, breast cancer, and so on.33,34 Furthermore, the
performance of this system has been compared with PET/

CT.33−35 Despite the advantages of this cutting-edge design,
some drawbacks still exist. The radius of the RF coil is reduced
to provide space for the PET detector, which leads to a
decrease in the field of view (FOV). Additionally, the PET
detector does not have TOF capability because of the low time
resolution of APDs.
Compared with a conventional PET/MRI system, a PET/

MRI system with TOF technology can significantly improve the
spatial resolution, reduce the dose of radiation, and enhance the
precision of attenuation corrections. Because of these
advantages, integrated-TOF whole-body PET/MRI has pres-
ently been a hot research topic. GE Healthcare developed a
prototype integrated-TOF whole-body PET/MRI instrument,
Signa, in 2013. In this system, the PET detector consists of an
LBS scintillation crystal and SiPM and has a sensitivity of 23
cps kBq and an FOV of 25.06 cm. SiPMs have good timing
performance, which makes them perfect for integrated-TOF
PET/MRI.30 The MRI subsystem employs a novel transparent
surface coil, and the intensity of the magnetic field is 3.0 T. The
MRI works in a sequence of LAVA flex + STIR + PROPELLER
T2 to conduct the MR-based attenuation correction. Compared
with Biograph mMR, the GE Signa system has many
advantages. First, the injection dose is reduced by 75% through
the introduction of TOF technology. Second, the novel
transparent surface coil reduces the interaction and improves
the imaging quality. Third, the PET detector is inserted into the
RF coil, so the bores of the PET and MRI subsystems are the
same size (Figure 3). This is convenient for postregistration
and fusion. Furthermore, the design also avoids the diminution
of the RF coils and leads to a bigger FOV, which is 33% larger
than in the Biograph mMR system. This design is awaiting FDA
approval and may soon be available commercially. Philips also
has an TOF PET/MRI research project underway, which has
been reported to have accurate depth-of-interaction (DOI)
correction technology (http://www.sublima-pet-mr.eu/).
Although an integrated-TOF PET/MRI system has been

developed, there are still many problems to be solved. A large
number of SiPMs and conversion circuits are needed for
simultaneous TOF PET/MRI, which makes the instrument
expensive to use. Besides, TOF PET/MRI has similar problems
as PET/MRI, such as the dual-modality imaging probes and
clinic workflow, which need to be developed for further
application.36 Optimized scan protocols for different applica-
tions should be developed. The associated risk and the
elimination of prejudice should be tested further.37

Figure 3. Structure of the GE Signa, the first integrated-TOF simultaneous PET/MRI system. Image courtesy of GE Healthcare.
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2.3.2. Attenuation Correction. After the PET/MRI scan, the
MRI and PET images are fused by software. The MRI image is
used to provide the location information and conduct the
attenuation correction of the PET image. Many MRI-based
attenuation correction methods have been established in recent
years.
When a γ photon travels in the medium, there is a possibility

that it will be absorbed or scattered by an atom. Thus, the
deeper it is inside the body, the larger is this possibility, and the
useful signal detected by the PET detector is diminished,
causing a decline in the quality of the image. Attenuation
correction deals with this problem. Among all of the
attenuation correction methods, the most important part is to
obtain the attenuation map, which is the distribution of the
attenuation coefficient (usually called the μ value).38 The
attenuation coefficient is associated with the electron density of
the tissue. CT image values are also related to electron density
and can be converted into 511 keV attenuation maps. However,
the attenuation map cannot be obtained directly from the MRI
image, which is associated with the hydrogen ion density and
relaxation time. Therefore, attenuation correction is a challenge
for PET/MRI. At present, the attenuation correction methods
for PET/MRI are mainly atlas-based, segment-based, trans-
mission-based, or emission-based.
The atlas-based method usually uses a pattern recognition

algorithm to match the MR image to an atlas of MRI−CT data
sets to obtain an attenuation map.39 This method provides a
continuous attenuation coefficient and does not need additional
acquisition time. However, the method relies on a reference
date, which brings in some uncertainty. The MR coil’s
attenuation is also ignored. The segment-based method is the
most common method in attenuation correction for PET/MRI.
The MR image is segmented into different organs to assign the
corresponding experiential attenuation coefficients, so an
accurate attenuation map needs to be able to segment at
least five tissues: air, lungs, soft tissues, spongy bone, and
cortical bone.38 The segment between cortical bone and air is a
challenge. The conventional-sequence MRI image cannot
provide a contrast between cortical bone and air. The cortical
bone is ignored and assigned the attenuation coefficient of soft
tissue in the Dixon-based method.40 Andersen et al.19 have
proven that ignoring cortical bone results in errors of up to
31.0% for bony regions. The ultrashort echo time (UTE)
sequence is adopted to distinguish cortical bone from air in
brain MRI.41 The UTE sequence is time-consuming and has a
small FOV, which prevents its application on whole-body PET/
MRI. Furthermore, to assign a corresponding experiential
attenuation coefficient also introduces some error because of
the interpatient variability of attenuation coefficients.42 The
transmission-based method usually places a fixed positron-
emitting transmission source inside the FOV. The transmission
image is used to obtain the attenuation map, while the emission
image is used to reconstruct the distribution of the tracer. The
additional scan of the transmission image usually requires
additional acquisition time.43 Therefore, emission and trans-
mission imaging is expected to be scanned at the same time.
Mollet et al.44 provided a transmission-based method that uses
a static annulus-shaped transmission source. This method
solves most of the problems related to atlas-based and segment-
based attenuation correction. The method takes advantage of
the TOF data to distinguish the emission signal from the
transmission signal, which leads to the unfitness of the PET/
MRI system without TOF technology. Further study based on

integrated-TOF whole-body PET/MRI is still needed. The
emission-based method tries to reconstruct the distribution of
the tracer and the attenuation map simultaneously from one
PET scan. The problem is underdetermined, and some
constraint is introduced to solve the problem. The maximum-
likelihood reconstruction of attenuation and activity (MLAA)
was established by taking into account the Poisson nature of the
data.45 Another study used this method for truncation artifact
correction.46 By inclusion of the TOF data, the TOF-MLAA
obtained the attenuation sonogram up to a constant47 and
reduced the quantitative bias.48 The main problem of this
method is that the attenuation map is noisy because of the
crosstalk between the emission and transmission. In conclusion,
MR-based attenuation correction still needs development and
clinical testing.

3. CLINICAL APPLICATIONS OF PET TECHNOLOGY
3.1. Clinical Applications of PET/CT. PET, as a functional

imaging technology, can provide precise metabolic information,
but its inability to provide clear anatomical structure is its major
limitation. Hybrid PET/CT imaging provides both metabolic
information and the anatomical structure by combining PET
and CT. It is significantly superior to either PET or CT alone
and can greatly improve the clinical applications of PET. PET/
CT can detect the metabolic differences between tissues with
various radiotracers, such as 18F-FDG, 18F-FLT, and so on.
FDG is a glucose analogue that has a similar cellular uptake as
glucose but can be metabolically trapped within the cell after
enzymatic phosphorylation to FDG-6-phosphate. Since malig-
nant cells grow significantly faster and can take up more 18F-
FDG than normal cells do, 18F-FDG PET/CT scanning is a
popular method for tumor imaging and has been proven to be
an important tool for tumor diagnosis. It is essential in
medicine, where more than 95% of PET scans used for tumors
include diagnosis, staging, and therapy monitoring. Since its
foundation at the beginning of the century, millions of patients
have undergone PET or PET/CT scans for thousands of
publications; many papers have been widely reviewed for their
clinical applications in various diseases (diagnosis, staging, and
therapy monitoring of tumors, evaluation of the survival of the
myocardium, exploration of the function of the nervous system,
etc.). Therefore, it is not necessary for us to repeatedly
summarize its application without new astounding information.
Though it has been successfully used in clinics for more than

10 years, two disadvantages of PET/CT still limit its use in
clinics. First, unlike MR, CT cannot provide a high soft-tissue
contrast and cannot precisely visualize the territories for some
malignant lesions, such as tumors in the head and neck. Second,
radiation exposure is a real concern for patients, especially for
patients undergoing repeated PET/CT scans and pediatric
patients, who are sensitive to ionizing radiation. It has been
shown that a low-dose CT scan in PET/CT yields a radiation
exposure of 2−3 mSv, while some CT protocols such as in CT
perfusion imaging, because of repetitive imaging of the body
region, can yield effective doses up to 20 mSv.10 FDG-PET
imaging usually causes effective dose levels on the order of 7−
15 mSv, depending on the injected dose. Since a CT scan is
required for both attenuation correction and anatomical
correlation, it may provide an extra radiation burden. A recent
study compared radiation in whole-body PET/CT examina-
tions, PET scans after the administration of 18F-FDG, and a
fully diagnostic contrast-enhanced CT and revealed that up to
70% of the total exposure was contributed by CT.49
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3.2. Clinical Applications of PET/MRI. 3.2.1. Advantages
of PET/MRI. MRI, another imaging modality, can provide
anatomical information. It is superior to CT in providing high-
resolution anatomical information with excellent soft-tissue
contrast, and it can also measure a variety of physiological,
metabolic, and biochemical parameters that cannot be detected
by CT.50,51 Another major advantage of MRI compared with
CT is that MRI is radiation-free, allowing patients to undergo
multiple scans without concerns about radiation, especially in
therapy monitoring and pediatric scanning. For these reasons,
combining PET and MRI instead of PET and CT has become a
topic of increasing interest in the imaging community over the
past several years.
The combination of imaging modalities for high-sensitivity,

high-resolution hybrid PET/MRI fusion imaging can be
obtained in two different ways: one is to perform the PET
and MRI scans individually in separate scanners and fuse the
imaging with software, and the other is to scan the patient with
an integrated PET/MRI system and obtain the PET and MRI
images simultaneously. As a “one-stop shop”, integrated PET/
MRI can obtain anatomical, kinetic, functional, and metabolic
information and other multiparametrics at the same time, and
an integrated PET/MRI system can also simultaneously
coregister various MRI and PET procedures. Theoretically,
therefore, integrated PET/MRI is superior to separate PET and
MRI scans. In 2007 BrainPET, the first integrated PET/MRI
scanner for brain imaging, was developed by Schmand et al.,52

who demonstrated for the first time that simultaneous PET and
MRI data acquisition is feasible with integrated PET/MRI
tomography, and the proof-of-principle simultaneous data
acquisition was also confirmed by other groups.41,53,54 A
combined PET/MRI unit that may improve diagnostic accuracy
by achieving an excellent spatial correlation between PET and
MRI imaging therefore has a strong appeal to doctors. Studies
exploring the clinical applications of PET/MRI for tumor
imaging, neuron imaging, and cardiac imaging have been
conducted in recent years.55,72,85

3.2.2. Applications of PET/MRI in Oncology. Since PET/
CT is broadly used in tumor diagnostics, PET/MRI has also

been studied in tumor diagnosis, staging, treatment response
evaluation, and even to guide radiotherapy and surgical
excision. Early diagnosis and distinguishing malignant from
benign tumors is always a critical and core task for medical
imaging. MRI provides high spatial resolution to define the
tumor volume and localize the disease extent for tumor staging
because of its superior soft-tissue contrast, and it is particularly
useful for the evaluation of primary tumors that originate from
anatomical sites that are suboptimally evaluated with CT.
Therefore, PET/MRI is superior to PET/CT for some tumors,
especially head and neck tumors, which are surrounded by
abundant soft tissues. Drzezga et al.55 first compared the
diagnostic values of PET/CT and integrated PET/MR in
oncology, where 32 various cancer patients underwent a single-
injection, dual-imaging protocol consisting of a PET/CT scan
and a subsequent PET/MRI scan. The results showed that
there was no significant difference between the numbers of
suspicious lesions or lesion-positive patients detected with
PET/MRI and PET/CT, that anatomical allocation of PET/
MRI was comparable to that of PET/CT, and that there was a
high correlation between the mean SUVs measured with PET/
MRI and PET/CT in the lesions. This revealed that PET/MRI
is a reliable method comparable to PET/CT in detecting
oncology. Boss et al.56 prospectively showed that MRI provided
excellent images without recognizable artifacts caused by the
inserted PET system in eight patients with head and neck
tumors by using simultaneous FDG PET/MRI after FDG
PET/CT. They further showed that PET images from PET/
MRI exhibited better spatial resolution and image contrast
compared with those from PET/CT. Kuhn et al.57 compared
PET/CT and PET/MRI in 150 patients with head and neck
cancer; their study indicated that PET/MRI yielded a higher
diagnostic confidence for accurate lesion conspicuity, infiltra-
tion of adjacent structures, and perineural spread, indicating
that PET/MRI can serve as a legitimate alternative to PET/CT
in the clinical workup of patients with head and neck cancers.
Through the combination of anatomical MRI, diffusion-

weighted MRI (DW-MRI), and PET imaging, some concerted
information about cellularity and biological activity of the

Figure 4. Images from a 62-year-old female with a non-small cell carcinoma lesion confirmed by pathology in the upper lobe of the right lung. Both
the chest CT (A) and PET (B) clearly show the location and metabolism of the lesion (red arrow). However, it is not clearly shown at the same level
by MRI (C) and DW-MRI (D) because of large artifacts.

Molecular Pharmaceutics Review

dx.doi.org/10.1021/mp500321h | Mol. Pharmaceutics 2014, 11, 3798−38093803



tumor could be obtained, and the assessment of tumor invasion
into adjacent structures could probably be improved by the
combination of anatomical MRI, DW-MRI, and PET in rectal,
bladder, prostate, and gynecological cancers.58,59 A recent study
showed that the combination of MRI with 11C-acetate PET/CT
is superior to the individual methods alone in the detection of
localized prostate cancer.60 Furthermore, accuracy in the
assessment of spreading to regional lymph nodes, especially
in the pelvic region, the mediastinum, and the head and neck
region, could also be improved.61,62 Therefore, it is anticipated
that the sensitivity and specificity in oncology staging can be
improved.
PET/MRI is a new technology with lower radiation levels

compared with PET/CT. Although it has similar diagnostic
performance in tumor detection compared with PET/CT,63 it

still could not replace PET/CT completely. Most of the time,
the information provided by PET/CT and PET/MRI can be
complementary with each other because the two methods are
based on completely different biophysical and biochemical
underpinnings. Since the structure of tissues is different, the
detection accuracy for tumors in different parts of the body may
not be the same for CT and MRI. In the thorax, where the
density of protons is lower and the artifacts originate from
respiration or the gas−tissue boundary, which can significantly
decrease the sensitivity of MRI, echo planar imaging (EPI)-
based MRI is susceptible to image distortions. Thus, because of
those limitations, small lesions in the thorax are always ignored
by MRI (Figure 4). MRI provides high soft-tissue contrast and
it may more easily visualize the diffusion of the tumor
compared with CT. For example, pleural retraction of lung

Figure 5. Images for a 58-year-old female with lung cancer confirmed by pathology. 18F-FDG uptake was observed in PET images (A and D); both
CT (B) and T2-weighted MRI (T2MRI) (E) showed the main lesion (red arrow). However, only T2MRI (E) showed the pleural retraction
accompanied by lung cancer (white arrow). PET/CT (C) showed only the main lesion, while PET/MR (F) showed both the main lesion and the
pleural retraction.

Figure 6. Images of a small hepatocellular carcinoma confirmed by pathology. CT (A) shows only slightly low density, and PET (B) also indicates a
slightly higher metabolism than in normal tissue. However, it clearly appears in the corresponding T2MRI (C) and DW-MRI (D) images.
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cancer can be clearly detected by MRI (Figure 5). Recently,
Rauscher et al.64 systemically compared PET/MRI with PET/
CT in the characterization of chest and abdominal lesions.
They concluded that overall the PET image quality and
detection rate of 18F-FDG-positive lung lesions in PET/MRI is
equivalent to that in PET/CT but that the detection rate of
small lung lesions by PET/MR is lower than that by PET/CT.
On the contrary, the sensitivity of PET/MRI is superior to that
of PET/CT in detecting tumors inside the abdominal cavity.
For example, it is well-known that the uptake of 18F-FDG in
hepatocellular carcinoma and kidney malignancy is very small
and difficult to visualize by PET/CT, yet MRI is sensitive
enough to detect such small lesions in the liver (Figure 6) or
kidney.
Accurate assessment of the tumor response is essential in

clinical patient management as well as in drug development.
Currently, the response is mainly evaluated by anatomical
measures based on standardized criteria for response evaluation
in solid tumors by PET/CT (PERCIST), which was suggested
in 2009 in parallel with the increasing amount of evidence on
FDG-PET as a surrogate marker for the response. Similar
results have emerged for DW-MRI from a broad range of
cancer types,65,66 suggesting that early changes in tumor
diffusion values are correlated with the response to therapy and
indicating that PET/MRI could be an effective and valuable
method in early therapy evaluation (Figure 7). However, by
reviewing 900 patients who underwent cancer assessments with
PET/MRI, Czernin et al.67 surprisingly found that PET/MRI
did not show a striking difference in diagnostic accuracy for
cancer assessment. Thus, the controversy over the value of
PET/MRI in tumor assessment still exists, and to uncover the
truth, a multicenter study with a large number of patients may
be necessary.
DW-MRI measures cell density and is based on diffusion of

water molecules in tissues. MR spectroscopy (MRS) can be
used to monitor metabolic processes and products. Advanced
functional MRI techniques such as DW-MRI, MRS, and
perfusion-weighted imaging used with PET can further enhance
the detection and characterization of malignant lesions for
prognosis assessment, biopsy and pretreatment planning,

patient selection for certain therapeutic agents, and response
prediction and assessment.68,69

3.2.3. Applications of PET/MRI in Neurological Disease.
PET/MRI can provide an integrated multidimensional and
multiparametric structural and functional assessment of the
central nervous system in patients with neurodegenerative,
ischemic, and neurological diseases and improve the accurate
diagnosis of those diseases. It is also valuable in evaluating
biological processes such as metabolism, perfusion, oxygen
consumption, receptor expression, and function even in the
smallest neurological−anatomical structures.70,71 The high
degrees of spatial and temporal coregistration of PET and
MRI data sets are particularly feasible in neurological oncology,
in which accurate alignment of structural and functional
information is essential for biopsy and treatment planning.
Garibotto et al.72 successfully scanned 15 patients with

neurodegenerative disease, epilepsy, or high-grade tumors using
PET/MRI. Their clinical study showed that acquiring both
PET and MRI data in a single session with a hybrid system
could minimize patient discomfort while maximizing clinical
information and optimizing registration of both modalities. Hitz
et al.73 compared integrated whole-body PET/MR imaging
with conventional PET/CT in 30 suspected dementia patients.
The results showed that lower measured PET signal values
were obtained throughout the brain in region of interest (ROI)-
based quantification of the PET signal for PET/MRI compared
with PET/CT. It was inferred that PET/MRI is a valuable tool
in detecting neurodegenerative disease.
The brain is an organ with abundant receptors that play

critical roles in brain function, and the abnormal expression of
various receptors is the main reason for different neurological
diseases such as Parkinson’s disease, Alzheimer’s disease, and so
on. Imaging of the expression of receptors and detecting their
function are valuable in diagnosis and treatment planning for
many brain diseases. Son et al.74 measured the activity of
individual raphe nuclei with fluorine 18F-FDG and 11C-DASB
imaging with PET/MRI. Each raphe nucleus could be
distinguished in both FDG and 11C-DASB images. The
standard uptake value ratio of FDG and the nondisplaceable
binding potential of 11C-DASB were significantly correlated. In
this study, the serotonergic activity, including both glucose

Figure 7. Images for a 52-year-old male with nasopharyngeal carcinoma confirmed by pathology with bilateral neck lymph node metastasis. It can be
detected by PET (A), MRI (B), and PET/MRI before therapy. After two months of therapy, 18F-FDG uptake was significantly decreased in PET
(D) and PET/MRI (F), while the nasopharyngeal lesion and neck lymph node was also significantly reduced when detected by MRI (E).
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metabolism and the transporter-binding potential of the raphe
nuclei, was successfully measured by a brain-dedicated PET/
MRI system. By detecting the expression of the somatostatin
receptor in meningioma, Thorwarth et al.75 first guided
intensity-modulated radiotherapy (IMRT) treatment planning
in patients with meningioma via integrated PET/MRI with
68Ga-DOTATOC as the biomarker. Target volumes for IMRT
treatment planning did not differ between MRI plus 68Ga-
DOTATOC PET/CT and simultaneous PET/MR imaging,
and thus, the overall volume of the PET/MRI-based planning
target volumes (PTVs) was approximately the same as that
obtained from PET/CT. However, a small region of infiltrative
tumor growth next to the main tumor mass was better
visualized with combined PET/MRI, and therefore, an IMRT
treatment plan was optimized for the PTV by PET/MRI.
The combination of MRI and PET will provide more

information for brain tumors and may be an alternative method
for brain tumor grading. In Dunvet’s study, 38 glioma patients
underwent conventional MRI, MRS, diffusion sequences, and
fluoroethyltyrosine PET (FET-PET).76 The tumor time−
activity curve reached the best accuracy by distinguishing
between low- and high-grade gliomas followed by ADC
histogram analysis. Combining the time−activity curve and
ADC histogram analyses improved the sensitivity from 67% to
86% and the specificity from 63−67% to 100%. This study
indicated that FET-PET/MRI may be valuable in the initial
assessment of the primary brain.
Surgical resection is an important method in treating some

neurological diseases by precisely removing the lesion without
destroying the normal tissue, which is critical for the prognosis.
PET/MRI is not only useful in diagnosis but also valuable in
guiding surgical removal. Combining MRI and PET informa-
tion increases the sensitivity of the presurgical evaluation for
medically refractory epilepsy by FDG-PET/MRI, which has
been successfully performed at the University of California, Los
Angeles.77 Recently, a multimodality imaging approach using
FDG-PET/MRI coregistration and diffusion tensor imaging has
been demonstrated to be useful in presurgical evaluation to
localize epileptogenic tubers.78

3.2.4. Applications of PET/MRI in Cardiology. In the clinical
assessment of patients with cardiovascular disease, PET allows
the quantification of blood flow and is considered the gold
standard for assessing myocardial tissue viability. MRI can
provide information about ventricle function and structural
changes, and by the use of contrast agents, perfusion and tissue
viability can be detected. It was suggested that the combination
of these methods in a simultaneous PET/MRI scanner would
allow a more detailed at-risk assessment of the myocardium.
In cardiology, PET imaging is still most frequently used for

the diagnosis of obstructive coronary artery disease (CAD). It
provides the most accurate noninvasive means of diagnosing
obstructive CAD, with a sensitivity and specificity of about
90%,79−81 and has been proven to be valuable for accurate
prognosis and good patient management.82−84 MRI also has
great promise in the diagnosis of obstructive CAD, where
coronary artery stenosis can be detected by first-pass MRI after
injection of a fast bolus of a gadolinium contrast agent such as
gadolinium−diethylenetriaminepentaacetic acid (DTPA), yield-
ing a sensitivity and specificity of about 91% and 81%,
respectively.85,86

Ischemic myocardium that is dysfunctional but viable has the
potential for recovery of contractile function after revascular-
ization.18F-FDG PET is considered to be the gold standard

among the different imaging modalities in assessing myocardial
viability.87,88 The results of several studies have proven the
value of 18F-FDG PET imaging in identifying those patients on
the basis of a prediction of improved left ventricle function.89,90

Contrast-enhanced MRI appears to be a promising alternative
that is capable of visualizing the transmural distribution of
viable and infarcted myocardium with excellent spatial
resolution.91 A comparison of delayed-enhancement MRI
with 18F-FDG PET and 13NH3 in 31 patients with ischemic
heart failure revealed that the location and extent of infarct
scarring, as delineated by delayed enhancement, correlated very
well with the nonviable segments from PET.92 Besides the
detection of the perfusion and viability of the myocardium,
PET/MRI can also be used in other aspects of myocardial
disease. With a new radiotracer, PET/MRI can also image
angiogenesis that occurs in response to ischemia and
inflammation that is a part of the healing process after ischemic
tissue injury. 18F-galacto-RGD PET can image the expression of
integrin in response to myocardial infarction, and the delayed
enhancement of the MRI signal allows exact localization of 18F-
galacto-RGD uptake in the region of the myocardial
infarction.93 Stem cell transplantation and gene therapy is a
promising treatment for cardiac disease, and therefore,
monitoring of the transplanted stem cell and the expressed
gene is valuable in predicting the prognosis. Thus, PET/MRI
should be feasible for visualization of the survival of stem cells
and localization of reporter gene expression.

4. SUMMARY
Almost seven years have passed since the debut of integrated
PET/MRI, but PET/MRI is still in its early stages of
development. Although MRI is superior to CT in several
respects, PET/MRI still faces some challenging technique
problems, such as cost and time consumption, which are
disadvantages that limit its use in clinical settings. At present,
PET/CT is still a popular and valuable tool in clinics, so it
should not be replaced by PET/MRI. However, we anticipate
that with the development of PET/MRI and the installation of
more PET/MRI scanners, imaging of disease with PET/MRI
will become widespread and patients will benefit from the
promotion of new hybrid PET technologies.
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