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Combined PET and MR imaging (PET/MR imaging) has progressed
tremendously in recent years. The focus of current research has

shifted from technologic challenges to the application of this new

multimodal imaging technology in the areas of oncology, cardiology,

neurology, and infectious diseases. This article reviews studies in
preclinical and clinical translation. The common theme of these

initial results is the complementary nature of combined PET/MR

imaging that often provides additional insights into biologic systems
that were not clearly feasible with just one modality alone. However,

in vivo findings require ex vivo validation. Combined PET/MR im-

aging also triggers a multitude of new developments in image anal-

ysis that are aimed at merging and using multimodal information
that ranges from better tumor characterization to analysis of met-

abolic brain networks. The combination of connectomics informa-

tion that maps brain networks derived from multiparametric MR

data with metabolic information from PET can even lead to the
formation of a new research field that we would call cometomics that

would map functional and metabolic brain networks. These new

methodologic developments also call for more multidisciplinarity
in the field of molecular imaging, in which close interaction and train-

ing among clinicians and a variety of scientists is needed.
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Molecular imaging of small animals for biomedical research
is an emerging field (1). It penetrates successfully into areas that
are historically dominated by ex vivo molecular biology methods
and therefore bears an enormous potential. Exploiting the full
range of options of noninvasive visualization and quantification
of metabolism, disease-specific dysfunction, therapy response, and
cell trafficking requires that specific biomarkers yield information
about molecular and functional processes as well as morphologic
details. Single-modality imaging, such as stand-alone PET, SPECT,
MR imaging, CT, or ultrasound, is often unable to provide the desired

comprehensive information. Dedicated small-animal PET/CT and
SPECT/CT scanners have been well received in the biomedical im-
aging sciences and have set the stage for a new combined imaging
modality, PET/MR imaging, which has been introduced and suc-
cessfully applied in biomedical studies (2,3). PET and MR imag-
ing are both distinct modalities offering great versatility for ad-
vanced imaging applications in various fields of biomedicine. The
combination of these two modalities into a single device merges
functional and morphologic information from MR imaging with
molecular PET data. The strength of PET lies in its high detection
sensitivity and accurate quantification, but PET lacks good spatial
resolution and tissue contrast. MR imaging, however, enables high-
resolution imaging of morphology with good soft-tissue contrast,
detects endogenous metabolite distributions using spectroscopy,
and allows dynamic acquisition of tissue perfusion and additional
functional parameters (4).
Thus, PET/MR imaging paves the way for noninvasive imaging

to be used in a wide range of applications in biomedicine. First, in
vivo preclinical and clinical studies impressively show the power
of this new imaging device, which without doubt will cause a par-
adigm shift in the realm of imaging science (2,3,5–9).
This article provides a comprehensive overview of the potential

and the challenges of PET/MR imaging in preclinical research and
its translation into clinical practice.

PRECLINICAL PET/MR IMAGING IN ONCOLOGY

PET/MR imaging was first applied in oncology (5) and neurol-
ogy (3,7,10). With the recent arrival of integrated human PET/MR
imaging scanners, clinical scientists are establishing new protocols
for imaging, pushing PET/MR imaging to the forefront of advanced
nuclear medicine, radiologic diagnostics, and staging (11). Although
many existing clinical PET/MR imaging systems are mainly being
used as research devices, it is certain that these systems will mi-
grate into routine oncologic settings. Many preclinical imaging sites
around the world perform PET/MR imaging studies, but only a
small number are simultaneous or from integrated systems. Until
now, preclinical PET/MR imaging has mainly operated at a proof-
of-concept level (2,12,13), but first studies showing the value of
combined acquisitions have been published (7,9).

PET/MR Imaging in Preclinical Oncology

Despite considerable limitations, the Response Evaluation Criteria
in Solid Tumors are still an applicable set of clinical guidelines for
evaluating tumor response to therapy. Tumor volumes are best mea-
sured clinically using CT or MR imaging. In contrast, subcutaneous
tumor xenografts are often quite accessible for direct measurement
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using calipers. However, more translationally relevant orthotopic
or metastatic cancer models require imaging for size and volume
assessments (14).
Zieker et al. (15) have shown that the excellent soft-tissue con-

trast of MR imaging permits the delineation of cancerous tissue
within normal tissue; they emphasized the importance of such
assessments for the quantification of PET tracer uptake in a meta-
static mouse model mimicking human gastric cancer. For instance,
identifying the tumor component of anatomic masses is important
to quantify 18F-FDG uptake in intestinal and hepatic lesions, where
low lesion-to-background activity ratios are expected.
Furthermore, Braren et al. (16) have thoroughly illustrated how

the inclusion of functional MR imaging techniques—specifically,
measurements of water diffusion with apparent diffusion coefficient
and dynamic contrast-enhanced imaging—aid in multivariate analysis.
Using linear regression in their multiparametric imaging approach,
those authors identified measured parameters that significantly cor-
related with the amount of viable tumor or fibrotic and inflamma-
tory tissue in a rat model of hepatocellular carcinoma. That study
illustrated that orthotopic tumor models resemble more closely
human cancers that are composed of various tumor compartments
surrounded by healthy tissue. Moreover, anatomic MR imaging reg-
istration was critically important to accurately analyze 18F-FDG tu-
mor activity because liver background was a confounding factor after
transarterial tumor embolization.
Wehrl et al. (9) used PET/MR imaging to compare 11C-choline

uptake with MR spectroscopy chemical shift imaging of choline metab-
olism in a murine orthotopic glioma model. Imaging findings were
validated by ex vivo immunohistology and also by ex vivo secondary
ion mass spectrometry imaging. Different measurements revealed
different aspects of the tumor, thus showing tumor heterogeneity.
The anatomic information was required for precise tumor delinea-
tion, which was not possible by simple thresholding of functional
or molecular information. The negative correlations between total
choline, measured by MR spectroscopy chemical shift imaging, and
11C-choline uptake, assessed by PET, indicate a complex biologic
interplay that may guide therapeutic interventions.

Mathematic Modeling in Oncology Using PET/MR Imaging

Quantitative PET parameters derived from compartmental model
analysis may provide prognostic information and insights into tumor
heterogeneity (17). However, deriving the arterial input function is
difficult because of partial-volume effects, the lack of metabolite
corrections, and motion artifacts. Recently, Poulin et al. (18) have
suggested methods to adapt a gadolinium-based MR imaging con-
trast agent to estimate the 18F-FDG arterial input function. Thus, the
strengths of each modality can be used synergistically to formulate
a mathematic model. Deterministic models of tumor growth that
use PET and MR imaging data as direct inputs to provide a model
of tumor growth (19,20) have been proposed. Some authors (21)
hypothesized that normalized apparent diffusion coefficient values
derived from two or more independent tumor measurements can
be used to establish tumor proliferation rates, considering that
apparent diffusion coefficient is inversely proportional to tissue
density, which has been shown to work reasonably well in clinical
studies (22). Conversely, the metabolic flux of 39-deoxy-39-18F-
fluorothymidine (18F-FLT), obtained from modeling dynamic 18F-
FLT measurements (23), could be used to estimate the proliferation
rate in a voxelwise manner.
Figure 1 depicts a density scatterplot of combined apparent dif-

fusion coefficient and 18F-FDG measurements and corresponding

histograms. This figure illustrates the dynamic relationship of these
parameters in a xenograft tumor model of non–small cell lung car-
cinoma. The temporal changes of these two parameters cannot be
assessed simply by measuring their mean values. Increasing the number
of parameters by incorporating dynamic contrast-enhanced MR im-
aging and oxygen saturation from blood oxygen level–dependent
(BOLD) MR imaging measurements could lead to an improved
ability to distinguish specific biologic tumor compartments, po-
tentially leading to more-informed therapy decisions.
Taken together, these multiparametric studies are a significant

step toward the use of PET/MR imaging as a tool for basic oncologic

FIGURE 1. Density scatterplots with corresponding histograms of 18F-

FDG on x-axes and apparent diffusion coefficient (ADC) on y-axes. This

representation emphasizes the gain of information from simultaneous

imaging compared with individual measurements. (A) Baseline mea-

surement depicts relatively high 18F-FDG uptake compared with later

measurements, and apparent diffusion coefficient is tightly centered at

approximately 500 · 10−6 mm2/s, representing aggressive tumor with

high cellular density. (B) After initiation of therapy, 18F-FDG signal

decreases dramatically, reflecting metabolic breakdown of glucose

consumption. Interestingly, average apparent diffusion coefficient value

changes only slightly, reflecting that cellular density in tumor remains

stable. By final, late measurement time point, the tumor is well differ-

entiated, depicting areas of high cellularity with two populations of

glucose metabolism and two areas of low cellularity with low and medium

glucose uptake. %ID 5 percentage injected dose.
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in vivo research with direct translational potential. To reveal the
clinical relevance of these complex and complementary parameters,
ex vivo validation studies using histology, proteomics, or metab-
olomics are required.

CARDIAC PET/MR IMAGING

Current State of Cardiac PET/MR Imaging

Preclinical PET/MR imaging hardware for small-animal studies
has advanced (2–4,12,22,24–40). Although most preclinical PET/MR
imaging systems are designed for imaging mice, there is significant
interest in cardiac research using rats, especially the spontaneously
hypertensive rat model of hypertensive left ventricle hypertrophy.
However, technology development for rat imaging has been more
challenging. To overcome these challenges, a novel imaging sys-
tem has been designed at the University of Tuebingen (3,4,27,35).
This system offers potential for further cardiac research in pre-
clinical studies.
An early study (30) performed simultaneous 18F-FDG PET and

MR imaging in mice and was able to differentiate between scar,
border-zone, and normal tissue. More recently, postinfarction inflam-
mation was studied in a mouse model of coronary ligation using
18F-FDG PET and gadolinium-DTPA–enhanced MR imaging
(37). The gadolinium-enhancing infarcts showed high 18F-FDG
uptake on day 5 after myocardial infarction, which was explained
by a higher number of monocytes and macrophages in ischemic
compared with noninjured tissue. In another study, gadolinium-
DTPA–enhanced MR imaging and a PET study using 64Cu-labeled
nanoparticles targeting macrophages were performed simulta-
neously (38). When imaging mice 3 d after myocardial infarction,
delayed enhancement of gadolinium-DTPA delineated the infarcted
myocardium, whereas PET images of the 64Cu-labeled nanoparticles
delineated inflammatory cells. These studies suggest that PET/MR
imaging can be used to differentiate between infarcted and inflam-
matory tissue in the setting of acute myocardial infarctions.
Recent work at the University of Tuebingen and the Lawrence

Berkeley National Laboratory shows the usefulness of PET/MR tech-
nology for imaging cardiac efficiency ([cardiac tissue work]/[oxygen
use]). Simultaneous dynamic 18F-FDG and tagged MR imaging
for strain measurements were performed. That study showed a sig-
nificant correlation between the 18F-FDG influx rate constant and
cardiac work. Healthy Lewis rats were imaged using a 7-T small-animal

MR imaging scanner with a PET insert that had been previously
used in neurologic studies (3). The myocardial external minute
work (MEMW) was determined by first obtaining an estimate of
the myocardial end-systolic stress through the analysis of a subject-
specific finite element model (41). These results were then com-
bined with tagged MR strain analysis to obtain an estimate of the
MEMW (Nm/min/g of tissue) (42). The PET images were recon-
structed as a dynamic sequence of 3-dimensional images to obtain
time–activity curves for blood input sampled from the left ventric-
ular blood pool (;40 mm3) and for the left ventricular myocardium
(;250 mm3). The time–activity curves were used to estimate the
influx rate constants Ki for 18F-FDG using the Patlak graphical
analysis approach (43). In implementing this method, the last 10
time frames (10–60 min) were used to determine Ki via linear
regression. Figure 2 shows regional Ki values correlated with re-
gional MEMW. Thus, simultaneous PET/MR imaging showed that
cardiac work and the influx rate constant of glucose are inversely
correlated. This finding suggests a metabolic switch from glucose
to fatty acids as cardiac work increases.

Benefits of Cardiac PET/MR Imaging

Animal models can be used to study various physiologic processes
and their perturbations simultaneously. Longitudinal studies (44)
in spontaneously hypertensive rats investigated the consequences
of hypertensive hypertrophy on glucose and fatty acid metabolism,
myocardial perfusion and innervation, and bone structure using
postmortem micro-CT, diastolic and systolic function using finite
element strain analysis, and fiber structure using postmortem dif-
fusion tensor MR imaging. Using PET/MR imaging provides good
spatial and temporal image coregistration. Performing studies si-
multaneously ascertains consistent physiologic states, reduces an-
esthesia times, and provides more reliable correlative results using
all information available from both modalities. PET provides ac-
curate measurements of perfusion, metabolism, inflammation, in-
nervation, and ligand binding. MR imaging provides high-resolution
structural data, soft-tissue contrast, and parameters of mechanical
structure (e.g., deformation, strain, fiber structure, viability, and
fibrosis).

Potential of PET/MR Imaging in Cardiology

PET/MR imaging has great potential for studying mechanisms
underlying or associated with cardiac disease. One translational

FIGURE 2. (A) MEMW calculated using strain and stress calculations and displayed as polar plot. Units for MEMW are in Newton meters/minutes/

gram of tissue. (B) 18F-FDG metabolic rate Ki, displayed as polar plot, using PET simultaneously with tagged MR imaging that was used for MEMW

assessment. (C) Correlation of regional metabolic rate of 18F-FDG with MEMW. Regression analysis shows negative correlation (R 5 0.75) between

MEMW and influx constant for 18F-FDG, suggesting that metabolites other than glucose are preferred at rest. This correlation was significantly

different from zero (P 5 0.0322). Heart prefers substrates that maximize efficiency, such as fatty acids, which provide 38 kJ/g compared with 17 kJ/g for

glucose. Figure shows strength of PET/MR imaging in cardiac imaging insofar as it combines mechanical information derived from high-resolution

MR imaging with metabolic information derived from PET.
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cardiac PET/MR imaging application is the study of left ventricular
remodeling, especially in the border zone of infarcted myocardium,
during the development of hypertensive hypertrophy or in the aging
heart. Changes in structure, glucose and fatty acid metabolism, in-
nervations, and tissue efficiency can be assessed. The decrease in
contractile efficiency represents an imbalance between left ventric-
ular performance and myocardial energy consumption and may
signal early deterioration in cardiac function (42). The develop-
ment of PET/MR imaging hardware and appropriate animal mod-
els are important for studying left ventricular remodeling and the
impact of early therapeutic interventions.

PET/MR IMAGING IN NEUROLOGY

PET/MR Imaging in Basic Research and Clinical Differential

Diagnosis of Neurodegenerative Disorders

Alzheimer disease accounts for most dementia cases worldwide
(45,46). Emerging noninvasive imaging strategies include amyloid-
targeting probes for PET, such as florbetaben (47), flutemetamol
(48), and florbetapir (49) (recently accepted by the Food and Drug
Administration) (50). Information from these tracers is now cor-
related with the well-studied amyloid ligand 11C-Pittsburgh com-
pound B (11C-PiB) (51,52). However, volumetric MR imaging as-
sessments of hippocampal volumes and measurements of cerebral
glucose metabolism using 18F-FDG PET can also aid the diagnosis
of Alzheimer disease. These measurements correlate with neuro-
psychologic markers of cognitive decline, such as mini-mental status
examination scores (45).
Large multicenter trials are under way to assess the role of im-

aging and cerebrospinal fluid biomarkers as predictors for the rate
of cognitive decline (Alzheimer’s Disease Neuroimaging Initia-

tive) in conjunction with the Australian Imaging, Biomarkers &
Lifestyle Flagship Study of Ageing, and the Dominantly Inherited
Alzheimer Network (45,53,54). Villain et al. (53), in a voxel-based
analysis of 11C-PiB uptake, showed a linear increase in amyloid
deposition over time; in contrast, Bateman et al. (54) showed that
cerebral amyloid deposition measured by 11C-PiB initially in-
creased linearly after plaque burden stabilization toward a plateau.
The sigmoidal progression of amyloid deposition had been pro-
posed previously (55) and was recently refined (56). As an important
observation (53–56), cerebral amyloid deposition starts decades
before the manifestation of clinical symptoms, whereas changes in
cerebral glucose metabolism appear to be altered in the later stage
of Alzheimer disease. This finding highlights the importance of
new, noninvasive neuroimaging approaches for the early diagnosis
of Alzheimer disease. PET/MR imaging appears to be ideally
suited to accomplish this task because it allows the simultaneous
assessment of the amyloid burden, hippocampal atrophy, and changes
in functional parameters, such as regional cerebral blood flow and
blood oxygenation, by BOLD functional MR (fMR) imaging.

PET/MR Imaging as a Research Tool in Neurology

Animal research benefits from the combination of PET and MR
imaging (4) because there is often a need for a cross-calibration of
methods for functional imaging. For instance, arterial spin label-
ing MR imaging and 15O-H2O PET still lack cross-validation. The
gold standard for the assessment of cerebral blood flow is 15O-
H2O PET (57). The value of arterial spin labeling MR imaging is
controversial (58). PET plays a key role in measuring the cerebral
metabolic rate of oxygen using radioactive gases (59). However,
because of the short half-life of 15O, the 15O technique requires an
elaborate experimental setup with an on-site cyclotron. Moreover,

the handling of radioactive gases requires
special attention to reduce radiation expo-
sure. Methods such as calibrated BOLD
MR imaging, which applies different breath-
ing gas paradigms to estimate the cerebral
metabolic rate of oxygen, have been applied
to small animals (60) and humans (61). How-
ever, a cross-calibration of both PET- and
MR imaging–based cerebral metabolic rate
of oxygen methods using simultaneous im-
aging has not been published (62). Measure-
ments of oxygen metabolism are not limited
to studies of the brain; they can also be ap-
plied to assess tumor oxygenation status, an
important parameter for radiation therapy.
The future of PET/MR neuroimaging re-

search also lies in monitoring different met-
abolic states (Fig. 3). Brain activation usually
involves multiple events, including changes
in receptor occupation that lead to changes
in brain activity. These changes often cause
an increased energy demand, which is met
by an increase in glucose metabolism and,
finally, an increased delivery of nutrients to
the site of activity. PET and MR imaging
methods are available to monitor multiple
processes simultaneously. Sander et al. (7)
used simultaneous PET/MR imaging in two
rhesus macaques to study D2/D3 receptor
occupancy using 11C-raclopride PET while

FIGURE 3. Metabolic cascade of brain function and available imaging technologies. In this

example, pharmacologic stimulus triggers entire cascade of processes in brain. Pharmacorecep-

tor interaction, which can be monitored by PET, leads to increase in neuronal activity and spiking

rates. This increase in neuronal activity is met by increase in energy consumption, which is

domain of glucose PET. Finally, nutrients need to be delivered to site of activity, which leads

not only to increases in blood flow and blood volume but also to changes in blood oxygenation

and other parameters. Both fMR imaging and PET techniques exist to monitor these changes. As

indicated by arrows, possibility exists for shortcuts and decoupling between metabolic steps.

PET/MR imaging is excellent tool with which to monitor these multiple stages of metabolism

simultaneously because it allows combination of high-sensitivity PET techniques and advanced

MR methods, such as BOLD imaging. (Modified and reproduced with permission of (77).)
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simultaneously monitoring cerebral blood volume changes using
MR imaging. The interplay between BOLD fMR imaging and 18F-
FDG PET during whisker stimulation in rats was studied by Wehrl
et al. (Fig. 4) (3). BOLD fMR imaging and glucose metabolic
changes by PET were discordant in some brain regions. These
findings suggest an uncoupling of oxygen from glucose metabolism
that is detectable by simultaneous PET/MR imaging. A general
mismatch between oxygen and glucose metabolism was previously
observed using dedicated PET imaging studies (63). Future PET/
MR imaging studies will help to elucidate these phenomena.
A default mode of brain networks has been described on the basis

of PET imaging data (64). Certain brain regions exhibit similari-
ties in their resting state fluctuations (65). Resting state fMR im-
aging techniques are now used in a wide variety of applications
ranging from normal aging (66) to Alzheimer disease (67). The
term resting state should be replaced by functional connectivity
(fc) because a resting state of the brain is difficult to define. Recent
studies suggest that fc-PET provides information that is similar to
that derived from fc-fMR imaging (3). This finding indicates that
detailed information about functional and metabolic networks is
coded in dynamic and static PET data. In support of this notion,
human PET data suggest that similar networks can be observed using
PET (68,69). The metabolic basis of the fc-fMR imaging signal is
still under investigation (70); thus, the exact role of fc-PET imaging
also needs further investigation. Nevertheless, it is appropriate to

hypothesize that several dedicated PET
tracers could depict and quantify metabolic
and functional networks in the brain. At the
current stage, even an exact name for this
PET technique is not fully established, and
discussions range from fc-PET and meta-
bolic connectivity to covariant networks. The
quantitative capabilities of PET imaging are
another advantage over BOLD fMR imaging
methods, which often suffer from a lack of
clearly defined baseline signals (71). Here,
simultaneous PET/MR imaging is a key tool
for further investigation because it allows a
comparison of the fc-PET networks with the
derived fc-fMR imaging networks—for ex-
ample, from BOLD or cerebral blood flow
data. Ultimately, the usefulness of fc-PET
needs to be proven, but its applications can
possibly range from activation versus base-
line studies in the normal brain to a dedi-
cated assessment of brain diseases and their
treatment responses. This combination of
anatomy, diffusion, fc-fMR imaging, fc-PET,
and dedicated analysis merges connectomics
with metabolomics and will lead to a new
research field that we will coin cometomics.
Thus, PET/MR imaging also serves as the
ideal tool for the validation of novel imaging
strategies and biomarkers using simultaneous
acquisitions (2,3,29).

PET/MR IMAGING IN

INFECTIOUS DISEASES

Arguably, the major limit to the imaging
of infectious microorganisms is the lack

of availability of pathogen-specific markers. Most of the available
radiopharmaceuticals detect nonspecific inflammation sites but do
not accumulate in microorganisms. The clinical standard PET
tracer 18F-FDG for imaging malignancies has proven valuable for
the imaging of infectious diseases or their inflammation processes
(72), but it is largely constrained to visualizing the accumulation
of glucose-consuming immune cells with enhanced metabolic ac-
tivity in inflamed tissues (73). In the field of preclinical imaging,
an increasing number of biomarkers, including monoclonal anti-
bodies or their fragments, peptides, and small molecules for in-
fectious disease imaging, have started to emerge. With combined
imaging techniques, parasite–host interactions can be monitored
in vivo over time without the need for animal dissection or ex vivo
methods.
In Figure 5, an Echinococcus multilocularis–infected Mongolian

gerbil (Meriones unguiculatus) was imaged simultaneously with
PET/MR imaging using 18F-FDG. The disadvantage of the PET tracer
18F-FDG, as previously discussed, is its nonspecific uptake in inflamed
tissue surrounding the parasite. The parasite tissue itself is not detected
by the glucose PET tracer, and small E. multilocularis lesions cannot
be detected with 18F-FDG. In combination with the superior soft-
tissue contrast of MR imaging and a potential specific biomarker for
PET, simultaneous PET/MR imaging could serve as an emerging tool
for unambiguously identifying and diagnosing alveolar echinococcosis
disease and excluding it from other cystic liver diseases.

FIGURE 4. Simultaneous PET/MR imaging during whisker stimulation in small animals. Simul-

taneous BOLD fMR imaging and 18F-FDG PET depict activated areas in brain. Main activation

focus, contralateral barrel field cortex (S1BF), is seen in both modalities, albeit with different

statistical significance and spatial extents. However, 18F-FDG PET reveals additional activated

areas, such as insular cortex (GI/DI) and amygdala (Amyg), which were not present in BOLD

imaging. In some areas of brain, BOLD signal change may be too small or too slow to be picked

up by fMR imaging. This figure shows complementary nature of PET/MR imaging in brain

research. RSGB 5 retrosplenial granular cortex; Cg 5 cingulate cortex; M1 5 primary motor

cortex; S1ULp 5 primary somatosensory cortex, upper-lip region; CA 5 cornu ammonis areas

(areas of the hippocampus); Tha 5 thalamus; CPu 5 caudate putamen; VPL 5 ventral postero-

lateral nucleus; VPM 5 ventral posteromedial nucleus; Ect 5 ectorhinal cortex; PRh 5 perirhinal

cortex; Z 5 represents the anterior (positive) or posterior (negative) position of the displayed slice

relative to the bregma. (Reprinted with permission of (3)).
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The advantages of simultaneous PET/MR imaging in infectious
diseases compared with PET/CT systems are also reviewed by
Glaudemans et al. (74), highlighting the identical position of the
patient in both modalities during acquisition, the functional in-
formation of MR imaging complementing the molecular informa-
tion of PET, the outstanding localization of the PET signal in the
soft tissue, and the absence of a radiation burden resulting from
the MR imaging system.

TRANSLATION ASPECTS OF PET/MR IMAGING

With the introduction of combined PET/MR imaging scanners,
first for head and neck imaging (75) and recently for whole-body
imaging (76) in humans, PET/MR imaging has been successfully
translated to clinical practice. Numerous applications have been
proposed for the clinical use of PET/MR imaging, especially for
oncologic but also for cardiac and central nervous system imaging.
To date, clinical studies assessing the feasibility and diagnostic
performance of simultaneous PET/MR imaging for specific clin-
ical questions are still rare (11). This supplement includes separate
articles on oncology, neurology, and cardiac studies using combined
PET/MR imaging.
The largest field of clinical applications for combined PET/MR

imaging is certainly oncologic imaging. Figure 6 shows how the
high contrast resolution of MR imaging together with information
from 11C-choline PET enables the assessment of local tumor stage
as well as the detection of lymph node metastases.

CONCLUSION

This article shows how PET/MR imaging has gained tremendous
momentum in the areas of preclinical research and translational
imaging. Currently, PET/MR imaging is likely the most strongly
emerging research platform in imaging science, and over the next
few years, it will show its potential for providing new options in
clinical diagnosis. Preclinical studies in oncology, cardiology, neurol-
ogy, and infectious diseases clearly point to the complementary
nature of the PET and MR imaging modalities. More and more,
PET/MR imaging studies use the functional imaging capabilities
offered by both modalities instead of using the MR information as
a mere anatomic landmark that is amended by functional information
from PET. The translation of these preclinical research findings
into clinical practice is still an ongoing process. Currently, most
clinical examinations are still comparing PET/MR imaging results
with PET/CT in terms of sensitivity and specificity in certain disease
indications. However, the potential of PET/MR imaging is also on
the verge of being unlocked through future studies that will use the
potential of PET and MR imaging and also through the synergy arising
from their combination. It is foreseeable that closer cooperation
between nuclear medicine and radiology departments is needed in
the future. Although this is already the practice in many small-animal
laboratories, where PET and MR people work closely together to
develop new methodologies, this process also needs to be translated
into clinical practice. Combined curricula for the training of nuclear
medicine and radiology scientists and clinicians will merely be
a starting point. Therefore, the combination of PET and MR imaging
into integrated hardware is only one of the challenges posed by this
new modality; another challenge will be the close integration and
cooperation between nuclear medicine and radiology that is needed
to unravel the full potential of this new technology.
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FIGURE 5. Simultaneous small-animal PET/MR imaging using 18F-

FDG as PET tracer for detection of Echinococcus multilocularis in

infected Mongolian gerbil. Images were acquired 1 h after injection of

10 MBq of 18F-FDG. Surrounding inflamed tissue is highlighted by the

glucose PET tracer, but parasite tissue is not highlighted, depicting the

need for disease-specific PET tracer.

FIGURE 6. 58-y-old man with prostate cancer. 11C-choline PET/MR

image shows primary cancer in prostate gland (upper row) as well as

pelvic lymph node metastasis (bottom row, arrow). This example

emphasizes value of PET/MR imaging in oncologic diagnostics be-

cause high-resolution MR imaging can be combined with specific

PET tracers.

16S THE JOURNAL OF NUCLEAR MEDICINE • Vol. 55 • No. 6 (Suppl. 2) • June 2014



ACKNOWLEDGMENTS

We appreciate the help of Andrew M. Hernandez from the Lawrence
Berkeley National Laboratory, Berkeley, CA, and Alexander I. Veress
from the Department of Mechanical Engineering, University of
Washington, Seattle, WA, in processing the cardiac PET/MR im-
aging data.

REFERENCES

1. Pysz MA, Gambhir SS, Willmann JK. Molecular imaging: current status and

emerging strategies. Clin Radiol. 2010;65:500–516.

2. Judenhofer MS, Wehrl HF, Newport DF, et al. Simultaneous PET-MRI: a new

approach for functional and morphological imaging. Nat Med. 2008;14:459–465.

3. Wehrl HF, Hossain M, Lankes K, et al. Simultaneous PET-MRI reveals brain

function in activated and resting state on metabolic, hemodynamic and multiple

temporal scales. Nat Med. 2013;19:1184–1189.

4. Wehrl HF, Judenhofer MS, Wiehr S, Pichler BJ. Pre-clinical PET/MR: techno-

logical advances and new perspectives in biomedical research. Eur J Nucl Med

Mol Imaging. 2009;36(suppl 1):S56–S68.

5. Drzezga A, Souvatzoglou M, Eiber M, et al. First clinical experience with in-

tegrated whole-body PET/MR: comparison to PET/CT in patients with oncologic

diagnoses. J Nucl Med. 2012;53:845–855.

6. Rischpler C, Nekolla SG, Dregely I, Schwaiger M. Hybrid PET/MR imaging of

the heart: potential, initial experiences, and future prospects. J Nucl Med. 2013;

54:402–415.

7. Sander CY, Hooker JM, Catana C, et al. Neurovascular coupling to D2/D3

dopamine receptor occupancy using simultaneous PET/functional MRI. Proc

Natl Acad Sci USA. 2013;110:11169–11174.

8. Wehrl HF, Martirosian P, Schick F, Reischl G, Pichler BJ. Assessment of rodent

brain activity using combined 15O-H2O-PET and BOLD-fMRI. Neuroimage.

2014;89:271–279.

9. Wehrl HF, Schwab J, Hasenbach K, et al. Multimodal elucidation of choline

metabolism in a murine glioma model using magnetic resonance spectroscopy and
11C-choline positron emission tomography. Cancer Res. 2013;73:1470–1480.

10. Dukart J, Mueller K, Horstmann A, et al. Combined evaluation of FDG-PET and

MRI improves detection and differentiation of dementia. PLoS ONE. 2011;6:e18111.

11. Bailey DL, Barthel H, Beyer T, et al. Summary report of the First International

Workshop on PET/MR Imaging, March 19-23, 2012, Tübingen, Germany. Mol

Imaging Biol. 2013;15:361–371.

12. Maramraju SH, Smith SD, Junnarkar SS, et al. Small animal simultaneous PET/MRI:

initial experiences in a 9.4 T microMRI. Phys Med Biol. 2011;56:2459–2480.

13. Ng TS, Bading JR, Park R, et al. Quantitative, simultaneous PET/MRI for intratumoral

imaging with an MRI-compatible PET scanner. J Nucl Med. 2012;53:1102–1109.

14. Loi M, Di Paolo D, Becherini P, et al. The use of the orthotopic model to validate

antivascular therapies for cancer. Int J Dev Biol. 2011;55:547–555.

15. Zieker D, Königsrainer I, Weinreich J, et al. Phosphoglycerate kinase 1 pro-

moting tumor progression and metastasis in gastric cancer - detected in a tumor

mouse model using positron emission tomography/magnetic resonance imaging.

Cell Physiol Biochem. 2010;26:147–154.

16. Braren R, Altomonte J, Settles M, et al. Validation of preclinical multiparametric

imaging for prediction of necrosis in hepatocellular carcinoma after emboliza-

tion. J Hepatol. 2011;55:1034–1040.

17. Vriens D, Disselhorst JA, Oyen WJ, de Geus-Oei LF, Visser EP. Quantitative

assessment of heterogeneity in tumor metabolism using FDG-PET. Int J Radiat

Oncol Biol Phys. 2012;82:e725–e731.

18. Poulin E, Lebel R, Croteau E, et al. Conversion of arterial input functions for

dual pharmacokinetic modeling using Gd-DTPA/MRI and 18F-FDG/PET. Magn

Reson Med. 2013;69:781–792.

19. Yankeelov TE, Atuegwu NC, Deane NG, Gore JC. Modeling tumor growth and

treatment response based on quantitative imaging data. Integr Biol (Camb).

2010;2:338–345.

20. Atuegwu NC, Gore JC, Yankeelov TE. The integration of quantitative multi-

modality imaging data into mathematical models of tumors. Phys Med Biol.

2010;55:2429–2449.

21. Anderson AW, Xie J, Pizzonia J, Bronen RA, Spencer DD, Gore JC. Effects of

cell volume fraction changes on apparent diffusion in human cells. Magn Reson

Imaging. 2000;18:689–695.

22. Pichler BJ, Wehrl HF, Kolb A, Judenhofer MS. Positron emission tomography/

magnetic resonance imaging: the next generation of multimodality imaging?

Semin Nucl Med. 2008;38:199–208.

23. Bradbury MS, Hambardzumyan D, Zanzonico PB, et al. Dynamic small-animal

PET imaging of tumor proliferation with 39-deoxy-39-18F-fluorothymidine in

a genetically engineered mouse model of high-grade gliomas. J Nucl Med. 2008;

49:422–429.

24. Raylman RR, Majewski S, Lemieux SK, et al. Simultaneous MRI and PET

imaging of a rat brain. Phys Med Biol. 2006;51:6371–6379.

25. Pichler BJ, Judenhofer MS, Catana C, et al. Performance test of an LSO-APD

detector in a 7-T MRI scanner for simultaneous PET/MRI. J Nucl Med. 2006;47:

639–647.

26. Judenhofer MS, Catana C, Swann BK, et al. PET/MR images acquired with a com-

pact MR-compatible PET detector in a 7-T magnet. Radiology. 2007;244:807–814.

27. Pichler BJ, Judenhofer MS, Pfannenberg C. Multimodal imaging approaches:

PET/CT and PET/MRI. Handb Exp Pharmacol. 2008;185:109–132.

28. Catana C, Procissi D, Wu Y, et al. Simultaneous in vivo positron emission to-

mography and magnetic resonance imaging. Proc Natl Acad Sci USA. 2008;105:

3705–3710.

29. Imaizumi M, Yamamoto S, Kawakami M, et al. Simultaneous imaging of mag-

netic resonance imaging and positron emission tomography by means of MRI-

compatible optic fiber-based PET: a validation study in ex vivo rat brain. Jpn J

Radiol. 2009;27:252–256.

30. Büscher K, Judenhofer MS, Kuhlmann MT, et al. Isochronous assessment of

cardiac metabolism and function in mice using hybrid PET/MRI. J Nucl Med.

2010;51:1277–1284.

31. Yamamoto S, Imaizumi M, Kanai Y, et al. Design and performance from an

integrated PET/MRI system for small animals. Ann Nucl Med. 2010;24:89–98.

32. Pichler BJ, Kolb A, Nagele T, Schlemmer HP. PET/MRI: paving the way for the

next generation of clinical multimodality imaging applications. J Nucl Med.

2010;51:333–336.

33. Wehrl HF, Sauter AW, Judenhofer MS, Pichler BJ. Combined PET/MR imaging:

technology and applications. Technol Cancer Res Treat. 2010;9:5–20.

34. Uppal R, Catana C, Ay I, Benner T, Sorensen AG, Caravan P. Bimodal thrombus

imaging: simultaneous PET/MR imaging with a fibrin-targeted dual PET/MR

probe—feasibility study in rat model. Radiology. 2011;258:812–820.

35. Wehrl HF, Judenhofer MS, Thielscher A, Martirosian P, Schick F, Pichler BJ.

Assessment of MR compatibility of a PET insert developed for simultaneous

multiparametric PET/MR imaging on an animal system operating at 7 T. Magn

Reson Med. 2011;65:269–279.

36. Tatsumi M, Yamamoto S, Imaizumi M, et al. Simultaneous PET/MR body im-

aging in rats: initial experiences with an integrated PET/MRI scanner. Ann Nucl

Med. February 23, 2012 [Epub ahead of print].

37. Lee WW, Marinelli B, van der Laan AM, et al. PET/MRI of inflammation in

myocardial infarction. J Am Coll Cardiol. 2012;59:153–163.

38. Majmudar MD, Nahrendorf M. Cardiovascular molecular imaging: the road

ahead. J Nucl Med. 2012;53:673–676.

39. Judenhofer MS, Cherry SR. Applications for preclinical PET/MRI. Semin Nucl

Med. 2013;43:19–29.

40. Nappi C, El Fakhri G. State of the art in cardiac hybrid technology: PET/MR.

Curr Cardiovasc Imaging Rep. 2013;6:338–345.

41. Veress AI, Weiss JA, Huesman RH, et al. Measuring regional changes in the

diastolic deformation of the left ventricle of SHR rats using microPET technol-

ogy and hyperelastic warping. Ann Biomed Eng. 2008;36:1104–1117.

42. de las Fuentes L, Soto PF, Cupps BP, et al. Hypertensive left ventricular hyper-

trophy is associated with abnormal myocardial fatty acid metabolism and myo-

cardial efficiency. J Nucl Cardiol. 2006;13:369–377.

43. Patlak CS, Blasberg RG, Fenstermacher JD. Graphical evaluation of blood-

to-brain transfer constants from multiple-time uptake data. J Cereb Blood Flow

Metab. 1983;3:1–7.

44. Hernandez AM, Huber JS, Murphy ST, et al. Longitudinal evaluation of left

ventricular substrate metabolism, perfusion and dysfunction in the SHR model

of hypertrophy using microPET/CT imaging. J Nucl Med. 2013;54:1938–1945.

45. Weiner MW, Veitch DP, Aisen PS, et al. The Alzheimer’s Disease Neuroimaging

Initiative: a review of papers published since its inception. Alzheimers Dement.

2012;8(1 suppl):S1–S68.

46. Brookmeyer R, Johnson E, Ziegler-Graham K, Arrighi HM. Forecasting the

global burden of Alzheimer’s disease. Alzheimers Dement. 2007;3:186–191.

47. Barthel H, Gertz HJ, Dresel S, et al. Cerebral amyloid-beta PET with florbetaben

(18F) in patients with Alzheimer’s disease and healthy controls: a multicentre

phase 2 diagnostic study. Lancet Neurol. 2011;10:424–435.

48. Wolk DA, Grachev ID, Buckley C, et al. Association between in vivo fluorine 18-

labeled flutemetamol amyloid positron emission tomography imaging and in

vivo cerebral cortical histopathology. Arch Neurol. 2011;68:1398–1403.

49. Clark CM, Schneider JA, Bedell BJ, et al. Use of florbetapir-PET for imaging

beta-amyloid pathology. JAMA. 2011;305:275–283.

50. FDA approves 18F-florbetapir PET agent. J Nucl Med. 2012;53(6):15N.

51. Hatashita S, Yamasaki H, Suzuki Y, Tanaka K, Wakebe D, Hayakawa H.
18F-flutemetamol amyloid-beta PET imaging compared with 11C-PIB across

PRECLINICAL AND TRANSLATIONAL PET/MR IMAGING • Wehrl et al. 17S



the spectrum of Alzheimer’s disease. Eur J Nucl Med Mol Imaging. 2014;41:

290–300.

52. Villemagne VL, Mulligan RS, Pejoska S, et al. Comparison of 11C-PiB and
18F-florbetaben for Abeta imaging in ageing and Alzheimer’s disease. Eur J Nucl

Med Mol Imaging. 2012;39:983–989.

53. Villain N, Chetelat G, Grassiot B, et al. Regional dynamics of amyloid-beta

deposition in healthy elderly, mild cognitive impairment and Alzheimer’s dis-

ease: a voxelwise PiB-PET longitudinal study. Brain. 2012;135:2126–2139.

54. Bateman RJ, Xiong C, Benzinger TL, et al. Clinical and biomarker changes in

dominantly inherited Alzheimer’s disease. N Engl J Med. 2012;367:795–804.

55. Jack CR Jr, Knopman DS, Jagust WJ, et al. Hypothetical model of dynamic bio-

markers of the Alzheimer’s pathological cascade. Lancet Neurol. 2010;9:119–128.

56. Jack CR Jr, Knopman DS, Jagust WJ, et al. Tracking pathophysiological pro-

cesses in Alzheimer’s disease: an updated hypothetical model of dynamic bio-

markers. Lancet Neurol. 2013;12:207–216.

57. Raichle ME, Herscovitch P, Mintun MA, Martin RW. Cerebral metabolism with

positron emission tomography and 0-15 radiopharmaceuticals. Int J Neurol. 1984;

18:75–78.

58. Petersen ET, Zimine I, Ho YC, Golay X. Non-invasive measurement of perfusion:

a critical review of arterial spin labelling techniques. Br J Radiol. 2006;79:688–701.

59. Kudomi N, Hayashi T, Watabe H, et al. A physiologic model for recirculation

water correction in CMRO2 assessment with 15O2 inhalation PET. J Cereb Blood

Flow Metab. 2009;29:355–364.

60. Kida I, Kennan RP, Rothman DL, Behar KL, Hyder F. High-resolution CMR(O2)

mapping in rat cortex: a multiparametric approach to calibration of BOLD image

contrast at 7 Tesla. J Cereb Blood Flow Metab. 2000;20:847–860.

61. Gauthier CJ, Hoge RD. A generalized procedure for calibrated MRI incorporat-

ing hyperoxia and hypercapnia. Hum Brain Mapp. 2013;34:1053–1069.

62. Cumming P. PET neuroimaging: the white elephant packs his trunk? Neuro-

image. 2014;84:1094–1100.

63. Fox PT, Raichle ME, Mintun MA, Dence C. Nonoxidative glucose consumption

during focal physiologic neural activity. Science. 1988;241:462–464.

64. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL.

A default mode of brain function. Proc Natl Acad Sci USA. 2001;98:676–682.

65. Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional connectivity in the

motor cortex of resting human brain using echo-planar MRI. Magn Reson Med.

1995;34:537–541.

66. Hoff GE, Van den Heuvel MP, Benders MJ, Kersbergen KJ, De Vries LS. On

development of functional brain connectivity in the young brain. Front Hum

Neurosci. 2013;7:650.

67. Chen G, Zhang HY, Xie C, Zhang ZJ, Teng GJ, Li SJ. Modular reorganization of

brain resting state networks and its independent validation in Alzheimer’s dis-

ease patients. Front Hum Neurosci. 2013;7:456.

68. Di X, Biswal BB. Metabolic brain covariant networks as revealed by FDG-

PET with reference to resting-state fMRI networks. Brain Connect. 2012;2:

275–283.

69. Yakushev I, Chetelat G, Fischer FU, et al. Metabolic and structural connectivity

within the default mode network relates to working memory performance in

young healthy adults. Neuroimage. 2013;79:184–190.

70. Zhang D, Raichle ME. Disease and the brain’s dark energy. Nat Rev Neurol.

2010;6:15–28.

71. Hyder F, Rothman DL. Neuronal correlate of BOLD signal fluctuations at rest:

err on the side of the baseline. Proc Natl Acad Sci USA. 2010;107:10773–10774.

72. Jamar F, Buscombe J, Chiti A, et al. EANM/SNMMI guideline for 18F-FDG use

in inflammation and infection. J Nucl Med. 2013;54:647–658.

73. del Rosal T, Goycochea WA, Mendez-Echevarria A, et al. 18F-FDG PET/CT in

the diagnosis of occult bacterial infections in children. Eur J Pediatr. 2013;172:

1111–1115.

74. Glaudemans AW, Quintero AM, Signore A. PET/MRI in infectious and inflam-

matory diseases: will it be a useful improvement? Eur J Nucl Med Mol Imaging.

2012;39:745–749.

75. Schlemmer HP, Pichler BJ, Schmand M, et al. Simultaneous MR/PET imaging of

the human brain: feasibility study. Radiology. 2008;248:1028–1035.

76. Delso G, Furst S, Jakoby B, et al. Performance measurements of the Siemens

mMR integrated whole-body PET/MR scanner. J Nucl Med. 2011;52:1914–1922.

77. Wehrl HF. Possibilities and Limitations of Combined PET/MR in Oncological

and Neurological Basic Research [in German; dissertation]. Tuebingen: Eberhard

Karls University Tuebingen; 2013.

18S THE JOURNAL OF NUCLEAR MEDICINE • Vol. 55 • No. 6 (Suppl. 2) • June 2014


