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SUMMARY: A recent report of the feasibility of simultaneous PET/MR imaging of the healthy human
brain has sparked excitement in the field of neuroimaging because of its potential influence and utility
in clinical neuroscience research. The aim of this communication is to discuss the benefits and current
drawbacks of the hybrid imaging system and to highlight some perspectives of the new technique for
brain neoplasms.

ABBEVIATIONS:
11C � carbon 11; 18F � fluorine 18; FDG � fluorodeoxyglucose; FET � fluoroeth-

yltyrosine; FLT � fluorothymidine; FMISO � fluoromisonidazole; H2 � hydrogen 2; 15O � oxygen
15; 17O � oxygen 17; PET � positron-emission tomography; PMTs � photomultiplier tubes; SUV �
standardized uptake value

Neuroradiology is strongly dependent on medical imaging
technology and is often the very first application field

for novel technologic progress. Modern neuroimaging sur-
passes the need for morphologic information and sheds light
on the complex brain functions by means of a comprehensive
assessment of anatomic, functional, and molecular informa-
tion. Different imaging modalities are now available for exper-
imental and clinical brain surveys, but MR imaging and PET
remain the cutting-edge methods for acquiring excellent spa-
tial brain images combined with physiologic and functional
information about brain tissue. Although MR imaging and
PET have evolved remarkably since their advent, their clinical
applications remain distinct and one cannot be substituted for
the other. Thus, combining these 2 imaging modalities into
1 multitechnique unit is important for the following reasons:
1) The combined unit may improve diagnostic accuracy by
achieving an excellent spatial correlation between PET and
MR imaging acquisitions, 2) it may improve tissue character-
ization by enabling real-time functional and physiologic im-
aging and avoiding diagnostic compromises due to a 2-step
data acquisition and a side-by-side reading, and 3) the com-
bined PET/MR imaging may reduce the overall patient time
and financial burden, offering a wider population penetration
for the new technique.

Our aim is to discuss the benefits and current drawbacks of
hybrid PET/MR imaging, highlighting some perspectives of
the new technique for tumor neuroimaging.

Hybrid PET/MR Imaging Systems
When combining 2 imaging modalities into 1 multitechnique
machine, one must be assured that the imaging systems can

coexist without mutual interference while maintaining their
full individual performances. Furthermore, the available space
for accommodating the different hardware has to be accord-
ingly modified, and the software components have to be inte-
grated into 1 single analysis software package, enabling an ad-
vanced workflow in routine radiology. One first realization of
a multitechnique unit is the combination of PET and CT.1 For
instance in PET/CT, there is a common patient bed for the 2
scanners and the data are acquired not simultaneously but
sequentially. Nevertheless, the major advantage of PET/CT is
the use of CT for anatomic landmarks and PET for attenuation
correction.

Integration of PET and MR imaging has become a topic of
increasing interest to the imaging community in the past few
years and, until now, was mainly pursued by the small-animal
imaging research community. After the first attempts at tack-
ling the compatibility problems of integration between PET
and MR imaging units, researchers conceived 3 strategies for
the multitechnique PET/MR imaging: separate imaging, se-
quential imaging, and fully integrated systems.2 In PET/CT
and single-photon emission CT/CT, such fully integrated sys-
tems are also conceivable but would require development of
new detectors that can simultaneously detect and discriminate
gamma rays and CT x-rays. Furthermore, software fusion of
PET and MR images obtained by separate or sequential imag-
ing has certain limitations: Spatial resolutions are different
and may have distortion; partial volume effects cannot be
compared; and dynamic changes cannot be followed in an
identified structure.

Although the fusion of brain images is relatively easy due to
the firm anatomic “framing” of the intracranial structures, an
exact relocation of the patient is difficult and may contribute
to alignment variations, especially concerning multifunc-
tional information from PET, diffusion tensor imaging, per-
fusion-weighted MR imaging, functional MR imaging, and
MR spectroscopy, which may include temporal and spatial
fluctuations. Obviously, fusion software presents serious pit-
falls in imaging the abdomen or thorax, which necessitates
time-consuming side-by-side reading; thus, these anatomic
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regions may be the next application field of an integrated
PET/MR imaging scanner.

Technical Considerations and Advantages of Integrated
PET/MR Imaging
Conventional PET detectors are based on PMTs, which are
notoriously sensitive to magnetic fields and, therefore, are not
suitable for combined PET/MR imaging. The solution to this
problem appeared to be new semiconductor-based light de-
tectors, such as avalanche photodiodes.3 The first feasibility
studies with an integrated PET/MR imaging system in small
animals4,5 and very recently in humans6 showed encouraging
results. Since March 2008, the Department of Radiology of the
University Hospital of Tübingen (S.B., H.-P.S., T.N., C.D.C.,
U.E.) and its Laboratory for Preclinical Imaging and Imaging
Technology of the Werner Siemens-Foundation (B.P.) have
had available 1 of the 3 worldwide MR imaging�compatible
clinical PET scanners, which is mounted in a standard 3T MR
imaging scanner (Trio; Siemens Medical Systems, Erlangen,
Germany). Compared with state-of-the-art whole-body PET
scanners, dedicated MR imaging�compatible brain PET has
an increased point source sensitivity of �6% and a much bet-
ter spatial resolution (approximately 3 mm).6 Furthermore,
the inherent advantages may be translated into shorter PET
acquisition times for the same image quality or reduced quan-
tity of the injected tracer for the same acquisition time, while
the increased resolution may detect early tissue changes and
save re-examinations.

An important issue when developing a multitechnique im-
aging like PET/CT or PET/MR imaging is the attenuation cor-
rection, which is the prerequisite for rendering the true tracer
spatial distribution and applying any quantification (eg, in
terms of SUV). The correction may be rather straightforward
by using a bilinear transformation for converting CT numbers
to 511 keV attenuation coefficients, though iodine-based con-
trast media and metals confound the process. Thus, CT is ap-
parently advantageous for an attenuation correction due to
fast acquisition and low noise. In PET/MR imaging, photon
attenuation may occur due to the MR imaging gradient and
radio-frequency coils with their electronic components and
due to the tissue of the patient. While the latter is easily han-
dled in PET/CT with the aforementioned transformation, MR
imaging yields only tissue proton densities and magnetic re-
laxation times. Notably, bone and air appear with similar low-

signal MR imaging intensity despite having the highest and
lowest photon-attenuation coefficients, respectively. A num-
ber of different approaches are being explored and are based
mainly on MR imaging segmentation7 and registration to an
atlas of MR and CT image pairs to create a “pseudoCT” scan.8

Finally, an approach under consideration is to incorporate a
pulse sequence into the PET/MR image that may generate sig-
nal intensity from bone. Further investigation will be required
to identify the most accurate and reliable methodology for MR
imaging�based attenuation correction.9

Nevertheless, a major advantage of the integrated PET/MR
imaging prototype for neuroimaging lies in its simultaneous
acquisition nature. Together with the aforementioned spatial
and temporal fluctuations of functional data in the brain tu-
mor microenvironment, certain tracers (like H2

15O) have very
short half-lives with rapid influx and efflux in the volume of
interest, while other tracers (like 13NH3 ammonia) reach a
tissue equilibrium state depending on the tissue perfusion. In
such cases, simultaneous PET/MR imaging is mandatory for a
reliable coregistration and quantification process as well as for
correlation with dynamic MR imaging. Finally, simultaneous
imaging not only improves the diagnostic value of PET/MR
imaging but also enables respiratory or cardiac motion correc-
tion and tracks any patient movement.

Concerning the radiologic workflow, multitechnique inte-
gration obviously outperforms any separate or sequential im-
aging because neither scanning unit remains idle during the
acquisitions. This also has direct implications on the patient’s
comfort and compliance with the examination.2

Future Endeavors of an Integrated PET/MR Imaging
System
Principally, the installation of a PET/MR imaging system in a
clinical neuroscience environment unfolds a spectrum of
combined assessments of biologic properties of brain tumors
already used in preclinical research. Without a doubt, 18F-
FDG is the most widely used oncologic PET tracer; nonethe-
less, the generally high uptake of FDG in high-grade tumors
can be less than or similar to that in normal gray matter, espe-
cially after treatment.10 This decreased specificity of FDG in
brain tumors may be overcome with amino acid PET tracers,
like 11C-methionine, or aromatic amino acid analog PET trac-
ers, like 18F-FET and 18F-fluorophenylalanine. Amino acids
are transported into the cell via carrier-mediated processes,

Fig 1. An example of 11C-methionine simultaneously acquired and superimposed on PET/MR imaging anatomic (A), proton MR spectroscopy (B ), and diffusion tensor (C ) imaging of a
42-year-old patient with an atypical neurocytoma on the left temporo-occipital lobe. Note the superior anatomic information provided by the spatial matching between MR images and
PET images, the avid tracer uptake in the tumor, the spatial correlation with the spectroscopic findings, and the clear relationship to the adjacent optic radiation.
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and the transport is up-regulated in malignant transformation
even in the absence of increased vascular permeability and
breakdown of the blood-brain barrier.11 Thus, combined
amino acid and MR imaging will enhance the diagnostic sen-
sitivity for gliomas and may allow a closer correlation between
the tracer uptake and the metabolic changes (eg, choline peaks
in MR spectroscopy) in the neoplastic tissue (Fig 1).

Likewise, arterial spin-labeling estimations of perfusion
and diffusion changes occurring in low-grade gliomas may
now be studied in conjunction with each PET-tracer imaging
to establish reliable disease markers. Consequently, the “wait-
and-see” approach in low-grade gliomas may optimize the
timing and extent of surgery.12 Furthermore, the precise
coregistration of the excellent MR imaging spatial resolution,
improved by new multichannel head coils, will add substantial
value to the already-established worth of somatostatin-analog
imaging for meningiomas. This is clinically important in 3
respects: First, meningiomas may be considerably small-sized,
and osseous structures (eg, skull base) may hamper the diag-
nosis; second, radiation therapy of meningiomas may experi-
ence a new era with the integrated PET/MR imaging as it is
proved that the fused MR imaging and PET data may alter the
radiation planning in 73% of the cases13; and third, recurrent
meningiomas are not rare, and their localization and extent
estimation may be aided by the spatial resolution of PET/MR
imaging and functional MR imaging, which may give addi-
tional information about tumor spread and may be incorpo-
rated in the definition of safety margins.14

In modern neuroimaging, perfusion-weighted MR imag-
ing finds an increasingly important role for other brain lesions
beyond its “classic” application in patients with stroke. For the
diagnosis of degenerative and neoplastic diseases, perfusion-
weighted MR imaging serves as a substitute in overcoming the
shortfalls of morphologic imaging. Contrast-enhanced dy-
namic MR imaging, which may play a more decisive role for
therapy outcome in the future,15 may now be compared with
the PET-tracer kinetics, which is supposed to be the criterion
standard. Although dynamic susceptibility MR imaging (or
bolus tracking) and dynamic contrast-enhanced MR imaging
are routinely used, the nonlinear relationship between gado-
linium concentration and T1 (or 1/T1) signal intensity and T1
contamination (due to the disruption of the blood-brain bar-
rier) is an inherent problem in the quantification of the brain
perfusion parameters. The proposed models16-18 have reason-
able assumptions of deriving pharmacokinetic parameters and
have already been validated with PET measurements19; how-
ever, methodologic flaws such as inaccuracies in the coregis-
tration of MR imaging (especially echo-planar imaging) and
PET data and differences in the inherent resolutions of PET
and MR imaging may subsequently have led to poor correla-
tion between the 2 modalities.

Hybrid PET/MR imaging now offers an opportunity for
more accurate validation of the proposed pharmacokinetic
models by means of simultaneously recorded 15O-H2O use in
PET. Such perfusion measurements may also deliver insight
into the flow-dependent kinetic constants for compartmental
analysis of PET data (eg, FDG),20 not to mention the oppor-
tunity to validate the cerebral perfusion values acquired by
arterial spin-labeling and a new MR imaging tracer for oxygen
use (17O), whereby the inhaled 17O is converted to H2

17O in

proportion to the oxygen consumption, resulting in negative
contrast on T2-weighted images.21

The integrated PET/MR imaging will allow an easier read-
ing of complex heterogeneous glioblastoma baselines and fol-
low-up surveys and a more reliable identification of tumor
“hot spots” and correlation with the spatial distribution of
perfusion, diffusion, and spectroscopic data.22 Until now,
there have been no data regarding a coupling or decoupling
between the SUV of the PET tracer and the functional MR
imaging data. PET/MR imaging units offer a brilliant oppor-
tunity for such studies and for a PET/MR imaging�guided
biopsy in a manner similar to the double-tracer approach.23

Thus, this technique is expected to increase the sensitivity and
specificity of diagnosing a primary or recurrent brain tumor
and to define the exact borders of the disease, leading to more
exact surgical resection. The next step would be a multimodal-
ity-guided treatment; after one defines the baseline metabolic
profile of a neoplasm, guiding treatment would be easier.
Fused imaging (PET/CT) has been proved to give a significant
survival advantage over treatment planning based solely on
CT or MR imaging.24 The logical hypothesis that PET/MR
imaging will enhance this significant advantage has to be
tested.

Currently, stereotactic radiosurgery and sophisticated ra-
diation protocols are used more extensively; and after com-
bining chemotherapy and radiation becomes standard prac-
tice, the incidence of radiation necrosis is likely to increase.
Because the pattern of radiation injury may vary, it is difficult
and challenging to differentiate it from tumor growth with
PET,25 while initial studies report an increased sensitivity
when FDG-PET and MR imaging are coregistered.26 PET/MR
imaging now offers the possibility of providing this evidence
and of examining the hypothesis that amino acid tracers to-
gether with MR imaging may have potentially better diagnos-
tic performance.27

Without any doubt, parallel to the development of hybrid
imaging, new developments in tracer diagnostics, such as 18F-
FLT and 18F-FMISO for cell proliferation and hypoxia imag-
ing, respectively, have to be investigated in clinical practice.
Most interesting, a recent study reported that the FMISO-
estimated hypoxic volume generally occupied a region strad-
dling the outer edge of the gadolinium leaking in the T1-
weighted images and the hyperintense T2-weighted zone,
thus supporting the hypothesis that hypoxia may drive the
growth of glioblastomas.28 Certainly, this finding has to be
validated in an integrated PET/MR imaging system and,
subsequently, correlated with the perfusion metrics in the
peritumoral zone.29 Moreover, choline is also an established
proliferation and membrane transport marker, which may
identify potential malignancy,30 and it would be interesting
to examine the relationship between 11C-choline and water
proton spectroscopy�based calculated choline relationships.

PET/MR imaging is also expected to shed light on neoan-
giogenesis, a fundamental process in tumor physiology. The
visualization, quantification, and monitoring of angiogenesis
has become of major interest in oncology during the past few
years. Specifically in gliomas, cerebral blood volume seems to
correlate with both cell and microvessel attenuation, whereas
no regional correlation has been found between the apparent
diffusion coefficient and cell attenuation.31 Concerning the

612 Bisdas � AJNR 31 � Apr 2010 � www.ajnr.org



PET tracers, 18F-choline and FET in rats seems to correlate
better with the pattern of neoangiogenesis markers than does
FDG,32 while at the same time, FLT also shows good correla-
tion between the uptake and proliferation index.33,34 PET
and MR imaging are probably complementary and will likely
yield important information on tumor response to therapy,
particularly in the setting of antiangiogenic agents, which con-
found the interpretation of standard contrast-enhanced MR
images.35

Driving the new PET/MR imaging applications even fur-
ther, an exploration of synergisms by combining molecular
MR imaging with PET would be of great interest. Molecular
MR imaging is a rapidly evolving field—that is, ultrasmall
iron-oxide particles or manganese-enhanced MR imaging of-
fers insight into vascular and tissue degradation after ischemia
or depicts internucleus/transsynaptic signaling, respectively.36

These processes are depicted in high-resolution MR images;
and combining, for instance, the brain connectivity studies of
manganese-enhanced MR imaging with diffusion tracking
imaging and amino acid PET tracers may explain the diffuse
aggressive growth of glioblastomas. On the other hand, the
accumulation of paramagnetic iron in the macrophages in
conjunction with PET markers of neoangiogenesis would
monitor the neovasculature-diminishing agents in a more ef-
fective way.

A further extremely attractive therapy is the targeted gene
transfer by viral and nonviral vectors to express foreign en-
zymes in cells; this strategy can be applied, for example, to
make malignant cells susceptible to specific drugs that are
toxic only to those cells expressing this enzyme (suicide gene
therapy). In an experimental setting�model guided by PET
and static MR imaging, the gene transfer therapy was effective
in the treatment of rat glioma37; therefore, it is also an attrac-
tive therapeutic strategy for human glioblastoma, especially in
conjunction with a PET/MR molecular imaging approach.
Nonetheless, beyond static imaging, MR imaging has already
proved capable of a range of applications to study “in vivo
events at the cellular or molecular level,” such as cell labeling
with monitoring of cell dynamics, receptor imaging, gene ex-
pression, and enzyme activity.36 The combination of molecu-
lar MR imaging strategies with PET imaging in an integrated
system may not only expand the diagnostic possibilities but
may also safely assist therapeutic applications initiated by re-
ceptor-selective contrast agent nanoparticles.38

Conclusions
The development of a prototype integrated PET/MR imaging
scanner with no detrimental effect on the performance of PET
and no degradation of MR images for a number of standard
clinical MR images has put PET/MR imaging on the verge of
being applied to clinical neurosciences. The combined system
will certainly broaden the impact and possibilities of simulta-
neous imaging of morphologic, functional, and metabolic in-
formation. This discussion of perspectives of an integrated
PET/MR imaging system is in part hypothetic because the pre-
sented PET/MR imaging system is in its early stages of devel-
opment and several technologic and methodic issues (ie, the
attenuation correction of PET data) have to be addressed be-
fore PET/MR imaging can establish itself as a routine exami-
nation. Nevertheless, the first patient data are promising and

highlight the scientific and clinical potential of the integrated
system. Future studies will pursue the proof of the added value
of the hybrid system for the modern neuroimaging.
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