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Abstract Nowadays hybrid PET/MRI systems and mag-
netic resonance spectroscopy (MRS) with high field
strength are becoming more widespread not only in
research applications but also in clinical practice. The aim
of this paper is to review the current roles of high-field
PET/MRI and high-field magnetic resonance spectroscopy
(MRS) in the clinical setting and their applications in
research. A non-systematic literature search of the Medline
and Cochrane Library databases was performed up to
September 2012. Bibliographies of retrieved articles and
review articles were also examined. Only those articles
reporting complete data of clinical and research relevance
for the present review (i.e., diagnosis, therapeutic response
monitoring) were selected. The advent of higher field
strengths (3-T and above), and thus, higher spectral reso-
lution, increased the potentiality and the diffusion of MRS
evaluations. This review article is divided into two major
parts. The first considers the potential clinical and research
roles of MRS at 3-T and of hybrid system PET/MRI,
particularly with regard to simultaneous PET/MRI systems
which provide some major advantages over the conven-
tional PET/CT systems (such as identical position of the
patient during image acquisition, no radiation burden from
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the MRI part, more structural, functional and molecular
imaging at the same time). The second part provides
detailed information about the use of ultra-high-field MRS
and MRI (7-T) integrated with PET. The fusion of bio-
logical information (PET) and morpho-metabolic patterns
(MRI-MRS) shows promise for obtaining early diagnosis,
coherent follow-up and the desired response to therapy.

Keywords Ultra-high field MRI - High-field MRI - PET/
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Introduction

Ever since the introduction of magnetic resonance imaging
(MRI) into clinical practice, the magnitude of the operating
magnetic field has shown a slow but steady increase. The
inherent increase in signal and spectral information has
historically been paralleled by a general development of the
scanner hardware and functioning logic, thus, greatly
amplifying the information available. Nowadays, the stan-
dard fields for clinical and clinical research applications are
1.5 and 3 Tesla (T), respectively; meanwhile an increasing
number of higher field (7-T and above) human scale scanners
are devoted to the basic research (mainly related to neuro-
sciences), and are now starting to be exploited in clinical
research also. On the other hand, positron emission tomog-
raphy (PET) scanners have evolved comparatively little,
with research focusing, rather, on the development of new
tracers. Both techniques share a substantial flexibility,
deriving from the physical origin of the nuclear magnetic
resonance (NMR) signal in one case and from the properties
of the tracer in the other. However, MRI enjoys the status of
being both a structural and a functional technique, while PET
scanners, even the most advanced ones, provide limited
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resolution. MRI is capable of imaging anatomy with very
high spatial resolution, at organ and tissue level, and with
high diagnostic sensitivity. By contrast, PET, using positron-
emitting radiopharmaceuticals, furnishes images of func-
tional processes, at cellular and sub-cellular level, with very
high diagnostic specificity and high tracer-detection sensi-
tivity (1011 to 10-12 mol/l). The obvious limitations of
PET studies (i.e., low spatial resolution) were initially
overcome, albeit partially, by combination with CT, because
the building of hybrid PET/CT scanners presented fewer
technical problems.

PET/CT scanners, however, suffer from several limita-
tions, including high patient dose and limited soft-tissue
contrast, while the combination of PET with MR, by
combining the exquisite sensitivity of PET with the ver-
satility of MR, allows the full exploitation of a much wider
range of structural and functional information. Among the
functional studies, complementary metabolic information
can be gathered by PET and magnetic resonance spec-
troscopy (MRS).

Evidence acquisition

The aim of this paper is to review the current roles of high-
field PET/MRI and high-field MRS in the clinical setting
and their applications in research. We searched the Med-
line and Cochrane Library databases in the following
fields: ultra-high-field MRI, high-field MRI, PET/MRI,
high-field MRS, ultra-high-field MRS, 3-T MRS, 7-T
MRS. The search was performed without language
restrictions up to September 2012.

High-field (3-T) MRI and MRS

Since their approval by the US Food and Drug Adminis-
tration, more than a decade ago, there has been a dramatic
increase in the installation and use of high-field MR sys-
tems operating at 3-T for research purposes and in clinical
practice. Offering a substantial increase in signal-to-noise
ratio (SNR) compared to standard magnetic field strengths
(1.5-T and below), their most important selling point was
the achievement of better image quality and the ability to
reduce MR data acquisition and overall examination times.

The benefits of 3-T over 1.5-T imaging are seen in those
applications with inherently low SNR, such as suscepti-
bility-weighted imaging (SWI), diffusion-weighted imag-
ing (DWI), MR angiography, diffusion tensor imaging
(DTI), functional MRI (fMRI), and MRS [1]. However,
sometimes, the acquisition times with a 3-T magnet can be
even greater than that with a 1.5-T one (i.e., because of
prolonged T1 relaxation times) [2].
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Switching to a higher field brings several advantages
with respect to the well-established MR technique at 1.5-
T, namely enhanced spatial and temporal resolutions and
also increased sensitivity, thanks to the increased SNR.
As far as the MRS is concerned, specific advantages
derive from the capability of using smaller voxels or,
alternatively, a reduced scanning time, thanks to both the
enhanced SNR and the increased spectral resolution. On
the other hand, there are also some additional challenges
associated with higher field strengths [3], which can be
overcome partially with the development of new hard-
ware and software.

The increased spectral resolution provided by a 3-T
system compared with a 1.5-T one, for '"H-MRS and *'P-
MRS (and other multinuclear applications), allows better
discrimination of different metabolite peaks, thus,
improving the biochemical tissue characterization. Fig-
ure 1 shows an example of the multiplicity of metabolites
that can be detected at 3-T, thanks to the achieved increases
in SNR and spectral resolution. At this higher field
strength, it is also possible to obtain additional metabolic
information from healthy tissues [4].

Practically, the superior image quality of 3-T systems as
compared with 1.5-T systems has been shown to provide an
advantage for neurological, musculoskeletal, and pelvic
applications, but this advantage is not so clear for other
body applications (neck, thoracic, cardiac and abdominal),
mainly due to the still unresolved problem of the high
frequency of motion artifacts.

Currently, evidence suggesting an advantage of 3-T
systems over 1.5-T systems is good when focusing on
technical performance (SNR ratio, image quality, and so
on), but relatively low when considering the clinical
impact.

Clinical and research applications of MRS at 3-T

The distinction between clinical and research applications
of MRS is relatively blurred, due to the fact that no specific
reimbursement is provided for MRS for any part of body or
disease. Nevertheless, we can separate the two types of
application on the basis of standardized utility in clinical
practice.

Clinical applications of MRS at 3-T

Hydrogen, the most abundant nucleus in the human body,
is also the nucleus most used in clinical MRS applications.

"H-MR spectroscopy at 3-T (3-T 'H-MRS) has been
utilized to identify and characterize the metabolic changes
associated with many neurological disorders [5]. The list is
very long and includes brain tumors (Fig. 2), early diag-
nosis of degenerative diseases such as Alzheimer’s,
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Fig. 1 A '"H MR spectrum acquired at 3-T during a visual paradigm.
VOI size 8 ml in the visual cortex, TR/TE 4,000/7 ms, number of
transients 60 (acquisition time 4 min). From rop to bottom: RAW
spectrum with no post-processing apart from phase correction,
LCModel fitting (in red), residue of the fitting. Baseline and
macromolecular content, fitting of individual metabolites. Spectra
like this, acquired with a tailored, high-performance STEAM
sequence, contain considerable metabolic information, and allow to
reliably quantify 15-20 metabolites. The limited acquisition time
allows functional use (i.e., acquisition during different epochs of rest
or stimulation), and makes "H-MRS optimally suited for combination
with PET

Huntington’s, Parkinson’s diseases and amyotrophic lateral
sclerosis, cerebrovascular diseases, mild traumatic brain
injury, metabolic disorders such as adrenoleukodystrophy
and Canavan’s disease, and epilepsy. Rare diseases also

studied including creatine deficiency syndrome, variant
Creutzfeldt—Jakob disease, pantothenate kinase-associated
neurodegeneration and Rasmussen’s encephalitis.

3-T '"H-MRS also has a broad spectrum of applications
outside the neurological field. MRS measures the relative
concentrations of certain metabolites within in vivo-selected
voxels, such as citrate, creatine, and choline-containing
compounds (the so-called total-choline or tCho peak) in the
prostate. Citrate levels are reduced in prostate cancer, thus,
MRS is a good tool for diagnosing and evaluating aggres-
siveness of prostate cancer (Fig. 3), monitoring therapy
response, and detecting local recurrence after radical pro-
statectomy [6, 7]. 3-T "H-MRS has also been used to evaluate
treatment (chemotherapy) response in breast cancer. The
clinical principle is that increased tCho reflects aberrant
metabolism of tumor cells and cell viability, and if the
treatment is effective, a decrease in the tCho concentration
can be seen even before the occurrence of detectable changes
in the tumor’s size, vascularity and morphology [8].

MRS at 3-T is also a valid method for detecting the
rectal adenocarcinoma and monitoring the treatment
response after pre-operative chemoradiotherapy [9].

Furthermore, this approach is an effective, non-invasive
technique that can be used to diagnose and quantify hepatic
steatosis by detecting the hepatic triglyceride content [10];
it can be an important supplement to the conventional MRI
in diagnosing bone and soft-tissue tumors and distin-
guishing benign from malignant tumors [11] and it opens
new research strategies for the early diagnosis of ovarian
cancer [12].

Research applications of MRS at 3-T

3-T 'H-MRS has been widely employed in some inter-
esting research fields such as psychiatric diseases (e.g.,
schizophrenia, depression and bipolar disorders) [13].

With regard to the research in humans, considerable
efforts have been directed at evaluating the applicability in
MRS of nuclei other than lH, in particular 3Ip_MRS.

In cardiac diseases, >'P-MRS is the only non-invasive
method for studying the state of myocardial energy
metabolism without administering radiopharmaceuticals.
This method exploits the signals of the *'P nuclei of high-
energy phosphorylated compounds, like phosphocreatine
and adenosine triphosphate. On this basis, >'P-MRS can
provide an answer to a variety of theoretical and clinical
issues in the study of various cardiac diseases, including
ischemic heart disease, heart failure and hypertrophic car-
diomyopathy of various origins [14].

Recently, 3-T 3IP_MRS has been used to evaluate the
efficacy of hepatic artery embolization (HAE) in the
treatment of neuroendocrine liver metastases. At present,
there are no rapid and reliable methods for evaluating the
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Fig. 2 Courtesy of Prof. P. Pantano, Sapienza University of Rome.
A 52-year-old woman with an extraaxial mass at the level of left
ponto-cerebellar angle who underwent a 3-T examination. TI-
weighted post-gadolinium images in coronal plane (a) and axial
plane (b) showing a lesion with homogeneous enhancement yielding
compressive effects on the brainstem, left middle cerebellar peduncle,
IV ventricle, left cerebellar hemisphere and slight herniation of the
cerebellar tonsils into the foramen magnum. The voxel positioned on

efficacy of HAE in the treatment of neuroendocrine liver
metastases. Ljungberg et al. [15] showed significant dif-
ferences in >'P metabolite ratios between responders and
non-responders on the day before HAE, demonstrating the
potential of *'P-MRS to predict individual responsiveness
prior to HAE.

3-T 3'P-MRS has potential in neurological fields also.
Examples are the reduction in high-energy phosphates
reported in the occipital lobe of migraine without aura
patients [16] and new insights provided into the patho-
biochemistry of brain damage in multiple sclerosis [17].

3-T *'P-MRS is widely used to measure phosphorus
metabolites in muscles, because of its capability to non-
invasively monitor the steady-state concentrations of high-
energy phosphorus metabolites in resting skeletal muscle
and phosphorus metabolite kinetics during exercise and
recovery in a single experiment. Therefore, the levels of
phosphorus metabolites at rest, and the kinetics of their
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the mass (c) shows disappearance of the peak of N-acetylaspartate
(NAA), a small increase in the choline (Cho) peak, appearance of the
glutamate/glutamine (Glx) peak and, in particular, appearance of a
negative peak at 1.5 ppm; feasible presence of alanine (Ala) which is
specific for meningioma. The voxel positioned outside the mass on
the normal brain parenchyma (d) shows a normal spectrum of the
main metabolites

interconversions during transitions from exercise to rest,
have been used to assess muscle energetic status and
energy metabolism, both in healthy subjects and in patients
with a wide range of diseases [18].

The low sensitivity of '*C-MRS prevents its straight-
forward use even at 3-T; however, the issue can be partially
overcome by the recently developed hyperpolarization
techniques [19], by which the magnetization at a given
magnetic field can be increased over 10,000-fold above
thermal equilibrium. The first applications on humans are
ongoing, however, the technique proved very promising on
cell cultures and on experimental animal models [20].

MRS could pave the way for the assessment of early
tumor responses to therapy and, therefore, prediction of
treatment outcome. Using lymphoma-bearing mice injected
intravenously with hyperpolarized [1-'°C] pyruvate, Day
et al. [21] demonstrated that the lactate dehydrogenase
(LDH)-catalyzed flux of '>C label between the carboxyl
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Fig. 3 A 60-year-old patient with a prostate-specific antigen level of
4.2 ng/mL and negative transrectal ultrasound-guided biopsy. a Qual-
itative and quantitative analysis of MRS imaging with reference
image on the axial T2-weighted MR (see arrow on the posterior left
site of the peripheral zone) shows three consecutive voxels (al) with
an increased ratio (Cho + Cr/Ci > 1); note the pathological results
after radical prostatectomy; GS 7 (3 + 4) in bl and b2 and GS 6

groups of pyruvate and lactate in the tumor can be mea-
sured using '*C-MRS and spectroscopic imaging, and that
this flux is inhibited by 24 h after chemotherapy. The
reduction in the measured flux after drug treatment and the
induction of tumor cell death can be explained by loss of
the coenzyme NAD(H) and decreases in the concentrations
of LDH and lactate in the tumors.

Witney et al. [22] compared '*C-MRS and spectro-
scopic-imaging measurements of the uptake and conver-
sion of hyperpolarized [1-'>C] pyruvate into [1-'>C] lactate
in a murine lymphoma model with changes in fluorode-
oxyglucose (FDG) uptake after chemotherapy. A decrease
in FDG uptake was found to precede the decrease in flux of
hyperpolarized '*C label between pyruvate and lactate,
both in tumor cells in vitro and in tumors in vivo. However,
the magnitude of the decrease in FDG uptake and the
decrease in pyruvate to lactate flux was comparable at 24 h
after drug treatment. These results show that the mea-
surement of flux between pyruvate and lactate may be used

(3 + 3) in b3; the other functional techniques also show altered
patterns consistent with intermediate—low aggressive prostate cancer:
MR perfusion combined with axial T2-weighted image (c) and
diffusion-weighted image acquired using b value 1,000 (d) and ADC
map (e) show neoangiogenesis phenomena and water molecule
restriction (see arrows), respectively

as an adjunct or as an alternative to FDG-PET for imaging
the tumor treatment response in the clinic, once B¢
hyperpolarization techniques become available at clinical
level.

PET/MRI

Simultaneous imaging systems have some major theoreti-
cal advantages that could be of interest to the whole
medical community. The general advantages of a simul-
taneous PET/MRI system as compared to a conventional
PET/CT system are: (1) recording of dynamic and moving
phenomena, which could enable tracers with short half-
lives to be studied; (2) identical position of the patient
during image acquisition with both modalities leading to a
substantial reduction in motion artifacts due to heartbeat,
intestinal motion and breathing; (3) absolute match
between the tissue information of both modalities under the
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same physiological conditions; (4) contrast-enhanced MRI
information (e.g., on perfusion and blood flow) can be used
in the pharmacokinetic modeling of the PET data, resulting
in improved PET reconstruction and data analysis; (5)
better localization of the PET signal within the soft tissues;
(6) no radiation burden from the MRI part compared with
PET/CT, thus, avoiding a radiation dose to the patient of
about 25-32 mSv and decreasing the lifetime attributable
risk of cancer incidence due to the examination; (7) better
application of the one-stop-shop principle for simultaneous
diagnostic-quality acquisition of nuclear medicine and
radiological images; (8) more structural, functional and
molecular imaging at the same time [23, 24].

Clinical applications of PET/MRI and MRS

PET/MRI could offer good potential in the management of
diseases in which the MRS has already been shown to play
an important role.

Oncology has, by far, been the main clinical area in
which the system has been utilized, primarily because of
the profile of the institutions that installed the first systems.
Thus, prostate (Fig. 4), head/neck, and breast cancers seem
to be among the primary indications for PET/MRI [25].
Prostate cancer studies can benefit from PET/MR data
fusion. In fact, the heterogeneous features of prostate
cancer offer several opportunities for specific PET radio-
tracers [26], and the information obtained can be merged
with metabolic and structural MR data. The proximity with
the urinary bladder has a negative impact for tracers that,
e.g., FDG, accumulate in that organ. In this case, the
development of tailored bimodal TOF PET and MRI
probes can help in discriminating the signal from the
background noise [27]. In addition, the use of an alternative

tracer such as [''C]-choline, characterized by negligible
excretion in the urinary tract and low background activity
in the pelvis [28], could definitely help in monitoring, in
combination with MRS, alterations in choline metabolism
associated with cancer progression or therapy response.

Apart from these indications, the system could also be
used for lymphoma, melanoma, bone and soft-tissue
tumors, gynaecological, hepatic and colorectal malignan-
cies, with the main imaging procedure being whole-body
PET/MRI followed by regional MR acquisitions [29, 30].
PET/MRI could also be a powerful tool in identifying liver
metastases and in characterizing pancreatic tumors, as
demonstrated by previous studies on PET/MRI fusion
images which showed high accuracy of this technique,
exceeding the performance of PET/CT [31, 32].

Cardiovascular disease is another important clinical area
for whole-body PET/MRI. Several centers are currently
beginning to incorporate the PET/MRI into cardiovascular
imaging, for example, to determine myocardial viability
and for the imaging of vulnerable plaques in vessels using
FDG; in the future, this approach could be extended to the
evaluation of antiangiogenic or stem cell therapies [33].
However, an important limitation of MRI (also at 3-T)
emerges in the cardiovascular field, in the evaluation of the
distal segments of coronary arteries (which is, instead,
possible with coronary CT angiography).

PET/MRI imaging could significantly improve the sen-
sitivity and specificity of the diagnosis and follow-up
treatment of infectious and inflammatory diseases. MRI,
given the availability of fMRI, DWI, MRS and perfusion
imaging, now offers more than just anatomical informa-
tion. There have also been improvements in MRI contrast
agents, which can be used with radiolabeled probes and
may lead to even more insights into the dynamics and

Fig. 4 Courtesy of Prof. Vallée, Prof. Ratib, and Dr Garibotto,
Geneva University Hospitals, Ref: Vargas MI, Becker M, Garibotto
V, et al. MAGMA 2012 Sep 25. A 58-year-old patient, GS 3 + 3,
PSA 5.3 ng/mL. '®F-choline PET/MR images, acquired on the
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integrated Philips Ingenuity TF PET/MR, combining a 3-T MR
tomograph with a time-of-flight PET system. The images show a focal
T2 hypointensity in the right peripheral zone, corresponding to an
increased '®F-fluorocholine uptake
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characteristics of the inflammatory process. MRI-based
motion correction is a third interesting feature of PET/MRI,
given that it would allow more accurate quantification of
PET data, leading to better treatment monitoring and the
possibility of earlier response evaluation.

PET/MRI could detect epileptogenic areas in patients
with tuberous sclerosis complex, who are potential surgical
candidates if the epileptogenic regions can be accurately
identified [34].

PET/MRI may be also very useful in patients with
cortical dysplasia who are difficult to treat, because the
MRI abnormality may be undetectable [35].

Research applications of PET/MRI and MRS

Multiple research efforts are today devoted to identifying
the conditions in which the advantages offered by PET/MR
integration can go far beyond the simple acquisition of
functional PET information under structural MRI guidance.
In this context, it has been proposed that the combination
of anatomical MRI, DWI and PET imaging, to obtain
concerted information about the cellularity and biological
activity of a tumor (i.e., by the use of FDG, 8F_fluorode-
oxythymidine, or radiolabeled choline), may indeed result
in enhanced accuracy in staging, as well as in assessing
tumor spread to lymph nodes, especially not only in the
pelvis but also in the mediastinum and head and neck
region [36].

Another area in which a combination of multiple func-
tional imaging approaches such as PET and MR could be
particularly valuable is the non-invasive identification and
monitoring of novel biomarkers of tumor response to tar-
geted therapies. Investigations for the detection of con-
ventional markers are, in fact, often costly and time
consuming and may even require repeated tissue biopsies
to overcome the problems deriving from tumor heteroge-
neity, differences from primary tumor to metastases, and
modifications induced by changes in the tumor microen-
vironment. By allowing simultaneous, non-invasive and
longitudinal examinations of both the primary tumor and
its metastases, multimodality molecular-imaging protocols
are, therefore, expected to impact greatly on the progress of
personalized medicine [36].

MRS and PET can both be used to monitor metabolic
processes and products in vivo. However, one has to bear
in mind that these methods may differ not only in sensi-
tivity and spatial resolution [37] but also, substantially, in
the specific sets of molecular events and enzymatic reac-
tions examined within a given metabolic pathway. The
latter aspect can actually represent a crucial advantage of
an integrated PET/MRS approach. The different informa-
tion on glycolysis that can be provided by the two methods
is a case in point.

Monitoring glucose metabolism yields precious infor-
mation about energetic processes in vivo. FDG is the most
widely used PET tracer and is routinely applied to measure
the glucose consumption in cardiology, neurology and
oncology. Unlike glucose, FDG cannot proceed down the
glycolysis pathway and thus remains trapped, as FDG-6-
phosphate, in the tissue. Therefore, FDG-PET gives
essential information about glucose transport and hexoki-
nase activity at the first reaction step of the glycolytic
reaction cascade.

On the other hand, MRS methods (especially those
based on '*C hyperpolarization) are able to image the
changes in the relative flux rates of pyruvate, the end
product of the glycolytic reaction cascade, in the different
reactions, respectively, responsible for its conversion into
acetyl-CoA (to fuel the tricarboxylic cycle), lactate or
alanine. The different “biochemical windows” explored by
FDG-PET and MRS in tumors are schematically repre-
sented in Fig. 5. The complementarity of information
provided by these molecular-imaging procedures resides in
the fact that they measure different effects of the same
phenomenon by which the mitochondrial ATP is redirected
to glucose phosphorylation in cancer cells. This “bioen-
ergetic switch”, closely related to Otto Warburg’s [38]
discovery of enhanced glycolysis of tumor cells under
normoxic conditions, is today classified as a cancer hall-
mark and is held responsible for the capability of cancer
cells to maintain a high proliferative rate under conditions
of oncogene-driven cell signaling activation. For these
reasons, the standardized uptake value of FDG-PET and
MRS profiles may actually serve as biomarkers of tumor
progression and/or response to anticancer agents. The
comparison and combination of PET/MR information are,
therefore, of special interest for tumor treatment studies, as
they reveal that which part of the glucose metabolism
pathway is targeted by an anticancer agent [39] or by a
targeted therapy (e.g., imatinib mesylate [40]).

The different roles of PET and MRS in measuring
metabolic fluxes in the aberrant phosphatidylcholine (Ptd-
Cho) cycle in cancer cells provide another example of the
complementarity of the biochemical information furnished
by these molecular-imaging modalities in cancer tissues.

In fact, while choline-based PET essentially measures
choline transport and phosphorylation in the Kennedy
pathway, the profile of the 'H-MRS-detected tCho peak
(mainly comprising contributions from phosphocholine,
glycerophosphocholine and free choline) reflects the
activities of the multiple enzymes involved in both bio-
synthetic and catabolic pathways of the PtdCho cycle [41].

Furthermore, PET and MRS are providing unique
information on drug biodistribution, targeting, metabolism
and pharmacokinetics/pharmacodynamics (PK/PD). PET
using drugs radiolabeled with ''C and '®F is the technique
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of choice for PK/PD studies, whereas the nuclei most
suitable for PK/PD studies using MRS are 'H, 3¢, 'F and
3P, The development of a single combined hybrid PET/
MRI instrument able to perform PET and MRI/MRS
measurements simultaneously can allow a better study of
drug kinetics [42].

Ultra-high-field (7-T) MRI and MRS

Since the first 7 and 8-T human scale scanners were
installed in the late 1990s, an increasing number of
research centers have adopted the ultra-high-field (UHF,
7-T and above) NMR technology for human studies. Cur-
rently, 7-T whole-body and head scanners are available or
planned in more than 50 sites around the world, and are
being installed at a rate of about I/month. Significant
efforts have been made to solve the technical problems
related to UHF NMR [43] and some of these developments
have filtered down to lower-field applications. As a con-
sequence, UHF scanners are currently being installed in
hospitals also, even though body imaging is still not ready
for general utilization, and mature clinical applications are
restricted to neuroradiology.

The main advantages of UHF technology include higher
SNR and spectral dispersion, which imply potentially
higher spatial, temporal, and spectral resolution. These are
the features equally useful in research and in clinical
practice. Besides these general advantages, some specific
techniques, which exploit susceptibility effects, enjoy the

Fig. 5 Molecular bases of
metabolic imaging of glycolysis
in cancer. Metabolites: DHAP
dihydroxyacetone phosphate,
G-6-P glucose 6-phosphate,
GA-3-P glyceraldehydes
3-phosphate, F-1,6-2P fructose
1,6-bisphosphate, F-6-P
fructose 6-phosphate. Enzymes:
ALT aminotransferase,

LDH lactate dehydrogenase,
PDH pyruvate dehydrogenase.
Methods: PET positron
emission tomography,

MRS magnetic resonance
spectroscopy, MRSI magnetic
resonance Spectroscopic
imaging. Tracer:

["8FJFDG [(18)F]fluoro-2-
deoxy-p-glucose

Polarized13C

I
I
I
I
I
I
: NADH
I

I

!{re’bs cycle
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specific benefit of increased sensitivity, because the phe-
nomenon itself is enhanced. These techniques include
functional fMRI and SWL

Research applications (7-T)

As well as in a huge amount of technologically oriented
work, the advantages of high fields also emerged, from the
very beginning, in functional studies. UHF fMRI has been
shown to be capable of detecting brain functional changes
at columnar and laminar levels in the visual cortex [44],
thanks to the increased spatial resolution and specificity
that UHF technology allows. Combination with electro-
physiological techniques allowed satisfactory insights into
neurovascular coupling [45]. In a similar fashion, func-
tional MRS has been exploited to follow the metabolic
changes induced by stimulation [46]. Although possible,
imaging and spectroscopy with low gyromagnetic ratio
nuclei at UHF has seldom been exploited in man (the main
applications include "*C, *'P, 170 and **Na imaging and/or
spectroscopy). On the other hand, its use in animals is
much more developed, and in fact, several important
studies on metabolism and energetics have been published,
mainly based on '*C and *'P spectroscopy [47—49].

Until recent years, morphological imaging at UHF was
hampered by specific absorption ratio (SAR) and technical
issues, especially in the body. A UHF has the potential to
increase the imaging resolution well above the values that
are practical at 3-T, and the shorter wavelength of the B,
field, while a problem in itself, allows a high degree of

Glycolysis in Cancer

1
[18FJFDG PET'

7~ glucose+ 2Pi + 2ADP
A}
=2 lactate+2 ATP+2 H,0

Lactate
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parallel imaging. The latter is able to mitigate some of the
B, dishomogeneity problems by reducing the time needed
for the readout train [50], while during transmission, it is
expected to help keep SAR under control and/or increase
excitation uniformity via B; shimming [51]. Thus, much of
the research has focused on technical issues. However,
conventional as well as advanced structural imaging tech-
niques are increasingly being exploited in clinical neurol-
ogy research [52, 53].

Clinical applications (7-T)

Clinical applications of UHF MR include, mainly, neuro-
radiological applications.

Most clinical reports and potential clinical applications
of 7-T are, at present, found in the field of multiple scle-
rosis where a 7-T magnet allows increased lesion detection
in cortical gray matter compared with a 3-T magnet [54].

One of the most widely envisaged applications is the
pre-operative mapping of lesions and/or functionally elo-
quent areas by fMRI, SWI, DTI or anatomical imaging.
This approach is currently applied, at lower fields, in
pathologies that range from epilepsy to cancer and cortical
dysplasia; the switch to UHF can offer better resolution and
specificity, especially in fMRI and SWI. UHF SWI itself
was shown to be sensitive to tissue iron content [55], with
possible applications in neurodegenerative diseases and
vascular imaging. It has been shown that, in spite of SAR
limitations, all the clinical information available at 3-T in
subacute and chronic stroke patients is present also at 7-T;
beyond that, UHF imaging offers more anatomical detail
[56]. In clinical settings, anatomical high-resolution MR
has also been proven to be useful in neurodegenerative
diseases [57] and in brain tumor management [58]. Other
UHF clinical applications include angiography [59], car-
diac and cardiovascular imaging [60], musculoskeletal
imaging [61], renal imaging [62], and breast imaging [63].

Integration with PET

UHF MR applications fully exploit the fact that the NMR
signal is intrinsically multiparametric, and can be made
sensitive to several biophysical phenomena, related to
either tissue structure or function. Indeed, the MR tech-
niques can be roughly divided into two categories: static
and dynamic approaches. Static approaches (like all the
structural techniques) measure tissue properties that are
stationary, or change with time scales that are much longer
than the integrated measurement time. Dynamic approa-
ches are made sensitive to the change of the system during
the measurement itself, and indeed tend to measure dif-
ferences that are externally triggered. All functional

approaches (fMRI, fMRS) belong to this group. The time
scale during which the system evolution is observable (i.e.,
the temporal resolution) is inferiorly limited by the mea-
surement repetition time (magnitude order of 1 s), while
the total duration can extend to as much as several tenths of
a minute.

In the context of PET/MR combination, the first aim is
to fuse the intrinsic functional information of the PET scan
with the detailed anatomical, thus static, information pro-
vided by the MR modality. Post-processing fusion of data
obtained from distinct single-modality scanners is feasible
but suboptimal because of the poor anatomical detail of the
PET scans that does not allow satisfactory co-registration.
Even though interim solutions with tandem scanners served
by a single-rail guided patient bed are feasible [64], the
optimal solution is clearly the integration of the two
modalities in a single scanner, as has been done for PET/
CT. The availability of a commercial 3-T PET/MR scanner
showed that it is feasible at human scale, even though
higher-field combined scanners are currently available only
for animal studies. The advantages of PET/MRI versus
PET/CT combined scanners include superior MR perfor-
mances in soft-tissue contrast and reduced radiation dose of
the combined study (a feature especially appreciated in
cancer follow-up), but the main envisaged improvement is
the possibility of fully exploiting all the MR modalities,
including dynamic data, that contribute functional infor-
mation potentially complementary to the PET data. In this
context, the possibility of acquiring PET and MR data
simultaneously (as opposed to sequentially, as done with
PET/CT) is a key feature (although actually commercial
PET/MR integrated modalities are also offered as sequen-
tial devices). Indeed, this approach not only reduces the
total scan time but also allows direct comparison of
dynamic changes (or steady states) induced by the same
challenge (i.e., a pharmacological challenge, or a stimula-
tion). While these basic advantages are intrinsic to 3-T
PET/MR also, in this section, we will discuss issues
relating specifically to UHF MR in combination with PET.
In particular, dynamic studies are expected to benefit from
UHF MR/PET integration, while conventional structural
MR studies acquired for anatomical reference of the PET
data can be more straightforwardly performed on 3-T MR/
PET scanners.

UHF PET/MR systems are currently not available as
commercial systems; however, some viable solutions have
been studied and implemented in several prototypes. From
a technical point of view, the same schemes developed for
lower fields can work at UHF. In particular, the PET
readout electronics can be based on photomultipliers,
which are magnetic field sensitive devices, and thus, must
be located at a magnetic field-shielded area far from the
scanner. As a consequence, the unamplified scintillation
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light must be routed to the photomultipliers via optical
fibers, a solution that allows minimal interference of PET
with MR, but significantly degrades PET signal energy and
temporal resolution. An alternative solution is to base the
PET readout on solid-state devices (avalanche photodiodes
or silicon photomultipliers) that can be directly coupled to
the scintillator. Similar solutions have been shown to work
at 7-T [65] and at 9.4-T [66], and are better described in
other papers in this issue.

Intermodal validation and information fusion

While, in principle, both PET and MR can perform quan-
titative measurements of physiological parameters, quan-
titation relies on a number of assumptions and calibrations.
A typical example is the brain perfusion measurement
(CBF), a parameter of great clinical and scientific interest,
which can be measured non-invasively by MRI via arterial
spin labeling (ASL), or using an appropriate contrast agent
with MR (paramagnetic contrast agents) or with PET
(usually HéSO). Simultaneous measurement with PET and
MRI would allow better calibration of the techniques and
clarification of the relevant limitations. This is especially
true with ASL at high field, where the related physiological
issues are further complicated by the comparably low
uniformity of the RF field, which makes blood water
labeling less controllable. A better understanding of the
blood oxygenation level dependent (BOLD) effect can also
be expected, for instance, through better assessment of the
spatial distribution of the signal (intravascular or tissue, in
proximity of small or large vessels), and a more detailed
characterization of the interplay between metabolic and
vascular parameters, which generates the dynamic features
of the BOLD signal. In this context, a PET-based explo-
ration of the limitations and features of the so-called cali-
brated BOLD approach for cerebral metabolic rate of
oxygen (CMRO,) measurement [67] would be important.
Combined and reliable metabolic and functional measure-
ments are, of course, crucial in the study of brain ener-
getics, as well as in the assessment of neurophysiological
and neurometabolic coupling [68]. Interestingly, PET
kinetic modeling also can be improved by simultaneous
MR-derived measurements, including CBF [69].

A straightforward application of combined PET/MR in
dynamic studies would be the combination of FDG-PET
with lH-, 13C- and *'P-MRS. FDG-PET can, in fact, pro-
vide information about the rate of glycolysis, while MRS
can simultaneously monitor the rate of the tricarboxylic
acid cycle and the tissue energy status. In this context, 'H-
MRS has the clear disadvantage of providing poorer
information compared to '*C-MRS. However, high-field
'"H-MRS has been successfully exploited for the charac-
terization of brain energetics in humans [70], because the
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high sensitivity of proton MRS easily allows dynamic
studies. The low gyromagnetic ratio of '*C, as well as the
problems related to the need for appropriate isotopic
enrichment, do not prevent functional studies on carbon
compounds, even though these require long scan times
[71]. The combined functional acquisition of FDG-PET
and MRS data can be helpful not only in the study of brain
physiology but also in the characterization of tumor
metabolism, and ultimately in cancer diagnostics.

A second dynamic application would be the multipara-
metric study of brain function. While MR is in principle
capable of performing simultaneous measurement of
BOLD, CBF, and also cerebral blood volume (CBV) and
(indirectly) CMRO,, the PET modality would make it
possible to independently monitor one parameter (CBF, for
instance) to reduce the impact of signal modeling, or to add
further information by means of cerebral metabolic rate of
glucose consumption assessment via FDG. Depending on
the tracer, the average acquisition time of PET can exceed
the fMRI acquisition time by an order of magnitude or even
more, thus, preventing direct correlation of results. How-
ever, approaches for combined analysis can be developed,
as has been done, for instance, for simultaneous EEG/fMRI
acquisitions.

A more basic potential advantage is the possibility of
applying motion correction to PET functional data acquired
simultaneously to fMRI EPI series, allowing an increase of
the spatial specificity of PET data up to their nominal
spatial resolution [72]. A similar advantage of PET data
can arise from tailored partial volume correction, based on
the excellent MRI discrimination of soft tissues and high
spatial resolution [73]. This can be especially useful in
small or heterogeneous structures, like tumors.

Studies on stroke, cardiac ischemia, and on cancer
progression and treatment will benefit from PET/MR
approaches, thanks to the combination of information about
tissue perfusion, metabolic changes (lactate, N-acetylas-
partate), microscopic damage (DWI), and degree of tissue
hypoxia ('*F-fluoromisonidazole, and other PET tracers).
A related issue is the characterization of angiogenesis,
especially in tumors, and the assessment of therapeutic
antiangiogenic treatments. The combined use of dynamic
contrast-enhanced MRI for the assessment of vascular
permeability, and of PET angiogenesis markers could
probably be complemented by other MR techniques sen-
sitive to microperfusion, like intravoxel incoherent motion
measurements.

The specific role of UHF MR and PET combination will
be related essentially to the higher attainable spatial reso-
lution. In conjunction with tailored contrast agents, such as
micro- and nanoparticles, UHF MR imaging has been
shown to be able to detect in vivo in rats single-labeled
cells [74]. This ability can be combined with PET
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assessment of cell function or metabolism in many fields,
including tracking of implanted stem cells [75, 76]. Inter-
estingly, dual mode functionalized PET/MR nanoprobes
have been developed, and can be exploited, in principle, for
spatially tracking (via MR) the nanoparticle, while the
radiolabeled payload would allow quantitation of the up-
taken/interacting biomarker [77]. Future developments
may include intelligent probes and drug delivery.

Final considerations

Hybrid PET/MRI systems and MRS with high field
strength are becoming more widespread not only in
research applications but also in clinical settings. Com-
bining morpho-metabolic (MRI-MRS) and functional
information (PET), using a high-performance magnet (3,
7-T), is the most reliable way of obtaining increased sen-
sitivity in cancer detection and assessment of aggressive-
ness. In fact, optimal spectral resolution (heteronuclear
MRS) combined with high contrast resolution (MRI) can,
in association with functional PET information, dramati-
cally improve the early diagnosis. In addition, nowadays
MRI, thanks to functional fMRI, DWI, MRS and perfusion
imaging, offers more than just anatomical information. The
fields of application are numerous: brain tumors, early
diagnosis of degenerative diseases and other neurological
and psychiatric disorders (i.e., Alzheimer, schizophrenia),
oncology (prostate, breast, gynecological cancers), car-
diovascular and inflammatory diseases. Further studies and
with larger patient populations are needed to confirm the
clinical relevance of these combined methods.
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