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With the advent of ultra-high-field (UHF) imaging and inte-
grated PET/MRI systems at the beginning of the twenty-
first century, it seems that the field of neurological disease
research has unlocked the potential to reach new heights,
since this new technology gives access to a world of intrigu-
ing possibilities including tools to analyze complex neuronal
mechanisms and improves our understanding of neurologi-
cal disease processes. This is because MRI which has great
spatial and temporal resolution and PET, being the gold
standard for molecular imaging due to its high specificity
depending on which tracer is used makes it possible for these
integrated ultra-high-field MR-PET systems to yield superb
resolution along with highly specific molecular data [1, 2].
To put it more simply, neurotransmission is driven by either
receptors or neurotransmitters or modulated by drugs which
is the domain of PET, while MRI on the contrary acts at a
systemic level allowing localization and fMRI-aided analysis
of complex neural mechanisms [3].

Integrated PET/MRI, as compared with acquisitions on
two separate systems with post hoc fusion, provides several
unique advantages. Regardless of the field strength, one of
the fundamental benefits of integrated PET/MR is that syn-
chronous image acquisition being a one-stop-shop procedure
has made it easier to recruit volunteers for imaging studies
during experimental studies due to increased patient comfort
and could be especially helpful in subjects with reduced abil-
ity to cooperate such as those with dementia [1]. Moreover,
it improves overall efficiency when considering cases that
have to undergo both imaging procedures. The overall acqui-
sition time can be invested in multiple contrast weightings,
spectroscopic information, and also in adding dynamic infor-
mation in PET and/ or MR [4]. In performing an integrated
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PET/MR of the brain, the benefits are even more marked.
First, there exist relatively few sources of involuntary cranial
motion such as pulsation or tremor (for example, in Parkin-
son’s disease). As a result, if patients cooperate, sequen-
tial scanning and post hoc fusion may be possible. How-
ever, it should be highlighted that, to overcome this issue,
motion correction algorithms have been developed to further
improve image quality when imaging uncooperative patients
or individuals with tremor [4]. This is because, when PET
and MRI are used in tandem, it is possible to monitor patient
motion with fast MRI sequences and utilize this informa-
tion to cancel out motion in the concurrently obtained PET
pictures [5]. Nevertheless, fully integrated PET/MRI is only
required for the simultaneous imaging of temporally related
processes, such as the regional consumption of glucose and
oxygen in functional PET/MRI studies [5]. Second, the
excellent symmetry and extremely low deformability of the
head make it easier to use software-based approaches for
post hoc rigid motion correction and co-registration. When
integrated whole-body devices were not yet available, the
head's comparable modest size allowed for combined PET/
MRI using PET inserts in standard MR scanners. Addition-
ally, due to the geometry of the head, homogenous magnetic
fields are possible during ultra-high-field MRI, which can
produce excellent MR data that can be fused with PET [5].

Such PET/MRI technology has been efficiently utilized
even in translational imaging studies mainly using scanners
at lower field strengths in the context of stroke, tumors, and
several neurological disorders/neurological conditions, such
as Parkinsonian syndromes, epilepsy, Alzheimer's disease,
etc. Previous reviews have discussed neuroimaging applica-
tions of PET/MR at conventional field strengths as it has
been already documented by several reviews, including Son
et al. [6] and Miller-Thomas et al. [7].

Although the notion of a hybrid PET/MRI was devel-
oped before that for PET/CT, it took longer to come to
fruition because of technical challenges, the complexity of
integrating PET within an intense magnetic field, and the
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greater cost. The majority of preclinical MRI equipment
manufacturers now favor PET insert designs as a solution to
the cost problem and to make use of already installed MRI
systems. Due to the high static magnetic field, the gradient
coils' quick switching, and the interaction of the radiofre-
quency (RF) field with the PET electronics, the design of
a PET insert for preclinical imaging needed to address sev-
eral technical issues. The gradients in preclinical MRI are
stronger than those in clinical systems, which increases the
likelihood of undesirable interactions. The initial designs for
PET detectors that may be used with MRIs relied on ordi-
nary photomultiplier tubes that were positioned outside of
the magnetic field and read out using lengthy optical fibers.
Due to the restricted interior space in the MRI, the intense
magnetic fields (7-9.4 T) utilized in preclinical scanners,
and the declining PET performance (energy and time resolu-
tion), this strategy is no longer being investigated [8]. These
restrictions have now been removed thanks to solid-state
detectors like silicon photomultipliers (SiPM), and more
recently, avalanche photodiodes (APD). These detectors
perform well even when placed inside magnet bores that
resemble photomultiplier tubes, because they are insensitive
to strong magnetic fields [8, 9]

So how does specifically the integration of ultra-high-
field imaging benefit? A study by Hammer et al. [10] showed
that magnetic-field strengths above 5 T can further improve
PET image quality by reducing the mean free positron
path between annihilation and emission. Furthermore, the
improvement in contrast with the increase in field strength

Fig. 1 High-resolution mouse
brain imaging using 18F-FDG-
PET/MR at 9.4 T and registra-
tion to PMOD brain atlases.
Image courtesy: Department
of Radiology and Imaging Sci-
ences Indiana University
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does not increase linearly but exponentially. Thus, the
images acquired with the 9.4 T MRI offer greatly improved
spatial resolution, about 2.5 times that given by the 1.5 T
MRI as well as higher functional (BOLD) contrast [11].

While no commercially integrated human MR-PET scan-
ner with a high-field MR magnet (>3 T) is yet available,
integrated small-animal MR-PET operating at field strengths
of 47T, 7T, and 9.4 T have been developed and are now
commercially available. Indeed, the 9.4 T PET/MRI, the
very latest innovation in preclinical imaging of animal mod-
els is a PET system coupled with a cryogen-free 9.4 T MR
that enables simultaneous MR and PET imaging data acqui-
sition. To our knowledge, the ultra-high-field PET/MRISs are
currently manufactured exclusively by “MR Solutions (UK)
and Bruker BioSpin Corp. (which manufactures PET inserts
for high field MR; see Fig. 1) and are already available in a
few academic centers worldwide [12, 13].

As of 12 October 2017, the Food and Drug Administra-
tion (USA) approved 7.0 T whole-body MRI for clinical use.
Images obtained from 7.0 T MRI showed markedly improved
images with a high signal-to-noise ratio. This improvement
has enabled the visualization of many structures which
would be hardly visible in lower magnetic-field systems in
particular in areas that require high spatial resolution, such
as the hippocampus, thalamus, and brainstem which have
complicated substructures as well as super-fine structures
including neuronal bundles in the pons, fine blood vessels
(such as lenticulostriate arteries) without invasive contrast
agents, and in vivo and substantia nigra with excellent image
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contrast (see Fig. 2). Therefore, combined ultra-high-field
PET/MR would be most useful to assess neuropsychiatric
disorders involving these regions [1].

These integrated ultra-high-field PET/MR systems could
be useful for early non-invasive diagnosis of brain tumors
through in vivo imaging. A study by Viel et al. which inves-
tigated tracers for angiogenic and infiltrative glioblastoma
using 7 T MRI and PET performed separately showed
that 11C-methionine accumulation was more specific than
18-fluorothymidine for the detection of angiogenic glioblas-
toma [14]. Indeed, amino acid PET tracers are now the most
used and best-studied PET tracers for brain tumor diagnosis.
For the diagnosis of glioblastoma (GBM), Lohmann et al.
have reviewed the use of amino acid PET in conjunction
with MR spectroscopy (MRS), perfusion- and diffusion-
weighted imaging (PWI, DWI), and chemical exchange
saturation transfer (CEST) [14, 15]. This approach becomes
even more intriguing now that ultra-high-field MRI scanners
with magnetic-field strengths of 7 T or higher are commonly
accessible and enable high-resolution comparative anatomi-
cal and metabolic MR imaging. This is because ADC maps
and certain PWI techniques, in particular, arterial spin labe-
ling (ASL) are thought to benefit from higher field strengths
[15]. When using ASL, a particular radiofrequency pulse is
used to magnetically mark endogenous water molecules in

exterior globus pallidus
putamen interior globus pallidus

blood vessels. When these labeled molecules pass through
the target tissue, the signal strength decreases proportion-
ately to the perfusion. The signal-to-noise ratio of ASL is,
however, fundamentally low from having no contrast agent,
necessitating repetitive signal averaging, which lengthens
acquisition durations. Higher magnetic-field strengths have
a considerable positive impact on ASL. Hybrid ultra-high-
field PET/MRI scanners could therefore increase their clini-
cal utility in the future [15].

Furthermore, single-labeled cells have been demonstrated
to be detectable in vivo in rats using UHF MR imaging (due
to the higher attainable spatial resolution) in conjunction
with specialized contrast agents, such as micro- and nano-
particles. This skill can be used in many different contexts,
including the assessment of cell function or metabolism via
PET. It is interesting to note that dual-mode functionalized
PET/MR nanoprobes have been produced, and they can
theoretically be used to spatially track the nanoparticle (by
MR), while the radiolabeled payload would enable quan-
tification of the uptaken/interacting biomarker. Thus, the
next breakthrough in brain tumor treatment might involve
drug delivery and intelligent probes [16].

In addition, UHF PET/MRI could aid the validation
of imaging protocols as it has been demonstrated in the
study by Bos et al. comparing arterial spin labeling at 7 T
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Fig.2 3 T MR axial (A) and coronal (C) views of the basal ganglia
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small-animal MRI system (BioSpec 70/30, Bruker, Ger-
many) and biodistribution 64Cu or 68 Ga-labeled micro-
spheres where PET provided a gold standard for MRI to
validate imaging protocols [17]. The ultra-high-field PET/
MR may act as a new tool for measuring glucose metabolism
and related brain diseases or functional studies, such as Alz-
heimer’s disease or memory and learning studies. Indeed, in
a study conducted by Cho et al. to measure glucose metabo-
lism in hippocampal substructures of five healthy volunteers
through sequential FDG-PET and 7.0-T MR imaging, it was
shown that the dentate gyrus and cornu ammonis had the
highest glucose uptake [18]. Until recently, the resolving
power of FDG-PET was inadequate for studying changes
in glucose metabolism in hippocampal subdivisions of AD
patients. However, using the High-Resolution Research
Tomograph (HRRT; Siemens)-PET, a brain-dedicated sys-
tem capable of imaging minute changes of chemicals, such
as neurotransmitters and -receptors, with high sensitivity and
spatial resolution, it is now possible to segment and assess
glucose metabolism in the hippocampal subfields. Addition-
ally, T2*-weighted MRI at 7.0 T allows the delineation of
hippocampal substructures with higher definition, making
hippocampal segmentation possible. Indeed, a study by Choi
et al. used high-resolution FDG-PET and 7.0-T MRI (Sie-
mens) to measure glucose metabolism in hippocampal sub-
divisions along the longitudinal axis of the hippocampus in
early stage AD patients and healthy controls [19]. Addition-
ally, in a study by Cho et al. where a PET/MRI system con-
sisting of an HRRT and a 7.0-T MRI scanner was operated
for in vivo visualization of thalamic subnucleus quantitative
glucose metabolism, 7 T MR component scanner enabled
in-detail discrimination of the thalamic nuclei, allowing
precise localization of the corresponding in vivo metabolic
activities obtained by the HRRT. This ultra-high-field PET/
MR imaging system could be further useful in investigating
mechanisms of pain or it could be extended to D receptor
distribution in each thalamic nucleus and in the substantia
nigra for imaging studies on Parkinsonian syndromes, and
many more [20].

Furthermore, ultra-high-field PET/MRI has been shown
to enable tracking of brain region-specific pathology in the
context of AD, which may prove invaluable to understanding
AD progression and therapeutic development. Indeed, in a
study by Frost et al., fluorine-18 ['®F]-Florbetapir uptake
in the 5XFAD brain by dedicated small-animal PET/MRI
at 7.0 T and PET/CT were compared to validate the quan-
titative measurement of PET/MRI, since small-animal PET
imaging is known to be limited by coarse spatial resolution.
Interestingly, in addition to increased uptake in the cortex
and hippocampus which are regions usually implicated in
AD, their study demonstrated the highest uptake in the thala-
mus, a region overlooked in AD studies [21]. Interestingly,
also a trimodal imaging system using the 9.4 T PET/MR
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integrated with EEG has been proposed, since the EEG sig-
nal covers the temporal aspect and can reflect functional
changes allowing investigation of brain dynamics [23].

These are just a few studies to mention, since the novel
ultra-high-field PET/MR systems have been commercially
available only recently, and many more studies are yet to
come with the adequate distribution of this ultra-high-field
PET/MR facilities globally. If this tool is to have a wide-
spread impact outside a small group of academic sites,
training the next generation of technicians and interpreters
remains one of the major challenges which will have to be
met. According to Catana et al. [22], one of the main chal-
lenges, the limited space available inside the bore of stand-
ard MR systems to integrate the PET detectors, has been
solved by introducing larger bore diameters that provided
adequate space. However, we found no evidence explain-
ing why ultra-high-field PET/MRI with large bore sizes for
them to be used in the clinic is not yet available. We think
that it has been due to the lack of adequate studies highlight-
ing the clinical potential of this new multimodality imaging
tool and possibly the technological challenges encountered
in constructing integrated PET/MR systems at higher field
strengths [23]. In addition, some other disadvantages of
hybrid PET/MR technology are, for instance, longer acqui-
sition protocols, higher scatter and attenuation due to head
coils, the issue of attenuation correction, higher costs, etc.,
which have substantially slowed the development of clinical
hybrid PET/MR systems [24-26]

In conclusion, more research is needed to determine the
cost-effectiveness of PET-MR technology if it were to be
used in day-to-day clinical practice. We are confident that it
will be possible to translate these technologies used in pre-
clinical studies at ultra-high-field strengths to guide research
into similar human PET/MRI scanners through further tech-
nologic developments and appropriate modifications, which
will lead the next generation of molecular imaging.
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