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ABSTRACT

Evaluation of the molecular processes responsible for disease pathogenesis and progression represents the new frontier
of clinical radiology. Multimodality imaging lies at the cutting edge, combining the power of MRI for tissue
characterization, microstructural appraisal and functional assessment together with new positron emission tomography
(PET) tracers designed to target specific metabolic processes. The recent commercial availability of an integrated clinical
whole-body PET-MRI provides a hybrid platform for exploring and exploiting the synergies of multimodal imaging. First
experiences on the clinical and research application of hybrid PET-MRI are emerging. This article reviews the rapidly

evolving field and speculates on the potential future direction.

Recently, there has been significant interest in multimodal
imaging with positron emission tomography (PET) and
MRI in an attempt to exploit synergies between the two
techniques. Software fusion of images acquired using sepa-
rate PET and MRI machines has been most widely repor-
ted."” In response, manufacturers have integrated PET and
MRI hardware.>* Two options currently exist for those in
the PET-MRI market: (i) the first involves two separate
machines, with both machines being housed either in the
same room or in adjacent rooms and fusion software used to
combine sequentially acquired PET and MR images;>® (ii)
the second option integrates the PET detectors within the
centre of an MR scanner, enabling simultaneous acquisition
of signals from both modalities” (from here on referred to as
simultaneous PET-MRI).

Simultaneous PET-MRI was initially developed for brain
imaging using an MR-compatible PET insert placed within
the bore of a conventional MRI scanner. The fused images
overlay metabolic signals from PET on the high-resolution/
soft-tissue contrast MR images, thereby providing im-
proved localization of metabolic changes for a number of
different clinical applications.*™"!

More recently, Siemens AG” (Biograph mMR, Erlangen,
Germany) has released the first whole-body simultaneous
PET-MRI option for the clinical market. Comprising
a 60-cm-bore 3-T magnet with an integrated ring of solid-

state PET scintillation avalanche photodiode detectors
insensitive to magnetic fields, the scanner is able to si-
multaneously acquire PET and MRI signals. This article
reviews the potential clinical and research application
of simultaneous PET-MRI for assessment of neurologi-
cal, body oncological, cardiovascular and inflammatory
diseases.

STRATEGIES FOR SIMULTANEOUS POSITRON
EMISSION TOMOGRAPHY-MRI

There are several levels of complexity to which a simulta-
neous PET-MRI protocol can be developed.

Positron emission tomography with anatomical
MRI for localization and attenuation correction
At the most basic level, a non-contrast anatomical MRI
pulse sequence (e.g. T, or T; weighted imaging, Dixon,
short tau—inversion—recovery etc.) can be acquired whilst
PET signal is simultaneously collected at each bed position.
In this case, the primary role of MRI is to replace the
anatomical localization provided by the CT component of
a PET-CT study. However, substituting MRI for CT is more
challenging than it might first appear.

Firstly, CT provides electron density data necessary for
attenuation correction of PET images. Indeed, for MRI
to replace CT, it must also provide a measure of electron
density; a capability that it does not have. Therefore,
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an alternative approach is necessary. For the Siemens simul-
taneous PET-MRI, attenuation correction is based on Dixon
fat and water separation sequences. Dixon'? published the
first paper on a simple water and fat separation in 1984. The
technique he described acquires two separate images: the first,
a conventional spin echo image with water and fat signals in
phase and the other acquired with the readout gradient
slightly shifted, so that the water and fat signals are 180° out
of phase; the signals from the two allow derivation of separate
fat and water images.'” Attenuation correction of PET signal
can be approximated by segmenting fat and water and
assigning an assumed electron density to each component.
However, a major limitation of this approach is in separating
air from bone, as both generate no signal on Dixon images
and yet have very different electron densities. Thus, accurate
attenuation correction on PET-MRI remains a work in prog-
ress with a focus on improving Dixon techniques, whilst also
exploring alternative strategies, e.g. attenuation maps and ultra-
short echo time imaging.”'*'®

Secondly, it would not be correct to assume that the anatomical
quality of MRI is equivalent to CT in all areas of the body; for
example, CT has a significant advantage when imaging the lung
and is also less prone to motion artefact within the abdomen.
However, whether these advantages of CT are crucial to in-
terpretation or whether the PET signal by itself can compensate
for potentially reduced anatomical resolution and increased
imaging artefact of MRI remains to be determined.

Positron emission tomography with diagnostic MRI
An alternative PET-MRI strategy combines diagnostic stand-
alone MRI protocols with PET, bringing together two examina-
tions into a single study whilst avoiding the radiation exposure
associated with CT. This significantly increases the complexity of
a PET-MRI study; a combined protocol has to be thought through
to minimize patient scan time, whilst maintaining the diagnostic
quality of MRI study. At this stage, it is not clear whether a full
diagnostic MRI is necessary for any given examination; for ex-
ample, it is not known whether gadolinium contrast will provide
any additional benefit for lesion localization/characterization
compared with an injected PET tracer.'” Development of dedi-
cated protocols for specific clinical indications will be a slow
process, with each application necessitating individualized tai-
lored protocols.

Positron emission tomography with multiparametric
MRI for advanced tissue characterization

A third approach being trialled predominantly within the re-
search arena is to combine the tissue characterization afforded
by multiparametric MRI with signal from specific PET tracers.
Multiparametric MRI has been successfully applied for imaging
of local tumour sites, e.g. the prostate for localization of cancer
foci,”>*! and generally involves a combination of anatomical,
diffusion-weighted and dynamic contrast-enhanced imaging
to facilitate characterization of tissue fat/water content, cellu-
larity and vascularity. The role of individual MRI sequences
and their correlative/synergistic role with signals from
'8E-fludeoxyglucose ('*F-FDG) and other PET tracers remain
to be explored.
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NEUROLOGICAL APPLICATIONS OF POSITRON
EMISSION TOMOGRAPHY-MRI

Brain imaging was one of the first applications for simultaneous
PET-MRI systems,” as the anatomical site is less prone to pa-
tient motion. There is a growing interest within the neurological
community in the application and development of novel radio-
pharmaceutical tracers for the evaluation of neurodegenerative and
oncological disease with PET-MRL

Alzheimer’s disease

Dementia has been recognized as a growing problem for society
in the UK. Alzheimer’s disease (AD) is the leading cause of
dementia in elderly adults, and its incidence worldwide is in-
creasing.”>** Clinically, AD is characterized by progressive
memory loss and impairment of other cognitive functions that
significantly impair activities of daily living. The neuropatho-
logical hallmarks of AD include extracellular beta-amyloid (AB)
deposition in the form of senile plaques and intracellular ac-
cumulation of neurofibrillary tangles (tau proteins), which in-
duce a series of toxic events that lead to synaptic dysfunction,
neuronal loss and brain atrophy.”> Accumulation of amyloid
occurs decades before the cognitive decline begins and has been
proposed as the first step in a cascade of changes.

There are an increasing number of candidate drugs for the
treatment of AD; these may have application for treatment of
early-stage disease (i.e. before the cognitive impairment is ap-
parent). PET-MRI is uniquely positioned to play a role in the
assessment of novel drug treatments in longitudinal clinical
trials and potentially the clinical diagnostic pathway.

'8E-FDG-PET can be used to measure the cerebral metabolic rate of
glucose, an index of brain synaptic activity. Several '*F-FDG-PET
studies have been performed to qualitatively and quantitatively
estimate AD-related brain changes.*®* These studies consistently
show widespread metabolic deficits in the neocortical association
areas, with sparing of the thalamus, basal ganglia, cerebellum, pri-
mary sensory motor cortex and visual cortex. Specifically, the so-
called “AD metabolic pattern” is characterized by hypometabolism
in associative parietotemporal areas, posterior cingulate cortex and
precuneus, as well as medial temporal lobes, mostly entorhinal
cortex and hippocampus (Figure 1). With advancing disease,
hypometabolism extends to prefrontal cortex. Indeed, "*F-FDG-
PET has been demonstrated as a sensitive measure of longitudinal
changes in brain glucose metabolism and proposed as a marker of
disease progression and therapeutic response.”>*’

A specific tracer with high affinity to amyloid plaques [thioflavin
T compound also commercially named Pittsburgh compound B
(PiB)] has been developed in the past decade. This compound
has been labelled initially with ''C (*'C-PiB).>° Unfortunately,
the short half-life of ''C does not allow its use in centres without
onsite tracer production facilities. In 2008, the thioflavin mol-
ecule was labelled with a fluorine compound, enabling its use
within centres without cyclotrons.”® Results from large multi-
centre trials have demonstrated high levels of cortical ''C-PiB
primarily involving the frontal, temporal and parietal association
cortices of AD patients.32 Furthermore, cortical ''C-PiB levels
have been correlated with increased cerebrospinal fluid (CSF)
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Figure 1. Images of a 77-year-old male with cognitive impairment. MR shows volume loss, subarachnoid space dilatation and atrophy
mainly in parietotemporal areas (arrow), medial temporal lobes, precuneus and hippocampi. Simultaneous "®F-fludeoxyglucose-
positron emission tomography demonstrates agreement between MR changes and areas of hypometabolism.

levels of AP, suggesting that PET amyloid imaging may have
utility in detecting prodromal AD.>> The new '®F-labelled am-
yloid tracer under the commercial name of Florbetapir (AMY-
ViD®; Eli Lilly and Company, Indianpolis, IN) has been recently
introduced in many European countries including the UK. This
compound showed a neuropathologically accurate and reliable
estimation of the density of AP neuritic plaques in the brain, in
both clinical and non-clinical studies. There is a growing interest
among the research community to establish the clinical role of
this new molecule in the management of patients with AD.

Structural MRI plays a central role in the evaluation of brain
morphology in dementia, and volumetric assessment using
dedicated software shows significant promise in the diagnosis of
early-stage AD and for monitoring disease progression. Typical
findings are medial temporal lobe atrophy in both mild cognitive
impairment (MCI) and AD, especially in the entorhinal cortex,
amygdala, hippocampus and parahippocampal gyrus.

A comparison between the metabolism and morphology of this
complex region has only recently become possible with the de-
velopment of simultaneous PET-MRI systems.”* A preliminary
experience in 2010 reported that the hippocampal glucose me-
tabolism in patients with AD had a significantly decreased glucose
metabolic function compared with normal controls.” Further-
more, combining MRI, '"*F-FDG-PET and CSF biomarkers yiel-
ded the highest accuracy for predicting conversion to AD in
subjects with MCI.*®

Clinical availability of the latest MRI sequences, such as arterial
spin labelling (ASL) and diffusion tensor imaging (DTI) may

provide additional information complementary to anatomical
MRI and metabolic '°F-FDG-PET.

ASL is a non-contrast MRI technique that uses magnetically
labelled water protons as an endogenous tracer to provide in-
formation about blood flow. Important advantages of this
technique are its non-invasiveness and relatively short acquisi-
tion time (at current clinical magnetic field strengths of 3.0 T),
which enable routine application in the work-up of de-
mentia.””*® A recent study reported matching patterns of re-
duced cerebral blood flow and '*F-FDG-PET hypometabolism
in patients with AD.*”

DTI is a technique that allows the evaluation of brain axonal
tract morphology. Software algorithms estimate the preferential
direction of diffusion of water molecules from a series of images
acquired with diffusion gradients applied at different spatial
orientations. The preferential direction of diffusion reflects the
orientation of axons and allows white matter neuronal pathways
to be followed, and thus the global connectivity of the brain to
be investigated. In AD, the use of DTI facilitates visualization of
early white matter changes, which disrupt neuronal connectivity,
a finding that confirms that disease effects are not simply con-
fined to the cortex.*’

The potential power of PET-MRI for AD arises from a combi-
nation of high-resolution anatomical, perfusion, tractography
MRI information with '®*F-FDG- or ''C-PiB-PET during a single
simultaneous examination, creating opportunities for improving
the understanding of pathogenesis and mechanism of AD and
enabling early diagnosis and supporting drug development.
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Epilepsy

The evaluation of areas of reduced metabolism coupled with de-
tailed anatomical information is of interest not only in de-
generative disease but also for the evaluation of the epileptogenic
focus in drug-resistant epilepsy. A match between areas of hypo-
metabolism and the epileptogenic focus has been demonstrated on
interictal PET. Moreover, our preliminary results show a possible
mismatch between metabolism and perfusion. It is worth high-
lighting that, in this disease, there may be discrepancies in either
metabolism and/or tissue microstructure and/or vascularity,
making the possible use of a combined simultaneous PET-MRI
technique important for diagnosis and in treatment planning.

Intracranial neoplasms
In the UK, the incidence of new brain tumours is estimated as
15/100 000 people per year.*'

MR is the established gold standard for the evaluation of brain
tumours. Conventional MR sequences (T,/T,/fluid-attenuated
inversion—recovery) provide high-resolution anatomical detail
and are supplemented by gadolinium contrast-enhanced MRI
for evaluation of vascular supply and blood-brain barrier (BBB)
integrity.*>*’

Nonetheless, conventional MRI techniques (including gadolinium
enhancement) are not sufficiently tissue specific and have some
significant clinical limitations. For example, gadolinium enhance-
ment is a marker of BBB disruption and does not demonstrate
tumour activity directly, and it has been reported that roughly 10%
of glioblastomas and 30% of anaplastic astrocytomas do not show
gadolinium enhancement.** Furthermore, gadolinium enhance-
ment is not always specific for tumour grade, as low-grade gliomas
occasionally enhance.* In recent years, there have been numerous
investigations on the ability of functional and molecular imaging
techniques, such as diffusion, perfusion and proton MR spectroscopy
to assess tumour characteristics and treatment effect.*>*’

Nuclear medicine, although generally considered the reference
technique to assess metabolism, has been limited for many years
by the lack of adequate tracers. '*F-FDG as a glucose analogue
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represents the main substrate for the normal brain. As
a consequence, there is diffuse uptake in the brain paren-
chyma, which impairs visualization of tumour foci. PET neuro-
imaging has therefore focused on the development of alternative
tracers to '®F-FDG. Available tracers evaluate amino acid me-
tabolism, hypoxia and membrane turnover. Labelled amino acids
and their analogues [L-[methyl-“C]-methionine (*'C-Met), ''C-
tyrosine, '*F-fluorotyrosine, '*F-deoxyphenylalanine and *O-'*F-
fluoroethyltyrosine] are particularly attractive because of their
high uptake in tumour tissue and low uptake in normal brain.
18p_fluoromisonidazole (*®F-FMISO) is a marker of blood flow
and hypoxia.*® Whilst '*F-FMISO-PET demonstrates a correla-
tion with perfusion at 0-5min after injection, late persistent
uptake remains independent of perfusion and BBB disruption
and is correlated with hypoxia.*>*® '*F-choline is a biomarker of
cell membrane turnover and increased uptake on PET reflects
tumour aggressiveness and can be used to monitor tissue pro-
liferation on follow-up (Figure 2).”"

Simultaneous PET-MRI offers the potential to develop new
applications based on multimodal multiparametric tumour as-
sessment. For example, a recent article demonstrated the feasi-
bility of simultaneous acquisition of PET-MRI for tumour
grading and examining the spatial distribution of metabolic
changes within a glioma.”* All patients underwent simultaneous
"'C-MET multiparametric PET-MRI, for identification of the
most aggressive part of the tumour to facilitate targeted surgical
sampling. The authors concluded that metabolic mapping before
histological sampling is feasible using simultaneous PET-MRI. An
important observation made by the authors was that parameters
from different modalities that are thought to reflect the same
pathological processes do not necessarily spatially correlate. For
instance, a high level of ''C-MET uptake on PET, indicative of
proliferating tumour cell populations, was not always colocalized
to areas of cell membrane proliferation (choline/N-acetylaspartate)
seen with MR spectroscopy; the observations suggest that com-
bining PET and MRI methods could provide additional in-
formation about cellular proliferation, improve selection of biopsy
sites and potentially separate tumour tissue better from scarring,
inflammation and necrosis.

Figure 2. Images of an 11-year-old female with pathologically proven low-grade glioma (arrows). Axial image: (a) diffusion weighted
image, (b) apparent diffusion coefficient (ADC) map and (c)'®F-choline-PET/T; MR fused. Moderate "®F-choline uptake and mildly

reduced ADC is present within the tumour.
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A further attractive application of PET-MRI is the pre- and post-
operative evaluation of meningiomas. This tumour, although
considered benign, often causes compression of important struc-
tures and, in a few cases, may show an aggressive behaviour
(Figure 3).>> Meningiomas located at the skull base are particularly
difficult to treat because of their proximity to vital structures such
as blood vessels, cranial nerves and the brainstem, and, in such
cases, a multimodal therapeutic approach is frequently necessary.

In general, surgical resection is the treatment of choice for
meningiomas; nevertheless, in the adjuvant setting, radiation
therapy is also highly effective. Morphological imaging meth-
ods, such as CT and MRI, are commonly used for target vol-
ume definition in radiation therapy. However, whilst providing
anatomical detail, they demonstrate limitations for tissue
characterization, i.e. distinguishing between meningioma and
other tissues, such as post-operative scars, skull base and other
normal intracranial structures.”*>> Hence, there is a need for
additional methods to characterize tissue and more accurately
determine the extension of meningioma into the neighbouring
anatomical structures.

PET imaging offers a solution through high levels of expression
of the somatostatin receptor subtype 2 in meningiomas, which
can be targeted by somatostatin receptor ligands to provide an
excellent tumour-to-background signal ratio.”*>’

A PET-MRI solution combining gadolinium enhancement and
somatostatin tracer uptake could have the potential to further
improve pre-operative planning and to better monitor and lo-
calize recurrence following therapy.

BODY ONCOLOGICAL APPLICATIONS

OF POSITRON EMISSION TOMOGRAPHY-MRI
PET-CT is widely used for cancer staging. Whilst the CT com-
ponent aids the localization of the PET signal to the correct
anatomical site, the non-contrast-enhanced CT provides little
tissue characterization beyond the assessment of density. More

BJR

recently, multiparametric MRI has emerged as the method of
choice for tissue characterization and is rapidly establishing
clinical utility, for example, in the localization and surveillance
of prostate cancers.’”®' Nonetheless, it remains more difficult to
assess metabolic activity with MRI, and MRI signals themselves
are not as specific as PET tracers. Simultaneous PET-MRI offers
the ability to combine the power of MRI tissue characterization
with targeted molecular PET imaging.

A simultaneous PET-MRI approach offers significant advantages
for body oncological imaging. Techniques for registering sepa-
rately acquired MRI and PET data have been evaluated"™° and
remain operator dependent with inconsistent and poor results,
particularly for deformable regions (e.g. the breast) or physiolog-
ically mobile structures (e.g. the intestinal tract and bladder).
Moreover, there is often a significant physiological variation in
functionality with time when acquiring temporally separated PET
and MRI studies fundamentally limiting correlation of signals. The
concurrent acquisition of multiparametric MRI and PET has the
potential to reduce both spatial and temporal correlation errors.

The first simultaneous clinical whole-body PET-MRI scanner
became commercially available in 2011. Early adopters of the
hardware have been rapidly developing and evaluating a range of
strategies for tumour assessment.

Initial reports comparing PET-CT and PET-MRI (with MRI
performed for anatomical localization/attenuation correction) of
mixed cancers are available. These early studies confirm that
whole-body simultaneous PET-MRI is feasible within a relatively
short acquisition time (20 min) and furthermore that neither the
PET nor the MR image quality is significantly compromised by
simultaneous acquisition. Importantly, the clinical performance
of PET-MRI for detection of malignant lesions is reported as
comparable to that of PET-CT.>**® The studies suggest that
replacing the CT component of the PET-CT examination with
MRI is possible. This in itself could provide patient benefit by
reducing overall diagnostic radiation, of particular importance

Figure 3. Images of a 47-year-old male with a skull base meningioma following surgery, being considered as a candidate for
radiotherapy. Positron emission tomography (PET)-CT images (a) demonstrate a 8Ga-DOTATATE (derivative of octreotide)-avid
lesion in the left middle cranial fossa. T; post-contrast MR images (b) show anatomical detail of the tumour location. Combined PET-

MRI (c) allows visualization of the full extent of this disease.

(a) (b)
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for paediatric and adolescent patients or those requiring mul-
tiple sequential studies. Indeed, a report of 15 children with
multifocal malignant diseases concluded that the effective dose
of simultaneous PET-MRI scan was only 20% that of the
equivalent PET-CT examination.*®

Whilst reduction in radiation dose is important, compared with
CT, detecting and characterizing lung lesions on MRI remains
challenging and requires the use of respiratory gating, which
may be imperfect, or rapid breath-hold acquisition, which limits
spatial resolution.”” Additionally, although the 3-T MRI in-
cluded within the simultaneous PET-MRI machine can provide
additional signal, susceptibility artefacts at air-tissue interfaces
are also increased, making imaging the lungs more challenging
at 3T than at 1.5 T. Nevertheless, perfect anatomical MRI of the
lungs may not be necessary. A combined PET-MRI examination
could benefit from the sensitivity of PET tracer for detection/
characterization of clinically significant lung nodules and may
compensate for the limitations of MRI. Indeed, preliminary data
on pulmonary lesion assessment performed in 10 patients who
underwent PET-CT and, immediately afterwards, PET-MRI with
anatomical whole-body MRI support this view. Within this
study, PET-MRI provided diagnostic image quality in all
patients, with good tumour delineation, allowing similar lesion
characterization and tumour staging to PET-CT (Figure 4).%®

Multiparametric MRI techniques for evaluation of suspect
lesions are also being explored (Figure 5).°° Such studies will
help to refine simultaneous PET-MRI protocols; for example, as
the '*E-FDG signal correlates with the diffusion-weighted MR
signal, the additional time spent acquiring MRI “functional”
data could be regarded as superfluous for diagnosis.”’ These
PET-MRI studies also provide an opportunity for correlative
cross-modality biomarker research and a broadened approach to
understanding mechanisms of disease; for example, applications
include colorectal cancer, gynaecological disease or soft-tissue
tumours (Figures 6-9). Ultimately, as functional MRI and PET
signals are correlated, e.g. '"F-FDG-PET and MRI apparent
diffusion coefficient, it may become possible to substitute the
PET signal with the functional MRI signal, thereby allowing the
use of an alternative radionuclide tracer to evaluate a second
biological tumour characteristic (e.g. hypoxia or angiogenesis).

Lymphoma
There has been much work on the role of PET-CT and, more
recently, the application of whole-body MRI for evaluation of

F Fraioli et a/

lymphoma.”! Increased glucose metabolism is common to
most lymphoma subtypes, and PET with '*F-FDG has become
an established modality for lymphoma staging and follow-
up.”? A recent study demonstrated the feasibility of '*F-FDG-
PET-MRI for lymphoma treatment response evaluation and
reported good image quality of the PET-MRI examination
and an excellent interobserver agreement for Ann Arbor
stage;”’ experience at our institution supports this finding
(Figure 10).

Prostate cancer

There has been a significant drive in the application of multi-
parametric MRI for localization of prostate cancer prior to biopsy
and treatment.”>”* However, it is recognized that assessment of
the post-treatment prostate and local nodal disease remains
challenging even with multiparametric MRI. '®F-choline-PET
has shown promise for the clinical staging of metastatic prostate
cancer, and results also show that it has a potential role in
assessing the post-therapy gland.”> A number of centres are ex-
ploring combined PET-MRI acquisitions using whole-body
'8F-choline-PET paired with anatomical whole-body MRI and
multiparametric prostate MRI in the hope that a single test will
be able to identify and stage local tumour, together with metastatic
nodal and bone disease (Figure 11). Early reports suggest a high
concordance between '®F-choline-PET and diffusion-weighted
MRI signals; however, PET-positive lesions have also been dem-
onstrated within the prostate, where diffusion-weighted imaging
has not suggested tumour.”®

Head and neck squamous cell carcinoma

Preliminary experience of PET-MRI in 20 patients with histo-
logically proven head and neck squamous cell carcinoma has
been reported in a study comparing the performance of PET-
MRI vs stand-alone PET.”” The number of lymph nodes with
increased '®F-FDG uptake detected using the PET data set from
the simultaneous PET-MRI system was significantly higher than
the number from the stand-alone PET scanner.

Neuroendocrine tumours

Evaluating patients with neuroendocrine tumours is a further
potential application of simultaneous PET-MRI. PET-CT with
somatostatin analogues such as [®8Ga]-DOTATATE (derivative of
octreotide) is routinely used to stage and evaluate the therapy
response of neuroendocrine tumours,”® although the current
weakness of PET-CT remains the difficulty in detecting neuro-
endocrine liver metastases where the physiological somatostatin

Figure 4. Images of a 68-year-old male with a small (approximately 1cm diameter) lung nodule. Concordant nodule detection on (a)
positron emission tomography (PET)-MRI, (b) PET-CT and (c) contrast-enhanced CT.

(a)

(b)
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Figure 5. Images of a 58-year-old male with a large colorectal cancer imaged using simultaneous multiparametric MRl and positron
emission tomography (PET) for multimodal tumour characterization. Arrows indicate tumour: (a) axial 7, weighted images, (b)
apparent diffusion coefficient map, (c) '®F-fludeoxyglucose-PET-MRI fused images with avid uptake of tracer. (d, e) Early and
delayed contrast enhancement extracted from a dynamic contrast-enhanced series. (f) Maximum intensity projection image
demonstrating collateral vessels feeding the neoplasm.

(d) (e) (0
tracer uptake can mask small lesions. Our initial experience enhanced MRI of the liver and whole-body anatomical MRI could
suggests that combining PET with a localized dynamic contrast- improve disease assessment (Figure 12).

Figure 6. Multiparametric MRl is acquired simultaneously with '®F-fludeoxyglucose ("®F-FDG) positron emission tomography (PET).
Anatomical out-of-phase MR images (d) show poor lesion contrast (arrow); however, the lesion is well depicted on the attenuation-
corrected PET image (b) and corresponding fused PET-MRI image (a). '®F-FDG uptake inversely correlates with restriction of
diffusion depicted on the apparent diffusion coefficient map (c) (arrow).

(a) (b)
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Figure 7. Multiparametric evaluation of a cervical carcinoma (arrows). (a) Axial and (b) sagittal: fused positron emission
tomography-MRI (anatomical 7, weighted image) with increased ®F-fludeoxyglucose uptake within the tumour. (c) Apparent

diffusion coefficient map with restricted diffusion.

Gastrointestinal tumours

PET-CT is used for the initial metastatic staging and assess-
ment of suspected recurrence of colorectal cancer.”” Local
staging, particularly that for rectal cancer, is best performed

Figure 8. Axial positron emission tomography-MRI (anatomical
7> weighted image) of an oesophageal tumour with
perivisceral infiltration (arrowheads).

r 3 -

with dedicated MRI protocols.?” A weakness of PET-CT
remains the visualization of small liver metastases.®’ Indeed,
based on reconstructive data sets, Yong et al®* suggest that PET-
MRI is likely to have greater sensitivity than PET-CT (98.3% vs
84.2%). The challenge remains to determine whether the MRI
component of the PET-MRI study can be adapted such that
a single PET-MRI study can provide local staging and improve
metastatic disease localization.

Application of PET-MRI for assessment of oesophageal tumours
is likely to be more difficult than for colorectal cancer, as increased
artefacts resulting from respiratory motion, cardiac motion and
susceptibility at air—tissue interfaces need to be mitigated.

Gynaecological tumours

At present, the diagnosis of ovarian cancer is based on clinical
examination and serum biomarkers combined with localized
imaging with ultrasound, CT or MRL*’> PET-CT using FDG as
anon-specific tracer and with the limited resolution of PET is not
the modality of choice for local staging of primary disease.** For
metastatic staging, reports demonstrate that PET-CT is consistent
with surgical staging in 69-78% of patients.*>*® MRI with dif-
fusion-weighted imaging has been reported to have a higher
performance for the detection of peritoneal disease spread;®’
however, lymph node metastases remain difficult to characterize
in normal sized nodes.*® A complete technique that provides local
staging of tumour with diagnostic MRI combined with anatom-
ical and diffusion-weighted PET-MRI for metastatic disease
evaluation should be explored.
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Figure 9. (a) Coronal short tau inversion-recovery MRI shows multiple areas of increased abnormal signal in the vertebra (thin
arrows) and left iliac wing (thick arrows). (b) Active disease is differentiated from stable disease on the combined positron emission

tomography-MRI as areas of increased '®F-fludeoxyglucose uptake.

Similarly, cervical and uterine cancers are likely to also require
dedicated local MRI staging protocols to be combined with
whole-body PET-MRI metastatic disease staging.

Musculoskeletal tumours
MRI and plain radiographs are the core imaging modalities used
for the assessment of bone tumours.®® It is difficult to visualize

how PET-MRI could improve the local staging and assessment
of this group of tumours. In keeping with other tumour types,
the benefit of a PET-MRI examination is likely to be in the
assessment of nodal stage. For patients with bone tumours, PET-
CT has a reported sensitivity and specificity of 88% and 97%,
respectively, for nodal staging, higher than conventional staging
methods.”® Other than exploiting the capability of PET, it is

Figure 10. "®F-fludeoxyglucose positron emission tomography (PET) CT scan (thick multiplanar reformat) (a) shows multiple
confluent nodes above and below the diaphragm. Multiple liver lesions are also seen. Cross-sectional PET-MRI (b) maximum
intensity projection and (c) volume-rendered reconstruction show similar appearances.

(b)
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Figure 11. ®®F-choline positron emission tomography (PET) demonstrating a large choline-avid lesion suspicious for tumour (arrow).
Superior anatomical detail is provided by the anatomical MRI (a) fused PET-MRI compared with CT (b) fused PET-CT.

(a)
uncertain whether a PET-MRI technique for initial staging will
have additional benefit.

An area of development for PET-MRI within this group could be
in response assessment. Both PET and MRI methods when
performed separately have demonstrated encouraging results for
restaging,”** and the performance of a PET-MRI technique that
exploits the merits of both remains an area of research.

CARDIOVASCULAR

PET-MRI for assessment of cardiovascular disease may truly
exploit and require simultaneous acquisition of PET and MRI
signals. PET is the gold standard for non-invasive assessment of
myocardial viability.”> For the first time, simultaneous PET-MRI
can provide direct comparison of the diagnostic performance of
each modality at identical resting and stress conditions. MRI
provides high-resolution anatomical imaging that allows accu-
rate evaluation of ventricular structure and function together
with detection of myocardial infarction.”* Furthermore, there
is the potential for morphological information obtained by
MRI to be combined with PET functional imaging, e.g. to
help differentiate between epicardial stenosis and microvascular

(b)

dysfunction or between a scar and dysfunctional but viable
myocardium.”

PET-MRI provides an opportunity to follow molecular and cel-
lular events after myocardial infarction. Delayed enhancement
MRI after injection of gadolinium-diethylenetriaminepentaacetate
can delineate the infarcted myocardium,”® whereas the PET signal
reflects at the same time the viable myocardium.”” The combi-
nation of the two modalities was recently investigated and showed
close agreement between contrast-enhanced MRI and PET in
detecting transmural myocardial scars. There is little experience
with combining MRI and PET for evaluation of subendocardial
tissue for differentiating between scar and viability.

Studies focusing on tracers other than '®*F-FDG may exploit the
capabilities of simultaneous cardiac PET-MRI, e.g. anatomical
MRI combined with the imaging of angiogenesis’®*”” and sym-
pathetic dysfunction associated with heart failure.®

MRI has previously been proposed for studying inflam-
mation,'%® but there are limitations related to difficulty in
characterizing acute, subacute and early chronic disease;'"'

Figure 12. °8Ga-DOTATATE positron emission tomography-MRI (a) shows a focal avid liver lesion (arrows), difficult to see even with

contrast-enhanced MRI (b).

(a)

(b)
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a hybrid approach for both myocarditis and pericarditis may
improve results. Cardiac sarcoidosis represents another in-
flammatory cardiomyopathy for which simultaneous PET-
MRI could be useful. In cardiac sarcoidosis, the myocardium is
replaced by fibrotic fibrogranulomatous tissue. As potential
application, fibrotic changes could be evaluated by MRI (e.g.
equilibrium MRI'*%) and simultaneous PET imaging could
characterize patterns of glucose metabolism related to the
different stages of disease.

INFLAMMATORY DISEASE

Advances in multidetector CT and MRI pulse sequences have
improved anatomical detail and tissue characterization of in-
flammatory diseases.'”® Several efforts have been made to
combine new MR contrast agents with PET imaging (e.g.
atherosclerotic plaque has been imaged in vivo using FDG and
an ultrasmall superparamagnetic iron oxide MR agent'®*). The
arrival of PET-MRI is likely to further consolidate this ap-
proach.'® Indeed, there is an interest in developing and
assessing MRI contrast agents labelled with PET tracer, where
MR contrast agents are used to provide high-resolution ana-
tomical detail of the location of accumulated metabolic PET
tracer activity within plaques.'*®'"”

Another interesting prospective use of PET-MRI is in the as-
sessment of inflammatory bowel disease. There is growing ex-
perience in the assessment of inflammatory bowel disease with

BUR

MRL'% but sensitivity for early disease and the differentiation of
fibrotic and inflammatory strictures remain problematic.'” A
simultaneous PET-MRI approach could be explored to de-
termine if metabolic PET information can complement MRI
and thereby guide therapy.

CONCLUSION

Currently, simultaneous PET-MRI has the potential to improve
patient care by reducing radiation dose, reducing hospital visits
and potentially providing new and more specific/sensitive markers
for disease assessment. Early proof-of-concept studies are en-
couraging and show that the clinical performance of PET-MRI is
on a par with PET-CT. The next step will be to generate initial
clinical applications together with optimized protocols for sub-
sequent validation and evaluation of clinical benefit. Much work
remains to be done before the techniques can become part of
a standard clinical diagnostic pathway.
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