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Abstract

Purpose of Review Simultaneous positron emission tomog-

raphy/magnetic resonance was released few years ago and

there is a (non-official) perspective of almost 100 scanners

worldwide being installed until 2016. Despite the enormous

marketing success for such an expensive and fine hybrid

imaging tool, PET/MR is still seen primarily as a research tool.

Currently this clinical validation process is more than neces-

sary to justify the additional expenses in a world with

increasing difficulties regarding health system reimbursement.

Recent Findings The current PET/MR feasibility has been

demonstrated with the published data so far in almost every

body region, with great potential applications. Themain fields

of research in PET/MR are oncologic and neurologic, basi-

cally for two reasons: (1) because almost 90 % of PET/CT

studies come fromoncology; (2) and alsobecause of the recent

development of newmedications and treatments for dementia,

making PET/MR an important character in this new scenario.

Inflammation has become the newest potential application,

and will also be discussed further on.

Summary In this article such potential clinical PET/MR

applications are compiled and updated and will be thor-

oughly discussed.

Keywords Hybrid imaging � PET/MR � Magnetic

resonance imaging � Cancer � Oncology � Inflammation

Introduction

Positron emission tomography/magnetic resonance (PET/

MR) offers a major breakthrough in diagnostic and molec-

ular imaging, which enables a high-quality assessment of

various groups of diseases, especially in oncologic, inflam-

matory, and neurologic fields. The synergism of the molec-

ular information provided by PET and the high-resolution

morphological imaging and functional data provided byMR

allows an outstanding comprehensive evaluation of patients.

The currently available simultaneous PET/MR equip-

ments are a result of extensive work on technology

improvement. Efforts have been done to suit the requisite

PET devices to the MR magnetic field, such as the pho-

todetectors which are now based on silicon MR-compatible

semiconductor material. Another essential overcoming

comprised by a better timing resolution, time-of-flight

capability, improved reconstruction, and post-processing

algorithms provide a competitive diagnostic modality [1].

However, not only the technical development is necessary

to optimize PET/MR use. An efficient workflow is of utmost

relevance for the application of PET/MR in research and

clinical routine.A concise examprotocol based on indication

and an objective data visualization and analysis are just

examples of the essential to achieve an optimal workup [2].

This paper aims to update the status of the clinical

indications of PET/MR, summarizing the available data in
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the literature and pointing out the next research steps

needed in three of the most important fields of molecular

imaging: oncology, inflammation, and neurology.

Oncology

The major prospects of PET/MR systems in Oncology are

to yield with concrete answers the various drawbacks

currently provided by the imaging modalities. As a result

of the integration of PET and MRI, both the superior soft-

tissue contrast and the metabolic, functional, and biologic

features provided by MRI—including advanced techniques

and sequences—and PET may be achieved. This synergism

of information inevitably would lead to increased diag-

nostic accuracy. Hence, local and systemic neoplastic dis-

eases may profit of improved detection, evaluation, and

therapy planning, especially in organs where CT scans

deliver information of substandard quality.

Head and Neck Cancers

With higher spatial resolution and soft-tissue contrast, MR

is arguably the best modality to depict local disease and

T-status in head and neck cancers. It describes better than

CT the extent and delineation of tumors and the involve-

ment of surrounding structures, perineural spread, prever-

tebral fascia infiltration, and vessel’s wall damage. There

are also fewer occult lesions in MR than in CT, and clear

superiority of MR over CT in cases of dental implants

owing to lower prevalence of artifacts and on clarifying

uncertain lesions in patients subject to dramatic anatomic

modifications by surgical procedures and radiotherapy,

which often hamper PET/CT interpretation [3, 4, 5••].

The quality of MR image from PET/MR systems is

considered as being of excellent quality, not poorer than

that of conventional MR equipment. Multiparametric and

quantitative features, such as spectroscopy, diffusion-

weighted imaging, and dynamic contrast-enhanced imag-

ing also reduce ambiguity from heterogeneous and con-

tinuously reshaping lesions, both at staging and after

chemo and radiation therapy [5••, 6•].

Additionally, the SUVs of PET/MR and PET/CT appear

to show great correlation [6•]. This results in the super-

imposed metabolic data from FDG also providing clues to

reinforce the identification of subtle lesions or to strengthen

the level of confidence when considering or ruling out the

existence of viable lesions among inflammatory and post-

treatment changes and complications [4]. This mutualism

results in optimal pre- and post-therapy characterization,

response evaluation, and recurrent disease identification.

Consequently, recent studies have advocated the superior-

ity of PET/MR over PET/CT for evaluation of tumor extent

and characterization and local invasion assessment [3, 5••,

6•].

The superiority of PET/MR over MR alone and PET/CT

in characterization of lymph node lesions is yet to be

confirmed. As nodal staging plays a central role and cor-

relates with patients’ prognosis, the potential superiority of

PET/MR systems might fulfill important shortcomings not

currently covered by PET/CT examinations. Although new

PET/MR devices proved to have a superior sensitivity, it is

important to highlight that there are still limitations on the

evaluation of subcentimeter lymph nodes, since PET sen-

sitivity is low for nodes smaller than 1 cm [3, 5••].

There are also evidences in literature suggesting that PET/

MR might perform at least as effectively as PET/CT in sus-

pected cervical occult tumors, which frequently manifest as

metastases in cervical lymph nodes. The main potential

superiority rely on better morphologic characterization of the

suspected hypermetabolic foci, since MR systems overdo CT

and reduce false positive studies caused by benign lesions.

More robust data are necessary to further conclusions [5••].

The major known disputed queries regard distant

metastases, especially to mediastinal nodes and lungs,

which are satisfactory addressed by PET/CT systems, and

bone lesions, whose whole-body analysis would be time

costly [5••]. Another important issue, not yet established, is

whether PET/MR studies accurately identify second or

third primary tumors, relatively frequent among patients

with head and neck cancers [5••].

Finally, efforts are being put to prove that PET/MR avoids

the need for separate studies of PET/CT and MR, a common

scenario in clinical practice, and that it delivers equal or

greater diagnostic answers than both exams separatelywould

provide. Current studies in the literature suggest that PET/

MR is a promising instrument that might be able to replace

PET/CT and MRI providing equivalent clinical answers in

one single exam [4, 5••]. However, more researches with

larger patient groups are still mandatory to improve proto-

cols, delineate other possible additional drawbacks and

indications for PET/MR in head and neck cancer.

Thyroid Cancer

Well-differentiated thyroid carcinoma management

demands thyroidectomy along, in many cases, with radio-

iodine therapy. On follow-up, whether there is suspicion of

relapse due to rising levels of thyroglobulin, identifying

anatomic evidences is often mandatory, leading to the

appropriate therapy [7].

However, traditional imaging investigation, such as

ultrasound, often shows no abnormality. In turn, hybrid

modalities like SPECT/CT and PET/CT frequently

demonstrate sites of increased radioiodine or FDG uptake

with no corresponding morphologic abnormality on CT,
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either because small lesions were missed or because of the

limitations of the CT protocol, as it must be carried out

without intravenous iodinated contrast, a contraindication

to a possible further radionuclide therapy.

It has been proved that lesions not appreciable on CT

images may be noticeable on MR images, except in cases of

small pulmonary lesions. PET/MR imaging could not only

bring the benefits of FDG regarding undifferentiated and

poorly differentiated thyroid carcinoma, but also be useful on

differentiated thyroid carcinoma and overcome 131I SPECT/

CT, when performed with 124I, a positron emission tracer

which is increasingly gaining ground. Thus, evidences sup-

port the superiority of PET/MR for pointing out metaboli-

cally active foci to morphologic correlates, increasing

diagnostic certainty and reducing equivocal studies [8].

Lung Cancer

FDG-PET/CT is broadly regarded the gold standard for

staging of non-small cell lung cancer (NSCLC). It presents

high accuracy due to optimal morphologic features in the

detection and delineation of the primary lung tumor, when

acquired deep-inspiration breath-hold PET/CT of the tho-

rax images. Also, identification of hypermetabolic distant

metastases is a meaningful advantage [9, 10•, 11, 12•, 13••].

According to some recent data published, PET/MR using

fast MR protocols does not improve diagnostic outcomes of

the staging of NSCLC, mainly because MR images have

significantly lower detection capability than CT, critically

for lesions below 1 cm [12•, 13••].

Nonetheless, due to the multiparametric nature of MRI, the

replacement ofCTbyMRI is speculated to delivery profits to T

staging of bigger lesions and to N staging [9, 12•]. The inte-

grationofDWIandvery short echo time imaging leads to better

evaluation of lung parenchyma (Fig. 1). As lung parenchyma

T2* values are characteristically short, echo times of less than

1 ms ought to be used, enabling the identification of fibrosis

and other treatment-related conditions that may increase the

concentration of short T2 components and couldmimic disease

relapse and/or hinder diagnostic certainty [11, 14].

Regarding mediastinal lymph node assessment, despite

having a high negative predictive value, FDG-PET/CT

possesses low positive predictive value [13••]. There are

promising techniques which may establish a new level of

quality in functional cancer staging in NSCLC patients,

particularly DWI and T2-weighted sequences, which could

improve the detection of nodal metastases, avoiding

unnecessary surgical procedures [9, 10•, 11].

Lymphomas

FDG-PET/CT may be considered as a cornerstone in

staging and response assessment of high-grade lymphomas,

chiefly Hodgkin and diffuse large B cell non-Hodgkin

lymphoma. Guidelines advocate its employment for stag-

ing, response assessment, and restaging purposes, thus, in

many cases, yielding to high cumulative radiation exposure

[15–17, 18•].

As there is no radiation exposure with MR exams, and

given the large number of young patients, many likely to

cure, there are huge research concerns on FDG-PET/MR as

substitute for PET/CT in the assessment of lymphoma

patients [15–17, 18•].

Albeit scarce literature available, limited and prelimi-

nary data show that PET/MR is feasible and provides sat-

isfactory image quality [17, 18•]. Also, there are already

promising signs, with high reported concordance with PET/

CT findings [15–17].

Further, for mucosa-associated lymphoid tissue lym-

phomas, there are evidence supporting benefits of PET/MR

over PET/CT, provided DWI is included in the protocol,

given its higher mucosal lymphoid tissue sensitivity, which

are handicapped both in PET and CT [18•].

More studies should be carried out in order to confirm

data. PET/MR imaging could become an alluring alterna-

tive for staging, response assessment, and restaging offer-

ing significant reduction of radiation dose, which is

attractive especially to pediatric patients and those sub-

jected to several scans.

Gynecological Cancers

There is little debate that MR offers the best depiction of

primary tumors and extent of soft-tissue disease in gyne-

cological cancers, even tiny lesions. In turn, FDG-PET/CT

is more reliable for assessing N and M status [19, 20••,

21, 22]. Hence, PET/MR is anticipated to be superior for

detection, localization, staging, and restaging of uterine

and ovarian cancer, offering the same results while

avoiding multiple examinations (Fig. 2).

FDG-PET/MR T2w images are able to appraise

myometrial invasion of endometrial cancers, parametrial

and pelvic floor and walls involvement of cervical cancers

and improved detection of uterine and ovarian lesions

[19, 20••, 21]. There is also better estimation of nodal

lesions, providing better selection of patients able to

undergo lymphadenectomy [19]. DWI also allows higher

detection of bone, liver, and peritoneum implants [23].

Prostate Cancer

MR is the best imaging method for the diagnosis and

staging of prostate cancer due not only to higher soft-tissue

contrast than CT, but also the value of functional sequen-

ces, such as DWI and perfusion [24].
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FDG-PET has low sensitivity for prostate cancer, since

there is little tracer accumulation in early and well-differenti-

ated tumors. Also, urinary excretion causes artifacts that

hamper imaging interpretation. Thus, FDG-PET/CT is a lim-

ited imaging tool for most of the patients with prostate cancer.

Other tracers, such as 68Ga-PSMA, 18F-choline, and 11C-

choline are more appropriate agents for this context [26•, 27].

PET/MR with DWI is a promising tool for pre-therapy

assessment of prostate tumors, providing the best anatomi-

cal overview coupled with molecular parameters, and cho-

line is the most studied tracer so far. 11C-choline PET/MR

may improve the staging of prostate cancers not only

showing tumor boundaries and adjacent organ invasion, but

may also point out the best areas for biopsy sampling, pro-

viding more accurate Gleason scores and reducing sampling

errors that might misclassify the disease, and ultimately

interfere in the patient’s management (Fig. 3). The multi-

parametric features of PET/MR are also useful in identifying

regions of benign prostatic hyperplasia, which may be

misinterpreted as tumor due to its high uptake of 11C-choline

[24, 25].

For the diagnosis of recurrent prostate cancer, 68Ga-

PSMA ligand is a very promising tracer, mainly in cases of

biochemical recurrence, when there are still serious limi-

tations when it comes to explain the origin of increasing

levels of prostate-specific antigen (PSA). Conventional

imaging often does not reveal any foci of disease [26•],

making this new tracer an extremely attractive tool, with

increasingly higher attention and popularity among refer-

ring urologists and oncologists.
68Ga-PSMA ligand PET/CT has been highly regarded as

the best option to clarify prostate cancer metastases in

Fig. 1 FDG PET/MR for primary staging of non-small cell adeno-

carcinoma. PET Coronal MIP shows a lung mass with bilateral

mediastinal lymph nodes and multiple bone metastasis. Axial T1w

Dixon, DWI (b = 800), and FDG-PET/MR show a lung mass in the

superior left lobe apparently infiltrating the cortical of the second rib

and two right secondary contralateral paratracheal lymph nodes. Axial

T1w Dixon and FDG-PET/MR show a good correlation of bone

uptake and a lytic lesion in humerus, right rib, and vertebral body.

This case shows the good performance of PET/MR to stage lung

cancer and to detect bone metastasis
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biochemical recurrence, and PET/MR systems are considered

to reduce pitfalls of PET/CT, such as uptake in ureter and

bowel loops, which may lead to false positive results [27].

Further studies are needed to reveal the additional value

of PET/MR imaging for prostate cancer and its potential to

replace MR and PET alone for initial tumor staging.

Neuroendocrine Tumors

Neuroendocrine tumors (NET) often develop in gastroin-

testinal tract, and frequently present liver and nodal

metastases [28–30]. Most of the NET presents low avidity

to FDG, but high somatostatin receptor expression, which

depends on tumor proliferation index (as higher tumor Ki-

67 and consequently lower tumor differentiation, higher

FDG uptake, and lower somatostatin expression) [30]. 68Ga

somatostatin ligand tracers are already gaining ground, and

some advocate that PET/MR with those tracers may sur-

pass PET/CT [28, 29].

There are advantages of MR over CT when it comes to

evaluation of hepatic and pancreatic lesions, and providing

the best anatomic characterization to provide better

surgical planning and depiction or resectability (Fig. 4).

MR functional parameters might also be valuable tools to

aggregate to the molecular data and provide response and

recurrence information [28–30].

There are few concrete studies performed hitherto, and

the field is arguably open to further researches.

Pediatric

As previously mentioned, PET/MR is a very attractive

alternative to PET/CT in pediatric, because of the relevant

reduction of radiation burden of about 50 –75 %, which

becomes more impacting when multiple repeated exami-

nations are required. This could also justify turning PET/

MR into the imaging modality of choice for evaluation of

pregnant patients likewise [15–18•, 31–33]

PET/MR holds the advantage of the multiparametric

characterization of diseases and typically helps reducing

the number of imaging studies.

The pediatric population may benefit of PET/MR par-

ticularly in oncologic and neurologic diseases, but also in

the diagnosis of infectious or inflammatory processes. In

Fig. 2 FDG PET/MR for

follow-up of cervical cancer

treated with surgery and

radiotherapy. PET Coronal MIP

shows activation of brown fat in

the cervical and paravertebral

regions as well as a focal uptake

in the retrovesical space. Axial

PET and FDG-PET/MR and

sagittal FDG-PET/MR after

injection of vaginal gel

elegantly depict a local

recurrence in the vaginal vault.

This case shows the potential

benefit of PET/MR to evaluate

gynecological cancers
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oncology, assessment of lymphoma, primary bone tumors,

sarcoma, neuroblastoma, and NET stand among the most

relevant indications. In neuroimaging, brain tumors and

epilepsy are the most important applications. Fever and

inflammation of unknown origin, musculoskeletal inflam-

mation, inflammatory bowel disease, and detection of

neuroinflammation are other important clinical entities that

might benefit of PET/MR [31–33].

Assessing N and M Staging

Besides the various aforementioned advantages of PET/

MR regarding T-status evaluation for each group of can-

cers, which typically display the MR functional imaging

techniques as element for potential applications, there are

correspondingly possible improvement fields for PET/MRI

as regards N and M staging evaluation [34]. In general, MR

is typically superior to CT for characterization of

metastases in the bone marrow, liver, and brain, although

CT is superior for the diagnosis of small lung lesions

[35–42].

N Staging

The presence of nodal involvement must be accurately

identified as it is pivotal for the selection of therapymodality.

Current approach to the discrimination between benign and

malignant nodes still leans on size, shape, and glycolytic

metabolism of a lymph node, all of them lacking specificity.

Nodal status characterization is thought to be optimizedwith

the merger of PET with functional MR imaging techniques,

such as ultrasmall superparamagnetic iron oxide contrast

agent (USPIO)-enhanced MR imaging [34].

USPIO is a rising contrast agent which might support

the recognition of neoplastic nodal involvement indepen-

dent of lymph nodes size, shape, and glycolytic

Fig. 3 68Ga-DOTATATE PET/MR for investigation of a patient with

NEM1 syndrome. Axial PET, non-ceCT, and PET/CT show two focal

uptake in the body and tail of the pancreas without morphological

correlation. Axial T2w-PROPELLER and PET/MR better correlate

the pancreatic focal uptakes with two tiny hyperintense lesions in the

body and tail of the pancreas, highly suspicious for neuroendocrine

tumor. This case example denotes the higher soft-tissue contrast of

PET/MR compared to PET/CT
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metabolism. USPIO-enhanced MRI mechanism relies on

the capacity of normal lymph nodes of accumulate USPIO

agent by macrophages, while metastatic lymph nodes do

not. A meta-analysis revealed that USPIO-enhanced MRI

is superior to non-enhanced MRI for diagnosis of lymph

node metastases. Thus, it would provide an additional tool

to improve diagnostic accuracy of PET/MR examinations,

alongside hypermetabolism and lymph node enlargement

[34, 40, 42].

M Staging: Bone Metastases

In the assessment of bone metastases, preliminary data

show that PET/MR achieves better results than PET/CT

using a T1-weighted turbo spin-echo sequence. Further-

more, DWI allows detection of still more bone marrow

metastases than does contrast-enhanced MR imaging

[37–42].

M staging: Liver Metastases

With respect to the diagnosis of liver metastases, it is well

known that MR is preferable to CT, and superiority of PET/

MR is achieved in lesions without FDG avidity. MR pre-

sents higher soft-tissue contrast and comprehensive data

from hepatobiliary-specific contrast agents, which improve

hepatic lesion characterization, and DWI. Jointly, they

offer higher detection rate and diagnostic confidence than

PET/CT, mainly for subcentimeter lesions. There are

studies in literature showing significantly higher diagnostic

results in comparison to contrast-enhanced PET/CT

[30, 35, 36, 39–42].

M Staging: Pulmonary Metastases

PET/MR performs poorly for FDG-negative pulmonary

lesions, since MR achieves substandard performances with

Fig. 4 18F-Choline PET/MR

for whole-body staging of

prostate cancer. PET Coronal

MIP, high-resolution T2w

transverse plane, axial DWI

(b = 700), and axial 18F-

Choline PET/MR show a nodule

in the anterior midgland of the

peripheral zone on the right side

with restricted diffusion and

focal choline uptake suggestive

of primary prostatic

adenocarcinoma. Additionally,

several focal uptakes in the

central gland are evinced,

corresponding to Benign

Prostatic Hyperplasia as

observed in axial T2w sequence

as an ‘‘organized chaos’’ in the

transition zone. A normal-sized

left-side deep inguinal lymph

node is also depicted, with very

faint choline uptake, more likely

to be inflammatory. This

example shows the synergism of

PET and MR to differentiate

benign and malignant processes.

(This case is a courtesy of Irene

Burger, MD from University

Hospital of Zurich)
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small lesions, lacking sensitivity in comparison to CT.

Because of that, additional chest CT is still required when

evaluating a patient with PET/MR [40, 42]. It is likely that

the development of new sequences using ultrashort echo

time will overcome this limitation of MR [43].

M Staging: Brain Metastases

Prompt diagnosis of brain metastases has been shown to

improve survival, local control, and quality of life. Current

data indicate that PET/CT identifies only 50–70 % of

known presumably symptomatic brain metastases. PET/

MR, in turn, is expected to deliver results, since CT lacks

accuracy and FDG-PET has major drawbacks due to the

high physiological uptake of FDG along the gray matter.

Therefore, PET/MR with DWI and contrast-enhanced

imaging should be considered, since the rates of detection

of brain metastases are significantly higher, leading to

important changes in management [41, 42].

Radiation Therapy Planning

Apart from all of its potential supplementary profit for

diagnosis, integrated PET/MR systems may also enable

individualized radiotherapy planning through refined target

volume definition and gross tumor volume delineation

[44–47].

Some studies have already defended its employment for

brain [44], head and neck and cervical cancers [45], and

soft-tissue sarcomas [46]. Other study suggested that fur-

ther investigation may prove its application in prostate

cancer [48••]. Delineation of tumor volumes and target

lesions by combined PET/MR data is a promising field for

researches [47].

Inflammation

PET/MR imaging might present a breakthrough in a wide

considerable group of inflammatory diseases, since MR

provides superior soft-tissue contrast. Also, DWI, through

measurement of diffusivity of water molecules across tis-

sues, alongside with FDG uptake, is thought to enhance

depiction of inflammation in relevant anatomic sites sub-

optimally evaluated by PET/CT [49, 50].

Inflammation is typically followed by immune cell

infiltration, augmented blood flow and vascular perme-

ability, and protein transudation in the inflammatory site.

FDG targets inflammatory processes because of the meta-

bolic changes mediated by the immune cells that lead to

higher glucose consumption [48••]. Furthermore, the

microenvironment is led to structural adaptation, such as

thrombosis and wall thickening [48••], which are much

better portrayed by MR than by CT [49, 50]. Thus, PET/

MR imaging is noticeably precise for evaluating inflam-

matory conditions such as vasculitis and neuropathy

[50, 51].

In patients with inflammatory bowel disease, PET/MR is

able to evaluate extension and depict lesions before sur-

gery, and appears to give more data than PET/CT. PET/MR

is the more accurate imaging tool in the assessment of

crucial information, such as presence of extraluminal dis-

ease, distant disease localization, fibrotic changes, and the

correct differentiation between inflammation and fibrosis.

These answers contribute immensely to the clinical man-

agement of patients [52].

In musculoskeletal conditions, FDG is highly sensitive

to inflammatory changes in the articulations and within the

synovial tissue. Additionally, the exquisite soft-tissue

contrast provided by MR provides outstanding structural

assessment of bone marrow, muscles, tendons, ligaments,

cartilage, joint capsules, and fat. This way, the overlapped

data are complementary and may in all likelihood be useful

to detect and characterize conditions such as osteomyelitis

and complications of diabetic foot, both on diagnosis and

response assessment [49, 50].

Neurology

There is a myriad of inexhaustible possibilities of PET/MR

application in neuroimaging. Neurodegenerative, ischemic

and vascular, oncologic, traumatic, psychiatric and behav-

ioral, epilepsy, and aging-related conditions comprise the

endless array of diseases to which PET/MR has potential to

provide comprehensive multidimensional, multiparametric,

structural, and functional data of the central nervous system

[53, 54•, 55–58, 59••, 60, 61••, 62–64].

Angiogenesis, gene transfer, function, and migration of

transplanted cells are some of the novel fields that PET

probes may analyze, in conjunction to the various func-

tional features of MR imaging. The possibilities are so

broad that other fields are not even known, devised, and

conceived [59••].

The MR properties allow depiction of morphology,

vascular anatomy through magnetic resonance angiography

(MRA), water kinetics in tissue (DWI), cerebral perfusion

patterns (PWI, DCE-MRI), local accumulation of

metabolites in tissues (MR spectroscopy for 1H, 13C, 23Na,
31P), cerebral regional functional activation (fMRI), anal-

ysis of cerebral fiber tracts (diffusion tensor imaging—

DTI—and fiber tracking), patterns of oxygen consumption

(17O and BOLD) and cells migration (Fe labeling), among

others [59••].

PET probes feature brain flow (H2
15O), metabolism

(through FDG), blood volume (C15O), oxygen
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consumption (15O), vascular permeability (with labeled

amino acids), nucleic acid synthesis (with fluo-

rothymidine), neurotransmitter evaluation (e.g., DOPA),

receptor assessment (e.g., raclopride), angiogenesis esti-

mation (e.g., 18F-RGB), evaluation of the distribution, and

kinetics of tracers and drugs and enzymatic activity in

transfected cells [59••].

This means that there is possibility of real-time imaging

of huge amounts of complementary information. New

techniques may demonstrate intricate local functional

impairment in neurodegenerative and autoimmune diseases

even before clinical symptoms are apparent. It may become

possible to explore and better understand detailed structure

and mechanisms of cerebral substructures which play

important roles in behavior and cognition, study individual

cluster of subcortical nuclei, and quantify their different

pathways and metabolic cascades, most of them until

recently only possible with in vitro or histologic studies

[53, 54•, 55, 59••]. Another potential fields are movement

disorders and neurodegenerative diseases.

Dementia and Other Neurodegenerative Diseases

MR has being widely used in clinical practice to evaluate

an array of neurodegenerative diseases such as dementias,

movement disorders, autoimmune conditions, and prionic

diseases, whether to specify typical patterns or to exclude

other etiologies [54•, 55].

PET can provide early information of neuronal damage,

through FDG and newer, more specific PET tracers, such as

probes targeting b-amyloid peptides or dopaminergic

receptors. Many biomarkers have emerged recently,

addressing different types of neurodegenerative diseases

with patterns of imaging abnormalities. Thence, they have

aided the improvement of early detection and differentia-

tion of diverse clinical entities [53, 54•].

The integration of PET and MR tends to ameliorate the

scenario of early differential diagnosis, providing a number

of anatomic and biomarker answers demanded toward

specific diagnoses in a one stop shop. There is already evi-

dence in the literature to support this concept. Emerging PET

radiopharmaceuticals, such as probes which can bind to tau-

or a-synuclein aggregates, alongside recent MR techniques,

broaden the yield of PET/MR to image dementias [53, 54•],

Parkinson disease, and other neurodegenerative disorders.

Furthermore, the system can potentially be used in basic drug

testing research of neurodegenerative diseases and anti-

neurodegeneration [53, 54•, 59••].

Results obtained so far are encouraging, as the highest

ability of differentiation of dementia subtypes and differ-

ential diagnoses of neurodegenerative disorders are being

reported. The next steps are larger researches and incor-

poration of the technology to clinical routine [53].

Epilepsy

PET/MR is potentially superior to PET/CT since MR is

superior to CT [56–58], and the alignment of FDG-PET

and MR information have great impact in the pre-surgical

assessment of patients with refractory seizures [58].

Epilepsy surgery is a therapy possibility for patients

with focal onset seizures refractory to clinical manage-

ment. Focal resective epilepsy procedures lean on remov-

ing epileptogenic lesions identified on imaging exams.

When no focus is encountered, the surgical outcomes

decrease [56–58].

Typically, MR is the first exam to be carried out to

detect a potential epileptogenic lesion. Advanced MR

techniques have arisen, improving detection, such as sus-

ceptibility-weighted imaging (SWI), spectroscopy, volu-

metric analysis, diffusion tensor imaging, arterial spin

labeling, and BOLD (blood oxygen-level dependent) [58].

However, as MR not always locates a lesion, FDG PET

has been applied to afford additional information and

identify functionally epileptogenic foci that are currently

used in epilepsy surgery planning [56–58].

With the advent of PET/MR, there are increased diag-

nostic answers and identification of more and smaller

potential epileptic foci. This might be due to the advantage

of co-registration and concurrent analysis of structural and

functional inputs [56–58].

Hence, non-diagnostic scans are minimized with the

superimposed data and detection of subtle changes, such as

cortical dysplasia, is enhanced. Studies show that the

majority of those newly identified lesions are clinically

significant and congruent with EEG results [56–58].

Neoplasms

MR is currently the method of choice for glioma imaging,

despite of its shortcomings [60, 61••, 62–66]. Depiction of

the boundaries of infiltrating brain tumors along white

matter tracts, estimation of tumor grade, biopsy guidance,

and post-therapy evaluation are the major handicaps of the

method [60, 62, 64–66].

Thus, lining up anatomic and biologic information could

be essential for biopsy, treatment planning, and follow-up

evaluation. There are several sequences in PET/MR which

can be used to assess gliomas.

Among morphological sequences, the most important

are FLAIR and T1-weighted images after gadolinium

injection, which enable the assessment of tumor boundaries

and adjacent structure invasion [62]. Regarding functional

sequences, MR perfusion and rCBV and DWI allow

appraisement of biologic features of gliomas. Intravoxel

incoherent motion (IVIM) imaging helps differentiating

high-grade from low-grade gliomas [61••].

Curr Radiol Rep (2016) 4:61 Page 9 of 13 61

123



All of these information can be integrated with PET

information, and the most promising PET tracers are those

related to nucleic acid synthesis (FLT), labeled amino acids

(18F-fluoro-ethyl-tyrosine—FET), and neurotransmitter

evaluation (DOPA). PET information from those tracers

might be evaluated both in static and dynamic fashions. In

other words: only data on uptake, such as SUV or tumor/

brain ratio, or different measurements of the lesion tracer

concentration along time, generate wash-in/wash-out

graphs [62–64].

There are various application to those data, since for the

detection of high-grade brain tumors, differentiating high-

from low-grade glioma, discriminating neoplastic lesions

from non-neoplastic diseases, evaluating recurrence versus

pseudoprogression and radionecrosis (Fig. 5), prognosti-

cation, and identifying of higher-risk patients. The issue is

a major field of future study and may unveil new paradigms

in neuroimaging.

Conclusion

Although its predominant use is as a research tool, the new

simultaneous PET/MR system has the potential to be used as

the preferred clinical imaging modality for many different

diseases. In oncology, neoplasias that are currently evaluated

byPET/CT andMR tend to be naturally transferred to the one

stop shop PET/MR. Besides, several indications might

benefit from a PET/MR examination, considering the low

radiation exposure, especially children, pregnant women,

and patients under oncologic follow-up. For evaluation of

inflammatory processes, the combination of metabolic data

with morphological changes may benefit for the depiction of

tiny soft-tissue abnormalities and this multiparametric

analysis aids relevant information for patient management.

Neuroimaging might be the most attractive use for PET/MR,

since the brain is constantly changing from a functional

perspective and the possibility to correlate anatomy and

activity at the same time is not only convenient, but also

promising. The use of severalMR sequences and PET probes

opens a huge perspective in the assessment of the molecular

aspects of neurodegenerative diseases, epilepsy, and brain

tumors. Thus, PET/MR might represent the next generation

of molecular and hybrid imaging and an encouraging diag-

nostic modality for clinical routine.
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Fig. 5 Figure: 50-year-old male with left frontal Anaplastic Astro-

cytoma showed in MR images a T1w contrast media (upper row) and

FLAIR (lower row). Three years after tumor resection, 18F-FET-PET/

MR images b demonstrated an area of local recurrence in the

posterior margin of the resection cavity, but note that the 18F-FET

uptake area of the PET is bigger than the contrast media enhancement

in the MR component. The recurrence was resected, however the

surgeon removed only the nodular enhancement of the MR

component. First recurrence surgery control with 18F-FET-PET/MR

(4 months later) c showed an elongated enhancement in the MR with
18F-FET uptake also bigger in the posterior resection margin

compatible with leftover local recurrence. Simultaneous 18F-FET-

PET/MR could play a role in better diagnostic and surgery planning

of gliomas recurrences. (This case is a courtesy of Martin Huellner,

MD from University Hospital of Zurich)
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