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Since the introduction of simultaneous PET/MRI in 2011, there have

been significant advancements. In this review, we highlight several

technical advancements that have been made primarily in attenu-

ation and motion correction and discuss the status of multiple
clinical applications using PET/MRI. This review is based on the

experience at the first PET/MRI conference cosponsored by the

International Society for Magnetic Resonance in Medicine and
the Society of Nuclear Medicine and Molecular Imaging.
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The first workshop on PET/MRI cosponsored by the Interna-
tional Society for Magnetic Resonance in Medicine (ISMRM) and
the Society of Nuclear Medicine and Molecular Imaging (SNMMI)
took place in Chicago on October 27–29, 2017. The goal of this
conference was to provide a comprehensive discussion of PET/MRI
spanning preclinical advances, novel pulse sequence development,
clinical applications, and technologist training. During the 3-d meet-
ing, there were 35 invited oral presentations, 54 poster presenta-
tions, and 14 oral abstract presentations.

TECHNICAL HURDLES AND DEVELOPMENTS

Hardware Development

Two devices that allow human whole-body simultaneous PET/
MRI are currently approved for clinical use—the Biograph mMR
introduced in 2010 by Siemens Healthineers and the SIGNA time-
of-flight system introduced in 2013 by GE Healthcare—whereas a

third one, the United Imaging uPMR790, was announced in 2017
by United Imaging Healthcare Co.
There are similarities and differences between the approaches

chosen by the manufacturers for addressing the hardware chal-
lenges in integrating the two imaging modalities. On one hand, the
MR components of these scanners all consist of 60-cm-bore 3-T
superconducting magnets, whole-body gradient coil systems (44–
50 mT/m amplitude, 200 T/m/s slew rate), and radiofrequency
body coils. Additionally, the PET gantries have transaxial fields
of view of approximately 60 cm, the PET components are placed
between the radiofrequency shield of the body coil and the gradi-
ent coils, and they use semiconductor-based photon detectors. On
the other hand, there is more variability in the specific implemen-
tations of the PET components, from the photon detector technol-
ogy (avalanche photodiodes vs. silicon photomultipliers) to the
crystal size to the extent of the axial field of view (ranging from
25 to 33 cm). The most significant difference between the avail-
able scanners is the availability of time-of-flight PET on two of the
scanners.
Most importantly, minimal mutual interference and performance

characteristics similar to stand-alone PET or PET/CT and MR
scanners were reported by several groups (1,2), demonstrating that
the latest-generation integrated PET/MRI devices allow simul-
taneous acquisition of excellent-quality PET and MRI data, enabl-
ing the novel research and clinical applications discussed in the next
sections.

Attenuation Correction

As expected, the performance of current MR-based attenuation
correction (MRAC) techniques continues to be a matter of debate.
Traditional approaches have typically ignored bone tissue, which
leads to bias in reconstructed PET images on the order of 20% or
more depending on the body region (3).
Until recently, two MRAC approaches have dominated the field.

First, atlas-based approaches developed for both brain and whole-
body applications have been shown to decrease PET bias to close
to 5%. However, they can perform suboptimally in subjects with
substantial anatomic variations, are dependent on accurate image-
based registration, and can have region-specific bias in various re-
gions (e.g., cerebellum). Second, approaches based on specialized
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MRI sequences using zero or ultrashort echo times have demon-
strated efficacy, particularly in the brain (4) and pelvis (5). Although
promising, methods using zero or ultrashort echo times have yet to
be fully developed for whole-body MRAC, presumably because of
technical challenges and lengthy scan times necessary to compen-
sate for physiologic motion.
More recently, machine learning approaches using deep learn-

ing have demonstrated substantial potential for generating patient-
specific attenuation maps with simple postprocessing based on
conventionally acquired images (6). For example, in the brain,
conventional T1-weighted images have been used to reduce PET
bias to less than 2% (6). In the pelvis, deep learning MRAC ap-
proaches have demonstrated good performance using a variety of
different input images, including those used for existing MRAC
techniques (7), the use of hybrid Dixon and zero echo time ap-
proaches (8), and even conventional clinical images (9). Although
whole-body techniques have yet to be demonstrated, it is expected
that such capabilities will be achieved once the effect of physio-
logic motion on the MRI input images is minimized and subjects
with abnormal anatomy are included in training and evaluation
data sets.
It seems we are nearing a time where MRAC will no longer be

discussed as an issue, at least in terms of its impact on the clinical
interpretation of the images. However, an important point that
needs to be considered is the relevance of MRAC for PET multi-
center trials, as the standard phantoms used to validate the quanti-
tative accuracy of PET/CT scanners overlook the issues associated
with MRAC. Protocols need to be developed to allow for the incor-
poration of PET/MRI into multicenter trials. Although this task is
in principle simpler in PET/MRI than in PET/CT, as there are only
two devices available on the market, a complicating factor is that
phantoms (ideally anthropomorphic) that consider both the CT and
the MRI properties of the materials need to be developed to allow
for validation of attenuation correction methodologies.

Motion Correction

Motion impacts all PET studies. Its negative effects include
image blurring, quantification bias, artifacts due to attenuation–
emission data mismatches, and lesion misclassification and misposi-
tioning. Substantial progress has recently been made in developing
and applying MR-based approaches for head, respiratory, and car-
diac motion characterization and compensation.

The rigid-body motion correction originally implemented for
the Siemens BrainPET prototype and subsequently used in re-
search studies (10) was recently demonstrated to have a positive
impact on 18F-FDG PET data quality and quantification in dementia
patients (11).
In the case of respiratory motion compensation, the focus has

slowly shifted toward developing methods that allow acquisition
of the data needed to characterize motion efficiently (e.g., in 1 min
(12)) or in the background of the sequences used for clinical
purposes (13). As one example, the feasibility of performing con-
current reconstruction of respiratory motion–compensated dy-
namic contrast-enhanced MRI and PET data using motion vector
fields derived from radial MR data by a compressed sensing ap-
proach was recently shown to produce better PET images both
qualitatively and quantitatively, better fused PET and MR images,
and dynamic contrast-enhanced MRI of diagnostic quality (14).
Substantial progress has also been made in the characterization

of the cardiorespiratory motion of the heart. This was accom-
plished from free-breathing data acquired for diagnostic purposes
over 5 min using a 3-dimensional golden radial phase encoding
scheme (15,16). Alternatively, if the MR data acquired in 90 s and
a joint compressed sensing reconstruction and motion estimation
are used to generate a cardiac and respiratory motion model, di-
agnostic MR sequences can be run throughout the rest of the PET
acquisition (17).
Overall, the proof-of-principle PET motion compensation studies

performed to date suggest that this interesting methodologic oppor-
tunity enabled by the simultaneous acquisition could have a sub-
stantial impact on research and clinical studies. The scanner
manufacturers have now included relatively simple implementa-
tions of motion correction algorithms for brain and thoracoabd-
ominal applications. It is likely that motion correction approaches
will soon be implemented and incorporated into the clinical workflow,
although there are further hurdles in the way of combined cardiac
and respiratory motion correction that will need to be addressed.

Imaging of Pulmonary Nodules

Imaging the lung with MR continues to be challenging, and
some investigators suggested that unenhanced CT of the chest
should be performed immediately after PET/MRI. Instead, data
were already presented suggesting that conventional MRI tech-
niques such as motion-compensated T2-weighted images can
detect clinically significant pulmonary nodules. Although MRI
is likely to never equal CT for the detection of pulmonary nodules,
the goal is to detect clinically significant nodules. Furthermore,
short echo time sequences (ultrashort or zero echo time) offer the
potential for pulmonary imaging that approaches the detection
sensitivity of CT and may finally put to rest the need for concurrent
CT of the chest (18,19) so that lung imaging is not viewed as a
barrier to the use of PET/MRI for oncologic applications.

APPLICATIONS IN NEUROLOGY/NEUROONCOLOGY

Neurooncology

Given the importance of MRI for characterization of intracra-
nial neoplasms and the promise of novel radiotracers, PET/MRI
should be a solution for imaging patients with intracranial neo-
plasms. With the development of standard reporting guidelines for
amino acid PET, we are potentially getting closer to using these
radiotracers in a clinical setting (20), although 18F-FDG is still the
only radiotracer available for clinical use in the United States. In
looking toward Europe, the likely best radiotracer to take forward

NOTEWORTHY

n Significant progress has been made in attenuation correction
for integrated PET/MRI scanners, and the creation of accu-
rate attenuation correction algorithms is possible with novel
machine learning approaches.

n The translation of promising research applications is limited
by the availability of radiotracers and reimbursement, par-
ticularly in neurooncology applications.

n Currently, benefits of simultaneity are limited to patient conve-
nience and improved coregistration, the latter of which could be
further improved using MR-assisted motion compensation.

n Preliminary consensus suggests advanced-level training is
required to qualify technologists for performing PET/MRI
examinations.

n Applications of PET/MRI at individual sites range widely and
include prostate, neurodegeneration, and pancreatic cancer.
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for neurooncology applications in the United States would be 18F-
fluoroethyltyrosine, although other tracers such as 18F-fluciclovine or
3,4-dihydroxy-6-18F-fluoro-L-phenylalanine may be available earlier.
The main promise of PET/MRI in neurooncology is the ability

to differentiate between treatment-related changes after surgery or
radiation and recurrent tumor. Early results have demonstrated that
amino acid imaging using 18F-fluoroethyltyrosine may improve
the detection of recurrent glioma compared with MRI alone (21).
A similar issue exists in evaluating intracranial metastatic lesions
after radiation therapy, and amino acid PET/MRI may potentially
help detect recurrent disease in this setting (22).
There are several settings in which PET/MRI may improve on

MRI alone. One is in distinguishing low-grade from high-grade
gliomas. Although there is promise in combining MRI and PET in
this setting (23), biopsy is almost universally performed and so the
role of imaging may be in evaluating the change in aggressiveness
over time and determining when to repeat biopsy in patients with
low-grade glioma. Overall, the pathologic characterization of gli-
oma has changed dramatically since the introduction of the new
World Health Organization schema, with several new molecularly
defined subtypes. Although it is unlikely that imaging will be able
to distinguish the various molecular subtypes, early work has al-
ready attempted to use PET/MRI to aid in lesion characterization
(24). Treatment planning is another important role, and amino acid
tracers appear to provide more information than is available on MRI
and may improve radiotherapy plans (25).
Currently, the field is held back by a lack of consensus. Institu-

tions use heterogeneous protocols (dynamic, single-time-point vs.
dual-time-point PET) and interpretative criteria (tumor-to-back-
ground ratios vs. curve analysis). Multiinstitutional studies using
harmonized prospective protocols for imaging and interpretation are
needed to demonstrate that the results in the literature are in fact
translatable to the clinic.
PET and MR images that are acquired sequentially may be fused

accurately without the need for simultaneous PET/MRI. This capa-
bility may limit the adoption of PET/MRI in neurooncologic appli-
cations. Fusion can also be applied to epilepsy and neurodegenerative
disease. Nonetheless, there is a benefit in terms of convenience for
imaging patients in one session, and certain centers are using 18F-
FDG PET/MRI to combine whole-body PET imaging with brain
MRI simply for the benefit of convenience.

Epilepsy

About a third of patients with epilepsy will be refractory to medical
treatment, and approximately 50% of patients are categorized as
having focal seizures and are potentially curable with surgery. In
these patients, accurate localization of epileptogenic foci is critical
for surgical planning. Focal cortical dysplasia is the most common
etiology of epilepsy in children and can be difficult to detect on MRI,
and 18F-FDG PET coregistered to MRI has been shown to improve
detection (26) and surgical outcome (27) in these patients.
Preliminary experience with hybrid PET/MRI has shown value

in drug-refractory epilepsy patients presenting for potential sur-
gery. Metabolic abnormalities and asymmetries compared with
healthy controls have been demonstrated when the imaging has
been supplemented with quantitative voxel-based analysis of the
PET activity (28). The hybrid system has been shown to improve
diagnostic yields in detecting potential epileptogenic lesions (29).
Radiation dose reduction is an important benefit compared with
PET/CT and MRI fusion in these patients, since they are typically
children or young adults.

Beyond 18F-FDG, other PET radiotracers of relevance to epi-
lepsy research would benefit from simultaneous PET and MRI
acquisition. For example, a recent hybrid PET/MRI study using
11C-verapamil has shown uptake differences in drug-resistant ep-
ilepsy compared with drug responders and healthy controls (30).
Central to epilepsy applications, optimization and standardization
of attenuation correction are necessary for developing normative
databases. These databases will enable accurate metabolic compari-
sons to healthy control populations.

Neurodegeneration

One of the early applications of PET/MRI has been to better un-
derstand dementia and other neurodegenerative diseases (31). Given
that CT is largely insensitive to early Alzheimer disease changes, the
availability of MRI is tremendously valuable. Although MRI is often
obtained as a way to rule out suspected disease, the yield of these
studies is overwhelmingly negative; a single examination therefore
makes more sense from the cost-effectiveness perspective, besides
being more convenient from the perspective of the patient, family,
and researcher. Combination with the relatively longer MRI examina-
tion (30–45 min) offers the potential to acquire a higher-quality PET
scan at a normal dose or to reduce the dose without sacrificing image
quality. Perfect coregistration and the potential to perform motion
correction for both PET and MRI are also significant benefits (11).
In Alzheimer disease, several groups have suggested that dynamic

amyloid PET/MRI could be valuable, with late images representating
cortical amyloid burden whereas early images inform about cerebral
blood flow, another important biomarker for Alzheimer disease.
Although there are only limited reports of tau imaging using PET/
MRI (32), the improved soft-tissue contrast of MRI could also be
helpful to better localize the precise regions of uptake for tau and to
develop methods to avoid contamination of specific binding by off-
target binding in tau images.
PET/MRI for better assessment of Parkinson disease is also ad-

vancing. Investigational PET tracers such as 18F-fluorinated N-3-
fluoropropyl-2-b-carboxymethoxy-3-b-(4-iodophenyl)nortropane
and 11C-PE2I may show more selectivity for the dopamine transporter.
Still, there is limited information on the added value of PET/MRI
using these tracers, although PET and MR motion correction strate-
gies are likely even more relevant for patients with Parkinson disease,
given the motor symptoms that accompany the disease, as well as new
work identifying nigrosome-1 using susceptibility-weighted MRI (33).
Limitations impeding the more widespread use of PET/MRI for

neurodegenerative disease include the use of PET/CT for legacy
projects such as the Alzheimer’s Disease Neuroimaging Initiative
and the differences in attenuation correction between PET/CT and
PET/MRI. However, the minimal differences in individual patients
between attenuation correction performed by CT and attenuation
correction performed by the latest-generation MRAC methods
(6,8) will hopefully lead to changes in the enrollment criteria
for these large-scale projects. Furthermore, as more PET/MRI scan-
ners are installed, consortiums such as the Dementias Platform
U.K. (https://www.dementiasplatform.uk/) may play a larger role
in collecting large data sets to help us understand whether simultaneity
is helpful beyond convenience factors.

CLINICAL APPLICATIONS IN ONCOLOGY

Prostate Cancer
11C-choline has been approved by the Food and Drug Adminis-

tration for use in prostate cancer since 2012; however, it is available
at only a limited number of institutions and cannot be distributed.
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The Food and Drug Administration approval of 18F-fluciclovine in
2016 brought a radiopharmaceutical able to detect prostate cancer at
biochemical recurrence to the broader market, but the last 5 years
witnessed a worldwide revolutionary adoption of ligands that bind
to the prostate-specific membrane antigen (34). Additional classes
of radiotracers are being evaluated, such as those targeting gastrin-
releasing peptide receptors (35). With the availability and emergence
of new radiotracers, the use of PET imaging in prostate cancer is
growing.
The most obvious place for the use of PET/MRI in prostate

cancer is during initial staging before definitive therapy. Although
multiple groups have demonstrated that combined PET/MRI with
18F-fluorcholine, 18F-fluciclovine, and 68Ga-prostate-specific membrane
antigen-11 may help in the detection of intermediate- to high-risk
prostate cancer (36–39), the role of PET/MRI in the active-surveil-
lance population for biopsy guidance has not yet been evaluated.
Although there are studies using PET/MRI to evaluate patients

with suspected biochemical recurrence, the advances in PET/CT
technology lead to fast, sensitive examinations that may limit the
need for PET/MRI in this clinical scenario. Therefore, it is not
immediately evident what the benefit of PET/MRI is over PET/CT
for the detection of metastatic disease. In reference to local recur-
rence, a few studies have evaluated PET/MRI and shown small
improvements over PET/CT, particularly the added value of dynamic
contrast-enhanced imaging for the detection of local recurrence (40).
What may be of greater interest is the detection and character-

ization of bone lesions. Further work also needs to be performed to
better understand the complementary role of diffusion-weighted
MRI and PET imaging for assessment of response to treatment.

Pancreatic Cancer

PET and MRI are frequently used in pancreatic cancer for dis-
ease detection, lesion characterization, and staging, as well as for
evaluation of recurrent disease and therapy monitoring (41). In
pancreatic neuroendocrine tumor, PET/MRI using somatostatin
receptor analogs (e.g., 68Ga-DOTATOC and 68Ga-DOTATATE)
can improve the detection of liver metastases, particularly when
hepatobiliary-phase imaging is used (42,43). For adenocarcinoma,
PET/MRI is equivalent to PET/CT for determining resectability
and staging tumors (44). More unique is that the combination of
diffusion-weighted imaging and metabolic markers (metabolic tumor
volume) appears to predict advanced-stage tumor and correlates with
progression-free survival in the adenocarcinoma population (45).
Further work has shown that the ratio of total lesion glycolysis to
peak enhancement from dynamic contrast-enhanced MRI is associ-
ated with poor overall survival (46). These data underline the need
for multiparametric evaluation and research in hybrid imaging.

Pediatric Applications

One important application for PET/MRI is the imaging of on-
cologic pediatric patients. The main benefit in this setting is the
decreased radiation dose from removing the CT component from
PET/CT. CT imaging accounts for roughly 50% of the radiation
dose, and therefore PET/MRI immediately reduces this dose (47).
Additionally, the administered dose may be substantially reduced
using MR information simultaneously obtained with artificial in-
telligence techniques such as deep learning (48). These ap-
proaches that decrease administered dose will be particularly
relevant in the pediatric patient population, for which concerns
over radiation dose are more pronounced. Workflow issues related
to the increased need for anesthesia and sedation for PET/MRI

compared with PET/CT still limit the applicability of PET/MRI,
particularly in younger patients.

Gynecologic Malignancy

The benefits of combining PET and MRI in gynecologic malig-
nancy were first demonstrated through retrospective fusion studies
combining separately acquired data to improve staging accuracy (49).
The initial investigations looking at simultaneously acquired

PET/MRI for gynecologic cancer demonstrated noninferiority
over traditional PET/CT and MRI for staging and defining tumor
volumes (50). More recent studies aimed to investigate potential
unique advantages of the hybrid systems by focusing on multipara-
metric treatment response indicators (51), the impact on manage-
ment decisions (52), the potential of multiparametric prognostic
biomarkers (53), the use of novel tracers (54), and the correlation
between PET and MRI parameters to facilitate a voxel-by-voxel
approach (55). To date, it seems clear that clinical benefits derived
individually from PET and MRI for diagnostic staging of cervical
cancer are maintained in simultaneous PET/MRI, with the added
benefit of improved imaging efficiency.

CARDIOVASCULAR APPLICATIONS

MRI and PET provide complementary information of clinical im-
portance in cardiovascular applications, and in many cases, patients
will undergo both examinations separately. In cardiac imaging, the
ability to correct for the substantial cardiorespiratory motion in the
PET data (15,16,56) will be potentially significant in optimizing
the detection and quantification of subtle uptake in the myocar-
dium, such as in cardiac sarcoidosis, and in small structures such
as the coronary arteries.

Myocardial PET/MRI

One of the most exciting potential clinical applications of PET/
MRI is the assessment of cardiac sarcoidosis. MRI allows for
evaluation of myocardial structure, function, and pattern of injury
on late gadolinium enhancement, whereas 18F-FDG PET informs
about myocardial and extracardiac inflammation via the elevated
uptake of 18F-FDG by macrophages. The ability to coregister subtle
uptake on both late gadolinium enhancement and PET improves disease
detection and discrimination of active over inactive disease (57,58).
In evaluating myocarditis, MRI is already widely used to

confirm the diagnosis and rule out myocardial infarction based
on the characteristic pattern of mid-wall late gadolinium enhance-
ment. Simultaneously determining the activity of disease with 18F-
FDG PET (58) is also of potential interest for clinical management
of myocarditis. Cardiac amyloidosis is another area in which
PET data significantly complement MRI data. Characteristic late
gadolinium enhancement can be used to diagnose amyloidosis
but cannot differentiate between the two predominant forms of
amyloid—acquired monoclonal immunoglobulin light-chain and
transthyretin-related amyloid—which is important for determining
prognosis. Recently it has been demonstrated that, similar to
SPECT, patients with transthyretin-related amyloid exhibited in-
creased myocardial activity of the PET bone tracer 18F-fluoride
(59,60). In ischemic heart disease, the combination of MRI and
PET measures of viability, function, and perfusion has also been
investigated (61).

Vascular PET/MRI

Imaging inflammation in atherosclerotic plaque by 18F-FDG PET
has emerged as a major application of PET/MRI. Many studies have
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investigated plaque imaging in the large arteries (carotid artery,
aorta, femoral artery) (62). Use of 18F-sodium fluoride to investigate
microcalcification has allowed investigation of coronary artery dis-
ease with PET/MRI (63,64) and of aortic stenosis (65).

ADVANCES IN WORKFLOW

When PET/MRI was first introduced commercially, it was
directly compared with PET/CT in whole-body oncologic imaging
and found to be more time-consuming because of the lengthy MR
protocols (66). Since then, several shortened organ-specific proto-
cols have been evaluated and implemented, and all showed di-
agnostic accuracy and lesion detectability comparable to either
PET/CT or PET/MRI with fully diagnostic MR-protocols (67,68).
Beyond MRI advances, new PET-detector technologies allow-

ing for significantly reduced amounts of injected radiotracer offer
considerably improved flexibility in acquisition time versus radi-
ation burden (69,70). Sah et al., for example, demonstrated that the
amount of injected radiotracer can be reduced to 5%–10% of the
currently clinically accepted standard dose while maintaining im-
age quality (71). However, that study evaluated breast lesions with
favorably low background on PET. The results in, for example,
liver imaging (an organ with high background activity on 18F-FDG
PET imaging) may be different in terms of possible dose reduc-
tion. Also, such a reduction applies only to single-station imaging.
However, the results nevertheless demonstrate that such improve-
ments may offer new flexibility in PET/MRI workflow design and
that single-station imaging (in comparison to standard whole-body
imaging) will be a viable option for PET/MRI.

THE BENEFITS OF SIMULTANEITY AND MACHINE LEARNING

To date there is no clinical application of PET/MRI that truly
leverages the simultaneous acquisition of PET and MRI, save for
the associated increase in patient convenience, although certain
applications such as vascular imaging may benefit from intrinsic
coregistration more than others. Typical image interpretation eval-
uates the PET and MR images sequentially and then cognitively
associates the findings to generate a final interpretation. Data on
pancreatic cancer were presented in which combined interpreta-
tion of the apparent diffusion coefficient and uptake on 18F-FDG
PET helped predict clinical stage and progression-free survival
(45), but that work, like many others, relied on manual region-
of-interest measurements. As we move toward combined imaging
biomarkers, there is immense potential for using machine learning
to aid in interpretation of combined multiparametric PET and MRI
data in ways that have not been feasible. Machine learning ap-
proaches have proven successful in the realm of MRAC. A machine
learning approach may finally allow our community to demonstrate
the benefit of simultaneous PET and MRI.

LESSONS ON COLLABORATION

Without well-defined hypotheses, established reference standards,
and defined clinical protocols, pooling of highly variable clinical
imaging data is unlikely to lead to useful information that can help
increase the adoption of PET/MRI or develop new clinical indica-
tions. Large multicenter and multivendor data sets will be required to
allow machine learning to achieve its full potential, and attention
must be paid to harmonization of reference standards for valid train-
ing of the data (e.g., segmented pathology or clinical outcomes). The
expense of these annotated data sets will likely prevent progress and

straightforward data sharing. A simple first step toward collaboration
is to standardize MRI protocols for specific clinical applications
across sites to allow for future data collection.

TECHNOLOGIST TRAINING

As PET/MRI research and clinical applications continue to emerge
and evolve, there remains the question of who is qualified to perform
scanning. Would it be hybrid-PET/MRI technologists or, instead,
PET technologists and MRI technologists working together? Ideally
there would be an abundance of dual-trained technologists fluent in
the unique aspects of PET and MRI. However, training opportunities
are limited, time-intensive, and money-intensive, and the requirements
are often confusing. There are currently no formal requirements or
recommendations from either the SNMMI Technologist Section or the
Society for MR Radiographers and Technologists regarding the qual-
ifications to operate a PET/MRI scanner, although the preliminary
consensus is that advanced-level education will be required (72).
Currently, there are 4 options to become certified in both nuclear

medicine and MRI. The first is for a certified nuclear medicine
technologist (NMT) to cross-train in MRI safety and procedures
without obtaining certification. Although preferred, it is not cur-
rently a requirement to be certified in MRI to perform the duties of
an MRI technologist. As such, it is possible for an NMT to cross-
train in MRI, learn MRI safety and applicable scan procedures, and
operate a PET/MRI scanner. This is not ideal because the depth of
education required to learn MRI safety, physics, instrumentation,
sequence parameters, and image quality is significant. The second
option is for an MRI technologist to become a certified NMT. This
is the most challenging pathway because there is no postprimary
path for a radiologic technologist to become an NMT. The MRI
technologist would need to complete a nuclear medicine accredited
program and take either the American Registry of Radiologic Tech-
nologists (ARRT) nuclear medicine examination or the Nuclear
Medicine Technologist Certification Board examination. The third
option is for an NMT to become certified in MRI. This is a postpri-
mary pathway and therefore the easiest option to becoming dual-
certified in NMT and MRI. An NMT with either an ARRT(N) or a
Nuclear Medicine Technologist Certification Board certificate can
qualify to take the ARRT or American Registry of MRI Technol-
ogists (ARMRIT) examination and become certified in MRI. The
ARRT requires 16 h of structured education, documented perfor-
mance of 125 MRI procedures, and passing of the ARRT examina-
tion. ARMRIT requires 1,000 h of MRI clinical experience and the
passing of the ARMRIT examination. ARRT and ARMRIT training
is often provided through accredited programs, which involve 9–12
mo of full-time training. A fourth option is for an MRI technologist
to obtain a PET/CT certificate rather than become an NMT. In this
path, MRI technologists with ARRT certification need to complete
700 documented hours of PET imaging, including radiopharmaceu-
tical handling, injection, and imaging. It also requires completing
45 h of course work and passing the Nuclear Medicine Technologist
Certification Board PET examination.
Although there currently does not exist a certification for PET/

MRI, this is a goal within the SNMMI Technologist Section and
Society for MR Radiographers and Technologists educational
community. For now, an NMT can pursue a postprimary MRI cer-
tification by qualifying to sit for either the ARRT or the ARMRIT
examination. Obtaining dual certification in both NMT and MRI
merely provides the qualifications to operate a PET/MRI scanner
but does not fully address the unique aspects of this imaging

1344 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 60 • No. 10 • October 2019



modality. The lack of clarity and difficulty in training both in MRI
and in PET have led to a dearth of appropriately trained technol-
ogists, and many institutions have relied on the use of two tech-
nologists (one trained in MRI and another in PET) to operate PET/
MRI scanners. This solution is less than ideal, and it is hoped that
improvements in training requirements can be implemented.

DRIVERS TO CLINICAL SUCCESS

Unique to the ISMRM–SNMMI conference was a focus on clinical
implementation of PET/MRI, and several practices presented per-
ceived hurdles and potential solutions. There were two interesting
observations across sites. First, each site highlighted that it had needed
leaders at that site to develop a referral base. Typically, developing
such leaders had involved not only participation on tumor boards but
also personal communication of results to referring clinicians. Second,
several sites indicated that allowing for an introductory period in
which PET/MRI studies were made available free of charge had
helped radiologists and referring clinicians become comfortable with
the benefits of simultaneous imaging, which further helped cement
future referral patterns and set the foundation for success.
Surprisingly there is large variation among PET/MRI practices.

At two sites, pancreatic PET/MRI was the most common study, at
another dementia PET/MRI was, whereas at a fourth it was pros-
tate PET/MRI. This wide variability of clinical applications across
sites highlights the benefit of frequent interactions to learn from
one another about potential beneficial applications.
Physician training is also a hurdle in the way of more wide-

spread implementation of PET/MRI. Societies have put forth rec-
ommendations on requirements for PET/MRI physician training
(73). The development of the joint nuclear medicine and radiology
training pathway may help increase the number of dual-trained
physicians capable of interpreting studies (74). There are no stan-
dard approaches across institutions to reading PET/MRI scans;
interpretation can involve either a single dual-trained reader or
separate radiology and nuclear medicine readers.
An additional challenge identified by the group was fear of

nonreimbursement, which prevented sites from performing studies
for some indications. For example, multiple sites did not perform
dementia imaging on PET/MRI because of the belief that a negative
result on MRI had to be obtained before a dementia PET study
could be performed. One site has been successful in performing
dementia PET/MRI without the need for an antecedent MRI study.
The same was true for the IDEAS trial (NCT02420756): techni-
cally, this trial requires certification of the PET scanner, and so it
was believed that the studies cannot be performed on a PET/MRI
scanner, but one site was successful in using its integrated scanner
for imaging patients enrolled in this trial.

CONCLUSION

Although simultaneous PET/MRI has been a clinical reality for
8 years, there are numerous opportunities to further advance the
field. Many of the initial technical developments focused on im-
provements in attenuation and motion correction. Soon, issues
related to attenuation correction will be solved. Future directions
should focus on applications in which simultaneous acquisition
can lead to improved tissue characterization.
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