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Abstract

Simultaneous positron emission tomography and MRI (PET/MRI) is a technology that combines
the anatomic and quantitative strengths of MR imaging with physiologic information obtained
from PET. PET and computed tomography (PET/ CT) performed in a single scanning session is an
established technology already in widespread and accepted use worldwide. Given the higher cost
and complexity of operating and interpreting the studies obtained on a PET/MRI system, there has
been question as to which patients would benefit most from imaging with PET/MRI versus
PET/CT. In this article, we compare PET/MRI with PET/CT, detail the applications for which
PET/MRI has shown promise and discuss impediments to future adoption. It is our hope that
future work will prove the benefit of PET/MRI to specific groups of patients, initially those in
which PET/CT and MRI are already performed, leveraging simultaneity and allowing for greater
degrees of multiparametric evaluation.

The fusion of functional information gathered from positron emission tomography (PET)
with anatomic information obtained using computed tomography (CT) has led to rapid
growth in the use of PET/CT since its introduction to clinical practice. PET/CT systems
using 18F-fluorodeoxyglucose (FDG) PET to measure metabolic activity are both beneficial
to patients and cost effective for several oncologic indications~2 and show promise in the
evaluation of a wide range of other conditions, including infection/inflammation,10-12
cardiac imaging,13 and neurological function.14-16 FDG uptake is an important
discriminating factor in the evaluation of potentially malignant cells.1” Additionally, there is
a host of newly developed PET radionuclides which are being used to image neuroendocrine
tumors, prostate cancer, and for a variety of neurologic indications.

Combined PET and MRI is an emerging technology that aims to capitalize on the inherent
advantages of MRI, including increased soft tissue contrast and lack of ionizing radiation
exposure.18-22 Despite the availability of PET/MRI, there have been some initial questions
as to which indications are most appropriate for its use given increased cost and complexity
of operation compared with PET/CT.
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PET/CT Versus PET/MRI
Wide Spread Availability

The first integrated whole body PET/MRI systems were installed in 2010. Currently, there
are approximately 30 PET/ MRI scanners in the United States, compared with over 1600
PET/CT systems. PET/MRI systems are more costly than PET/CT systems due to the
inherent costs of MRI versus CT technology and the fact that a great deal of research and
development has recently been required for the initial development of PET/MRI. PET/CT
systems are currently much more widely available than PET/MRI systems, although this
may change with time as adoption increases. An overview of PET/ CT versus PET/MRI is
shown in Table 1.

Experience in Acquisition and Interpretation

Radiologists and Nuclear Medicine physicians are experienced in the interpretation of
PET/CT studies, understand common artifacts, and have established systems and protocols
to efficiently prepare and image patients. Similarly, referring clinicians are familiar with and
have established indications for which they order PET/CT and feel confident in the results
obtained from the test. PET/MRI requires interpreting physicians to be trained in the
intricacies of MR imaging, appropriate indications for PET/MRI, and the current limitations
of the combined modality. There are a relatively small number of available physicians with
subspecialty training in both MRI and nuclear medicine. In addition to the expertise of
radiochemists and PET physicists, a successful PET/MRI practice requires the close
involvement of MRI physicists to optimize pulse sequences and minimize artifacts in image
acquisition. It is anticipated that as PET/ MRI technology expands and user experience
grows, these issues will decrease over time.

Technologist Training

In most states, technologists are required to be certified in nuclear medicine to administer
radioactive isotopes for medical imaging. With PET/MRI, the most complicated portion of
the examination is the acquisition of the MR images, necessitating significant technologist
training to optimize exam quality. Cross-training nuclear medicine and MRI technologists,
although perhaps ideal, to this point has been uncommon and may serve as a challenge in
fully implementing successful clinical PET/MRI programs. There is a need for new joint
training programs to increase the pool of trained PET/MRI technologists, which currently do
not exist. Developing appropriate coursework through the Society of MR Radiographers and
Technologists and the SNMMI Technologists Section will be important steps in appropriate
training.

Quantitative Accuracy

Quantitative accuracy in PET requires many components. Key among these are accurate
attenuation correction maps and optimized and proven reconstruction techniques.
Attenuation correction accounts for the fact that photons arising from structures deeper in
the body are more likely to be attenuated than those arising from the surface. CT provides
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patient-specific attenuation correction maps using the calculated reconstruction of internal
density inherent to the process of CT imaging.

MRI, on the other hand, cannot directly assess tissue density and in particular has difficulty
imaging the lung and bones; therefore, creating an accurate attenuation correction map
remains elusive.23 New pulse sequences are being developed to improve attenuation maps,
but have not yet become widely validated, broadly available, or FDA approved.24.25
Established reconstruction algorithms have been developed in PET/CT, allowing for
reproducible quantification as evaluated with specialized phantoms26:27: however, this
remains a challenge on PET/MRI systems because these phantoms are not usable in the
PET/MRI environment which requires alternative materials.28:22

Recent studies directly comparing PET/CT SUV measurements with those obtained at
PET/MRI have had mixed results, possibly due to time-related uptake and decay issues that
manifest in sequential scanning with both modalities after a single injection.3? Other studies
have demonstrated improved quantitative accuracy using the newest time of flight PET/MRI
detector technology.3! Future work needs to be done to standardize protocols and harmonize
quantification of radiotracer uptake in the setting of PET/MRI, similar to what has been
performed in PET/CT. Additionally, PET/ MRI specific phantoms need to be developed in
order to test the reproducibility of quantitative accuracy across scanners and sites.

Patient Comfort

Neglect of patient comfort can lead to dissatisfaction from both patients and referring
physicians. The bore diameter of the two commercially available PET/MRI systems is 60
cm, while the typical bore diameter of a PET/CT is 70 cm or greater. Claustrophobia is not
typically an issue with PET/ CT, but many patients do experience claustrophobia with PET/
MRI. This is likely due to a combination of the relatively narrower and longer bore and the
use of whole-body anterior surface coils and a head coil required for the MRI portion of the
exam. This problem is compounded when imaging particularly large or obese patients, who
may not physically fit in a PET/MRI. PET/CT systems are also much quieter than a PET/
MRI, allowing patients to listen to ambient music during the study. The rapidly changing
gradients on the MRI create loud noises, requiring patients to wear earplugs and may result
in patient dissatisfaction.

Finally, PET/CT protocols are much faster. Most applications on PET/MRI are designed to
take advantage of multi-sequence MRI, resulting in studies that may exceed an hour in
length, compared with PET/CT studies that are usually completed within 30 min. Many
cancer patients are simply unable to remain supine and still for more than an hour due to
pain. Simplified MRI protocols may allow PET/MRI to approach or rival PET/CT for
speed,32-35 put those protocols often do not take full advantage of PET/ MRI and may fail to
justify the additional expense of PET/ MRI. One time saving advantage of PET/MRI is the
longer z-axis coverage, allowing more of the patient’s body to be imaged at each bed
position, thus accelerating the PET acquisition. However, this does little to shorten the MRI
component of the examination. Improving the patient experience through development of
less claustrophobic coils, more comfortable table surfaces, and improved audio/visual
equipment will be essential to the success of PET/MRI in the future.

J Magn Reson Imaging. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 4

PET Acquisition

In addition to offering the latest in detector technology, combined PET/MRI systems may
acquire higher quality PET images due to longer time available for acquisition and the
ability to use MRI respiratory gating information to improve PET data. While PET/CT
certainly possesses an advantage in terms of overall acquisition time due to the rapid nature
of CT scanning, the extra time spent on MRI image acquisition is by no means wasted.
Typically, the majority of MRI sequences are obtained in the anatomic region of interest
(pelvis for prostate cancer or rectal cancer, abdomen for liver lesion evaluation); therefore,
extra time spent at this bed position permits a longer PET acquisition providing increased
detector counts and improved image quality (Fig. 1). Additionally, because MRI sequences
are typically obtained during breath-holds or using respiratory gating, PET data can be
filtered and reconstructed only with data at motion free time points, allowing for decrease in
motion artifact within images (Fig. 2) and improved colocalization with anatomic MRI
images.

Current Applications of PET/MRI

In general, applications for which PET/MRI is initially being used are those in which
sequential PET and MRI are the standard of care. Applications capitalize on the inherent
advantages of MRI versus CT, such as increased soft tissue contrast, use of hepatocyte
specific contrast agents, and the ability to perform multiparametric evaluation including the
quantification of radiotracer uptake combined with ADC values.36

Neurological

MR imaging is the accepted test of choice for most non-traumatic, anatomic neurological
indications; therefore, it is logical that PET/MRI may offer advantages over PET/CT in the
diagnosis or characterization of many conditions.

Co-registration of independently performed brain FDG PET and MRI scans has been shown
to be beneficial in the management of cortical dysplasias,3’ tuberous sclerosis,3® and
temporal lobe epilepsy3?; therefore, simultaneous acquisition of PET and MRI data would
offer similar or improved value with increased efficiency and convenience for the patient
when compared with MRI and PET examinations performed independently.

There is strong evidence to support the use of PET in the evaluation of primary brain tumors.
The most common pattern of recurrence in patients with glioblastoma multiforme (GBM)
following gross total resection is the reappearance of a tumor along the surgical margin.#0-42
Current MR imaging techniques are neither sensitive nor specific for the detection of small
foci of recurrent disease and mimics such as inflammation or radiation necrosis may be
mistaken for recurrence. Prior studies have shown that functional or physiologic parameters
interrogated using PET may improve diagnostic accuracy. These include FDG to evaluate
metabolism#344 and 3-deoxy-3-18F-fluorothymidine (FLT) to gauge mitotic activity to
differentiate between viable tumor and radiation necrosis.*®> 18F-fluoromisonidazole
(FMISO) has been used to detect cellular hypoxia, a poor prognostic indictor in the
progression of GBMs.46
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Amino acid tracers and analogues such as, 11C-Methionine (MET), 18F-Fluoroethyl-L-
tyrosine (FET), 3,4-dihydroxy-6-(18)F-fluoro-L-phenylalanine (FDOPA) (Fig. 3), and a
synthetic L-leucine analog (anti-1-amino-3-18F-fluorocyclobutane-1-carboxylic acid
[FACBC]) have been used to localize and characterize pretreatment and postsurgical residual
disease.#7~49 Likely on account of the dominance of MRI over CT in the evaluation of
nontraumatic neurologic indications, there is limited existing evidence to directly compare
PET/MRI with PET/CT using many of the previously aforementioned agents. Nevertheless,
it is expected that fusion of functional information gained using a wide variety of PET
tracers with the strengths of anatomic data obtained at MRI will help to leverage the inherent
advantages of each technology and provide more specific multiparametric evaluation of
pathology with precise anatomic localization.

Head and Neck

Thoracic

FDG PET/CT systems are routinely used to assess local extent of disease, detect distant
metastases, and to monitor response to therapy in squamous cell carcinoma of the head and
neck. In many practices, MRI is used for the characterization of local disease following
surgery and radiation therapy. Therefore, these patients often undergo sequentially
performed MR and PET/CT studies of the head/neck. Initial experience with the use of
simultaneously acquired PET and MRI data for the evaluation of head and neck cancer (Fig.
4) has been promising.29-52 MRI may offer specific benefits over CT in combined PET
acquisitions due to the added value of multiparametric evaluation possible using diffusion
weighted imaging (DWI1). A recent report shows a high degree of correlation between
glucose metabolism, diffusion restriction, and histopathological features of aggressive
tumors.>3 There is also evidence that PET/MRI may offer benefit in the challenging situation
of evaluating a patient with cancer of unknown primary, with a recent study demonstrating
increased conspicuity of previously undiagnosed head and neck primary tumors at PET/MRI
compared with PET/CT.5*

Imaging of lung tissue is difficult using MRI due to low proton density, rapid loss of signal
secondary to field inhomogeneity, and lung motion during the respiratory cycle. While not
ideal for imaging of the lung parenchyma itself, PET/MRI has shown promise in both the
characterization of primary bronchogenic tumors as well as the determination of their extent
and metastases.?>-*6 A contrast enhanced MRI of the head is required for staging of patients
with advanced lung cancer; therefore, an FDG study including a brain MRI tailored to detect
metastases in this subgroup of patients who already have diagnostic breath-hold CT imaging
of the chest offers additional information bundled in to one examination. Other proposed
benefits of PET/MRI over PET/CT for the staging of non-small-cell lung cancer include
improved delineation of chest wall, diaphragm, or mediastinal invasion to affect T-stage,
greater sensitivity for nonenlarged but suspicious FDG avid or DWI hyperintense
mediastinal lymph nodes to alter N-stage, and simultaneous MRI evaluation of the liver and
adrenals which may change M-stage (Fig. 5).57-59

Another challenge in PET/MRI has been the detection of small pulmonary nodules. Recent
studies have suggested that PET/MRI may fail to detect small pulmonary nodules (<5-10
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mm) that are visible at PET/CT in oncology patients, potentially impacting treatment
decisions.®%-62 New approaches such as ultrashort echo time sequences (UTE) have been
proposed to improve detection of pulmonary nodules measuring as small as 6 mm at MR,
but have yet to enter general clinical practice.53 While detection of 6-mm nodules may be
sufficient for the stratification of bronchogenic carcinoma using Lung-RADS,54 patients
with other types of cancers may require evaluation and surveillance of even smaller nodules
to discriminate benign nodules from early metastases, sometimes necessitating a dedicated
inspiratory chest CT when PET/MRI or even PET/CT are performed. Dedicated breath-hold
CT also provides additional value in terms of the appearance of surrounding lung
parenchyma and a more accurate depiction of pulmonary nodule morphology and texture,
features which may favor a benign or malignant etiology.

Liver Tumors

The initial evaluation of hepatic masses has typically been performed with multiphase CT or
MRI of the liver using extracellular contrast agents. The most common use of PET/MRI of
the liver is for the detection and characterization of hepatic metastases. Complete and
accurate detection of hepatic metastases is particularly important in diseases such as colon or
rectal cancer (Fig. 6) where therapies depend on the size and number of lesions.5® Using
PET/MRI, there exists an opportunity to combine a diagnostic multiphase MRI of the liver,
current standard of care, with a PET evaluation which may offer improved sensitivity and
specificity in the liver more completely assessing both presence and viability of distant
disease. Performing a diagnostic liver study also allows the use of a hepatobiliary contrast
agents that have increased sensitivity for liver metastases.56

With hepatocellular carcinoma (HCC), PET has traditionally taken a secondary role,
although there are recent studies have shown a potential diagnostic benefit for using a dual-
tracer PET protocol with 11C-acetate and FDG for characterization.67.68 FDG PET/CT also
has a role in the evaluation of cholangiocarcinoma, both for recurrent disease at the location
of treatment as well as for distant metastases.59 In cholangiocarcinoma, the primary tumor is
often not appreciated and only the biliary strictures are seen to indicate the presence of the
lesion. FDG PET often can depict the hypermetabolism that indicates the presence of a
malignant tumor causing the stricture, although inflammation from recently placed biliary
stents can complicate interpretation.

Determination of resectability of untreated pancreatic cancer is primarily guided by
multiphase CT owing to the reliable contrast timing and high spatial resolution required for
vascular evaluation; however, PET/MRI may serve as a useful adjunct for the detection of
metastases while allowing simultaneous evaluation of the biliary system with MR
cholangiopancreatography (MRCP) (Fig. 7). In cases of borderline resectable disease, the
improvement of CT findings suggesting vascular involvement may lag the FDG findings,
and it is hypothesized that PET/MRI evaluation following neoadjuvant chemo and radiation
therapy may more quickly predict those patients who have adequately responded and are
now eligible for resection.

PET agents targeting the somatostatin receptor on the cell surface such as 68Ga-DOTA-
TATE and 68Ga-DOTA-TOC have been shown to be beneficial in the evaluation of patients
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with neuroendocrine tumors such as neuroendocrine pancreas cancer, small bowel carcinoid,
pheochromocytoma, and paraganglioma.”®-72 As neuroendocrine tumors frequently
metastasize to the liver, somatostatin receptor PET combined with a hepatobiliary MRI may
be particularly useful in the follow-up of these often indolent diseases (Fig. 8).

There are multiple applications within the male and female pelvis that should benefit from
the added value that a concurrently performed targeted MRI would provide in a disease
otherwise evaluated with PET/CT. These include cancers of the rectum, cervix,
endometrium, ovaries, and prostate.

In patients with rectal carcinoma, focused pelvic MRI is essential for determining the
primary tumor T-stage and for the detection of local nodal metastases to guide treatment.”3
Select patients not initially eligible for surgery may undergo neoadjuvant chemotherapy and
radiation before repeat evaluation with pelvic MRI to assess for resectability.”4 7>

Along these lines, multiple studies have shown a decrease in metabolism in treated tumors
and that a measured decrease in tumor glucose uptake predicts long-term survival.’6-78
Determining N-stage is more difficult using anatomic imaging alone, because metastatic
lymph nodes may be no larger than those not affected by disease.”® Therefore, there is a role
for PET because typically the standardized uptake values (SUV) of metastatic nodes are
greater than those not involved.80 Finally, the added benefits of PET/MRI with
simultaneously obtained and co-registered data for evaluation of the liver in a single
examination, potentially using hepatobiliary contrast agents would allow for complete
detection and characterization of hepatic metastases which, if present, would affect M-
stage.55

While clinical staging of cervical cancer has been the long-term accepted solution for local
disease,81 PET/CT has a role in the detection of distant metastases,2 and there is evolving
understanding that pelvic MRI may offer benefit in the preoperative evaluation of tumor
stage.83 Recent reports have shown promise using PET/MRI for the evaluation of newly
diagnosed as well as follow-up cervical cancers, integrating morphological and structural
information afforded by MRI with the functional information obtained using DWI sequences
and FDG uptake from PET8485 (Fig. 9). Similar results have been shown regarding other
tumors of gynecologic origin, such as ovarian cancer®:87 and endometrial carcinoma.88

Another area in which primary tumor evaluation occurs by means of MR imaging is in the
prostate8® with follow-up after treatment obtained using a combination of biochemical
markers and cross-sectional imaging. FDG PET has typically been regarded to have limited
utility in low-grade prostate cancer due to overlap of normal glandular FDG uptake with that
of pathologic lesions and lack of significant FDG activity in metastases.?%-°1 However, in
high grade prostate cancer, such as undifferentiated and neuroendocrine prostate cancer,
FDG PET may have utility.92 Additionally, there are several non-FDG PET tracers including
18F- and 11C-choline, 18F-FACBC, and 68Ga-prostate specific membrane antigen (PSMA)
compounds, which have been shown to have promising results for the evaluation of the
primary tumor, local recurrence, and metastatic disease?3-9° (Fig. 10). Specific studies
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relating to PET/MRI further validate these results,, showing improved detection of primary
tumors® and equivalent to rate of detection of metastases when compared with PET/CT.97

Lymphoproliferative Disorders

PET/CT is seen by many to be the test of choice in imaging of patients with lymphoma,
offering strengths both in detection of disease for staging purposes®® and the use of changes
in FDG uptake to assess response to therapy.99:190 Whole body MRI has also shown value in
the imaging of lymphoma, with DWI providing increased contrast to noise and the
possibility of quantitative evaluation.101:102 |t follows that the combination of whole body
MRI with DWI and FDG PET would offer the advantages of both technologies while
minimizing radiation dose to these patients, many of whom require serial follow-up
examinations over a long period of time. To this end, several studies have compared
PET/MRI with PET/CT in the evaluation of lymphoma, showing high concordance between
staging and comparable SUVax measurements using both modalities in adult193-105 angd
pediatric patients.106:107

Imaging of Infectious and Inflammatory Disorders

The nonspecific uptake of 18-FDG as a measure of glycolysis is frequently regarded as a
disadvantage in the imaging of oncologic conditions where infectious or inflammatory
uptake may mimic neoplastic disease. The use of FDG PET/CT in the evaluation of
inflammatory and infectious processes has been shown to be beneficial in a variety of
conditions,108 and it is hoped that the same will be the case for PET/MRI. Specifically, there
are some applications where the fusion of MRI information to PET may be particularly
helpful. These include the evaluation of inflammation and infection in the heart and vessels,
CNS, liver, Gl tract, musculoskeletal system, and as a lower radiation dose alternative to the
diagnosis of a cause for fever of unknown origin.

Sarcoidosis is a multisystem inflammatory disorder that may affect a wide range of organ
systems, often presenting with vague and difficult to diagnose symptoms. Both PET and
MRI are independently useful in the evaluation of cardiac sarcoidosis199:110 and
simultaneously acquired FDG PET images and dedicated cardiac MRI, including
multiplanar delayed postgadolinium enhancement, may serve even more beneficial.
Similarly, both PET and MRI have specific roles in the imaging of inflammatory and
infectious vasculitis and osteomyelitis, and early reports suggest that co-registered anatomic
and functional information could prove diagnostically useful.111.112 Because many systemic
inflammatory and infectious processes affect young patients and these patients may require
serial examinations to track disease response to treatment, the decreased radiation dose
provided with PET/MRI versus PET/CT is attractive.

Musculoskeletal

FDG PET/CT is well established for use in patients with multiple myeloma, both sensitive
for detection of lytic lesions (CT) and assessment of activity (FDG).113 CT often fails to
detect early focal lesions that are not yet lytic. Owing to high soft tissue contrast and better
ability to detect marrow lesions, whole body MRI has also been used for the evaluation of
multiple myeloma, but suffers from an increased number of false positives compared with
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PET/ CT!14: therefore, a combined modality which would feature the sensitivity of whole
body MRI with the specificity for active disease of PET is an attractive alternative (Fig. 11).
As such, recent studies have shown similar diagnostic accuracy of PET/MRI to PET/CT,115
although further investigation to demonstrate a clear benefit is needed.

Many of the aforementioned applications of PET/MRI are particularly appealing in children
due to the decreased ionizing radiation dose imparted compared with PET/CT, especially in
patients with oncologic or chronic inflammatory conditions who may undergo serial follow-
up examinations following therapy. In most settings, between 50 and 80% of the ionizing
radiation dose from an 18F-FDG PET/CT scan can be attributed to the whole body CT
examination, with the remaining a result of the radioactive tracer.116 Initial papers using
PET/MRI in place of PET/CT have reported a greater than 50% decrease in dose as
expected, from the removal of the CT component.196.117 |n addition to the removal of dose
from the CT component of the exam, new solid state detectors and improved geometry
(longer z-axis coverage and narrower ring diameter) results in sensitivities up to three times
higher with new PET/MRI systems than comparable photomultiplier tube PET/CTs.118
Therefore, the injected dose of radiotracer can be lowered without sacrificing image quality.
It is possible that radiation exposure from pediatric PET/MRI may be decreased by over
90% compared with the PET/CT studies currently performed.

Future Hurdles to Full PET/MRI Implementation

Although promising in many aspects, there are several major hurdles that prevent PET/MRI
from being more widely adopted. These include the challenges of attenuation correction,
detection of processes within the lung, familiarity with the technology, and further evidence
that PET/MRI truly offers the hypothesized benefits.

On the two currently available commercial PET/MRI systems, attenuation correction is
based on a two-point Dixon acquisition for fat and water segmentation.11® In the head, both
manufacturers offer an atlas based approach, where Dixon MR images are registered to an
atlas that is an average of multiple CT scans and used for attenuation correction.120 In the
rest of the body, the fat and water fraction images are used for continuous-value attenuation
coefficient maps, but this approach does not include separation of air and bone due to the
very short T2* of bone (T2 ~ 0.4 ms)121-123 thus classifying any intrabody air or bone as
soft tissue. Several approaches have been evaluated to differentiate bone from air in the
brain, most typically using an MRI sequence with an exceptionally short echo time (UTE24
or ZTE25.124.125 or 3 model based approach!26; however, this topic remains a work in
progress with much room remaining for optimization and for translation to whole-body
applications (Fig. 12).

Because PET/MRI systems are still relatively rare, there is not widespread knowledge of
how these systems may benefit patients. Referring providers may not know the indications
for which PET/MRI may be the most helpful. Frequently, referring providers are frustrated
when reviewing the numerous sequences and images that are created from a PET/MRI and
more comfortable viewing fused images from PET/CT. Interpreting Radiologists and
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Nuclear Medicine physicians may be unfamiliar with the potential artifacts and limitations
of the technology, and some Nuclear Medicine physicians may not have the comfort level to
interpret the diagnostic MRI portion of a PET/MRI exam. As a result, many centers have
each study interpreted by both a Radiologist and a Nuclear Medicine physician; however,
this system is time consuming and inefficient. Finally, the quality of examinations would
benefit from a group of technologists and imaging staff cross-trained in both Nuclear
Medicine and MRI.

Many of the proposed benefits of simultaneous PET and MRI acquisitions rely on novel
radiotracers that add additional physiologic information to anatomic MRI images. New
tracers such as 68Ga-PSMA-11, 18F-FET, and 18F-fluorodopa need to become FDA
approved to become widely available, and approved by the Centers for Medicare &
Medicaid Services (CMS) to be reimbursable. For example, there are three FDA approved
radiotracers for amyloid detection in Alzheimer’s patients, yet insurance companies will not
pay for the cost of the radiotracer in most circumstances. Alzheimer’s is potentially a strong
application for PET/MRI, but in the absence of reimbursement for amyloid radiotracers, use
is limited. There are other common diseases in which PET is not typically reimbursed,
including prostate cancer, where both FDG and NaF PET are not historically covered by
insurance companies. Some practices have not obtained coverage for 11C-choline and
fluciclovine is not CMS approved, limiting the immediate applicability of PET/MRI in
prostate cancer patients. Further work needs to be done to update treatment guidelines such
as the National Comprehensive Cancer Network (NCCN) to include more PET agents when
appropriate, encouraging insurance companies to reimburse for these potentially useful
agents.

Finally, as with all new technologies, robust studies demonstrating utility in real-world
applications are needed. The existing literature studying PET/MRI typically represent single
center case series. Additional data strengthening the indication for PET/MRI would
similarly advance the technology. Pooling of multicenter data to demonstrate the utility of
PET/MRI will be important, although what the appropriate endpoints and comparators are
for these studies are not entirely clear. The majority of studies currently published
demonstrate that PET/MRI is superior or equivalent to PET/CT, rather than comparing to
PET/CT and MRI performed separately. As a community, we have yet to agree where
simultaneous imaging adds value, although there clearly are benefits including decreased
dose and convenience that will provide reasons for using PET/MRI.

Conclusions

As an established technology with advantages in terms of access, cost, speed, and
familiarity, PET/CT scanners are unlikely to be replaced by PET/MRI on a one to one basis
in the near term. Recognizing the advantages of PET/MRI, which include decreased
radiation dose, improved motion correction, and the convenience of a combined exam, it is
the role of the imaging community to determine where PET/MRI will add the greatest value.
Overall, the future of PET/MRI remains bright but the precise role that PET/ MRI will play
remains to be determined.
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FIGURE 1.
A 67-year-old woman with known pancreas head mass (arrowhead) referred for PET/MRI to

evaluate for metastatic disease. Whole body survey PET images, acquired over 2 min per
table position, as well as contrast enhanced CT and MR images did not demonstrate any
suspicious lesions within the liver. Dedicated PET acquisition in the liver bed position over
10 min clearly shows an FDG avid focus in the posterior hepatic lobe (arrows). This finding
was confirmed to represent metastatic disease at the time of surgery.
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FIGURE 2.
MIP 68-GA DOTA-TOC PET images from a 71-year-old man. Uncompensated images (left)

suffer from blurring along the Z-axis due to respiratory motion. Motion compensated (right)
images generated by filtering temporal PET data according to MR respiratory gating show
decreased respiratory artifact, improving image quality and accuracy of SUV observations.
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FIGURE 3.
A 69-year-old man with glioblastoma treated with surgical resection, chemoradiotherapy,

and adjuvant temozolomide. Postgadolinium enhanced MRI at 6 months following
completion of adjuvant therapy (left) and follow-up postgadolinium enhanced MRI at 9
months following completion of radiotherapy (center) demonstrate interval progression of
enhancing and nonenhancing tumor. 18F-DOPA PET performed as part of PET/MRI at 9
months following completion of radiotherapy (right) demonstrates radiotracer uptake in
regions of enhancing (arrow) and nonenhancing (arrowheads) tumor. Note physiologic
putamenal uptake bilaterally.
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FIGURE 4.
FDG PET/MRI performed to further evaluate a tonsillar mass in a 58-year-old man. Note

presence of a T2 hyperintense, enhancing lesion in the right tonsillar region (arrows), with
corresponding FDG avidity. There was no FDG or MRI evidence of distant disease on whole
body imaging.
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FIGURE 5.
PET/MRI performed for workup of a left lung mass noted in a 65-year-old woman

demonstrates a large hypermetabolic left lung tumor (arrows) and extensive hepatic, adrenal,
osseous, and peritoneal metastases. Subsequent biopsy of a liver mass confirmed metastatic
adenocarcinoma of the lung.
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FIGURE 6.
A 52-year-old man with sigmoid colon cancer metastatic to the liver, status post segment V

right partial hepatectomy with intra-operative ablation of a tumor in segment VIII. PET/MRI
images following the procedure show two areas (arrows) of enhancement (top) and restricted
diffusion (middle). These findings are quite subtle and could be interpreted as nonspecific,
however, the addition of fusion FDG PET images (bottom) clearly demonstrates
hypermetabolism, suggesting additional undiagnosed tumor burden.
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FIGURE 7.
PET/MRI images obtained in a 53-year-old woman with biopsy proven adenocarcinoma of

the pancreatic body. Postcontrast T1-weighted images show a hypoenhancing tumor with
abutment of the celiac axis and common hepatic arteries as well as encasement and
narrowing of the splenic artery (arrowheads, top), while fused PET/T2 weighted and MIP
PET images show FDG uptake attributable to the tumor (center, right). Concurrently
performed MRCP demonstrates focal obliteration of the pancreatic duct in the region of the
tumor, with upstream dilation (arrows, bottom).
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FIGURE 8.
A 71-year-old man with metastatic neuroendocrine tumor. PET/MRI exam performed with

68-Ga DOTA-TOC demonstrates intermediate T2 hyperintense lesions with mild restricted
diffusion and lack of hepatocyte contrast uptake on 20-min postinjection T1-weighted
images. Fused contrast enhanced/PET images demonstrate marked uptake of DOTA-TOC
somatostatin analogue at the sites of MRI abnormality, compatible with metastatic disease.
Note blurring of hepatic metastases on whole body MIP images, a result of uncorrected
respiratory motion.
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FIGURE 9.
A 29-year-old woman with history of squamous carcinoma of the cervix status post

radiotherapy with an enlarging potentially necrotic FDG avid pelvic mass seen on
noncontrast PET/CT (left images). PET/MRI was obtained for better soft tissue delineation
before an expected pelvic exenteration. PET/MRI images (center and right) more clearly
demonstrate a rim enhancing cavity, without significant enhancing nodularity or reduced
diffusion (bottom right) in the wall. Based on these findings, the patient was taken for an
examination under anesthesia and biopsy, which returned inflammatory tissue without
evidence of recurrence, saving the patient a surgical resection.
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FIGURE 10.
Images from a 68-year-old man with PSA of 19.1 found to have Gleason 4 + 3 prostatic

carcinoma at biopsy. Combined whole body 68-Ga PSMA PET/MRI with dedicated prostate
MRI performed for initial staging demonstrates an area of T2 hypointensity, diffusion
restriction, and PSMA uptake in the left peripheral zone (arrows). T2 images of the pelvis
demonstrate a small left internal iliac chain node (arrowheads), which appears normal in size
and morphology but has PSMA uptake, suspicious for metastatic disease.
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FIGURE 11.
FDG PET/MRI performed in a 62-year-old woman with biopsy proven multiple myeloma.

MIP image (left) shows a pattern of bone marrow hyperplasia in the proximal humeri and
femora, with superimposed focal areas of hypermetabolism throughout the axial and
appendicular skeleton. Coronal STIR and axial T1 images (top and middle right) show
diffuse marrow replacement without focal lesions. Fused FDG PET and axial T1 image
(bottom right) shows multiple foci of disease within the right iliac bone and left sacrum,
which were not seen on anatomic imaging alone.
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FIGURE 12.

PET/MRI attenuation correction in the pelvis: MR attenuation correction (MRAC) methods
in the body currently use Dixon fat/water separation techniques that neglect bone, which
leads to substantial errors (>10%) for lesions within bone or soft tissues of the pelvis due to
extensive surrounding bone. Preliminary results indicate that bone density can be accurately
estimated from zero echo time (ZTE) MRI using a hybrid ZTE/Dixon method for pseudoCT
(top left) and that MRAC is more accurate than Dixon alone compared with gold-standard
CT attenuation correction maps (CTAC, bottom left). Preliminary results also indicate that
these techniques can reduce average SUVmax errors of bony and soft tissue pelvic lesions to
less than 5% (right).
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TABLE 1
Comparison of PET/CT and PET/MRI

Strengths Limitations

PET/CT » Widely available « Limited soft tissue contrast
« Established imaging protocols « Fast CT exam does not provide extra time for PET acquisition
« Evidence proven indications « |V contrast not routinely used
« Familiarity among ordering providers « If focused MRI needed, must be additional exam
« Quantitative accuracy well established « lonizing radiation from CT component
« Imaging of small pulmonary nodules
« Exams performed in as little as 30 minutes

PET/MRI < Improved soft tissue contrast « Limited availability

 Added value of DWI

« Increased available time to collect PET data

« Better motion correction

« Convenience and time savings with combined exams
« Use of MRI specific contrast agents

* No ionizing radiation from MRI component

« Protocols and indications still in development

« Require technologist knowledgeable in both NM and MRI
« Quantitative accuracy still being determined

» Exams may take 1 hour or longer

« Limited evaluation of pulmonary parenchyma

NM = Nuclear Medicine.
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