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INTRODUCTION

Advances in radiographic computed tomography (CT), MR imaging, PET, and combined
PET-CT have dramatically improved the management of patients with cancer over the past 2
decades. For years, researchers and clinicians have wondered if combining PET with MR
imaging would offer similar or even greater advantages compared with PET-CT.

Recent advancements in MR imaging scanners and the advent of MR imaging-compatible
solid-state PET detectors that replace traditional photomultiplier tubes have made it possible
to finally combine MR imaging and PET into a single device that acquires whole-body PET-
MR images. Potential advantages of hybrid PET-MR imaging compared with PET-CT
include superior identification of lesions in the brain, breast, liver, kidney, and bones, as well
as enhanced evaluation of the margins of lesions. Improved anatomic registration with PET
secondary to simultaneous image acquisition is now a reality with the advent of
simultaneous PET-MR imaging scanners. Furthermore, the application of multiparametric
quantitative imaging in MR imaging and functional PET has the potential to better guide
patient management and to decrease the number of imaging studies required for clinical
decision-making, resulting in less radiation exposure and improved patient satisfaction (Box
1).

Neoplasms of the thorax, including those of the breast and lung, are some of the most
commonly diagnosed cancers in the western world, which cause exceptionally high
morbidity and mortality and are areas of active study in the emerging field of clinical PET-
MR imaging. According to cancer statistics in 2015, approximately 234,190 people were
diagnosed with breast cancer and 221,200 were diagnosed with lung neoplasms in the
United States; this includes an estimated 40,730 and 158,040 related deaths secondary to
these 2 diseases, respectively.! Overall survival is greatly influenced by the stage of the
neoplasm at the time of diagnosis and by the histologic subtype of cancer.
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PET systems have greatly improved in the last few decades with faster imaging time and
improved scanner resolution; the combination of CT with hybrid PET-CT scanners has
merged anatomic and molecular imaging, allowing for more accurate diagnosis and staging
of many neoplasms. 18F- 2-fluoro-2-deoxy-D-glucose (FDG) is a radioactive analogue of
glucose and the most commonly used PET radiotracer in clinical practice. The clinical
implementation of multiple novel clinical PET radiotracers, along with ongoing research of
various others, has advanced and improved the potential molecular imaging capabilities of
PET, accurately permitting in vivo imaging of various important clinical markers, including
cell surface receptor expression, DNA production or repair, and hypoxia.23 MR imaging has
also evolved with new and faster sequences that allow for whole-body imaging, as well as
functional imaging sequences, including magnetic resonance spectroscopy (MRS), perfusion
imaging, and diffusion-weighted imaging (DWI), which have expanded the use of MR
imaging in characterizing disease. With all of the added benefits of combined PET-MR
imaging, the imaging algorithm currently used for thoracic cancers can be further optimized,
potentially allowing for superior clinical information to be obtained from a single scan (Box
2).

PET-COMPUTED TOMOGRAPHY IN BREAST CANCER

Breast cancer remains exceedingly prevalent in the Western world and is a leading cause of
mortality in women. Once diagnosed, survival is inversely related to the extent of disease at
diagnosis, currently characterized with the tumor-node-metastasis (TNM) staging system.
Metastases to axillary lymph nodes have a profound influence on patient prognosis, with 10-
year survival ranging from 90% without the presence of lymphatic spread down to 30%
when greater than 10 lymph nodes are involved.* Currently, the primary role of FDG PET-
CT in patients with breast cancer is for assessment of suspected tumor recurrence or staging
of locally advanced disease (ie, with large primary tumors >50 mm in size, chest wall tumor
involvement, or axillary, internal mammary, or infraclavicular or supraclavicular lymph node
metastases). Evidence exists that patients with inflammatory breast cancer also benefit from
early FDG PET-CT imaging.4%

Current guidelines for initial staging of breast cancer include physical examination, biopsy
with histologic evaluation, and an array of imaging modalities, including mammography,
ultrasonography, MR imaging, and potentially FDG PET-CT. The sensitivity of FDG PET-
CT for small tumors less than 10 mm (T1 stage) has been shown to range from 50% to 72%,
with the sensitivity of FDG PET-CT increasing to greater than 90% for tumors between 20
to 50 mm.”"® FDG PET-CT has been shown to underestimate the extent of disease within the
breast when compared with MR imaging, with the accuracy of correctly diagnosing the
degree of primary disease in the breast found to be 54% and 77%, respectively, for these 2
imaging modalities.8-10.11 The poor performance of whole-body FDG PET-CT in evaluating
primary tumors in the breast can be attributed to volume averaging due to the small size of
the lesion, the generally lower hexokinase activity of breast cancer when compared with
other cancer types, variations in tumor FDG uptake secondary to histologic subtype, and the
background FDG uptake of normal breast tissue.12-14 FDG PET-CT for the assessment of
lymph node disease has a sensitivity, specificity, positive predictive value, and negative
predictive value of 61%, 80%, 62%, and 79%, respectively.1®> This underestimation of the
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number of lymph nodes involved precludes it from replacing sentinel lymph node biopsy for
primary evaluation of local spread and micrometastatic disease.

There has been extensive research in the use of changes in FDG uptake measured by
standardized uptake value (SUV) within the tumor to assess for treatment response. Multiple
studies have observed a statistically significant decrease in tumor FDG uptake in patients
who have responded to therapy compared with those who have had no response. Evidence
has also been presented that changes in SUV correlate with pathologic response to
therapy.16-19 Currently, clinicians use these changes to guide management decisions
although determination of how to best leverage PET data in the setting of myriad cytostatic
treatment options remains an area of active research (Box 3).

FDG PET-CT has also been validated for the accurate detection of recurrent breast cancer
irrespective of histologic subtype with a sensitivity of 92% to 96% and a specificity of 75%
to 90%.19-22

MR IMAGING IN BREAST CANCER

MR imaging is a highly utilized imaging modality for the evaluation of breast lesions in
conjunction with mammography and ultrasonography. MR imaging is currently used and
approved for a number purposes, including screening in women considered to be at high risk
for disease (ie, lifetime risk >20%), assessment of patients with prior breast augmentation
surgery, evaluation of the extent of disease in newly diagnosed patients (multifocal vs
multicenter disease, chest wall invasion), and evaluation of response in patients who
received neoadjuvant chemotherapy.2324

Breast MR imaging typically uses a 1.5 or 3.0 T scanner; the patient is placed in the prone
position with a dedicated breast coil used to acquire images with chemical fat suppression.
Precontrast and postcontrast T1-weighted images are obtained using a gradient echo
technique. Detection of neoplasms within the breast is primarily achieved by evaluating the
dynamic contrast enhancement of a lesion in which the variable uptake kinetics of contrast
material help to distinguish malignant from benign lesions.25 Various other techniques have
been used to improve the specificity of diagnosis, including the use of other imaging
characteristics of a lesion. On MR imaging, the findings of rapid or medium initial contrast
uptake (type Il and I11 kinetic curves) or contrast washout on delayed phase images within
lesions have a 77% positive predictive value for malignancy.26-28 MR imaging is able to
detect tumors at 10 mm, which is smaller than other commonly used imaging
techniques.2%-31 MR imaging has also been shown to be highly sensitive but not specific,
with a negative predictive value of 95% but a specificity of only 25%. A limitation of MR
imaging of the breast includes normal cyclic changes in background breast tissue
parenchymal enhancement by changing hormonal status of the patient, which limits its
usefulness in younger patients but increases its specificity in postmenopausal women,26-28

Breast MR imaging can also be used to evaluate lymph node involvement by identifying an
increase in size, increased contrast enhancement, and lack of a normal fatty hilum. MR
imaging has a sensitivity and specificity of 90% and 82%, respectively, for the detection of
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metastatic disease in lymph nodes when using size greater than 5 mm and abnormally
increased enhancement.32 A limitation to evaluating lymph nodes in the axilla is that
standard breast coils have inadequate coverage of the axilla. Whole-body MR imaging is not
used regularly for the evaluation of systemic metastatic disease or distant tumor recurrence.

PET-MR IMAGING IN BREAST CANCER

The theoretical advantages of PET-MR imaging compared with PET-CT or MR imaging
alone are just starting to be explored in preliminary clinical research. Much early work has
focused on studies of technical feasibility and reproducibility of SUV quantification between
PET-MR imaging and PET-CT. Early data are emerging that suggest a potential additive
clinical value of PET-MR imaging and which may serve as the basis for larger studies. It is
likely that to prove any further increase in diagnostic accuracy of PET-MR imaging
compared with PET-CT, large multi-institutional trials will be required to assess for
statistically significant incremental increases in sensitivity or specificity.

Many questions exist regarding quantitative differences with respect to SUV obtained from
PET-CT and PET-MR imaging. Whereas CT-based attenuation correction directly measures
attenuation throughout the body, current MR imaging-based attenuation correction
algorithms use methods to segment tissues into basic categories, including fat, soft tissue,
air, and lung parenchyma. Some newer techniques are emerging that seek to map the
locations of bones. All of these techniques are based on fixed estimates of tissue density that
may or may not reflect the clinical reality for individual patients. Lung density is
challenging to measure or estimate on MR imaging, and is variable in individual patients.
Breast density may change with surgery or placement of prosthetics, and all of these factors
may potentially affect SUV quantification in the evaluation of patients with breast cancer.

STANDARDIZED UPTAKE VALUE: PET-MR IMAGING VERSUS PET-
COMPUTED TOMOGRAPHY IN BREAST CANCER

Preliminary work has demonstrated good correlation between SUV measured on PET-MR
imaging compared with PET-CT. Most studies compare values by scanning patients first on
PET-CT and then on PET-MR imaging. This leads to a time delay between the 2 PET
datasets and changes in physiologic concentrations of the radiotracer, which very likely
affects the results independent of scanner performance. In 2014, Pace and colleagues3?
reviewed SUV measurements in patients with breast cancer scanned on PET-CT followed by
PET-MR imaging an hour later using 2-point Dixon MR imaging sequences that generated a
4 tissue-class attenuation correction map (fat, soft tissue, lungs, air). They found that
subjective assessment of lesion localization to anatomic structures was the same between
PET-CT and PET-MR imaging. Primary tumors and lymph node uptake was visually scored
as having slightly higher contrast on PET-MR imaging. With respect to SUV quantification,
the investigators found a significantly higher maximum SUV (SUVmax) for lymph nodes
and metastases and no significant change in SUVmax for primary tumors when comparing
PET-MR imaging with PET-CT. They found a significantly lower SUV on PET-MR imaging
for normal lung, liver, and muscle; no significant difference for spleen; and a higher SUV for
left ventricular myocardium. The investigators suggest that these SUV differences likely
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reflect a combination of time-dependent physiologic and technical scanner factors, and the
study design does not allow determination of the impact of the scanner technology alone.
They conclude that PET-MR imaging can be used for quantitative analysis in clinical
settings but warn that SUV measurements between PET-CT and PET-MR imaging may not
be comparable.33

In a similar 2015 study by Sawicki and colleagues,3* 21 subjects with recurrent breast
cancer underwent FDG PET-MR imaging immediately following PET-CT. The investigators
found a mild but statistically significant increase in SUV on PET-MR imaging for all tumor
deposits (SUVmax 5.6 + 2.8 for PET-MR imaging vs 4.9 + 1.8 for PET-CT) with strong and
significant correlation (r = 0.72, A<.001). Pujara and colleagues® studied 35 subjects who
underwent FDG PET-CT followed by PET-MR imaging and found statistically significant
correlations of SUV measurements for lesions within bone marrow, liver, and lymph nodes
(r = 0.74-0.95). They found no statistically significant difference in SUV measurements
overall for bone marrow metastases or for lymph node metastases. However, there was a
significant difference in average SUVmax for liver metastases (4.96 + 3.04 for PET-MR
imaging vs 7.79 £ 5.78 for PET-CT; £<.05). To what extent this is secondary to
segmentation error, tissue attenuation value variability (compared with reality), or time-
dependent physiologic differences between PET-CT and PET-MR imaging is uncertain. In
contrast to prior studies, PET-MR imaging average SUVmax measurements were slightly
lower (eg, 6.25 £ 4.91 for PET-MR imaging vs 6.99 + 4.63 for PET-CT), as were values (as
expected) for normal structures (1.15 £ 1.37 vs 1.60 = 1.35).

PET-MR IMAGING LESION DETECTION IN BREAST CANCER

A potential advantage of PET-MR imaging compared with PET-CT is in leveraging the MR
imaging data to improve lesion detectability. It remains an open question whether or not
additional lesion detection with PET-MR imaging will be statistically significant,
economically beneficial (in light of the cost of PET-MR imaging), and most importantly
advantageous enough to improve patient management decisions and patient outcomes.

In the aforementioned study by Pace and colleagues,33 lesion detection rates for PET-CT
versus PET-MR imaging were reported for 36 subjects undergoing FDG PET-MR imaging
following PET-CT. All 74 FDG-avid lesions seen on PET-CT were also visible on PET-MR
imaging, including 25 primary tumors, 35 metastatic nodes, and 14 distant metastases. In a
study comparing the performance of FDG PET-MR imaging, FDG PET-CT, MR imaging,
and CT in the setting of suspected recurrent breast cancer, PET-MR imaging detected 134
lesions, of which 97%, 96%, and 75% were seen on PET-CT, MR imaging, and CT,
respectively. The performance of PET-MR imaging and PET-CT for detection of disease
recurrence on a per-patient basis is equivalent. On a per-lesion basis, PET-CT was noted to
miss 4 bone marrow metastases that were highlighted by the MR imaging portion of PET-
MR imaging and found to have some focal FDG uptake that was not initially interpreted as
tumor on PET-CT. The investigators note that a limitation of their study was a lack of lung
metastases in their subject population, and that small lung lesions can be missed on PET and
MR imaging.34 In a more recent study by Pujara and colleagues3® that focused on SUV
quantification more than analysis of lesions detected, it was noted that during un-blinded
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review, PET-CT initially detected 15 of 16 bone marrow metastases, 6 of 7 liver metastases,
and 8 of 8 nonaxillary lymph node metastases that were detected on PET-MR imaging.
Therefore, this study further suggests the potential for PET-MR imaging to detect bone
marrow and potentially liver metastases that are missed on PET-CT. Finally, Melsaether and
colleagues,36 recently published a formal analysis of 242 distant metastatic lesions, 18
primary breast cancers, and 19 axillary nodes. They found that PET-MR imaging with DWI
and contrast-enhanced sequences yielded better sensitivity for liver and possibly bone
marrow metastases but potentially worse sensitivity for lung metastases.

Finally, it is worth noting that novel techniques for radiotracer injection may potentially be
synergistic, with the added value possibly provided by MR imaging during clinical PET-MR
imaging. In 2015, Minamimoto and colleagues3” reported on a dual-radiotracer technique
combining 18F-labeled sodium fluoride (:8F-NaF) and FDG injections during PET-CT
compared with bone scintigraphy and whole-body MR imaging. The investigators found that
combined 18F-NaF-FDG PET-CT offered higher sensitivity for osseous metastasis detection
compared with whole-body MR imaging alone but no significant difference compared with a
combined read of whole-body MR imaging and bone scintigraphy. In a follow-up abstract
published in 2015, the same group published preliminary findings of combined 18F-NaF-
FDG PET-MR imaging on a time-of-flight scanner compared with routine bone scintigraphy.
Among subjects with osseous metastases, both bone scintigraphy and PET-MR imaging
detected lesions. However, more numerous osseous findings were noted on PET-MR
imaging in 3 subjects and lesions outside of the skeleton were found on PET-MR imaging in
2 subjects that were not visible on bone scan.38 A logical follow-up study would be to
compare dual-radiotracer PET-MR imaging to PET-CT and bone scintigraphy.

TUMOR STAGING IN BREAST CANCER

There is scant literature directly addressing the possible synergy of PET and MR imaging for
T staging of breast cancer. From a technical standpoint, a focused study of the breast is now
possible with the advent of PET-MR imaging-compatible breast coils.39 Although FDG PET
is unlikely to improve sensitivity for detection of breast lesions, previously reported
improvements in specificity might help to direct biopsies towards areas of more aggressive
tumor histology.40

ADDITIONAL PET-MR IMAGING APPLICATIONS IN BREAST CANCER:
MULTIPARAMETRIC DATASETS

There are few existing data to assess the potential synergistic effects of combining PET and
MR imaging quantitative data obtained during a single examination. In a 2014 study by
Baba and colleagues,*! subjects with newly diagnosed breast cancer underwent FDG PET
and separate diagnostic breast MR imaging with DWI, and calculation of apparent diffusion
coefficient (ADC). A weak inverse correlation between SUV and ADC was reported, and the
investigators found that the ratio of SUV to ADC provided very slightly higher accuracy for
differentiating between benign and malignant lesions. Unfortunately, this combined
parameter did not perform better than SUV or ADC alone in the prediction of overall
survival. Miyake and colleagues*? reported that SUVmax and ADC both change during
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treatment response before changes in tumor volume are apparent. Finally, Lim and
colleagues®3 have demonstrated that a slower decline in SUV, a lesser decline in MR
imaging slope on dynamic contrast-enhanced (DCE) MR imaging, and a lower increase in
ADC was associated with worse prognosis after the first cycle of neoadjuvant chemotherapy.

Combining these data in a synergistic manner on PET-MR imaging to justify this new
technology remains a significant challenge. Future research directions may leverage the
ability of PET-MR imaging to acquire kinetic PET data and perform voxelwise correlations
between multiparametric datasets with precise image registration and quantitative accuracy.
Large-scale multi-institutional studies with advanced data analysis techniques may offer new
insights into understanding the significance of the quantitative data that can be obtained
from PET-MR imaging. Figs. 1-3 give examples of PET-MR imaging in patients with breast
cancer.

PET-COMPUTED TOMOGRAPHY IN LUNG CANCER

Lung cancer remains the most deadly neoplasm in the United States, affecting both men and
women and causing approximately 162,000 deaths in 2015.1 Lung neoplasms are divided
into non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). The treatment
and prognosis is greatly influenced by tumor type and stage at diagnosis. Evaluation of lung
neoplasms has typically been performed using CT to characterize them as malignant, as well
as to assess therapeutic response based on lesion change in size on serial imaging. Other
imaging characteristics, including shape, edge, cavitation, and location, have not been shown
to be as reliable for these purposes.#44°> Based on lesion size seen on CT alone, 6% to 28%
of nodules measuring 5 to 10 mm turn out to be malignant based on subsequent evaluation
with invasive procedures or follow-up imaging, with the time interval for follow-up
evaluation leading to a delay in the initiation of therapy.#® The advent of hybrid PET-CT
with FDG has an expanding role in this disease given its ability to add functional metabolic
information about the tumor to assist in earlier clinical assessment.*

FDG PET-CT has been suggested to improve T staging of lung cancer compared with CT
alone, particularly for tumors surrounded by atelectasis or abutting the chest wall or
mediastinum.#® FDG PET-CT is both highly sensitive and specific for the diagnosis of
pulmonary malignancy.*®-51 However, the sensitivity is lower for small and/or low-
attenuation lung cancers, for which morphologic features detected on CT provide an
increased role in patient management. The presence or absence of increased radiotracer
uptake has the potential to prevent or redirect invasive procedures such as biopsy or
resection for histologic sampling. Limitations to the accuracy of FDG PET-CT imaging in
lung cancer are similar to other forms of cancer, including false-positive results due to
inflammatory or infectious causes and false-negative results within small lesions due to the
known lower sensitivity for tumors measuring less than 8 mm.4° Histologic subtype also
influences the uptake of radiotracer, with carcinoid and minimally invasive neoplasms
possessing a smaller amount of uptake compared with SCLC, leading to lower detection
rates on PET-CT.52-55
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FDG PET-CT has been shown to be useful for diagnosing the spread of lung cancer into
hilar, mediastinal, and supraclavicular lymph nodes, in addition to detecting invasion of
tumor into the chest wall and mediastinum.56-59 The sensitivity, specificity, positive
predictive value, negative predictive value, and accuracy for detecting nodal spread is 54%,
92%, 74%, 82%, and 81%, respectively, for FDG PET-CT.80 FDG PET-CT provides
additional clinical benefit by guiding selection of the best invasive procedure for lymph node
staging.

The incidence of metastasis at the time of diagnosis for lung cancer is high. The most
common sites of disease spread are the adrenal glands, bone marrow, liver, and brain. FDG
PET-CT has a sensitivity of 100% and a specificity of 80% to 100% for metastatic spread to
the adrenal glands.81:62 For bone marrow metastatic disease, FDG PET has been found to
have a similarly high sensitivity for detection of lesions versus conventional bone
scintigraphy but with a much higher specificity.53

In previously treated patients, the earlier tumor progression can be detected, the faster
alternative therapies can be initiated. The potential to monitor treatment response to
cytostatic or cytotoxic agents using metabolic markers has many advantages compared to
evaluating anatomic changes in tumor size alone. One example of this is in the evaluation of
postsurgical patients for which FDG PET-CT can be used to differentiate atelectasis or
posttreatment scarring from active tumor recurrence. FDG PET-CT can detect recurrence
with a sensitivity of 98% to 100% and a specificity of 62% to 92%.54.65

MR IMAGING IN LUNG CANCER

Limitations exist for the use of MR imaging in evaluation of nodules within the lung
parenchyma because of the susceptibility artifacts created by air within the lung, low signal-
to-nose ratio of aerated lung, and motion artifacts from breathing during image
acquisition.66-69 Several solutions have been proposed to help alleviate these problems,
including improved MR imaging hardware, application of novel phased-array receiver coils,
the use of newer, faster imaging sequences, including fast spin echo and half-Fourier single-
shot turbo spin echo (HASTE) T2-weighted sequences, and DWI1.68-70 The sensitivity of the
T2-weighted HASTE MR imaging sequence to detect nodules less than 3 mm, 3to 5 mm, 5
to 10 mm, and greater than 10 mm has been reported to be 73%, 86%, 96%, and 100%,
respectively.”? In a recent comparison with noncontrast CT and MR imaging using a
respiratory-triggered short tau inversion recovery (STIR) MR imaging sequence, there was
no difference in the detection of malignant nodules between the 2 sequences, even with the
inferior spatial resolution and lower overall nodule detection of MR imaging.”2 DCE MR
imaging is another method in development to help differentiate benign versus malignant
lung lesions and to evaluate tumor neoangiogenesis.”3:74

DWI and ADC map images, in which the movement of water molecules within a tissue is
measured to determine its cellularity and tissue disorganization, have a sensitivity and
specificity of 70% to 89% and 61% to 97%, respectively, in determining the presence of
lung neoplasms.’® The use of dynamic MR imaging techniques has been shown to
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accurately distinguish malignant from benign lymph nodes with a sensitivity of 94% to
100% and a specificity of 70% to 96%.">77

Due to its improved soft tissue contrast, MR imaging is useful to evaluate tumors in
particular areas of the thorax, providing an especially robust modality for diagnostic
evaluation. Such tumors include those adjacent to the superior sulcus, where involvement of
the chest wall and brachial plexus by tumor can be best appraised by MR imaging, as well as
those in the paramediastinal location, in which the relationship with the heart or large
vessels is of importance.’®

PET-MR IMAGING IN LUNG CANCER

Lung cancer is challenging as a diagnostic application for PET-MR imaging due to the
known limitations of MR imaging for detection of small and/or low attenuation lung nodules
and also due to respiratory motion artifacts that occur in PET and MR imaging. Despite
these challenges, potential advantages with respect to chest wall and mediastinal tumor
evaluation, combined with the ability of MR imaging to detect brain, bone marrow, adrenal
gland, and liver metastases not visible on PET-CT, yields ample room for study of this new
modality. Opportunities for gated imaging without additional CT radiation to increase
quantitative accuracy of PET and MR imaging data are also potential areas for future
research.

STANDARDIZED UPTAKE VALUE: PET-MR IMAGING VERSUS PET-
COMPUTED TOMOGRAPHY IN LUNG CANCER

There are currently limited data regarding SUV quantification in lung cancer on PET-MR
imaging compared with PET-CT. Given that current clinical PET-MR imaging scanners use
a tissue-classification system for estimation of lung density compared with direct
measurements obtained on PET-CT, some quantitative differences are expected. In a study
focusing on lung nodule detection, Chandarana and colleagues’® reported that for subjects
undergoing PET-MR imaging after PET-CT, SUVmax measurements of lung nodules on
PET-MR imaging versus PET-CT were strongly correlated (r = 0.96, £<.001) and overall
average SUVmax was 16.4 + 13.6% higher on PET-MR imaging compared with PET-CT. To
what extent this difference reflects the more delayed time point of imaging versus
differences in attenuation correction factors is not entirely clear. In another study focusing
on N staging in which PET-MR imaging was performed after PET-CT, Kohan and
colleagues® reported that FDG-avid lymph node SUVmax increased from an average of
4.60 on PET-CT up to 5.85 on PET-MR imaging (27.27% higher), with a strong correlation
(r = 0.93) again observed. Although most SUV measurements were higher, the investigators
point out that misclassification of soft tissue as air in some regions on the MR imaging
attenuation map can lead to underestimation of true SUV.

PET-MR IMAGING LESION DETECTION IN LUNG CANCER

Primary tumor detection rates for PET-MR imaging are of interest to clinicians managing
patients with lung cancer. It is hypothesized that small lung nodules may be harder to
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visualize on PET-MR imaging compared with PET-CT based on the known differences
between CT and MR imaging. On the other hand, lung cancer has a tendency to spread to
the brain, adrenal glands, and bone marrow, which are all areas where MR imaging may
potentially perform better. It is, therefore, possible that MR imaging will detect
metabolically inactive or minimally active metastases that are missed on PET-CT.

An initial comparison between PET-CT and PET-MR imaging for primary tumor detection
noted similar detection rates for primary tumors between the 2 modalities, with identical T
staging.81 With respect to smaller nodules, the performance of PET-MR imaging was worse
than PET-CT in a subsequent study by Chandarana and colleagues,’® for which the
sensitivity of PET-MR imaging was 96% for FDG-avid nodules, 70% for all nodules, and
89% for nodules measuring greater than or equal to 5 mm compared with reference standard
PET-CT. Only 38% of nodules less than or equal to 4 mm were detected by PET-MR
imaging. In a follow-up study at the same institution, Raad and colleagues®? reported that
97% of nodules missed on PET-MR imaging resolved or remained stable on follow-up,
suggestive of benignity. This suggests that most nodules measuring less than 5 mm are either
benign or do not contribute significantly to patient management. Further studies are required
to explore this issue and to compare the lower sensitivity of PET-MR imaging for small lung
nodules against potentially higher sensitivity in other organs such as the brain, liver, adrenal
glands, and bone marrow.

With respect to metastatic lymph node detection with PET-MR imaging, preliminary
evidence is emerging. In 2014, Heusch and colleagues8? studied 22 subjects with lung
cancer and reported no statistically significant difference between PET-CT and PET-MR
imaging for metastatic lymph node detection. PET-MR imaging correctly staged 20 of 22
subjects versus 18 of 22 for PET-CT. The advantage of PET-MR imaging was not only due
to the modality. There was time-dependent FDG washout within an inflammatory node in
one subject and, in another subject, a lesion was seen on PET-MR imaging that was not
visible on PET-CT. Both modalities missed a small supraclavicular lymph node metastasis.

Detection of distant metastases has been studied extensively in the MR imaging literature.
Some studies combine PET findings with separately acquired MR imaging, and various MR
imaging techniques, including DWI and contrast-enhanced imaging, have been reported. To
date, few studies exist for which patients underwent PET-MR imaging in the same imaging
session on a single scanner. Preliminary work with integrated PET-MR imaging scanners or
software-fused PET and MR imaging datasets has suggested overall equivalence between
PET-MR imaging and PET-CT for distant metastasis detection.83:84 One group has reported
that addition of signal intensity quantification on MR imaging may offer higher performance
than routine PET-MR imaging or PET-CT.8% It is likely that large-scale multi-institutional
studies will be required to determine if there is a significant true increase in clinically
meaningful distant metastasis detection with PET-MR imaging compared with PET-CT.85
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ADDITIONAL PET-MR IMAGING APPLICATIONS IN LUNG CANCER:
MULTIPARAMETRIC DATASETS

A potential advantage of PET-MR imaging is that it can deliver quantitatively accurately
multiparametric datasets consisting of molecular information from both PET and MR
imaging, and that these datasets may improve future patient care. Most of the PET-MR
imaging research in this area to date has focused on comparing FDG PET data with that
obtained from DWI. The ADC values provided by DWI represent a possible new way to
independently or synergistically evaluate tumors during clinical PET-MR imaging.

In 2013, Heusch and colleagues8? reported a statistically significant inverse correlation
between FDG PET SUV and ADC values on PET-MR imaging in subjects with NSCLC. In
2015, Schaarschmidt and colleagues® also reported a weak inverse correlation. They
suggested the weakness of the correlation suggests that FDG PET and DWI may offer
complementary information that may be useful in patients with NSCLC. They discuss that
correlations may vary across histologic subtypes and that further research is required to
determine how to use this information. Figs. 4-6 give examples of PET-MR imaging in
patients with lung cancer.

SUMMARY

PET-MR imaging is a promising new modality that brings together the advantages of both
MR imaging and PET-CT in a single examination, with few limitations. The potential for
increased lesion detection, reduced radiation exposure, improved patient convenience, and
improved patient management by leveraging of multiparametric quantitative datasets are all
compelling reasons to move forward with clinical PET-MR imaging. That being said, PET-
CT is already a highly accurate modality, and large studies will likely be required to
demonstrate that PET-MR imaging is worth the additional cost and complexity.

For patients with breast cancer, preliminary research suggests that PET-MR imaging can
potentially detect additional tumor deposits in at least some patients, particularly in the bone
marrow, liver, and brain. A key question is to determine just how often these benefits are
realized and in which exact clinical scenarios. It remains to be seen if PET-MR imaging can
guide clinicians and patients towards specific therapies or to monitor treatment response in
the early stages of therapy. Such applications may require development of new radiotracers
that can predict the molecular behavior of breast cancers with higher specificity. Clinical
PET-MR imaging in breast cancer is still very much in its infancy.

With respect to lung cancer, it is hard for PET-MR imaging to compete against the near-
perfect sensitivity of chest CT for detection of primary lung cancers and metastatic lung
nodules. Applications may exist for determining T stage in tumors that abut or invade the
mediastinum or chest wall, and in individuals with pre-existing chest CT, there may be value
in performing a comprehensive staging study that combines diagnostic MR imaging of the
brain, adrenal glands, and liver, with additional bone-marrow specific sequences to
comprehensively stage or restage lung cancer. As in the case of breast cancer, it remains to
be seen which exact patient populations and at what particular stages of clinical presentation
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will benefit from this modality. It is likely that, similar to PET-CT, the benefits of PET-MR
imaging will be more likely realized in individuals with moderate-to-high risk for harboring
metastatic disease that is invisible by conventional CT or MR imaging. Finally, it remains to
be seen if multi-parametric PET-MR imaging can be used to predict or monitor treatment
responses in an era in which myriad treatment options exist beyond conventional cytotoxic
chemotherapy.

Preliminary research has demonstrated a potential added value of PET-MR imaging
compared with PET-CT or MR imaging alone in the staging and restaging of patients with
breast cancer and lung cancer but much work remains to be done to determine the specific
applications that will allow this modality to flourish and to maximize its potential beyond
that of PET-CT.
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KEY POINTS

PET-MR imaging may potentially detect more distant metastases in breast
cancer compared with PET-CT or MR imaging alone, and it has the potential
to guide breast biopsies based on higher specificity compared with MR
imaging.

PET-MR imaging has the potential to detect distant metastases of lung cancer
with even higher sensitivity than PET-CT or MR imaging alone.

Current PET-MR imaging systems will not replace chest computed
tomography (CT) for detection of small primary lung tumors.

PET-MR imaging offers advantages compared with PET-CT with respect to
molecular-anatomic lesion registration, motion correction, radiation dose, and
patient convenience.

PET-MR imaging has the potential to allow precise quantification of
molecular information obtained by both PET and MR imaging, and allows for
voxelwise correlation and temporally aligned data that may inform patient
management in the future.
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Box 1

Typical breast cancer or lung cancer PET-MR imaging protocol

15 mCi 18F- 2-fluoro-2-deoxy-D-glucose (FDG) intravenously, wait 60
minutes, void

©)

Scan from skull vertex to thighs
Multichannel head and neck coil, flexible body coil

6 minutes per bed PET acquisition with simultaneous MR imaging sequences

@)

@)
@)
@)

Inject gadolinium-based contrast material intravenously

©)

Can perform diagnostic breast MR imaging during radiotracer
uptake period if desired (for patients with breast cancer)

Dixon MR imaging attenuation correction images
3-dimensional T1-weighted images
3 b-value diffusion-weighted imaging (DWI)

Axial T2-weighted half-Fourier single-shot turbo spin echo
(HASTE) or short tau inversion recovery (STIR) images if desired
by imaging physician

Postcontrast 3-dimensional T1-weighted images of liver and brain
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Box 2

PET-MR imaging pitfalls in breast and lung cancers

Metallic artifacts in breast tissue expanders can generate signal dropout on
attenuation maps and result in underestimation of standardized uptake value
(SUV) in chest wall lesions.

Misclassification of lung tissue as air can underestimate SUV in lung lesions.

Misclassification of hilar lymph nodes as air can result in SUV
underestimation.

Clinical PET-MR imaging readers should keep in mind the breath-hold
protocol for various sequences obtained during PET-MR imaging and
understand the potential for lesion misregistration relative to PET.

MR imaging motion-tracking holds great promise for motion correction of
PET datasets in the near future, without additional radiation exposure.

Geometric distortion on DWI datasets results in misregistration to PET data;
this should be kept in mind during clinical interpretation.
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Box 3
What the referring physician needs to know about PET-MR imaging
. PET-MR imaging performance is comparable to PET-CT in breast cancer and
lung cancer.
. Preliminary evidence suggests a potential advantage of PET-MR imaging in

detection or brain, bone marrow, liver, and adrenal gland metastases in breast
cancer and lung cancer.

. Increased sensitivity in these organs comes at a cost of lower sensitivity for
small lung metastases.

. PET-MR imaging examinations offer a convenient study for patients who
require both PET and MR imaging, with reduced radiation exposure and
potentially shorter total scan time compared with separate PET-CT and MR
imaging.

. PET-MR imaging allows generation of multi-parametric quantitative datasets;
preliminary research suggests possible synergy between SUV, DWI, and
contrast-enhanced MR imaging parameters; however, future research is
required before quantitative PET-MR imaging will directly influence patient
management.
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Fig. 1.
54-year-old woman with newly diagnosed left breast cancer. FDG PET-MR imaging

performed in the prone position (reoriented) with a dedicated breast coil demonstrates
intense FDG uptake in primary tumor on PET and PET-MR images (fop rightand bottom
righf). ADC map MR image (bottom leff) demonstrates heterogeneous signal intensity with
areas of low ADC (grey-black regions) within tumor due to high cellularity. Postcontrast T1-
weighted MR image (fgp leff) demonstrates heterogeneous enhancement within the mass.
Prone PET-MR imaging with dedicated breast coil facilitates multiparametric quantitative
analysis of primary breast tumors. (Courtesy of Dr Amy Melsaether, NYU Langone Medical
Center, New York, NY.)
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Fig. 2.

Legft axillary lymph node metastasis in patient presented in Fig. 1. FDG PET-MR image (fop
leff) and PET images (fop middle and top righf) demonstrate intense radiotracer uptake in a
borderline prominent left axillary node. T1-weighted fat-suppressed MR image (bottom lef})
demonstrates isointense signal intensity of lymph node relative to skeletal muscle. DWI MR
image (bottom right) demonstrates high signal intensity of lymph node, and resulting ADC
map MR image (bottom middle) demonstrates low signal intensity within central portion of
the lymph node in keeping with restricted diffusion. (Courtesy of Dr Amy Melsaether, NYU
Langone Medical Center, New York, NY.)
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Fig. 3.

51g—year-old woman with metastatic left breast cancer. FDG PET images (fop /eftand top
middle) and PET-MR image (Zop righf) demonstrate large left lung and left pleural
metastases, which demonstrate enhancement on post-contrast T1-weighted fat suppressed
MR image (bottom leff). Note that peripheral rim of FDG uptake in lung
metastasiscorresponds to regions of high cellularitywith restricteddiffusion on ADCmap MR
image (bottommiddle) derived from DWI MR images (bottom right). (Courtesy of Dr Amy
Melsaether, NYU Langone Medical Center, New York, NY.)
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Fig. 4.

7Sg—year-old woman with bilateral lung cancers. FDG PET-MR image (fop /leff) and PET
images (fop middle and top right) demonstrate peripheral intense radiotracer uptake in left
lung tumor that is most intense medially. ADC map MR image (bottom lef}) is degraded by
motion artifact, a significant challenge for lung nodule imaging. T1-weighted fat-suppressed
MR image (bottom middle) and T2-weighted MR image (bottom right) demonstrate
heterogeneous signal intensity in the left lower lobe mass.
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Fig. 5.

64-year-old woman with NSCLC. FDG PET-CT images (fop row) demonstrate presumed
left adrenal gland metastasis, which is not well-delineated on low-dose unenhanced CT
image (fop middle) due to relatively low contrast relative to surrounding diaphragm. FDG
PET-MR images (bottom row) clearly demonstrate that lesion is a retroperitoneal lymph
node (crosshairs) just medial to the left adrenal gland (darker inverted V-shaped structure
lateral to crosshairs). Improved soft tissue contrast of MR imaging yielded better lesion
localization compared with PET-CT.
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Fig. 6.

70g—year-old woman with NSCLC. FDG PET-MR images (bottorm row) identify an enhancing
tiny new left cerebellar brain metastasis seen only on postcontrast T1-weighted MR image
(bottom middle, see crosshair) and PET-MR image (bottom right, see crosshair). Note that
the lesion is not visible on PET images (/eft column), low-dose unenhanced CT image (fop
middle), or on PET-CT image (fop righi).
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