Ann Nucl Med (2017) 31:366-378
DOI 10.1007/s12149-017-1164-5

@ CrossMark

ORIGINAL ARTICLE

Comparison of 18F-FDG-PET/CT and 18F-FDG-PET/MR
imaging in oncology: a systematic review

Amit Singnurkar! - Raymond Poon? - Ur Metser®

Received: 1 February 2017 / Accepted: 6 March 2017 / Published online: 28 March 2017

© The Japanese Society of Nuclear Medicine 2017

Abstract

Objective The aim of this study was to systematically
review the literature to evaluate the clinical performance of
integrated '®F-FDG PET/MR as compared with 'F-FDG
PET/CT in oncologic imaging.

Methods The literature was searched using MEDLINE
and EMBASE via OVID. Studies comparing the diagnos-
tic accuracy of integrated '*F-FDG PET/MR and '*F-FDG
PET/CT in the diagnosis, staging/restaging, assessment of
treatment response, or evaluation of metastasis in patients
with suspected or diagnosed cancers were deemed eligible
for inclusion. Risk of bias and applicability concerns were
assessed using the QUADAS-2 tool.

Results Twenty studies met the inclusion criteria. The
overall quality of the studies was rated favorably with bias
or applicability concerns in a few studies. Our review sug-
gests that '®F-FDG PET/MR performs comparably to ®F-
FDG PET/CT in the detection of local lymph node and
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distant metastases and superiorly in determining the local
extent of tumor. SUV obtained from '"*F-FDG PET/MR
correlated highly with those obtained from '*F-FDG PET/
CT.

Conclusions Based on early evidence, '®F-FDG PET/MR
is comparable to '®F-FDG PET/CT in the clinical scenarios
examined in this review. The potential for interchangeabil-
ity of '8F-FDG PET/MR with '3F-FDG PET/CT will vary
by indication and the body site that is being imaged, with
PET scanners integrated with MRI predicted to provide
greater detail in the evaluation of local tumor extent, where
'SE-FDG PET/CT can be limited.

Keywords FDG - PET/MR - PET/CT - Multimodal
imaging - Oncology

Introduction

Positron emission tomography (PET) performed with
BE_fluorodeoxyglucose (‘*F-FDG) provides unique infor-
mation regarding tumour metabolism in cancer patients,
which cannot be determined by conventional imaging
modalities such as computed tomography (CT) or magnetic
resonance imaging (MRI). PET has changed the way can-
cer patients are managed by providing critical information
regarding tumour staging and prognosis. The integration of
PET with low-dose CT (PET/CT) has resulted in its wide-
spread use in cancer imaging by allowing rapid collection
of accurate attenuation correction data, which enable quan-
tification of metabolic activity, and by providing anatomic
detail allowing improved interpretation of studies [1, 2].
The use of hybrid PET/CT imaging is not without its
shortcomings. First, CT adds to the amount of ionizing
radiation (6.40-19.70 mSv) delivered to the patient during
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the examination [3]. Radiation exposure in general should
be minimized, particularly in the pediatric population and
in women of child-bearing age [4]. Second, CT provides
relatively poor soft tissue contrast, notably in the head and
neck, and in gynecologic malignancies. With the evolving
transition of PET/MR from the research to clinical arena,
there is a growing interest in determining its clinical capa-
bilities, particularly for indications where MRI has been
shown to be superior to CT.

Several strategies have emerged for combining PET
and MRI data. Initial solutions comprised retrospective
fusion of independently or sequentially acquired PET and
MRI data using dedicated software registration algorithms.
However, these approaches are time consuming and can
limit the accuracy of the evaluation due to differences in
patient position during each imaging step. More recently,
fully integrated PET/MR scanners have become available
to enable simultaneous or sequential acquisition of PET
and MR data in order to obtain more accurate image regis-
tration with reduced examination times.

To date, the use of integrated PET/MR in clinical set-
tings is restricted due to its limited availability, cost, and
the technical challenges associated with implementing the
system. An important challenge has been to generate tissue
attenuation maps to allow accurate quantification of meta-
bolic activity [5]. Nonetheless, early data regarding the fea-
sibility and potential oncologic applications of integrated
PET/MR have been promising. As a result, the purpose
of this study was to systematically review the literature to
evaluate the clinical performance of integrated PET/MR as
compared with PET/CT in oncologic imaging and the pos-
sibility of using existing PET/MR systems interchangeably
with PET/CT for common clinical indications.

Materials and methods
Search strategy

The literature was searched using MEDLINE and
EMBASE via OVID up to June 9, 2016. See Supplemen-
tal Table 1 for the search strategy. The reference lists from
relevant articles were searched for additional studies, as
were the reference lists from relevant review articles. In
addition, the National Guidelines Clearinghouse, the Cana-
dian Medical Association Infobase, the National Institute
for Health and Care Excellence, the Scottish Intercollegi-
ate Guidelines Network, and the National Health and Medi-
cal Research Council were searched up to June 2016 for
existing evidence-based guidelines. Identified systematic
reviews were evaluated based on their clinical content and
relevance.

Study selection criteria and process

After duplicates of the retrieved articles were removed, the
following criteria were used to screen for eligibility: (1)
published as a full article in a peer-reviewed journal; (2)
evaluated the use of PET/CT and PET/MR with "*F-FDG;
(3) studies that used an integrated simultaneous or sequen-
tial PET/MR system; (4) histopathologic results, clinical or
radiologic follow-up were used as the reference standard;
and (5) studies that reported numeric data on diagnostic
performance (e.g., sensitivity, specificity, positive predic-
tive value, negative predictive value, accuracy) with a p
value less than 0.05 to indicate statistical significance. The
exclusion criteria were: (1) conference abstracts, literature
or narrative reviews, letters, editorials, historical articles, or
commentaries; (2) single case reports or case series with
fewer than 12 patients; and (3) reports published in a lan-
guage other than English because translation was not avail-
able. A review of the titles and abstracts that resulted from
the search was conducted independently by one author, as
were the items that warranted full-text review.

Data extraction and assessment of study quality
and potential for bias

One author extracted all study data, such as study character-
istics, imaging sequence protocol, reference standard, and
diagnostic performance. All extracted data and information
were audited by an independent auditor. Furthermore, an
assessment of study quality was performed for each eligi-
ble study by one author. Due to variable population char-
acteristics and outcome measurements among the eligible
studies, a meta-analysis was not conducted. Instead, a nar-
rative synthesis of the results according to disease site was
presented.

Results
Literature search results

A total of 8678 unique citations were identified from the
electronic searches, of which 8598 were excluded after a
review of titles and abstracts. Eighty citations were con-
sidered as candidates, but upon full-text review, 60 did
not meet the inclusion criteria. Finally, the remaining
20 studies were included in this systematic review. See
Fig. 1 for the literature flow diagram. PET/MR images
were obtained with an integrated, simultaneous PET/MR
device in 18 studies [6-23], while the other two studies
used a sequential-acquisition PET/MR system [24, 25].
No existing guidelines, systematic reviews, or randomized
controlled trials were found that specifically evaluated the
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Records identified through database

Additional records identified through
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Studies included in
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Prospective study=12
Retrospective study=8

Not population of interest=2
Fused PET/MR=16

Fig. 1 Flow diagram of study selection; n denotes the number of citations

comparability of diagnostic performance between PET/CT
and PET/MR imaging.

Study design and quality

Twelve studies enrolled patients prospectively, whereas the
rest were evaluated retrospectively. The study quality was
assessed using the Quality Assessment of Diagnostic Accu-
racy Studies (QUADAS-2) tool (Table 1). For the domains
relating to bias, two studies were judged to have high risk
of bias in patient selection. One study included only male
patients [24]. The other study enrolled only patients who
had confirmed diagnoses, which may lead to an overestima-
tion of the accuracy [6]. Moreover, readings for PET/MR
and PET/CT were either not blinded to the results of the
reference standard [7, 8] or were unclear as to whether the
results were interpreted without knowledge of the reference
standard [9, 10, 17, 22, 24]. In the same way, most of the
studies did not provide sufficient information to determine
whether the reference standard results were interpreted
without knowledge of the index test results [7, 9-25]. In
terms of applicability concerns, one study was noted to

@ Springer

have an underrepresentation of patients with higher tumour
stages in the cohort [22], while another had an atypical dis-
tribution of lymphoma subtypes which frequently show low
or no FDG uptake [19]. Despite these limitations, the over-
all quality of the studies was rated favourably, with bias or
applicability concerns in only a few studies.

Diagnostic performance

The clinical characteristics and diagnostic results reported
in each eligible study are shown in Table 2.

Breast cancer

A recent study indicated comparable results of PET/MR
and PET/CT in the characterization of primary tumours and
the detection of axillary lymph node metastases; however,
PET/MR enabled a correct identification of the T-stage in
significantly more cases (n=50, 82 versus 68%; p<0.05)
[6]. Furthermore, results from another study showed that
PET/MR detected a higher number of bony metastases
than PET/CT (141 versus 90; p<0.001). The estimated
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Table 1 QUADAS-2 assessment of study quality

Study Risk of bias Applicability concerns
Patient Index Reference Flow and Patient Index Reference
selection test standard timing selection test standard

Breast cancer

Grueneisen et al. H L L L L L L
[6]

Catalanoetal. [11] L L U L L L L

Sawicki et al. [21] L L U L L L L

Colorectal cancer
Brendle et al. [18] L L U L L L L

Paspulati et al. [25] L L U L L L L

Esophageal cancer

Lee et al. [24] H U U L L L L
Gynecologic cancer
Beiderwellenetal. L L U L L L L
[12]
Grueneisen et al. L L U L L L L
[20]
Head and neck cancer
Kubiessaetal. [13] L L U L L L L
Schaarschmidt L U U L H L L
et al. [22]
Lymphoma
Giraudo et al. [19] L L U L H L L

Non-small cell lung cancer

Heusch et al. [14] L L U L L L L
Fraioli et al. [15] L L U L L L L
Thyroid cancer
Vrachimis et al. L L U L L L L
[23]
Various sites
Catalano et al. [7] L H U L L L L
Tian et al. [16] L L U L L L L
Heusch et al. [8] L H L L L L L
Beiderwellenetal. L U U L L L L
[9]
Beiderwellenetal. L U U L L L L
[10]
Beiderwellenetal. L U U L L L L
[17]

H high, L low, U unclear risk

sensitivity of PET/MR and PET/CT were 96.3 and 85.2%, on PET/CT. These findings led to management changes
respectively. Overall, PET/MR identified additional sites of =~ that included the immediate start of radiation therapy,
bony metastases in 12% of cases that were not demonstrated
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modification to hormone therapy, and initiation of chemo-
therapy [11]. PET/MR was also demonstrated to have great
diagnostic potential in staging recurrent breast cancer com-
pared to PET/CT with a sensitivity and specificity of 100%
and 88.9% versus 95.7% and 88.9%, respectively [21].

Colorectal cancer

To date, two studies have shown promising results for
PET/MR in colorectal cancer. PET/MR with diffusion
weighted imaging (DWI) proved to be more sensitive (71
versus 30%; p <0.05) and more accurate (74 versus 56%,
p=0.006) than PET/CT in the evaluation of liver metas-
tases. No significant differences were seen in diagnosing
intestinal lesions, peritoneal lesions, or lymph node and
pulmonary metastases [18]. Likewise, PET/MR showed
at least comparable accuracy to PET/CT (91.7 versus
83.3%, respectively) in N and M staging/restaging of
colorectal and rectal cancer patients [25].

Esophageal cancer

One study demonstrated no significant differences in
accuracy (n=12, 83.3 versus 66.7%; p>0.99) or area
under the curve (0.80 versus 0.63; p=0.163) between
PET/MR and PET/CT for diagnosing nodal metastasis in
patients with resectable esophageal cancer [24].

Gynecologic cancer

For gynecologic cancer applications, one prospective
study showed equal sensitivity (n=58, 100%) for detect-
ing malignant lesions in recurrent ovarian and cervical
cancer [12]. Another study also reported a comparably
high diagnostic performance between PET/MR and PET/
CT in the restaging of patients with a suspected tumor
recurrence of a pelvic malignancy [20].

Head and neck cancer

The evidence comparing PET/MR with PET/CT in head
and neck cancer was illustrated in two studies. No signifi-
cant difference in diagnostic capability was seen between
the two multimodality imaging techniques for local tumour
staging and cancer recurrence diagnosis in patients with
suspected or known cancer of the head and neck [13, 22].

Lymphoma
PET/MR with or without DWI was of similar efficacy as

PET/CT in assessing nodal and extranodal involvement in
patients with Hodgkin and non-Hodgkin lymphoma with

an accuracy of 100% with DWI, 87.5% without DWI for
PET/MR, and 87.5% for PET/CT [19].

Non-small cell lung cancer

There were two prospective studies that compared PET/MR
with PET/CT in the non-small cell lung cancer population.
PET/MR did not provide significant advantages over PET/
CT in terms of detecting lymph node metastases (p =0.48)
[14] or determining resectability [15].

Thyroid cancer

In patients with differentiated thyroid cancer suspected or
known to have become dedifferentiated, PET/MR was infe-
rior to PET/CT in characterizing pulmonary metastases
(accuracy: n=281, 79.0 versus 97.5%; <0.001), but no sig-
nificant differences were found in detecting local relapse, or
lymph node and bone metastases [23].

Various sites

A number of studies have compared PET/MR with PET/CT
in patients with different primary cancers. In this heteroge-
neous population, one retrospective study reported that PET/
MR impacted the care of patients more often than PET/
CT (»p<0.001). PET/MR revealed additional findings not
seen on PET/CT in 41.0% of patients (n=134) and affected
clinical management in 17.9% (e.g., avoidance of biopsy,
close follow-up instead of chemotherapy, surgery, initia-
tion of chemoradiation, radiofrequency ablation, or radia-
tion). Conversely, PET/CT revealed additional findings not
seen on PET/MR in 4.5% of patients (n=134) and affected
clinical management in 1.5% (e.g., chest CT follow-up) [7].
In primary tumour staging (p=0.74), regional lymph node
staging (p>0.05), and distant metastasis staging (p>0.05),
the diagnostic performance did not differ significantly [8].
Other studies have also reported no differences in sensitiv-
ity between PET/MR and PET/CT for the detection of malig-
nant liver (n=26, 100% for both) or bone (n=48, 100 ver-
sus 93.8%) lesions as well as a wide spectrum of tumours
or non-tumour lesions (n=278, 98.9 versus 93.5%) [9, 10,
16]. In a more recent study, PET/MR was demonstrated to
have a significantly higher sensitivity (92.2 versus 67.8%;
p<0.01), negative predictive value (NPV) (95.1 versus
82.0%; p <0.05) and accuracy (96.1 versus 82.4%; p<0.001)
than PET/CT for the detection of liver metastases [17].

Discussion

To the best of our knowledge, this is the first system-
atic review performed for the purpose of comparing the
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performance of PET/CT and integrated PET/MR for onco-
logic indications. This review has been limited to '3F-FDG
as most of the current clinically approved indications and
accepted evidence based practices involve this tracer. Cer-
tainly, a comprehensive comparison of PET/CT and PET/
MR would include other radiotracers, but this is beyond
the scope of this work. Literature of high methodological
quality on this topic is limited due to the nascent nature and
availability of this modality. This will likely change in the
coming years but at this time it was necessary that this sum-
mary be performed in a survey format of multiple tumor
types and clinical scenarios. Most of the included studies
address solid tumor types. Notably, there has been limited
work so far in the evaluation of lymphoma, which typically
represents a large component of clinical PET imaging.

Only a subset of the available literature was composed
of prospective cohort studies, many with low sample sizes.
Many of the studies are considered pilot or preliminary
studies. It is not possible from the available literature to
consistently compare PET obtained from PET/CT to PET
obtained with MR-based attenuation correction. Further-
more, in multiple studies showing superiority of PET/MR,
it is not possible to determine whether that is solely due to
the contribution of MR, or whether PET/MR fusion was
explicitly superior to composite data from scans obtained
separately. The impact of the additional site-specific or
indication-specific MR sequences on diagnostic perfor-
mance is unknown and would likely skew the comparison
of performance characteristics in favor of PET/MR.

There are several challenges when designing a study
comparing PET/CT to PET/MRI. In an effort to minimize
radiation dose and maximize patient convenience and
validity of comparisons, the studies must be done in one
imaging session in sequence. This precludes direct com-
parison of standardized uptake values (SUVs) derived from
MR based versus CT based attenuation maps, as SUV is
known to increase with time. Only a correlation factor can
be calculated. The most direct comparison between the
two modalities would be to use a Dixon sequence for MR
imaging but that reduces the real world utility of the MRI
component as this modality offers a number of sequences
that provide advantages based on the tumor type and loca-
tion. This however makes inter-study comparison difficult.
The reference standard is most often a composite of biopsy
and imaging follow-up, which can be prone to bias and
confounding. This limitation is difficult to eliminate due to
patient preference and study ethics. There is also a selec-
tion bias resulting from the selection of candidates who
can actually tolerate the time to complete both studies in
sequence.

As mentioned above, a major criticism of PET/MR is the
inability to accurately calculate SUV with MR based atten-
uation correction. Several studies addressed this concern

@ Springer

showing good correlation (Spearman’s or Pearson’s coeffi-
cient 0.72-0.91) between SUV derived from PET/CT and
PET/MR devices [10, 14, 16, 17, 19, 21, 23, 25]. Absolute
SUV correlation remains unknown as the studies are per-
formed in sequence and are affected by differences in time
from tracer injection to scanning. For example, in Paspulati
et al. [25], patients who underwent PET/MRI first yielded
lower SUV than PET/CT. The converse was true when
PET/CT was performed first. In the remaining studies,
PET/MR was performed second and consistently yielded
higher SUV values. Historically problematic areas for MR
based SUV calculation including bone and lungs were not
specifically addressed in most studies. For clinical applica-
tions, current differences in calculated SUV values may not
be a limiting factor for the use of PET/MRI in oncology,
but this question remains unresolved.

Differences in the imaging protocol among these studies
related to indication-based dedicated MR sequences pre-
cluded intra-modality comparison and generation of sum-
mary statistics for diagnostic performance and also objec-
tive comparison with PET/CT (Supplemental Table 2).
Studies performed with retrospective fusion of PET and
MR images were not analyzed due to the heterogeneity of
MR techniques, inability to accurately assess MR-based
SUYV, and potential bias created by selecting studies that
were retrospectively technically adequate. Although it
would be expected that additional MR protocols would be
performed on an integrated scanner tailored to disease site
and indication, current non-standardization of PET/MR
protocols along with absence of randomized controlled tri-
als or expert guidelines on this topic limit the generalizabil-
ity of these findings.

The studies summarized in this review are limited both
in design and number due to the novelty of PET/MR as
an imaging modality. However, this work provides some
important insights into the advantages and limitations of
PET/MR imaging. For example, one study suggests that
PET/MR performs superiorly to PET/CT in determining
the local extent of tumour in breast cancer [6] as well as
assessment for disease recurrence. This finding is expected,
and in keeping with current understanding of the superi-
ority of MRI over PET/CT in local tumour extent evalu-
ation. In another study evaluating thyroid cancer, PET/
MR was less effective in detecting lung metastases [23].
For the question of interchangeability of these modalities,
PET/CT generally is not used for local staging. However,
the source literature does suggest the possibility of a “one-
stop-shop” approach for complete TNM staging [8]. PET/
CT in general has been shown to be of greatest benefit in
the detection of local lymph node and distant metastases.
PET/MR and PET/CT are comparable for this purpose for
all the malignancy sites examined. Overall, the anticipated
advantages of PET/CT versus PET/MR arising from the
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CT or MR components of the integrated scanners hold true.
Predictably, PET/CT is superior in the evaluation of lung
parenchyma in comparison to PET/MRI. PET/MRI excels
at evaluating local tumor extent, particularly for malignan-
cies of the head and neck, female pelvis and breast. PET/
MRI would also predictably yield greater accuracy for the
diagnosis of brain metastases given its superior contrast
resolution when compared to the CT component of PET/
CT and limited utility of '3F-FDG in the brain due to nor-
mal physiologic cerebral uptake.

Although the general trend appears to show equivalency
between PET/CT and PET/MR, additional work is required.
Further work and confirmatory studies to ensure accurate
quantification and reproducibility of SUV from integrated
scanners is needed as this can affect patient management
decisions. To begin evaluating the interchangeability or
benefit of PET/MR over PET/CT, there needs to be a con-
sensus of required MRI sequences for specific disease sites
and across research centres to allow sharing and aggrega-
tion of evidence to support the transition to this modality.

Well-designed prospective cohort or randomized controlled
trials evaluating impact on predefined clinical outcomes such
as management changes and survival are necessary. In an
increasing fiscally challenging health care environment, cost-
effectiveness analyses are vital to justify the increased cost
of PET/MR examinations, specifically comparing integrated
PET/MR with the current standard practice of obtaining PET/
CT and site specific MRI on separate visits.

Conclusions

Based on the early evidence to date, PET/MR appears to be
comparable to PET/CT and in some specific use scenarios,
superior. PET/MR excels at local tumor characterization
and is comparable when assessing nodal and distant meta-
static disease. However, given the scarcity of data, as well
as heterogeneity of the imaging protocols and study meth-
odologies, the role of PET/MR in clinical practice remains
unknown. Therefore, specific recommendations where
PET/MR may be superior to PET/CT in routine clinical
work cannot be made at this time. Based on the accelerat-
ing pace of work in this field, this will soon change. Fur-
ther work will be needed to standardize imaging protocols,
determine reliability of PET/MR-derived SUV, and identify
clinical indications where PET/MR may improve clinical
outcomes.
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