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Objective To provide a systematic review regarding the
diagnostic performance of 18F-fluorodeoxyglucose (18F-
FDG) positron emission tomography/magnetic resonance
imaging (PET/MRI) and diffusion-weighted imaging (DWI)
compared to 18F-FDG PET/computed tomography (CT)
focused on nodal and distant staging in breast cancer
patients.

Methods The PubMed and Embase databases were
searched for relevant publications until April 2020. Two
independent reviewers searched for eligible articles based
on predefined in- and exclusion criteria, assessed quality
and extracted data.

Results Eleven eligible studies were selected from 561
publications identified by the search. In seven studies,
PET/CT was compared with PET/MRI, and in five, PET/
CT with DWI. Significantly higher sensitivity for PET/

MRI compared to PET/CT in a lesion-based analysis was
reported for all lesions together (77% versus 89%) in one
study, osseous metastases (69-99% versus 92-98%)

in two studies and hepatic metastases (70-75% versus
80-100%) in one study. Moreover, PET/MRI revealed a
significantly higher amount of osseous metastases (90
versus 141) than PET/CT. PET/CT is associated with a
statistically higher specificity than PET/MRI in the lesion
detection of all lesions together (98% versus 96%) and

Introduction

Breast cancer is the most commonly diagnosed cancer
in women worldwide with over two million new cases
annually [1]. Despite decreasing mortality rates over the
past few decades due to earlier diagnosis and improved
treatment modalities, an estimated 600000 women suc-
cumbed to breast cancer in 2018 [1]. Prognosis is mainly
determined by the individual tumor burden reflected by
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of osseous metastases (100% versus 95%), both in one
study. None of the reviewed studies reported significant
differences between PET/CT and DWI for any of the
evaluated sites. There is a trend toward higher specificity
for PET/CT.

Conclusion In general, there is a trend toward

higher sensitivity and lower specificity of PET/MRI

when compared to PET/CT. Results on the diagnostic
performance of DWI are conflicting. Rather than evaluating
it separate, it seems to have complementary value when
combined with other MR sequences. Nuc/ Med Commun
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the decrease of the 5-year survival rate from 99% in local-
ized, 85% in regional, to 27% in metastasized breast cancer
[2]. The median overall survival in patients with distant
metastases is only 26 months and while the breast cancer
subtype predisposes the site of distant metastases, bone
structures are generally the most frequent location of met-
astatic dissemination followed by the lung and liver [3-5].

Accurate staging is of paramount importance because it
determines the ideal treatment for each patient regarding
surgery, (neo)adjuvant systemic therapy (NST), and radio-
therapy. Breast cancer imaging for disease staging encom-
passes a wide range of modalities and includes, among
others, MRI and PE'T with computed tomography (PET/
CT) using 18F-fluorodeoxyglucose (18F-FDG) as a radi-
oactive tracer [6]. Breast MRI is widely used to assess the
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locoregional extent of disease in patients as well as mon-
itoring response to NST [7,8]. Complementary, whole-
body 18F-FDG PET/CT has become an established
imaging technique for the assessment of node positive,
distant metastatic, and recurrent breast cancer [9].

Shortcomings of 18F-FDG PET/CT, like its inability of
simultaneous acquisition and reduced soft tissue contrast,
have recently led to the development of hybrid positron
emission tomography/magnetic resonance imaging (PET/
MRI) [10]. Theoretically, 18F-FDG PET/MRI could
offer an attractive one-stop-shop solution for patients
with locally advanced breast cancer with affected axillary
lymph nodes who should undergo both breast MRI for
locoregional staging and whole-body 18F-FDG PET/CT
for nodal and distant staging. 18F-FDG PET/MRI could
then subsequently be used to assess the response to NST
[11,12]. Moreover, using 18F-FDG PET/MRI for breast
cancer staging allows the possibility to perform diffu-
sion-weighted imaging (DWI) as part of the MRI protocol.

DWI, an MRI sequence showing the restricted move-
ment of water molecules in tumoral tissues, was recently
introduced as a functional modality to evaluate micro-
structural characteristics in tumors [13]. DWI can visual-
ize changes occurring at a cellular spatial scale making it
an advantageous tool for evaluating changes in the tumor
microenvironment, both before and after NST [14].
Since its recent introduction promising results have been
reported on the value of DWI in the diagnostic work-up
of breast cancer [15,16].

Several publications in recent literature have reported
on the diagnostic performance of whole-body 18F-FDG
PET/CT, 18F-FDG PET/MRI, and DWI in breast can-
cer patients. To investigate if 18F-FDG PET/MRI could
safely replace 18F-FDG PET/CT, possibly with the
addition of a DWI sequence to the MRI protocol, studies
comparing these imaging modalities in the same cohort
have to be evaluated. Therefore, the aim of the current
study is to provide a systematic review summarizing the
diagnostic performance of 18F-FDG PE'T/MRI and DWI
compared to 18F-FDG PET/CT with a specific focus on
nodal and distant staging in breast cancer patients.

Methods

Search strategy

For this systematic review, the guidelines of Preferred
Reporting Items for Systematic Reviews and Meta-analysis
for Diagnostic Test Accuracy Studies (PRISMA-DTA) were
followed [17]. The Embase and PubMed databases were
searched independently by two authors (C.M.d.M. and
L.S.). The last search was run on 28 April 2020. Search terms
used for the condition were breast or mamma combined
with tumor, cancer, malignancy, and carcinoma. Terms for
the imaging modalities were positron emission tomography
computed tomography, positron emission tomography mag-
netic resonance imaging, diffusion weighted imaging, and

their corresponding abbreviations (PE'T/CT, PET/MRI, and
DWI). No specific terms were used to search for outcome.
Detailed descriptions of the literature search strategies are
provided in the Supplementary material, Supplemental
digital content 1, Zzzp://links.lww.com/NMC/A174. A manual
search of the reference lists of the retrieved articles was per-
formed to identify any additional publications.

Eligibility criteria

All primary diagnostic test accuracy studies that evaluated
the diagnostic performance regarding nodal and distant
staging of breast cancer patients with 18F-FDG PE'T/CT
versus 18F-FDG PET/MRI or 18F-FDG PET/CT ver-
sus DWI were considered eligible for inclusion. To avoid
selection bias, in- and exclusion criteria were established
prior to the literature search. Inclusion criteria were as
follows: (1) staging of patients with primary or recurrent
breast cancer; (2) reported accuracy of imaging modalities
regarding nodal and distant staging; and (3) a comparison
of the diagnostic performance of 18F-FDG PE'T/CT ver-
sus 18F-FDG PET/MRI or 18F-FDG PET/CT versus
DWI. Exclusion criteria were as follows: (1) response eval-
uation to NST; (2) publication not available in English;
and (3) editorials, conference publications, surveys, case
reports, reviews, ex-vivo studies, and animal studies.

Study selection

Two independent reviewers (C.M.d.M. and L.S.) searched
for eligible articles and excluded duplicates. After exclud-
ing irrelevant articles based on title and abstract, the full-
text of the remaining articles were obtained and read
thoroughly to check for eligibility. Any disagreements
regarding eligibility were resolved by the intervention of
a third reviewer ('T.J.A.N.).

Data extraction and quality assessment

Data extraction was performed independently by two
reviewers (C.M.d.M. and 1.S.) using a standardized
extraction form, and the final extraction was completed in
a consensus meeting. The following data were extracted:
first author, year of publication, country, study design (ret-
rospective or prospective), index tests, reference stand-
ard, follow-up time, type of cancer (primary or recurrent;
local, regional, or metastasized), pathology, magnetic ficld
strength, acquired imaging sequences, contrast agent
used, number of reviewers, blinding, and parameters of
diagnostic performance such as sensitivity, specificity,
and accuracy. The quality of the included studies was
independently assessed by two reviewers (C.M.d.M.
and L.S.) using the Quality Assessment of Diagnostic
Accuracy Studies 2 (QUADAS-2) [18].

Statistical analysis

Diagnostic performance as stated in the primary article
was extracted using a standardized extraction form. Due
to the high heterogeneity between and within studies
and the inability to compute 2x 2 contingency tables of
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at least three studies for two or more imaging modalities
regarding any of the anatomic locations, no meta-analysis
was performed. Instead, descriptive tables were used to
provide a clear overview of the diagnostic performance of
the primary studies.

Results

Study selection

After removing 38 duplicates, a total of 561 potentially
eligible studies were identified in the primary search.

Fig. 1

Review on N- and M-staging in breast cancer de Mooij et al. 997

Titles and abstracts of these 561 studies were read and
in- and exclusion criteria were applied. Subsequently, 36
studies were reviewed based on full text. Finally, a total
of 11 articles published between 2010 and 2020 were
selected for this systematic review [19-29]. The search
and selection processes are summarized in Fig. 1.

Characteristics of included studies
Eight of the 11 included studies (73%) had a prospec-
tive study design [19,22-26,28,29]. The included
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Table 2 Quality assessment of the included articles based on Quality Assessment of Diagnostic Accuracy Studies 2

Risk of bias Applicability concerns
Study Patient selection Index test Reference standard Flow and timing Patient selection Index test Reference standard
Grankvist et al. [23] Low Low High Low High High High
Heusner et al. [25] Low Low High Low Low Low Low
Ergul et al. [22] Low High Low Low High Low Low
Catalano et al. [21] Low Low Low Low Low Low Low
Grueneisen et al. [24] Low High Low Low Low Low Low
Sawicki et al. [29] Low Low High High Low Low Low
Melsaether et al. [26] Low Low High Low High Unclear Low
Pujara et al. [27] Low Low High Low Low Unclear Low
Catalano et al. [20] High Low Low Low Low Low Low
Botsikas et al. [19] Low Low Low Low Low High Low
Rezk et al. [28] High High Unclear Low Low Low High

a significantly higher accuracy for staging of breast can-
cer patients in favor of 18F-FDG PET/MRI (75% versus
98%, P=0.005). Contrasting results were found regarding
specificity, for which only Botsikas ez 4/. reported a statis-
tically significant difference in favor of 18F-FDG PE'T/
CT (98% versus 96%, P=0.0075). Three studies reported
on the diagnostic performance regarding axillary lymph
node staging and none of these studies reported a statis-
tical difference between 18F-FDG PET/CT and 18F-
FDG PET/MRI [19,24,26]. In general, there is a trend
toward a higher sensitivity for 18F-FDG PET/MRI
and a higher specificity for 18F-FDG PET/CT. Four
studies compared the diagnostic performance for the
detection of bone metastases between 18F-FDG PE'T/
CT and 18F-FDG PET/MRI [19,21,26,27]. Botsikas ez
al. found a higher sensitivity for 18F-FDG PET/MRI
(69% versus 92%, P=0.0034) and a higher specificity for
18F-FDG PET/CT (100% versus 95%, P=0.0081) in
the lesion detection of bone metastases. Melsaether e7
al. [26] demonstrated higher sensitivity in a lesion-based
analysis in favor of 18F-FDG PET/MRI (99% for reader
3 and 87% for reader 4 versus 98% for reader 1 and 95%
for reader 2, P=0.012). However, the patient-based anal-
ysis in this same publication did not reveal a statistically
significant difference. Moreover, Catalano ¢z a/. demon-
strated that 18F-FDG PET/CT revealed a statistically
lower amount of osseous lesions compared to 18F-
FDG PET/MRI (90 versus 141, P<0.001). Regarding
the detection of metastases in distant lymph nodes,
two studies reported similar diagnostic performance
between 18F-FDG PET/CT and 18F-FDG PET/MRI
[26,27]. Regarding hepatic metastases, Melsacther e7 /.
reported higher sensitivity in favor of 18F-FDG PE'T/
MRI on a lesion-based analysis (75% for reader 3 and
70% for reader 4 versus 100% for reader 1 and 80% for
reader 2, P<0.001), but similar performance in a patient-
based analysis (73% for readers 3 and 4 versus 100% for
reader 1 and 91% for reader 2, P=0.095). Pujara ez a/. [27]
found lower sensitivity for PET/CT in a patient-based
analysis (86% versus 100%) but did not review the data
statistically. Only Melsaether e @/. compared the diag-
nostic accuracy of 18F-FDG PET/CT and 18F-FDG
PET/MRI for the detection of lung metastases and

did so both lesion- and patient-based. While there was
a trend toward superiority for 18F-FDG PET/CT, no
statistically significant difference was found regarding
sensitivity both in a lesion-based (100% for reader 3 and
96% for reader 4 versus 87% for reader 1 and 74% for
reader 2, P=0.065) and in a patient-based analysis (100%
for readers 3 and 4 versus 100% for reader 1 and 83% for
reader 2, P>0.99). Contrarily, 18F-FDG PE'T/MRI was
significantly superior regarding patient-based specificity
(80% for reader 3 and 82% for reader 4 versus 89% for
reader 1 and 99% for reader 2, P=0.008).

Contralateral breast cancer, internal mammary lymph
nodes, mediastinal lymph nodes, pleural metastases,
and brain metastases were compared in one study each
[19,26].

PET/computed tomography versus diffusion-weighted
imaging

18F-FDG PET/CT was compared with DWI in four
studies comprising a total of 131 patients [20,22,25,28].
DWI was also compared to 18F-FDG PET/CT as part
of the MRI protocol in all seven studies evaluating the
diagnostic performance of 18F-FDG PET/MRI [19-
21,24,26,27,29]. Evaluated sites were all lesions, locore-
gional and distant lymph nodes, bone, lung, liver, and
other sites not specified. None of the reviewed studies
reported a significant difference between 18F-FDG
PET/CT and DWI for any of the evaluated sites. A tabu-
lar overview of the results is depicted in Table 5.

Three studies evaluated the diagnostic performance
regarding all metastases [20,25,28]. In the study by
Heusner ez al., higher accuracy for PET/CT was found
both in a lesion-based analysis (98% versus 71%) as well
as in a compartment-based analysis (98% versus 76%), and
Rezk ez al. found similar results in a lesion-based analysis
(85% versus 81%, P=0.66) [25,28]. On the contrary, in the
study by Catalano ¢z /., DWI achieved higher accuracy in
a patient-based analysis (75% versus 84%, P=0.27) [20].
Three studies investigated (loco)regional lymph nodes
and all studies showed that better diagnostic perfor-
mance was achieved with 18F-FDG PET/C'T [22,25,28].
In a study by Heusner ¢ 4/., similar sensitivity for the
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o 2 99 o £ detection of regional lymph node metastases was found
ég e« ¢ ¢ ?“; o § s o (75% versus 75%), while a higher specificity was achieved
. s f@ aF cco o © by 18F-FDG PET/CT (100% versus 64%) [25]. Rezk ez al.
£leg. o. 28 2.2 2 _ found better diagnostic performance for 18F-FDG PET/
£17° % e 7 F CT regarding sensitivity (90% versus 84%, P=0.59) and
" specificity (82% versus 73%, P=0.47) in a similar analysis
g yo - & [28]. Regarding axillary lymph node metastases, higher
I I T R B accuracy was achieved by 18F-FDG PE'T/CT (75% ver-
24

sus 63%) in one study [22]. Two studies evaluated metas-
tases in the bone and two in distant lymph nodes; for all
analyses, 18F-FDG PE'T/CT achieved better diagnostic
performance than DWI [25,28]. The lung, liver, distant
lesions, other organs not specified, and lymphatic system
were evaluated by one study each [25,28].

T2

Discussion

Based on the results summarized in this systematic review,
18F-FDG PET/MRI has demonstrated to achieve simi-
lar diagnostic performance to 18F-FDG PET/CT with no
statistically significant differences in nodal staging and an
even higher accuracy in overall distant staging of breast
cancer patients. In general, there is a trend toward higher
sensitivity and lower specificity for 18F-FDG PET/MRI
when compared to 18F-FDG PET/CT. Results on the
diagnostic performance of DWI only are conflicting if
used separately. It tends to have a complementary value
when combined with other MR sequences.

Imaging sequences [(PET)-MRI]

Combining the evidence from the primary studies, it can
be concluded that 18F-FDG PET/MRI and 18F-FDG
PET/CT have similar diagnostic performance regard-
ing lesion detection with a slight tendency to improved
sensitivity for 18F-FDG PE'T/MRI and higher specific-
ity for 18F-FDG PET/CT [19,20,26,29]. Pace ¢ al. [30]
previously concluded that 18F-FDG PET/MR performs
equally to 18F-FDG PET/C'T in the anatomic allocation
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Table 4 PET/computed tomography versus PET/MRI
PET/CT PET/MRI
Accuracy Accuracy
First author Site Analysis Sensitivity (%; 95 Cls) Specificity (%; 95 Cls) (%; 95 Cls)  Sensitivity (%; 95 Cls) Specificity (%; 95 Cls) (%; 95 Cls)
Sawicki All L 96 89 95 100 89 99
Sawicki All P 100 - - 100 - -
Melsaether All P 97A,B (88-99) 77A-82B (64-91) - 100A,B (92-100) 86C-90D (76-95) -
Catalano Al P - - 75 - - o8°
Botsikas All L 77 (67-85) 98 (97-99)° - 89 (81-94)¢ 96 (94-98) -
Botsikas All° P 69 (39-90) 100 (93-100) - 85 (54-97) 97 (89-99)
Grueneisen Axillary LNs P 78 (52-94) 94 (79-99) 88 78 (52-94) 90 (74-98) 86
Melsaether Axillary LNs P 88A,B (64-99) 95A,B (88-98) - 88D-100C (69-97) 95C,D (88-98) -
Botsikas  Axillary LNs L 81 (67-90) 92 (85-96) - 85 (72-93) 89 (82-94) -
Botsikas Axillary LNs P 83 (68-91) 76 (58-89) - 87 (73-95) 68 (49-82) -
Botsikas  Internal L 90 (54-99) 100 (97-100) - 90 (54-99) 100 (97-100) -
mammary LNs

Botsikas Internal P 89 (51-99) 100 (94-100) - 89 (51-99) 100 (94-100) -

mammary LNs

Botsikas Mediastinal LNs L 100 (52-100) 100 (94-100) - 100 (52-100) 100 (94-100) -
Botsikas Mediastinal LNs P 100 (52-100) 100 (94-100) - 100 (52-100) 100 (94-100) -
Catalano Bone P 85 (70-96) - - 96 (87-100) 99 (96-100) -
Melsaether Bone L 87B-99A (79-100) - - 95D-98C (90-100) + - -
Melsaether Bone P 96A,B (84-100) 97A-100B (90-100) - 100C,D (91-100)  100C,D (93-100) -
Pujara Bone P 94 - - 100 - -
Botsikas Bone L 69 (48-85) 100 (97-100) # - 92 (73-99) t 95 (90-98) -
Botsikas Bone P 67 (31-91) 100 (94-100) - 89 (51-99) 97 (89-99) -
Melsaether Liver L 70B-75A (54-87) - - 80D-100C (66-100) t - -
Melsaether Liver P 73A,B (50-88) 100A,B (95-100) - 91D-100C (78-100) 98C-100D (92-100) -
Pujara Liver P 86 - - 100 - -
Melsaether Distant LNs L 85B-95A (72-99) - - 92D-95C (80-99) - -
Melsaether Distant LNs P 82A-91B (66-95) 95B-98A (88-100) - 91D-100C (78-100) 98C,D (90-100) -
Pujara Distant LNs P 100 - - 100 - -
Botsikas Contralateral BC L 25 (1-78) 99 (92-100) 100 (40-100) 99 (92-100)

Botsikas Contralateral BC P 33 (2-87) 99 (92-100) 100 (31-100) 99 (92-100)

Melsaether Lung L 96B-100A (79-100) - - 74D-87C (53-96) - -
Melsaether Lung P 100A,B (74-100) 80A-82B (71-90) - 83D-100C (62-100) 89C-91D (81-96) # -
Melsaether Pleura L 100A,B (80-100) - - 100A,B (80-100) - -
Melsaether Pleura P 100A,B (74-100)  100A,B (95-100) - 100C,D (74-100) 100C,D (95-100) -
Melsaether Brain L - - - 93D-100C (70-100) - -

A, reader 3 (PET/CT); B, reader 4 (PET/CT); C, reader 1 (PET/MRI); Cl, confidence interval; CT, computed tomography; D, reader 2 (PET/MRI); L, lesion level; LNs,

lymph nodes; P, patient level.
Staging performance.
PSignificantly higher accuracy.
“Significantly higher specificity.
9Significantly higher sensitivity.

°Patients with bone, liver, pulmonary, mediastinal, pleural and thoracic wall metastases.

of 97% of 18F-FDG PET/CT reported in a systematic
review by Robertson ¢z /. [32], the primary studies in this
review achieve on average a higher sensitivity and lower
specificity. From another systematic review by Liang ez
al. [33], it can be concluded that MRI shows superiority
over 18F-FDG PET/CT in assessing nodal status with
fewer false positive and false negative results. In addi-
tion, a recent prospective study by Bruckmann ez a/. [34]
showed that the diagnostic accuracy is further improved
by combining 18F-FDG PET with MRI, with a signifi-
cantly higher diagnostic confidence in lesion characteriza-
tion. The findings summarized in the current systematic
review show that 18F-FDG PET/MRI tends to be nonin-
ferior to 18F-FDG PE'T/C'T. Moreover, the addition of an
axillary dedicated hybrid protocol as investigated by Van
Nijnatten ez a/. [35] could even further improve the diag-
nostic performance of 18F-FDG PE'T/MRI in determin-
ing the clinical nodal status. Opposite to the results found
by Chung ez al. [15], Ergul ez al. [22] found a strikingly

low sensitivity and high specificity for DWI compared to
18F-FDG PET/CT in early stage breast cancer patients.
T'hey state that the low tumor cell burden in their cohort
likely rendered DWI-mediated detection difficule [22].
In summary, regarding nodal staging, 18F-FDG PET/CT
could safely be replaced by 18F-FDG PE'T/MRI, while
DWI alone shows conflicting results.

The bone is the predominant site of metastatic dis-
semination in breast cancer patients and occurs in 69%
of patients with advanced disease [36-38]. Remarkably
more osseous lesions are detected by 18F-FDG PET/
MRI compared to 18F-FDG PET/CT and it seems that
the majority of the missed lesions on 18F-FDG PET/
CT are permeative in nature and lack FDG avidity
[19,21,26,39]. Bone marrow replacement in non-FDG-
avid lesions revealed by T1-weighted MRI sequences
can lead to a positive lesion on PET/MRI, while the low
conspicuity due to low-intrinsic tissue contrast on CT'
would render these lesions negative [19,21]. Moreover,
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Table 5 PET/computed tomography versus diffusion-weighted imaging

PET/CT DWI
Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy

First author Site Analysis (%; 95 Cls) (%; 95 Cls) (%; 95 Cls) (%; 95 Cls) (%; 95 Cls) (%; 95 Cls)
Heusner All L 95 99 98 86 67 71
Heusner All C 94 99 98 91 72 76
Catalano All P - - 75 - - 84
Rezk All L 85 86 85 82 78 81
Ergul Axillary LNs P 67 89 75 40 100 63
Heusner Regional LNs P 75 100 93 75 64 67
Rezk Regional LNs L 90 82 - 84 73 -
Grankvist Bone L 100 100 - 67A-70B 40B-95A -
Heusner Bone P 100 100 100 86 8 35
Heusner Distant LNs P 100 100 100 100 0 30
Rezk Distant LNs L 86 92 - 83 80 -
Heusner Lung P 100 100 100 100 100 100
Heusner Liver P 100 100 100 100 82 85
Rezk Distant lesions L 84 84 - 80 81 -
Heusner Other organs P 100 94 95 66 94 89
Heusner Organs C 100 98 99 87 75 77

A, STIR and DWI with and without T1; B, DWI only; C, compartment level; Cl, confidence interval; CT, computed tomography; DWI, diffusion-weighted imaging; L, lesion

level; LNs, lymph nodes; P, patient level; STIR, short tau inversion recovery.

enhancement after gadolinium administration could fur-
ther increase the diagnostic confidence [21]. The results
summarized in this review show a lesion-level preference
for 18F-FDG PET/MRI with at least noninferiority on
a patient-level [19,21,26,27]. While Grankvist ez a/. [23]
demonstrated that DWI combined with other sequences
yields a high specificity and improves diagnostic efficacy,
many of the lesions suspicious on DWI were false-posi-
tive and Heusner ¢ a/. [25] clearly stated that DWI alone
generates a lot of discordant and false-positive findings
and in its current form it is unsuitable for the detection of
osseous metastases [23].

A widespread concern that has kept clinicians hesitant to
the use of 18F-FDG PE'T/MRI as an alternative for 18F-
FDG PET/CT for whole-body staging in breast cancer
is the diagnostic performance of MRI in the detection of
small non-FDG-avid pulmonary lesions [40-43]. Similar
to another publication, Melsaether ¢z /. found a higher
sensitivity for 18F-FDG PET/CT in pulmonary lesion
detection, while this difference could not be established
on a patient-level [26,44]. However, a recent study by
Martin ¢z a/. in a cohort of 1003 cancer patients found that
the amount of missed malignant lung lesions was neg-
ligibly low (0.8%), and other publications state that the
vast majority of small non-FDG-avid pulmonary lesions
missed on 18F-FDG PET/MRI remain stable on fol-
low-up and are likely to be benign [41,45,46]. Moreover,
18F-FDG PET/MRI is associated with higher diagnos-
tic confidence likely due to the high soft-tissue contrast
of MR compared with C'T and especially in large lung
lesions the higher intrinsic contrast of MR imaging may
provide better conspicuity [40]. These recent findings
combined with promising new MRI sequences, such as
the ultrashort echo time sequence that is expected to
improve pulmonary lesion detection, suggest that 18F-
FDG PET/MRI can safely replace 18F-FDG PET/CT
regarding the detection of pulmonary lesions [47].

Together with bone and lung, the liver is the most com-
mon site of metastatic disease in breast cancer patients.
A recent systematic review and meta-analysis by Hong ¢z
al. investigated the diagnostic performance of 18F-FDG
PE'T/MRI for hepatic metastases in a diverse group of
patients with primary malignancy. Similar to the results
in this systematic review, they found very good diagnos-
tic accuracy for the detection of hepatic metastases with
a patient-level meta-analytic summery sensitivity of
99.2% and specificity of 98.6% [11,26,48]. Especially in
subcentimeter hepatic metastases, the reported sensitiv-
ity of 18F-FDG PET/MRI outperforms that achieved by
18F-FDG PET/CT [48]. Because two early publications
reported on the usefulness of DWI for the detection of
small (€10 mm) hepatic lesions, the presence of a DWI
sequence in MRI protocols could have contributed to the
high sensitivity achieved by 18F-FDG PET/MRI [49,50].

The results summarized in this publication should be
taken with caution and the large degree of heterogene-
ity between and within studies causes several limitations.
First, a heterogeneous cohort of patients was used varying
from primary staging to restaging of patients suspicious
for recurrence. Second, different imaging sequences and
radiofrequency coils were used. Third, in the majority of
studies, 18F-FDG PET/MRI and 18F-FDG PET/CT
were performed on the same day on the same dose of
18F-FDG. Differences in acquisition time influence the
tumor-to-background ratio and tumor-to-nontumor ratios
which have an effect on tumor visibility and possibly on
diagnostic performance [51,52]. Multiple studies suggest
that delayed acquisition could have a beneficial effect on
the sensitivity; therefore, the order of imaging should be
taken into account when comparing the diagnostic perfor-
mance of 18F-FDG PE'T/CT with 18F-FDG PET/MRI
[51-54]. Fourth, in some studies, intravenous contrast
was not used in both techniques. For example, in three
of the included studies, patients underwent unenhanced
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whole-body 18F-FDG PET/CT and they were compared
with enhanced 18F-FDG PET/MRI, so the results should
be interpreted with this important limitation in mind
[19,26,27]. Last, due to the high heterogeneity between
and within studies and the inability to compute 2 x 2 con-
tingency tables of at least three studies for two or more
imaging modalities, no meta-analysis was performed.

18F-FDG PET/MRI is a promising imaging tool for per-
forming accurate nodal and distant staging of breast can-
cer patients with lower radiation exposure compared to
18F-FDG PET/CT. Melsacther ez al. reported an average
dose reduction of 50% when using 18F-FDG PET/MRI
instead of 18F-FDG PET/CT [26]. Other advantages of
18F-FDG PET/MRI compared to 18F-FDG PET/CT
are the soft tissue contrast and motion correction possibil-
ities [55]. SUVs could be valuable in determining prog-
nosis of breast cancer patients and it has been evaluated
in both imaging modalities by Pujara e @/. who found
a strong correlation of the maximum SUV acquired by
18F-FDG PET/MRI compared to 18F-FDG PET/CT
[27,56]. Pace et al. compared SUVs for nodal and distant
metastases and found that both the maximum SUV and
mean SUV were significantly higher on 18F-FDG PET/
MRI than on 18F-FDG PET/CT [57]. Van Nijnatten ez
al. [35] reported comparable values achieved on hybrid
PET/MRI for the primary tumor and the most FDG-
avid lymph node. PET/MRI, a multimodal and mul-
tiparametric technique, may provide more quantitative
information than PET/CT [58]. Even though the per-ex-
amination cost of 18F-FDG PET/MRI is approximately
50% higher, the possibility of a one-stop-shop solution
for, for example, node-positive breast cancer patients
could not only reduce costs in initial staging but could
also reduce the burden on the patient [59].

To conclude, the relatively new imaging modality 18F-
FDG PET/MRI has demonstrated to be noninferior to
18F-FDG PET/CT regarding nodal staging. For distant
staging, a trend toward a higher sensitivity in lesion detec-
tion for 18F-FDG PET/MRI and a higher specificity for
18F-FDG PET/CT can be observed with the former
detecting a significantly higher amount of osseous metasta-
ses, which are the most common type of distant metastases
in breast cancer. Results on the diagnostic performance of
DWI are conflicting, and it tends to have a complementary
value when combined with other MR sequences rather
than evaluating it separately. We deem 18F-FDG PET/
MRI to be accurate enough in nodal staging and distant
staging to be able to replace 18F-FDG PET/CT in breast
cancer staging, hereby forming an attractive one-stop-shop
solution for breast cancer patients for whom both an MRI
as well as a PE'T:C'T is indicated.
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