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Abstract

Purpose PET/MRI was introduced for clinical use in 2011 and is now an established modality for the imaging of brain and
certain pelvic cancers, whereas clinical use for the imaging of other forms of cancer is not yet widespread. We therefore
systematically investigated what has been published on the use of PET/MRI compared to PET/CT in the imaging of cancers
outside the brain, focusing on clinical areas of application related to diagnosis, staging and restaging.

Methods A systematic search of PubMed/MEDLINE, Embase and the Cochrane Library was performed. Studies evaluating the
diagnostic performance of simultaneous PET/MRI in cancer patients were chosen.

Results A total of 3,138 publications were identified and 116 published during the period 2012-2018 were included and were
grouped according to the major cancer forms: 13 head and neck (HNC), 9 breast (BC), 21 prostate (PC), 14 gynaecological, 13
gastrointestinal (GIC), and 46 various cancers. Data from studies comparing PET/MRI and PET/CT for staging/restaging
suggested the superiority of '*F-FDG PET/MRI for the detection of tumour extension and retropharyngeal lymph node metas-
tases in nasopharyngeal cancer, and for the detection of liver metastases and possibly bone marrow metastases in high-risk BC.
FDG PET/MRI tended to be inferior for the detection of lung metastases in HNC and BC. ®*Ga-PSMA-11 PET/MRI was
superior to PET/CT for the detection of local PC recurrence. FDG PET/MRI was superior to FDG PET/CT for the detection
of local tumour invasion in cervical cancer and had higher accuracy for the detection of liver metastases in colorectal cancer.
Conclusion The scoping review methodology resulted in the identification of a huge number of records, of which less than 5%
were suitable for inclusion and only a limited number allowed conclusions on the advantages/disadvantages of PET/MRI
compared to PET/CT in the oncological setting. There was evidence to support the use of FDG PET/MRI in staging of
nasopharyngeal cancer and high-risk BC. Preliminary data indicate the superiority of PET/MRI for the detection of local
recurrence in PC, local tumour invasion in cervical cancer, and liver metastases in colorectal cancer. These conclusions are based
on small datasets and need to be further explored.
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Anni.morsing@dadinet.dk Since the introduction of clinical FDG PET/CT about two

decades ago, its use in patient treatment has increased dramat-
ically and is now well established. Being a whole-body mo-
lecular imaging modality, FDG PET/CT plays an important
role in most cancers and is used for staging, treatment plan-
ning, recurrence detection, and lately also for response evalu-
ation in certain cancers. In parallel, MRI has evolved into a
clinical modality used for T and N staging of cancers, in which
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high spatial resolution and soft-tissue contrast and/or radiation
exposure are issues.

Integrated PET/MRI was introduced for clinical use in
2011, and is now an established modality in the imaging of
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brain and certain pelvic cancers, whereas clinical use for the
imaging of other forms of cancer is not yet widespread.
Whole-body PET/MRI undoubtedly holds potential for im-
proved diagnostic evaluation by merging PET-based molecu-
lar imaging with the high spatial resolution, high tissue con-
trast and information from functional parameters more easily
obtained by MRI. The question is, however, in which diseases
and for what purposes is this hybrid technique preferable to
PET/CT. In an attempt to elucidate this, we used the scoping
review technique to investigate systematically what has been
published on the use of PET/MRI in the imaging of cancers
outside the brain. Disregarding cancer entities for which the
number of publications is still too small to provide meaningful
information, and studies with inhomogeneous and mixed can-
cer patient populations, we identified five cancer groups with
a sufficient number of publications to allow conclusions with
regard to the advantages and disadvantages of using PET/
MRI: head and neck cancer (HNC), breast cancer (BC), pros-
tate cancer (PC), gynaecological cancer (GC) and gastrointes-
tinal cancer (GIC). Within this scope we focused on three
clinical areas of application: (1) initial diagnosis and staging,
(2) disease monitoring and response evaluation, and (3) recur-
rence detection and restaging. For each of the five major can-
cers, we briefly mention all the studies fulfilling the inclusion
criteria, and discuss in depth only those studies assessing the
diagnostic performance of PET/MRI compared to that of PET/
CT, thereby highlighting areas in which the replacement of
PET/CT by PET/MRI could have a clinical impact.

Materials and methods
Search strategy

This systematic scoping review was conducted in accordance
with established scoping review methodology [1, 2]. Studies
were identified by searching MEDLINE (via PubMed),
Embase and the Cochrane Library databases (Supplementary
data S1). The search included articles published before 1
September 2018. The search strategy was developed by two
senior consultant reviewers (A.M., M.G.H.) and a senior
health sciences research librarian from the University
Library of Southern Denmark. Both index terms (e.g. MESH
terms) and text words were included in the searches. To ensure
high sensitivity in relation to identification of relevant studies,
the final search strings were broad and thus expected a priori
to have relatively low specificity. The PICOS (population,
intervention, comparison, outcome, and study types) approach
[3] was used and comprised:

» Patients with cancer (excluding central nervous system
(CNS)) evaluated for staging (initial or restaging), surgical

resectability, radiation therapy planning, response, or
suspected recurrence

» Studies in which the primary aim was evaluation of hybrid
PET/MRI

* No restrictions on comparator modalities

» Diagnostic performance, lesion detection, quantitative
evaluation, or feasibility

* Original, peer-reviewed studies without time restriction to
year of publication

Exclusion criteria were nonhuman studies, publications not
written in English or German, case reports, editorials, com-
mentaries, reviews, meta-analyses, guidelines, book chapters,
technology assessment reports, conference proceedings, stud-
ies comprising post-hoc fusion of separately performed PET
and MRI, non-hybrid PET/MRI systems or trimodality PET/
CT/MRI systems, studies including ten or fewer patients, and
studies on dedicated PET/MRI breast imaging and CNS
cancers.

Study selection

The search records from the three databases were transferred
to the Endnote reference tool, where duplicates and book sec-
tions were identified and removed. Records were then
screened by title and abstract by one senior researcher
(A.M.). The included studies were transferred to the
Covidence reference tool and screened independently by title
and abstract according to strict inclusion and exclusion criteria
by two senior researchers (A.M., M.G.H.). Disagreements
were resolved by consensus. One senior researcher (A.M.)
went through the full text of the included papers in a second
step checking for their eligibility for final inclusion.

Data extraction

Data were extracted from each of the selected articles to a data
extraction form. Studies were grouped according to cancer
type, and the following characteristics were extracted: study
design and objective, population and size, year, and follow-up
data. Cancer entities for which the number of publications was
too small to provide meaningful information and studies in-
cluding inhomogeneous and mixed patient populations with
various cancer types were disregarded. Five cancer groups
with a sufficient number of publications to allow conclusions
with regard to the advantages and disadvantages of using
PET/MRI in relation to PET/CT were identified: HNC, BC,
PC, GC and GIC.

The reference list was split into two: a shorter one, which
follows after the body of the text and contains only references
necessary for the scoping review method plus references com-
paring PET/CT and PET/MRI, and the full list, arranged
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according to cancer type, provided in the Supplementary ma-
terial (Supplementary data S2).

Results
Search results

Figure 1 shows the literature retrieval workflow according to
the PRISMA statement [3]. The database search revealed
3,138 papers of which 2,384 remained after checking for du-
plicates. After screening of abstracts and full texts for eligibil-
ity, 549 studies remained for full-text assessment according to
the inclusion and exclusion criteria. Finally, 116 studies pub-
lished during the period 2012-2018 were included and were
grouped according to cancer type (Supplementary data S2): 13
were on HNC; 9 were on BC; 21 were on PC; 14 were on GC;
13 were on GIC; 19 included populations with various cancers
(14 on lesion detection/staging and 5 on quantitative FDG
uptake); 10 were on haematological cancers (1 multiple mye-
loma and 9 Hodgkin and non-Hodgkin disease with various

indications not meeting the inclusion criteria); 11 were on lung
cancer/nodules; and 6 were on other forms of cancer with
information outside the scope of this review including two
small paediatric studies. Of the last six paediatric studies,
one compared different PET/MRI reading protocols applied
to the same study in 12 patients with various types of lympho-
ma (Supplementary data S2, 114), and the other included 18
patients with various cancers (Supplementary data S2, 115).

Head and neck cancer

Of the 13 studies on HNC, 6 concerned staging/restaging
(Table 1), and seven were explorative studies investigating
associations between functional MRI and quantitative PET
(Supplementary data S2, 29-35). Three studies, two prospec-
tive and one retrospective, concerned staging/restaging in
head and neck squamous cell carcinoma. Chan et al. compared
FDG PET/MRI and FDG PET/CT for initial staging in a pro-
spective study including 113 patients with nasopharyngeal
cancer using histopathology or follow-up imaging as the ref-
erence standard [4]. Both modalities detected all primary
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Table 1 PET/MRI compared to PET/CT in head and neck cancer: study designs and outcomes
Reference Number Population Study design PET tracer Clinical area of Reference Findings
of application standard
patients
[4] 113 Nasopharyngeal Prospective  '8F-FDG Initial diagnosis and Histopathology No difference in detection of
carcinoma staging or follow-up tumour and metastases (N
imaging and M); better detection of
local tumour extension on
PET/MRI

[5] 25 HNSCC Retrospective '*F-FDG Initial diagnosis and Histopathology Correct T stage in 59% vs.
staging (12), or follow-up 75% and N stage in 77%
recurrence detection imaging vs. 71% on PET/CT and
and restaging (13) PET/MRYI, respectively

(NS); no difference in di-
agnostic accuracy for re-
currence detection (72%

vs. 72%)

[6] 17 Suspected HNC ~ Prospective  '®F-FDG Initial diagnosis and Consensus Sensitivity 82.7% for
staging (7), diagnosis PET/CT and 80.5% for
recurrence detection based on PET/MRI for detection of
and restaging (10) available 23 malignant tumours

information

[7] 31 Dedifferentiated Prospective  '*F-FDG Recurrence detection ~ Histopathology No difference in detection

DTC and restaging or consensus rate at the patient level

diagnosis (both 25/26 patients) or of

malignant lesions (PET/CT
113/116 vs. PET/MRI
99/113); lower sensitivity
of PET/MRI for detecting
lung metastases (77.9% vs.
100%, p <0.001), 14 le-
sions identified on PET/CT

[8] 12 Todine-negative ~ Prospective ~ *Ga-DOTATATE Recurrence detection Histopathology No difference in lesion

DTC and restaging or follow-up detection rate (79/85 vs.
imaging 69/85) in 11 patients;
higher sensitivity of FDG
PET/CT for detection of
lung metastases in 8 pa-
tients (100% vs. 71%,
p<0.0001)
9] 65 DTC Retrospective I Initial diagnosis and None PET/MRI detected

staging (37), disease
monitoring and
response evaluation
(7), recurrence
detection and
restaging (21)

significantly more lesions
than PET/CT (remnants 72
vs. 60, metastases 100 vs.
80); no difference at the
patient level (21/65 vs.
17/65 patients with malig-
nant lesions)

DTC differentiated thyroid cancer, HNC head and neck cancer, HNSCC head and neck squamous cell carcinoma, NS not significant

tumours, but FDG PET/MRI detected local tumour extension
(T4) more often than FDG PET/CT (pterygopalatine fossa 14
vs. 9 patients, intracranial extension 25 vs. 14 patients, and
perineural infiltration 21 vs. 7 patients, respectively). The sen-
sitivity for detection of regional lymph node and distant me-
tastases did not differ significantly between FDG PET/MRI
and FDG PET/CT (99.5% vs. 90.9%, and 90% vs. 83.3%)
although FDG PET/MRI correctly identified 26
retropharyngeal lymph node metastases that were false-

negative on FDG PET/CT. Three lung metastases of unknown
size were reported and identified on both FDG PET/CT and
FDG PET/MRI. The two smaller studies including more het-
erogeneous populations of patients with primary or recurrent
HNC at various locations in the head and neck region showed
no statistically significant differences in staging or restaging
between FDG PET/MRI and FDG PET/CT [5, 6].

Three studies compared PET/MRI and PET/CT for staging
of differentiated thyroid cancer. In 65 patients, Binse et al.
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found that '**I PET/MRI of the neck detected more iodine-
positive thyroid remnants and metastases than '**I PET/CT
(72 vs. 60, p=0.002, and 100 vs. 80, p =0.001, respectively)
because of higher sensitivity of the '**I PET component due to
the longer acquisition time and better scanner resolution of the
former [9]. However, the number of patients identified with at
least one tumour lesion did not differ significantly ('**I PET/
MRI 21/65 vs. "**I PET/CT 17/65). Vrachimis et al. compared
FDG PET/MRI and FDG PET/CT in 31 patients with in-
creased thyroglobulin levels and iodine-negative suspected
recurrence [7]. They found that both modalities correctly iden-
tified 26 cervical tumours in 26 of 31 patients, but that FDG
PET/MRI failed to detect 14 lung metastases identified on
FDG PET/CT (sensitivity for detection of lung metastases of
77.9% vs. 100%, p <0.001). Vrachimis et al. also compared
%8Ga-DOTA-Tyr3-octreotate (**Ga-DOTATATE) PET/MRI
and FDG PET/CT in 12 patients [8]. In this study, both PET/
MRI and PET/CT correctly identified cervical tumour in 11
patients, but ®*Ga-DOTATATE PET/MRI missed a total of 12
lung metastases resulting in significantly lower sensitivity for
detection of lung metastases (71% vs. 100%, p <0.0001) [8].

Breast cancer

Five of the nine studies on BC concerned staging/restaging
[10-14]. Two studies investigated dynamic MRI and quanti-
tative PET as biomarkers for histological phenotype or re-
sponse to neoadjuvant chemotherapy, and two studies com-
pared quantitative FDG PET/CT and quantitative FDG PET/
MRI (Supplementary data S2, 36-39). Four studies, two pro-
spective and two retrospective, compared FDG PET/MRI and
FDG PET/CT for whole-body staging/restaging, while one
retrospective study evaluated bone metastases only
(Table 2). One pilot study compared FDG PET/MRI and
FDG PET alone from the same study [14].

Catalano et al. found discordant staging in 17 out of 51
patients, with 50 patients correctly staged by FDG PET/MRI
compared to 38 by FDG PET/CT (p <0.01), yielding a statis-
tically significantly difference in staging accuracy of 98% ver-
sus 75% (p =0.005). The reference standard consisted of pa-
thology and follow-up imaging with FDG PET/MRI detecting
non-avid FDG bone metastases and subcentimetre liver me-
tastases, which were missed by FDG PET/CT in three patients
[10]. The authors considered this result to be due to misclas-
sification of bone marrow changes on PET/CT as benign,
when MRI showed changes interpreted as malignant, but they
failed to demonstrate convincingly the validity of this claim.
In a retrospective study without histopathology as part of the
reference standard, Catalano et al. found, that FDG PET/MRI
detected more presumed bone metastases than FDG PET/CT
(141 vs. 90 bone metastases, respectively, p < 0.001) in 25 out
of 109 patients including three patients who were negative for
bone metastases on FDG PET/CT [13]. Of 51 presumed
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metastases observed on PET/MRI and not on PET/CT, 44
were so-called permeative bone changes. Melsaether et al.
compared FDG PET/MRI and FDG PET/CT for the detection
of metastatic lesions in 51 heterogeneous patients referred for
primary staging, restaging, response to chemotherapy or mon-
itoring of metastatic disease, and found no differences in de-
tection of metastatic lymph nodes (19 nodes in eight patients)
or distant metastatic lesions (242 lesions in 30 patients) [12].
However, diffusion-weighted and contrast-enhanced FDG
PET/MRI yielded higher sensitivity for the detection of liver
metastases (40 patients, 100% and 80% by readers 1 and 2 vs.
75% and 70% by readers 3 and 4, p <0.001) compared to
unenhanced FDG PET/CT. In the 23 patients with lung me-
tastases, the sensitivity of FDG PET/MRI tended to be lower
(87% and 74% by readers 1 and 2) vs. 100% and 96% by
readers 3 and 4, p=0.65). Sawicki et al. compared FDG
PET/MRI and FDG PET/CT for restaging, and both modali-
ties identified the 17 of 21 patients with recurrence according
to the reference standard and did not differ in detection of
lesions, probably because 108 of the 116 malignant lesions
were FDG-avid [11]. The remaining eight lesions were stated
as non-FDG-avid bone metastases detected by PET/MRI only,
but not further described. However, no lung metastases were
reported.

Prostate cancer

Of the 21 studies on PC, five compared PET/MRI and PET/
CT for primary staging and/or restaging in patients with bio-
chemical recurrence, three investigated the correlation be-
tween PET/MRI findings and prostate-specific antigen
(PSA) levels or clinical nomograms, two compared quantita-
tive standardized uptake value (SUV) by PET and dynamic
MRI parameters, ten investigated intraprostatic quantitative
imaging features from combined PET/multiparametric MRI
(mpMRI), and one was a feasibility study comparing quanti-
tative PET values obtained by PET/MRI and PET/CT
(Supplementary data S2, 40-55).

The five studies comparing PET/MRI and PET/CT for
staging/restaging are presented in Table 3. One involved pri-
mary staging of metastatic PC, two involved restaging of pa-
tients with biochemical recurrence, and two included mixed
populations of patients referred for staging or restaging. Two
prospective studies used ''C-choline and three retrospective
studies used °*Ga-PSMA-11 as the PET tracer.

With regard to primary staging, Freitag et al. found that in
26 patients with metastatic PC, ®*Ga-PSMA-11 PET/MR and
8Ga-PSMA-11 PET/CT were concordant in detecting 98.5%
of 64 lymph node metastases in 20 patients and 100% of 28
bone lesions in eight patients, all PSMA-positive, according to
the reference standard of histopathology, response to therapy,
follow-up imaging or decrease in PSA level [18]. In accor-
dance with the findings of Freitag et al., Domachevsky et al.
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Table2 PET/MRI compared to PET/CT in breast cancer: study designs and outcomes
Reference Number of Population Study design PET Clinical area of application Reference Findings
patients tracer standard
[10] 51 IDC Retrospective 'SF-FDG Initial diagnosis and staging ~ Histopathology PET/MRI correctly staged 50
or follow-up patients and PET/CT 38 com-
imaging pared to the reference standard
(p<0.01)
[11] 21 IDC/ILC  Prospective  '*F-FDG Recurrence detection and Histopathology Both modalities identified the 17
restaging or follow-up patients with recurrence;
imaging PET/MRI detected all 116 malig-
nant lesions compared to 108 on
PET/CT
[12] 51 BC Prospective  'SF-FDG Initial diagnosis and staging  Histopathology ~No difference in detection of lymph
(6), disease monitoring and (4), clinical node or distant metastases;
response evaluation (39), or imaging PET/MRI had higher sensitivity
recurrence detection and follow-up for liver metastases (100%/80%
restaging (6) vs. 75%/70%°, p < 0.001)
[13] 109 (only BC Retrospective 'SF-FDG Detection of bone metastases  Prior imaging ~ PET/MRI detected 141 metastatic
25 with or follow-up bone lesions compared to 90 on
bone imaging PET/CT in 25 patients (p < 0.001)
metasta-
ses
includ-
ed)

BC breast cancer, IDC invasive ductal carcinoma, /LC invasive lobular carcinoma

?Readers 14

found no difference in the number of PSMA-positive lesions
detected by **Ga-PSMA-11 PET/MRI and ®®*Ga-PSMA-11
PET/CT (61 vs. 63 lesions) in 21 patients referred for
staging/restaging [15]. However, the identified lesions were
not assessed by a reference standard in the latter study.

In restaging of PC with biochemical recurrence, Freitag
et al. compared abdominal **Ga-PSMA-11 PET/mpMRI and
%8Ga-PSMA-11 PET/CT in 119 patients, and found a signifi-
cantly higher detection rate with PET/MRI than PET/CT (18
and 9 patients, respectively, p = 0.004) which was ascribed to
mpMRI [17]. They also found that detection of local recur-
rence by ®*Ga-PSMA-11 PET was significantly influenced by
proximity to the bladder (p =0.028) because of interfering
accumulation of PSMA in the bladder. Eiber et al. compared
"'C-choline PET/MRI and ''C-choline PET/CT in 75 patients
with biochemical recurrence, and found that PET/CT identi-
fied more lymph node and bone metastases than PET/MRI
(74/87 vs. 60/87, p=0.014, and 57/64 vs. 52/64, p <0.001)
[16]. In this study two reader teams evaluated the scans inde-
pendently, and a discrepancy was found with regard to the
detection of local recurrence, as one of the reader teams found
that ''C-choline PET/MRI detected more lesions than ''C-
choline PET/CT (36/37 vs. 24/37, p=0.001) and only in pa-
tients with a PSA level above 2 ng/mL. In a study without a
reference standard, Souvatzoglou et al. not find any difference
in the numbers of choline-positive lesions in a mixed popula-
tion of patients with primary PC/biochemical recurrence (PSA

0.3-208 ng/mL) on ''C-choline PET/MRI and ''C-choline
PET/CT (77/80 vs. 79/80) [19].

Gynaecological cancer

Of the 14 studies on GC, four compared FDG PET/MRI and
FDG PET/CT for primary staging and/or restaging, four com-
pared FDG PET/MRI and stand-alone MRI for staging/
restaging, and six investigated quantitative PET and mpMRI
in comparison with histopathology or follow-up imaging
(Supplementary data S2, 56-65). No studies compared PET/
MRI with PET/CT in combination with pelvic MRI. The four
studies comparing FDG PET/MRI and FDG PET/CT for
staging/restaging are presented in Table 4; two were prospec-
tive and two were retrospective.

In the primary staging of 18 patients with cervical (11 pa-
tients) or endometrial (7 patients) cancer, Schwartz et al. found
that FDG PET/MRI of the abdomen/pelvis and FDG PET/CT
did not differ in detection of 17 primary tumours, 26 regional
lymph nodes (in 7 patients), and six hepatic and splenic nod-
ules (in 1 patient) [20]. Two patients had thoracic or
supraclavicular lymph node metastases on FDG PET/CT
which were outside the FDG PET/MRI imaging field.
Howeyver, in cervical cancer, FDG PET/MRI identified local
tumour invasion into the parametrial area or the bladder that
was not detected by FDG PET/CT, and led to upstaging in five
patients.
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Table 3 PET/MRI compared to PET/CT in prostate cancer: study designs and outcomes
Reference Number Population  Study design PET tracer Clinical area of ~ Reference standard ~ Findings
of application
patients
[15] 21 High risk PC Retrospective ®*Ga-PSMA-11 Initial diagnosis ~ None No difference in number of
or and staging PSMA-positive lesions (61
biochemi- (13), PET/MRI vs. 63 PET/CT)
cal recurrence
recurrence detection and
restaging (8)
[16] 75 Biochemical Prospective  ''C-Choline Recurrence Histopathology (19) PET/MRI identified more LR (36/37
recurrence detection and or tumour board vs. 24/37, p=0.001, for reader
restaging consensus from team 1); PET/CT identified more
imaging and clin- lymph node and bone metastases
ical data (66) (74/87 vs. 60/87, p=0.014, and
57/64 vs. 52/64, p <0.001)
[17] 119 Biochemical Retrospective ®®*Ga-PSMA-11 LR detection® Histopathology or LR in 18/119 patients on mpMRI of
recurrence follow-up imag- PET/MRI but only 9 were
ing and PSA re- PET-positive on PET/CT and
sponse after sal- PET/MRI (p = 0.004); detection of
vage therapy LR on PET was influenced by
proximity to the bladder
(p=0.028)
[18] 26 Metastatic Retrospective “*Ga-PSMA-11 Initial diagnosis ~ Histopathology or ~ No difference in detection of
PC and staging response to PSMA-positive lymph node and
treatment on bone metastases on PET/MRI and
follow-up imag- PET/CT (98.5% of 64 lymph
ing and PSA nodes and 100% of 28 bone le-
sions concordant)
[19] 32 Newly Prospective  ''C-Choline Initial diagnosis ~ None No significant difference in
diagnosed and staging choline-positive lesions on
PC or (9), recurrence PET/MRI and PET/CT (77/80 vs.
biochemi- detection and 79/80)
cal restaging (23)
recurrence

MpMRI multiparametric MRI, LR local recurrence, PC prostate cancer
# Comparison restricted to the abdomen with focus on local recurrence

Three studies compared FDG PET/MRI and FDG PET/
CT for restaging of suspected recurrence of malignancy. In a
prospective study including 19 patients with clinically
suspected recurrence of ovarian (11 patients) or cervical (8
patients) cancer, Beiderwellen et al. found that both FDG
PET/MRI and FDG PET/CT correctly identified all 58 met-
astatic lesions in 16 patients according to the reference stan-
dard of histopathology, follow-up imaging or consensus
reading based on available prior imaging [21]. Of the 58
malignant lesions, 57 were FDG-avid and the four lung me-
tastases detected were 7-10 mm in size. Rated on a three-
point scale, the mean diagnostic confidence for malignant
and benign lesions was significantly higher for FDG PET/
MRI than for FDG PET/CT (2.78 vs. 2.65, p<0.01, and
2.18 vs. 1.74, respectively, p <0.05), meaning that the
readers felt more secure in the discrimination of benign
and malignant findings on PET/MRI. In accordance with
these findings, in the retrospective study by Kirchner et al.
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including 43 patients with suspected recurrence of pelvic
malignancy, FDG PET/MRI and FDG PET/CT identified
36 and 37, respectively, of the 38 patients with tumour re-
lapse and did not differ in the detection of the totals of 113
malignant and 41 benign lesions [22]. In the retrospective
study by Grueneisen et al. including 24 patients with
suspected recurrence of ovarian (13 patients), cervical (7
patients) or endometrial (4 patients) cancer, FDG PET/MRI
and FDG PET/CT correctly identified 20 of the 21 patients
with tumour relapse and did not differ in the detection of 66
of 81 malignant lesions [23].

Gastrointestinal cancer

Of the 13 studies on GIC, eight were outside the scope
of this review, three were explorative investigating the
correlation between mpMRI values and prognosis, re-
sponse to treatment or survival in pancreatic and gastric
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Table 4 PET/MRI compared to PET/CT in gynaecological cancer: study designs and outcomes

Reference Number Population Study design PET Clinical Reference Findings
of tracer area of standard
patients application
[20] 18 Cervical (11) or Prospective  '*F-FDG Initial Histopathology  No difference in detection of primary
endometrial (7) diagnosis  and tumour, regional lymph nodes or
cancer and clinical/- abdominal metastases; parametrial or
staging surgical bladder invasion in 6 patients identified on
staging PET/MRI only
[21] 19 Suspected recurrence  Prospective  '®F-FDG Recurrence Histopathology ~ The 58 metastatic lesions found in 16
of ovarian (11) or detection or follow-up patients were correctly identified on both
cervical (8) cancer and imaging PET/MRI and PET/CT
restaging
[22] 43 Suspected recurrence  Retrospective '8F-FDG Recurrence Histopathology ~PET/MRI and PET/CT correctly identified
of pelvic detection or follow-up 36/38 and 37/38 patients with tumour
malignancy and imaging relapse; no difference in detection of the
restaging 113 malignant lesions
[23] 24 Suspected recurrence  Retrospective 'SF-FDG Recurrence Histopathology ~PET/MRI and PET/CT both correctly
of ovarian (13), detection or follow-up identified 20 of the 21 patients with
cervical (7), or and imaging tumour relapse; no difference in detection
endometrial (4) restaging of number of malignant lesions

cancer

cancer, three compared PET/MRI and MRI, CT or PET
alone for staging/restaging in gastric and colorectal can-
cer, and one was a feasibility study evaluating the im-
age quality of PET in neuroendocrine tumour (NET)
(Supplementary data S2, 66—73). Five studies compared
PET/MRI and PET/CT in staging/restaging: two pro-
spective studies using °®Ga-DOTA-labelled PET tracers
in NET, one prospective study in pancreatic cancer, and
two retrospective studies in colorectal cancer (Table 5).

In 30 patients with NET referred for staging/
restaging, Sawicki et al. found no difference in staging
or number of detected lesions with ®*Ga-DOTATOC
PET/MRI and ®®Ga-DOTATOC PET/CT [24]. With both
modalities, staging was in agreement with the reference
standard of histopathology or a combination of previous
and follow-up imaging in patients who were tumour-free
(n=15), had localized or locoregional metastases (n=3),
or distant metastases (n=22), and °®*Ga-DOTATOC
PET/MRI and °*Ga-DOTATOC PET/CT detected 183
and 185 of a total of 142 NET and 55 non-NET lesions,
respectively. However, **Ga-DOTATOC PET/MRI cor-
rectly identified a significantly higher proportion of
NET-like lesions compared to the reference standard
than °®*Ga-DOTATOC PET/CT (90.8% vs. 86.7%, p=
0.031). Of note, **Ga-DOTATOC PET/CT failed to de-
tect ten PET-negative subcentimetre liver metastases,
and ®®*Ga-DOTATOC PET/MRI failed to detect three
subcentimetre bone metastases and two pulmonary me-
tastases. Berzaczy et al. compared °®*Ga-DOTANOC
PET/MRI and °®*Ga-DOTANOC PET/CT for the

detection of distant metastatic disease in 28 patients
referred for staging (6 patients) or restaging after sur-
gery (22 patients) [25]. This study had several method-
ological flaws, and the number of lesions identified was
not stated, characterized or related to the reference stan-
dard, hampering meaningful evaluation and
interpretation.

In 37 patients with pancreatic cancer, Joo et al. compared
FDG PET/MRI and FDG PET/CT plus multidetector CT for
preoperative evaluation of resectability (local tumour extent
and presence/absence of distant metastases) and staging. FDG
PET/MR and FDG PET/CT did not differ in accuracy in the
patients with confirmed information on resectability (8 resect-
able, 12 unresectable), N stage (3 node-negative, 10 node-
positive), and M stage (13 M0, 4 M1) [26].

In 26 patients with colorectal cancer referred for ini-
tial staging/restaging, Catalano et al. compared FDG
PET/MRI and FDG PET/CT and found concordant stag-
ing in 19 patients which was correct in 18 patients and
incorrect in one. In the seven patients with discordant
staging by the two modalities, the FDG PET/MRI stages
were correct and led to upstaging in four patients, as
FDG PET/MRI identified peritoneal carcinomatosis and
lymphadenopathy missed by FDG PET/CT [27]. In 15
patients with metastatic colorectal cancer, Brendle et al.
retrospectively compared FDG PET/MRI and FDG PET/
CT of the abdominal and pelvic regions and basal lungs
for staging/restaging [28]. They evaluated 180 lesions of
which 110 were malignant, and found no difference be-
tween FDG PET/MRI including diffusion-weighted
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Table 5 PET/MRI compared to PET/CT in gastrointestinal cancer: study designs and outcomes
Reference Number Population Study design PET tracer Clinical area of Reference Findings
of application standard
patients
[24] 30 NET Prospective  °*Ga-DOTATOC  Initial diagnosis and Histopathology Identical staging in per-patient
staging (2), recurrence  or follow-up analysis; PET/MRI yielded a
detection and imaging higher proportion of correctly
restaging (17), rated NET lesions than PET/CT
follow-up after
remission (11)
[25] 28 NET Prospective  °*Ga-DOTANOC  Staging (6), follow-up Composite Inconclusive
after surgery (22) from
previous
and/or
follow-up
examinations
[26] 37 Pancreatic Prospective  'SF-FDG Initial diagnosis and Surgical No difference between PET/MRI
cancer staging records, and PET/CT in evaluation of
histopatholo- resectability or N and M staging
gy and
imaging--
based
decisions
[27] 26 CRC Retrospective '*F-FDG Initial diagnosis and Histopathology PET/MRI and PET/CT were
staging (14), or discordant in the staging of 7
recurrence detection prior/follow--  patients, with PET/MRI staging
and restaging (12) up imaging being correct and overall more
accurate (p =0.02)
[28] 15 Metastatic Retrospective '*F-FDG Initial diagnosis and Histopathology No difference in PET/MRI
CRC staging (14), and/or (including diffusion-weighted)
recurrence detection follow-up and PET/CT for overall staging;
and restaging (12) imaging PET/MRI had higher accuracy

for detection of liver metastases

CRC colorectal cancer, NET neuroendocrine tumour

imaging and FDG PET/CT in overall staging or lesion-
based accuracy (0.69 for FDG PET/MRI vs. 0.66 for
FDG PET/CT). However, FDG PET/MRI had signifi-
cantly higher accuracy for the detection of liver metas-
tases (0.74 vs. 0.56, p=0.0006).

Discussion

The principal finding of this systematic scoping review was
that only a limited number of studies comparing PET/MRI
and PET/CT in clinical application areas outside the brain
have been published so far. Although PET/MRI has an added
clinical value in paediatric oncology, only two paediatric stud-
ies were identified and they did not meet with the inclusion
criteria. Disregarding studies with very inhomogeneous and
mixed cancer populations or on lung cancer, the evidence up
to now relates to five major cancers: HNC, BC, PC, GC and
GIC. There is evidence to suggest that FDG PET/MRI is su-
perior for staging in nasopharyngeal cancer and in advanced
BC, detection of cervical cancer invasion, and detection of
local recurrence in PC. FDG PET/MRI tends to be inferior
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with regard to detection of lung metastases. In colorectal can-
cer, FDG PET/MRI may be equal or superior to FDG PET/CT
for staging and may show higher accuracy for the detection of
liver metastases.

Search strategy

Our ambition and goal with this review were to provide an
overview of the pros and cons for using PET/MRI instead of
PET/CT in the evaluation of major cancers. This is a funda-
mental question in clinical departments starting up a new PET/
MRI facility: which oncological patients should undergo PET/
MRI rather than PET/CT and for what reasons? To cover this
field we chose the scoping review methodology that provides
a new way of mapping and examining available evidence in
an emerging field [29, 30]. A scoping review may be particu-
larly useful when the topic has not yet been extensively
reviewed or is of a complex or heterogeneous nature, as is
the case for the clinical use of PET/MRI in oncology.
However, although sharing a number of steps and processes
with the systematic review methodology, the scoping method
mainly provides a descriptive overview in terms of volume,
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nature and characteristics of the primary research, and does
not allow quality assessment or critical appraisal of individual
studies. Another limitation is that with its broad focus and
large yield of articles, the elaboration of a comprehensive
synthesis of the literature retrieved by the scoping approach
is a challenge. We, therefore, limited our search and focused
on cancer entities outside the brain, since cerebral malignan-
cies are a particularly comprehensive field which deserves its
own review.

Findings in head and neck cancer

Prospective data from a large and homogeneous patient
population have shown that the diagnostic performance
of FDG PET/MRI is at least as good as that of FDG
PET/CT for initial staging in nasopharyngeal carcinoma
and that FDG PET/MRI may have higher accuracy with
regard to determining local tumour extension into poor-
ly accessible anatomical spaces and the detection of
retropharyngeal lymph node metastases than FDG PET/
CT and stand-alone MRI [4]. Nasopharyngeal carcinoma
may metastasize to the lungs, and both PET and MRI
have poor sensitivity for the detection of subcentimetre
lung nodules. In the study by Chan et al. only three
lung metastases of unreported size were identified and
visible on both FDG PET/CT and FDG PET/MRI [4].
Other studies have shown that metastatic lung nodules
less than 5-6 mm in size may be overlooked on PET/
MRI [31-33], and further studies are therefore needed
to clarify whether supplementary lung CT is or is not
necessary for initial staging in nasopharyngeal carcino-
ma. We identified two additional studies comparing
FDG PET/CT and FDG PET/MRI in patients with
HNC [5, 6]. Neither of these showed a difference be-
tween FDG PET/CT and FDG PET/MRI in the detec-
tion of tumour or recurrence, but the study populations
were small and heterogeneous. This and suboptimal
study designs, insufficient reference standards, and risk
of type II errors, meant that conclusions as to the supe-
riority of one of these hybrid imaging techniques could
not be drawn from either of these studies. On the
whole, it appears that FDG PET/MRI may be a valuable
tool for whole-body staging of nasopharyngeal and pos-
sibly other types of HNC because of superiority in the
identification of local tumour extension and detection of
retropharyngeal lymph nodes, but further prospective
studies are clearly needed to confirm this and clarify
whether additional lung CT is needed.

PET/MRI may theoretically be an attractive solution
for the evaluation of differentiated thyroid cancer where
the use of diagnostic CT with iodinated contrast agents
may interfere with subsequent radioiodine treatment. We
identified three studies comparing PET/MRI and PET/

CT in differentiated and dedifferentiated thyroid cancer
using BE_FDG, '**I or °®Ga-DOTATATE, and none of
them showed any difference between modalities with
regard to tumour detection at the patient level [7-9].
However, Vrachimis et al. found that ®®Ga-DOTATATE
PET/MRI was inferior in the evaluation as it missed
lung metastases detected by low-dose ®*Ga-DOTATATE
PET/CT [7]. Thus, the limited data available are not yet
in favour of PET/MRI replacing current clinical algo-
rithms or playing a significant role in the evaluation
of thyroid cancer.

Findings in breast cancer

The four studies comparing FDG PET/MRI and FDG PET/
CT for staging/restaging of BC concurrently indicated superi-
or diagnostic performance of FDG PET/MRI for the detection
of small liver metastases and possibly bone marrow metasta-
ses, but inferior sensitivity for the detection of lung
metastases.

The role of hybrid imaging in BC is not fully established,
and clinical practice guidelines in oncology consider FDG
PET/CT optional in patients with intermediate- to high-risk
or recurrent disease. Probably therefore, studies directly com-
paring FDG PET/MRI and FDG PET/CT in BC are not cur-
rently available. However, there are studies showing superior-
ity of FDG PET/CT for the detection of metastatic disease
compared to conventional imaging in patients with
American Joint Committee on Cancer stage [IB-IV leading
to significant upstaging, which has implications for the choice
of treatment [34, 35]. As MRI is a suitable imaging modality
for evaluation of the brain and liver which are frequent meta-
static sites in BC, PET/MRI may be a superior modality for
staging/restaging of BC. Furthermore, PET/MRI may offer a
one-stop comprehensive diagnostic modality for patients with
high-risk BC who currently undergo numerous supplementary
imaging studies such as bone scan, CT, ultrasonography, MRI
and possibly PET/CT.

Catalano et al. compared FDG PET/MRI and FDG PET/
CT for initial staging in patients with newly diagnosed BC and
found significantly better staging performance with FDG
PET/MRI [10]. The superiority of FDG PET/MRI was as-
cribed to higher sensitivity of MRI for detecting non-FDG-
avid bone and liver lesions. Of note, the head was not included
in the scan field and potential brain metastases could not be
evaluated. Also, Catalano et al. concluded that FDG PET/MRI
was superior to FDG PET/CT for detecting bone metastases
based on findings in 25 patients with initial or recurrent BC
including three patients who were bone metastasis-negative
on FDG PET/CT [13]. Of the 141 bone lesions detected on
FDG PET/MRI, 68 were classified as having a permeative
appearance potentially sparing the cortex. If non-FDG-avid,
these metastases would probably not be identified by the CT
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part of PET/CT due to lack of cortical changes, suggesting that
permeative skeletal MRI changes might to some degree rep-
resent malignant bone marrow changes different from late-
appearing structural changes, that are frequently seen on both
CT and MRI, but which do not necessarily represent active
malignancy [36]. The improved sensitivity of FDG PET/MRI
for the detection of liver metastases was confirmed by
Melsaether et al. in a prospective study including BC patients
referred for staging, disease monitoring or restaging [12].
None of the studies showed a difference in the detection of
lymph node metastases. However, the two mentioned staging
studies concurrently showed inferior sensitivity of FDG PET/
MRI for the detection of lung metastases, suggesting that sup-
plementary lung CT evaluation may be needed for compre-
hensive evaluation.

Findings in prostate cancer

The five studies comparing PET/MRI and PET/CT for
staging/restaging of PC suggest that ®®Ga-PSMA-11
PET/MRI may be a one-stop modality with superior
diagnostic value in patients with biochemical recurrence
of PC. °®Ga-PSMA-11 PET/MRI and °*Ga-PSMA-11
PET/CT had equal diagnostic performance in primary
staging, probably reflecting the fact that PSMA is a
strong biomarker of PC lesions. The three retrospective
studies using *®*Ga-PSMA-11 for staging/restaging con-
currently showed equal performance of PET/MRI and
PET/CT with regard to detection of lymph node and
bone metastases, all of which were PET-positive [15,
17, 18]. Together the studies indicate equal diagnostic
performance of ®*Ga-PSMA-11 PET/MRI and ®*Ga-
PSMA-11 PET/CT for initial staging and the superiority
of PET/MRI in restaging of biochemical recurrence,
suggesting that ®*Ga-PSMA-11 PET/MRI should be re-
served for the latter where it may be a superior and
one-stop modality. Importantly, these indications are
based on small datasets from retrospective single-centre
studies, but are nevertheless promising and should be
further explored in large prospective and, preferably,
multicentre trials including homogeneous patient
populations.

The results and conclusions of the two prospective studies
using ''C-choline for staging/restaging were different. Eiber
et al. found that PET/MRI detected more local recurrences but
fewer lymph node and bone metastases than PET/CT [16],
whereas Souvatzoglou et al. did not find any difference be-
tween the modalities, but in the absence of a reference stan-
dard confirming the suspicion of malignancy [19]. Overall,
the findings confirm that choline is a tracer with known lim-
ited sensitivity for the detection of PC lesions especially in
patients with low PSA levels, which leaves a more prominent
role for the CT and MRI parts. The clinical significance of this
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is probably low as the focus is moving towards the use of
PSMA, because of its higher specificity.

Findings in gynaecological cancer

The four studies comparing FDG PET/MRI and FDG PET/
CT for staging/restaging of GC did not show any difference in
lesion detection suggesting that there is neither diagnostic
benefit nor disadvantage in using FDG PET/MRI in the clin-
ical evaluation of these patients. However, the data are limited
and must be confirmed with elimination of the risk of type II
error before FDG PET/MRI can be recommended as a substi-
tute for FDG PET/CT in patients in whom radiation exposure
is an issue.

Only one study compared FDG PET/MRI and FDG PET/
CT for primary staging and showed no differences in detection
of tumour, regional lymph nodes or abdominal metastases in a
heterogeneous cohort of 18 patients with cervical or endome-
trial cancer [20]. However, parametrial and bladder invasion
by cervical cancer seen on FDG PET/MRI and not detected on
FDG PET/CT resulted in upstaging in five patients, suggest-
ing improved diagnostic accuracy and added clinical value of
PET/MRI. The study protocol did not include MRI outside the
abdominal—pelvic region, and evaluation of thoracic and
supraclavicular lymph node metastases or potential lung me-
tastases was not possible and should be addressed in future
studies before a position on FDG PET/MRI as a one-stop
modality can be taken.

Three studies compared FDG PET/MRI and FDG PET/CT
for restaging in patients with suspected recurrence of pelvic
malignancy and showed no difference in lesion detection. The
studies included small, heterogeneous populations of patients
with cervical, ovarian, endometrial, vulva and vaginal cancers
with different tumour biologies and characteristics, and the
findings may have been influenced by type II errors.
Furthermore, in the study by Beiderwellen et al., all detected
malignant lesions including subcentimetre lung metastases
showed increased FDG uptake and thus, on this basis, differ-
ences between the two modalities are unlikely [21].

Although FDG PET/CT in combination with pelvic MRI is
part of standard clinical work-up in initial staging of ovarian
and cervical cancers in many centres, we did not find any
studies comparing FDG PET/MRI with this approach.
Nevertheless, the available data from studies comparing
FDG PET/CT and FDG PET/MRI may be used to identify
clinical areas in which PET/CT combined with MRI or PET/
MRI as one-stop modality may be of added value compared
with PET/CT alone. Larger prospective studies may be able to
elucidate whether such combinations could be of value in
patients at risk of local tumour invasion or with suspected
tumour recurrence in previously treated areas where malignant
lesions may be difficult to distinguish from benign
posttherapy changes.
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Findings in gastrointestinal cancer

Two studies compared PET/MRI and PET/CT using DOTA
PET tracers in NET. As one of the studies had several meth-
odological flaws with data presentation insufficient for evalu-
ation and interpretation in the context of this review [25], data
from only one study in 30 patients referred for staging/
restaging of NET are presented [24]. The study showed iden-
tical staging results with *®Ga-DOTATOC PET/MRI and
®8Ga-DOTATOC PET/CT on a per-patient basis as both mo-
dalities correctly identified patients as being tumour-free, hav-
ing local disease only or having metastatic disease according
to the reference standard. However, in a lesion-based analysis,
%8Ga-DOTATOC PET/MRI correctly detected a significantly
higher proportion of NET lesions than ®*Ga-DOTATOC PET/
CT, and detected liver metastases not identified on PET/CT.
The discrepancy between lesion-based and patient-based find-
ings can probably be explained by the fact that the cohort
consisted of patients with advanced NET in whom the detec-
tion of additional metastases in the liver did not change overall
staging or management. The superiority of PET/MRI for le-
sion detection in NET is therefore not clear and should be
further evaluated in studies including larger cohorts. The same
goes for pancreatic cancer, since available data from only one
small study did not show any difference in diagnostic perfor-
mance in the preoperative evaluation of tumour resectability
and staging [26].

Two studies with small and heterogeneous populations
compared FDG PET/MRI and FDG PET/CT for staging/
restaging in colorectal cancer. Catalano et al. found that
FDG PET/MRI was superior for staging allowing accurate
local and overall staging and restaging in a significant number
of patients [27]. In contrast, in a smaller cohort, Brendle et al.
did not find any difference in overall staging or lesion-based
accuracy [28]. However, FDG PET/MRI had significantly
higher accuracy for the detection of liver metastases. The clin-
ical impact of this may be high as the liver is the most signif-
icant site of GIC metastases so that detection and characteri-
zation of liver metastases is all-important for treatment and
prognosis. These limited data suggest a role for FDG PET/
MRI in staging/restaging of colorectal cancer, possibly as one-
stop modality providing the presence of lung metastases is
unlikely, which however, was not addressed in the available
studies.

Conclusion

Among the studies included in this scoping review, only a
limited number allowed conclusions on the advantages and
disadvantages of PET/MRI compared with PET/CT in the
oncological setting. In general, study designs, populations
and indications varied widely, emphasizing the need for pro-
spective studies with more well-defined purposes and more

homogeneous populations to allow a better definition of the
clinical role of PET/MRI in oncology. There is current evi-
dence to support the use in staging of primary nasopharyngeal
cancer and high-risk BC. The sensitivity of FDG PET/MRI in
the detection of lung metastases with is inferior to that of FDG
PET/CT, and thus, based on the current evidence, FDG PET/
MRI cannot be used as single one-stop modality for staging of
cancers where lung metastases are likely. The preliminary data
indicate the superiority of PET/MRI for the detection of local
recurrence in PC, local tumour invasion in cervical cancer, and
liver metastases and staging in colorectal cancer. PET/MRI
may be a promising one-stop modality with improved accura-
cy and added clinical value in PC with biochemical recur-
rence, advanced cervical cancer and advanced colorectal can-
cer. These statements are based on small datasets with the risk
oftype Il errors, and need to be confirmed by in well-powered,
preferably multicentre, trials including homogeneous patient
populations.

Optimal future approaches should include well-designed
and well-powered studies focusing not only on diagnostic
accuracy but to a high degree also on the impact of PET/
MRI on diagnostic and clinical thinking, and on patient man-
agement and patient outcome. When possible, they should
include cost-benefit or cost-effectiveness analyses of the use
of PET/MRI, but without losing focus on what benefits pa-
tients most.
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