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Review article

Diagnostic performance of PET/computed tomography 
versus PET/MRI and diffusion-weighted imaging in the N- 
and M-staging of breast cancer patients
Cornelis Maarten de Mooija,b,c, Inés Sunena,d, Cristina Miteaa,c,  
Ulrich C. Laljia, Sigrid Vanwetswinkela, Marjolein L. Smidtb,c and  
Thiemo J.A. van Nijnattena,c    

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 

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. Nucl Med Commun 
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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 600 000 women suc-
cumbed to breast cancer in 2018 [1]. Prognosis is mainly 
determined by the individual tumor burden reflected by 

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 PET 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 PET/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 
I.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 (PET/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, http://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 PET/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 PET/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 I.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 I.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 field 
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 I.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 2 × 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. 

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 

Fig. 1

Flowchart of study selection process according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA).
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studies contained a total of 476 patients (mean 43 per 
study, range 13–109). Six articles reported results com-
paring 18F-FDG PET/CT with 18F-FDG PET/MRI 
[19,21,24,26,27,29] four articles compared 18F-FDG 
PET/CT with DWI [22,23,25,28] and one article com-
pared 18F-FDG PET/CT with both 18F-FDG PET/
MRI and DWI [20]. Detailed information of the charac-
teristics of the included studies is presented in Table 1.

Methodological quality assessment
Quality assessment of the included studies is summa-
rized in Table  2. Significant risk of bias as well as sig-
nificant applicability concerns were observed in all of 
the included studies except one [21]. Overall, the ref-
erence standard contained the highest risk of bias. This 
was mainly caused by no use of pathology, no use of an 
acceptable duration of follow-up, or the use of consensus 
between the imaging modalities to serve as a reference 
standard. Risk of bias regarding patient selection was 
mainly due the lack of blinding and the risk of recall bias. 
Concerns regarding applicability for the patient selection 
were due to the heterogeneous patient populations and 
the use of early stage breast cancer patients in whom the 
chances of having regional or distant metastases are gen-
erally lower.

Technical details
All included studies used 18F-FDG as a radiotracer. In six 
studies, the field strength was 3.0 T [19,23,24,26,27,29] 
in three 1.5 T [22,25,28] and in two it was not reported 
[20,21]. PET and MRI images were simultaneously 
acquired in all but one study evaluating PET/MRI, the 
exception being a sequential acquisition [19]. In five stud-
ies, reviewers assessed the images of the imaging modali-
ties separately [22,23,25–27] while this was performed by 
the same reviewers in another five articles [19–21,24,29]. 
The remaining publication is unclear about image inter-
pretation [28]. Intravenous contrast was administrated 
in all studies; however, only five studies used contrast in 
both techniques [20,21,24,25,29]. Detailed descriptions 
of the imaging sequences used for PET/MRI and DWI 
are depicted in Table 3.

PET/computed tomography versus PET/MRI
18F-FDG PET/CT was compared with 18F-FDG PET/
MRI in seven studies comprising a total of 396 patients. 
Evaluated anatomic sites were all lesions, contralateral 
breast cancer, axillary, internal mammary, and mediasti-
nal lymph nodes, bone, liver, lung, pleura, and brain. A 
tabular overview of the results is depicted in Table 4.

All lesions were evaluated in four primary studies 
[19,20,26,29]. In all four studies, the sensitivity of 18F-
FDG PET/MRI was at least equal to that of 18F-FDG 
PET/CT, with only Botsikas et al. [19] reporting a statis-
tically significant difference in favor of 18F-FDG PET/
MRI (77% versus 89%, P = 0.0013). Catalano et al. found Ta
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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 et al. reported a statis-
tically significant difference in favor of 18F-FDG PET/
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 PET/
CT and 18F-FDG PET/MRI [19,21,26,27]. Botsikas et 
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 et 
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 et al. 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, Melsaether et al. 
reported higher sensitivity in favor of 18F-FDG PET/
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 et al. [27] 
found lower sensitivity for PET/CT in a patient-based 
analysis (86% versus 100%) but did not review the data 
statistically. Only Melsaether et al. 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 PET/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 et 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 et 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 et al., 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/CT [22,25,28]. 
In a study by Heusner et al., similar sensitivity for the 

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
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detection of regional lymph node metastases was found 
(75% versus 75%), while a higher specificity was achieved 
by 18F-FDG PET/CT (100% versus 64%) [25]. Rezk et al. 
found better diagnostic performance for 18F-FDG PET/
CT regarding sensitivity (90% versus 84%, P = 0.59) and 
specificity (82% versus 73%, P = 0.47) in a similar analysis 
[28]. Regarding axillary lymph node metastases, higher 
accuracy was achieved by 18F-FDG PET/CT (75% ver-
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 PET/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].

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.

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 PET/MRI and higher specific-
ity for 18F-FDG PET/CT [19,20,26,29]. Pace et al. [30] 
previously concluded that 18F-FDG PET/MR performs 
equally to 18F-FDG PET/CT in the anatomic allocation 
and multiple studies show a strong correlation between 
the  standardized uptake values (SUVs) derived from 
these two hybrid techniques [27]. In line with these 
findings, the main reason for the higher sensitivity of 
18F-FDG PET/MR comes from non-FDG-avid lesions 
such as permeative osseous metastases and subcentim-
eter hepatic metastases that are visible on MRI but not 
on CT [20,29]. Based on the primary articles included in 
this review, the diagnostic performance of DWI for lesion 
detection and staging is inconclusive. Of 283 lesions for 
which a standard of reference was available and that were 
only seen on DWI and not on 18F-FDG PET/CT in a 
study by Heusner et al., 231 (82%) were false-positives 
mainly in the bone and distant lymph nodes [25]. They 
agree with previous publications stating that DWI only 
causes false alarm [31].

The determination of the correct clinical nodal status is 
essential to provide the patient with the appropriate onco-
logical treatment and strongly influences patients’ prog-
nosis [2]. Compared to a sensitivity of 60% and specificity Ta
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of 97% of 18F-FDG PET/CT reported in a systematic 
review by Robertson et al. [32], the primary studies in this 
review achieve on average a higher sensitivity and lower 
specificity. From another systematic review by Liang et 
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 et al. [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 PET/CT. Moreover, the addition of an 
axillary dedicated hybrid protocol as investigated by Van 
Nijnatten et al. [35] could even further improve the diag-
nostic performance of 18F-FDG PET/MRI in determin-
ing the clinical nodal status. Opposite to the results found 
by Chung et al. [15], Ergul et al. [22] found a strikingly 

low sensitivity and high specificity for DWI compared to 
18F-FDG PET/CT in early stage breast cancer patients. 
They state that the low tumor cell burden in their cohort 
likely rendered DWI-mediated detection difficult [22]. 
In summary, regarding nodal staging, 18F-FDG PET/CT 
could safely be replaced by 18F-FDG PET/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, 

Table 4 PET/computed tomography versus PET/MRI

  PET/CT  PET/MRI  

First author Site Analysis Sensitivity (%; 95 CIs) Specificity (%; 95 CIs)
Accuracy 

(%; 95 CIs) Sensitivity (%; 95 CIs) Specificity (%; 95 CIs)
Accuracy 

(%; 95 CIs)

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 Alla P – – 75 – – 98b

Botsikas All L 77 (67–85) 98 (97–99)c – 89 (81–94)d 96 (94–98) –
Botsikas Alle 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  

mammary LNs
L 90 (54–99) 100 (97–100) – 90 (54–99) 100 (97–100) –

Botsikas Internal  
mammary LNs

P 89 (51–99) 100 (94–100) – 89 (51–99) 100 (94–100) –

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) † 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) † – –
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); CI, confidence interval; CT, computed tomography; D, reader 2 (PET/MRI); L, lesion level; LNs, 
lymph nodes; P, patient level.
aStaging performance. 
bSignificantly higher accuracy.
cSignificantly higher specificity.
dSignificantly higher sensitivity.
ePatients with bone, liver, pulmonary, mediastinal, pleural and thoracic wall metastases.
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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 et al. [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 et al. [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 PET/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 et al. 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 et al. 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 CT 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 et 
al. investigated the diagnostic performance of 18F-FDG 
PET/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 PET/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 

Table 5 PET/computed tomography versus diffusion-weighted imaging

  PET/CT  DWI  

First author Site Analysis
Sensitivity 

(%; 95 CIs)
Specificity 

(%; 95 CIs)
Accuracy 

(%; 95 CIs)
Sensitivity 

(%; 95 CIs)
Specificity 

(%; 95 CIs)
Accuracy 

(%; 95 CIs)

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; CI, confidence interval; CT, computed tomography; DWI, diffusion-weighted imaging; L, lesion 
level; LNs, lymph nodes; P, patient level; STIR, short tau inversion recovery.



Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Review on N- and M-staging in breast cancer de Mooij et al. 1003

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 × 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. Melsaether et 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 et al. 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 et 
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 PET-CT is indicated.

Acknowledgements
Conflicts of interest
C.M.d.M. received a salary from Health Foundation 
Limburg. M.L.S. received research funding from Servier 

for the microbiota study. There are no conflicts of interest 
for the remaining authors.

References
1 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin 2018; 
68:394–424.

2 Noone AM HN KM, Miller D, Brest A, Yu M, Ruhl J, Tatalovich Z, Mariotto A, 
et al. (eds). SEER Cancer Statistics Review, 1975-2015. Bethesda, MD: 
National Cancer Institute; 2018. https://seer.cancer.gov/csr/1975_2015/. 
[Accessed 1 April  2020].

3 Soni A, Ren Z, Hameed O, Chanda D, Morgan CJ, Siegal GP, Wei S. 
Breast cancer subtypes predispose the site of distant metastases. Am J 
Clin Pathol 2015; 143:471–478.

4 Thomas A, Khan SA, Chrischilles EA, Schroeder MC. Initial surgery and 
survival in stage IV breast cancer in the United States, 1988-2011. JAMA 
Surg 2016; 151:424–431.

5 Weigelt B, Peterse JL, van ‘t Veer LJ. Breast cancer metastasis: markers 
and models. Nat Rev Cancer 2005; 5:591–602.

6 Jafari SH, Saadatpour Z, Salmaninejad A, Momeni F, Mokhtari M, Nahand 
JS, et al. Breast cancer diagnosis: imaging techniques and biochemical 
markers. J Cell Physiol 2018; 233:5200–5213.

7 Fowler AM, Mankoff DA, Joe BN. Imaging neoadjuvant therapy response in 
breast cancer. Radiology 2017; 285:358–375.

8 Kuijs VJ, Moossdorff M, Schipper RJ, Beets-Tan RG, Heuts EM, Keymeulen 
KB, et al. The role of MRI in axillary lymph node imaging in breast cancer 
patients: a systematic review. Insights Imaging 2015; 6:203–215.

9 Caresia Aroztegui AP, García Vicente AM, Alvarez Ruiz S, Delgado Bolton 
RC, Orcajo Rincon J, Garcia Garzon JR, et al.; Oncology Task Force of the 
Spanish Society of Nuclear Medicine and Molecular Imaging. 18F-FDG 
PET/CT in breast cancer: evidence-based recommendations in initial 
staging. Tumour Biol 2017; 39:1010428317728285.

10 Musafargani S, Ghosh KK, Mishra S, Mahalakshmi P, Padmanabhan P, 
Gulyás B. PET/MRI: a frontier in era of complementary hybrid imaging. Eur 
J Hybrid Imaging 2018; 2:12.

11 Pujara AC, Kim E, Axelrod D, Melsaether AN. PET/MRI in breast cancer. J 
Magn Reson Imaging 2019; 49:328–342.

12 Rosenkrantz AB, Friedman K, Chandarana H, Melsaether A, Moy L, Ding 
YS, et al. Current status of hybrid PET/MRI in oncologic imaging. AJR Am J 
Roentgenol 2016; 206:162–172.

13 Kitajima K, Miyoshi Y, Yamano T, Odawara S, Higuchi T, Yamakado K. 
Prognostic value of FDG-PET and DWI in breast cancer. Ann Nucl Med 
2018; 32:44–53.

14 Koh DM, Collins DJ. Diffusion-weighted MRI in the body: applications and 
challenges in oncology. AJR Am J Roentgenol 2007; 188:1622–1635.

15 Chung J, Youk JH, Kim JA, Gweon HM, Kim EK, Ryu YH, Son EJ. Role of 
diffusion-weighted MRI: predicting axillary lymph node metastases in breast 
cancer. Acta Radiol 2014; 55:909–916.

16 Komori T, Narabayashi I, Matsumura K, Matsuki M, Akagi H, Ogura Y, et al. 
2-[Fluorine-18]-fluoro-2-deoxy-D-glucose positron emission tomography/
computed tomography versus whole-body diffusion-weighted MRI for detection 
of malignant lesions: initial experience. Ann Nucl Med 2007; 21:209–215.

17 McInnes MDF, Moher D, Thombs BD, McGrath TA, Bossuyt PM, Clifford T, 
et al.; The PRISMA-DTA Group. Preferred reporting items for a systematic 
review and meta-analysis of diagnostic test accuracy studies: the PRISMA-
DTA Statement. JAMA 2018; 319:388–396.

18 Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma 
JB, et al.; QUADAS-2 Group. QUADAS-2: a revised tool for the quality 
assessment of diagnostic accuracy studies. Ann Intern Med 2011; 
155:529–536.

19 Botsikas D, Bagetakos I, Picarra M, Da Cunha Afonso Barisits AC, 
Boudabbous S, Montet X, et al. What is the diagnostic performance of 
18-FDG-PET/MR compared to PET/CT for the N- and M- staging of breast 
cancer? Eur Radiol 2019; 29:1787–1798.

20 Catalano OA, Daye D, Signore A, Iannace C, Vangel M, Luongo A, et al. 
Staging performance of whole-body DWI, PET/CT and PET/MRI in invasive 
ductal carcinoma of the breast. Int J Oncol 2017; 51:281–288.

21 Catalano OA, Nicolai E, Rosen BR, Luongo A, Catalano M, Iannace C, et al. 
Comparison of CE-FDG-PET/CT with CE-FDG-PET/MR in the evaluation 
of osseous metastases in breast cancer patients. Br J Cancer 2015; 
112:1452–1460.

22 Ergul N, Kadioglu H, Yildiz S, Yucel SB, Gucin Z, Erdogan EB, et al. 
Assessment of multifocality and axillary nodal involvement in early-
stage breast cancer patients using 18F-FDG PET/CT compared to 

https://seer.cancer.gov/csr/1975_2015/


Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

1004 Nuclear Medicine Communications 2020, Vol 41 No 10

contrast-enhanced and diffusion-weighted magnetic resonance imaging 
and sentinel node biopsy. Acta Radiol 2015; 56:917–923.

23 Grankvist J, Fisker R, Iyer V, Fründ ET, Simonsen C, Christensen T, et al. 
MRI and PET/CT of patients with bone metastases from breast carcinoma. 
Eur J Radiol 2012; 81:e13–e18.

24 Grueneisen J, Nagarajah J, Buchbender C, Hoffmann O, Schaarschmidt 
BM, Poeppel T, et al. Positron emission tomography/magnetic resonance 
imaging for local tumor staging in patients with primary breast cancer: a 
comparison with positron emission tomography/computed tomography and 
magnetic resonance imaging. Invest Radiol 2015; 50:505–513.

25 Heusner TA, Kuemmel S, Koeninger A, Hamami ME, Hahn S, Quinsten A, 
et al. Diagnostic value of diffusion-weighted magnetic resonance imaging 
(DWI) compared to FDG PET/CT for whole-body breast cancer staging. 
Eur J Nucl Med Mol Imaging 2010; 37:1077–1086.

26 Melsaether AN, Raad RA, Pujara AC, Ponzo FD, Pysarenko KM, Jhaveri K, 
et al. Comparison of whole-body (18)F FDG PET/MR imaging and whole-
body (18)F FDG PET/CT in terms of lesion detection and radiation dose in 
patients with breast cancer. Radiology 2016; 281:193–202.

27 Pujara AC, Raad RA, Ponzo F, Wassong C, Babb JS, Moy L, Melsaether 
AN. Standardized uptake values from PET/MRI in metastatic breast cancer: 
an organ-based comparison with PET/CT. Breast J 2016; 22:264–273.

28 Rezk M, Nasr I, Ali I, Abdelhamed H. Comparative study between (18)
F FDG-PET/CT and whole body MRI DWIBS in assessment of recurrent 
breast cancer (prospective, comparative, cross-sectional study design). 
Indian J Nucl Med 2019; 34:1–9.

29 Sawicki LM, Grueneisen J, Schaarschmidt BM, Buchbender C, Nagarajah 
J, Umutlu L, et al. Evaluation of ¹8F-FDG PET/MRI, ¹8F-FDG PET/CT, MRI, 
and CT in whole-body staging of recurrent breast cancer. Eur J Radiol 
2016; 85:459–465.

30 Pace L, Nicolai E, Luongo A, Aiello M, Catalano OA, Soricelli A,  
Salvatore M. Comparison of whole-body PET/CT and PET/MRI in breast 
cancer patients: lesion detection and quantitation of 18F-deoxyglucose 
uptake in lesions and in normal organ tissues. Eur J Radiol 2014; 
83:289–296.

31 Ohno Y, Koyama H, Onishi Y, Takenaka D, Nogami M, Yoshikawa T, et 
al. Non-small cell lung cancer: whole-body MR examination for M-stage 
assessment–utility for whole-body diffusion-weighted imaging compared 
with integrated FDG PET/CT. Radiology 2008; 248:643–654.

32 Robertson IJ, Hand F, Kell MR. FDG-PET/CT in the staging of local/regional 
metastases in breast cancer. Breast 2011; 20:491–494.

33 Liang X, Yu J, Wen B, Xie J, Cai Q, Yang Q. MRI and FDG-PET/CT based 
assessment of axillary lymph node metastasis in early breast cancer: a 
meta-analysis. Clin Radiol 2017; 72:295–301.

34 Bruckmann NM, Sawicki LM, Kirchner J, Martin O, Umutlu L, Herrmann K, 
et al. Prospective evaluation of whole-body MRI and (18)F-FDG PET/MRI 
in N and M staging of primary breast cancer patients. Eur J Nucl Med Mol 
Imaging 2020. [Epub ahead of print].

35 van Nijnatten TJA, Goorts B, Vöö S, de Boer M, Kooreman LFS, Heuts 
EM, et al. Added value of dedicated axillary hybrid 18F-FDG PET/
MRI for improved axillary nodal staging in clinically node-positive breast 
cancer patients: a feasibility study. Eur J Nucl Med Mol Imaging 2018; 
45:179–186.

36 Costelloe CM, Rohren EM, Madewell JE, Hamaoka T, Theriault RL, Yu 
TK, et al. Imaging bone metastases in breast cancer: techniques and 
recommendations for diagnosis. Lancet Oncol 2009; 10:606–614.

37 Coleman RE, Rubens RD. The clinical course of bone metastases from 
breast cancer. Br J Cancer 1987; 55:61–66.

38 Brook N, Brook E, Dharmarajan A, Dass CR, Chan A. Breast cancer bone 
metastases: pathogenesis and therapeutic targets. Int J Biochem Cell Biol 
2018; 96:63–78.

39 Çelebi F. What is the diagnostic performance of 18F-FDG-PET/MRI in the 
detection of bone metastasis in patients with breast cancer? Eur J Breast 
Health 2019; 15:213–216.

40 Huellner MW, Appenzeller P, Kuhn FP, Husmann L, Pietsch CM, Burger 
IA, et al. Whole-body nonenhanced PET/MR versus PET/CT in the staging 
and restaging of cancers: preliminary observations. Radiology 2014; 
273:859–869.

41 Raad RA, Friedman KP, Heacock L, Ponzo F, Melsaether A, Chandarana H. 
Outcome of small lung nodules missed on hybrid PET/MRI in patients with 
primary malignancy. J Magn Reson Imaging 2016; 43:504–511.

42 Sawicki LM, Grueneisen J, Buchbender C, Schaarschmidt BM, Gomez B, 
Ruhlmann V, et al. Comparative performance of ¹8F-FDG PET/MRI and  
¹8F-FDG PET/CT in detection and characterization of pulmonary lesions in 
121 oncologic patients. J Nucl Med 2016; 57:582–586.

43 Chandarana H, Heacock L, Rakheja R, DeMello LR, Bonavita J, Block TK, 
et al. Pulmonary nodules in patients with primary malignancy: comparison of 
hybrid PET/MR and PET/CT imaging. Radiology 2013; 268:874–881.

44 Stolzmann P, Veit-Haibach P, Chuck N, Rossi C, Frauenfelder T, Alkadhi H, 
et al. Detection rate, location, and size of pulmonary nodules in trimodality 
PET/CT-MR: comparison of low-dose CT and Dixon-based MR imaging. 
Invest Radiol 2013; 48:241–246.

45 Sawicki LM, Grueneisen J, Buchbender C, Schaarschmidt BM, Gomez 
B, Ruhlmann V, et al. Evaluation of the outcome of lung nodules missed 
on 18F-FDG PET/MRI compared with 18F-FDG PET/CT in patients with 
known malignancies. J Nucl Med 2016; 57:15–20.

46 Martin O, Schaarschmidt BM, Kirchner J, Suntharalingam S, Grueneisen 
J, Demircioglu A, et al. PET/MRI versus PET/CT in whole-body staging: 
results from a unicenter observational study in 1003 subsequent 
examinations. J Nucl Med 2019. [Epub ahead of print].

47 Burris NS, Johnson KM, Larson PE, Hope MD, Nagle SK, Behr SC, 
Hope TA. Detection of small pulmonary nodules with ultrashort echo time 
sequences in oncology patients by using a PET/MR system. Radiology 
2016; 278:239–246.

48 Hong SB, Choi SH, Kim KW, Park SH, Kim SY, Lee SJ, et al. Diagnostic 
performance of [18F]FDG-PET/MRI for liver metastasis in patients with 
primary malignancy: a systematic review and meta-analysis. Eur Radiol 
2019; 29:3553–3563.

49 Bruegel M, Gaa J, Waldt S, Woertler K, Holzapfel K, Kiefer B, Rummeny 
EJ. Diagnosis of hepatic metastasis: comparison of respiration-triggered 
diffusion-weighted echo-planar MRI and five t2-weighted turbo spin-echo 
sequences. AJR Am J Roentgenol 2008; 191:1421–1429.

50 Coenegrachts K, Delanote J, Ter Beek L, Haspeslagh M, Bipat S, Stoker 
J, et al. Improved focal liver lesion detection: comparison of single-shot 
diffusion-weighted echoplanar and single-shot T2 weighted turbo spin echo 
techniques. Br J Radiol 2007; 80:524–531.

51 Boerner AR, Weckesser M, Herzog H, Schmitz T, Audretsch W, Nitz U, et 
al. Optimal scan time for fluorine-18 fluorodeoxyglucose positron emission 
tomography in breast cancer. Eur J Nucl Med 1999; 26:226–230.

52 Wangerin KA, Muzi M, Peterson LM, Linden HM, Novakova A, O’Sullivan F, 
et al. Effect of 18F-FDG uptake time on lesion detectability in PET imaging 
of early stage breast cancer. Tomography 2015; 1:53–60.

53 Chen YM, Huang G, Sun XG, Liu JJ, Chen T, Shi YP, Wan LR. Optimizing 
delayed scan time for FDG PET: comparison of the early and late delayed 
scan. Nucl Med Commun 2008; 29:425–430.

54 Cheng G, Torigian DA, Zhuang H, Alavi A. When should we recommend 
use of dual time-point and delayed time-point imaging techniques in FDG 
PET? Eur J Nucl Med Mol Imaging 2013; 40:779–787.

55 Ehman EC, Johnson GB, Villanueva-Meyer JE, Cha S, Leynes AP, Larson 
PEZ, Hope TA. PET/MRI: where might it replace PET/CT? J Magn Reson 
Imaging 2017; 46:1247–1262.

56 Diao W, Tian F, Jia Z. The prognostic value of SUVmax measuring on 
primary lesion and ALN by 18F-FDG PET or PET/CT in patients with breast 
cancer. Eur J Radiol 2018; 105:1–7.

57 Pace L, Nicolai E, Luongo A, Aiello M, Catalano OA, Soricelli A, Salvatore 
M. Comparison of whole-body PET/CT and PET/MRI in breast cancer 
patients: lesion detection and quantitation of 18F-deoxyglucose uptake in 
lesions and in normal organ tissues. Eur J Radiol 2014; 83:289–296.

58 Wei L, Osman S, Hatt M, El Naqa I. Machine learning for radiomics-based 
multimodality and multiparametric modeling. Q J Nucl Med Mol Imaging 
2019; 63:323–338.

59 Mayerhoefer ME, Prosch H, Beer L, Tamandl D, Beyer T, Hoeller C,  
et al. PET/MRI versus PET/CT in oncology: a prospective single-center 
study of 330 examinations focusing on implications for patient management 
and cost considerations. Eur J Nucl Med Mol Imaging 2020; 47:51–60.


