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Abstract
Purpose To compare the diagnostic performance of 18-FDG-PET/MR and PET/CT for the N- and M- staging of breast cancer.
Methods and materials Two independent readers blinded to clinical/follow-up data reviewed PET/MR and PET/CT examina-
tions performed for initial or recurrent breast cancer staging in 80 consecutive patients (mean age = 48 ± 12.9 years). The
diagnostic confidence for lesions in the contralateral breast, axillary/internal mammary nodes, bones and other distant sites were
recorded. Sensitivity, specificity, positive (PPV) and negative predictive values (NPV) were calculated. The standard of reference
included pathology and/or follow-up > 12 months.
Results Nine of 80 patients had bone metastases; 13/80 had other distant metastases, 44/80 had axillary, 9/80 had internal
mammary and 3/80 had contralateral breast tumours. Inter-reader agreement for lesions was excellent (weighted kappa =
0.833 for PET/CT and 0.823 for PET/MR) with similar reader confidence for the two tests (ICC = 0.875). In the patient-per-
patient analysis, sensitivity and specificity of PET/MRI and PET/CTwere similar (p > 0.05). In the lesion-per-lesion analysis, the
sensitivity of PET/MR and PET/CT for bone metastases, other metastases, axillary and internal mammary nodes, contralateral
tumours and all lesions together was 0.924 and 0.6923 (p = 0.0034), 0.923 and 0.923 (p = 1), 0.854 and 0.812 (p = 0.157), 0.9 and
0.9 (p = 1), 1 and 0.25 (p = 0.083), and 0.89 and 0.77 (p = 0.0013) respectively. The corresponding specificity was 0.953 and 1
(p = 0.0081), 1 and 1 (p = 1), 0.893 and 0.92 (p = 0.257), 1 and 1 (p = 1), 0.987 and 0.99 (p = 1) and 0.96 and 0.98 (p = 0.0075)
respectively.
Conclusions Reader confidence, inter-reader agreement and diagnostic performance per patient were similar with PET/MR and
PET/CT. However, for all lesions together, PET/MR had a superior sensitivity and lower specificity in the lesion-per-lesion
analysis.
Key Points
• N and M breast cancer staging performance of PET/MR and PET/CT is similar per patient.
• In a lesion-per-lesion analysis PET/MR is more sensitive than PET/CT especially for bone metastasis.
• Readers’ diagnostic confidence is similar for both tests.
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Abbreviations
18-FDG 2-deoxy-2-(18F) fluoro-D-glucose
MIP Maximum intensity projection
NAC Neo-adjuvant chemotherapy
NPV Negative predictive value
PET/CT Positron emission tomography/

computed tomography
PET/MR Positron emission tomography/

magnetic resonance
PPV Positive predictive value

Introduction

Breast cancer is the most frequent cancer in women world-
wide. It is responsible for 571,000 deaths worldwide annually
[1]. Initial staging is very important for treatment planning,
and survival rates depend on it. Important points for initial
staging are detection of disease in the contralateral breast,
evaluation of lymph node status and detection of distant
metastases.

Breast magnetic resonance imaging (MRI) is the diagnostic
modality with the highest sensitivity for the detection of inva-
sive breast cancer [2, 3]. The indications when to perform pre-
operative breast MRI are highly debated. Pre-operative breast
MRI is in general recommended in patients with suspected
multifocal, multicentric or bilateral disease (mainly newly di-
agnosed lobular invasive breast cancer), in newly diagnosed
breast cancer in high-risk patients, in patients with major dis-
cordance between mammography and ultrasound, in younger
patients, prior to partial breast irradiation but also in aggres-
sive tumours in young patients with dense breasts [4, 5]. The
technical evolution of breast MRI with more robust sequences
has resulted in improved diagnostic information not only in
the breast but also in the regional lymph nodes [6, 7].

The presence of distant metastases at initial presentation influ-
ences treatment options. The most frequent locations of metasta-
tic dissemination include the lungs, liver and bony structures [8].
Whole-body 18-FDG-PET/CT (PET/CT) is a hybrid imaging
modality that is useful for the initial staging of advanced breast
cancer or when distant metastases are suspected [9]. It can po-
tentially replace bone scintigraphy and when combined with di-
agnostic abdominal CT or MRI it can be used as the imaging
modality of choice for these patients. Whole-body MRI has also
been employed for the initial staging of breast cancer [10].
Regarding bonemetastases, its performance is comparable to that
of bone scintigraphy [11].

Whole-body and breast 18-FDG-PET/MR (PET/MR) is an-
other, relatively recent, hybrid imaging modality that has been
proposed not only for the initial staging of breast cancer [12–17]
but also for the detection of recurrent disease [18]. It combines
dedicated breast MRI, whole-body MRI and 18-FDG-PET.

The purpose of the current study was to compare the diag-
nostic performance of 18-FDG-PET/MR and PET/CT for the
initial staging of breast cancer.

Methods

Patient population

This prospective study was approved by the institutional re-
view board and written informed consent was obtained from
all patients. Inclusion criteria were newly diagnosed or recur-
rent breast cancer with clinical indication for distal staging
with PET/CT and local staging with MRI according to the
pre-therapeutic multidisciplinary tumour board of our breast
centre. Exclusion criteria wereMRI general contraindications,
pregnancy and impossibility to perform a diagnostic quality
PET/MR and PET/CT examination for technical reasons. All
patients included in the study underwent both whole-body 18-
FDG-PET/MR and thoracic and upper-abdominal 18-FDG-
PET/CT the same day between August 2010 and July 2016.
The reason for this double examination was that according to
our clinical experience, thin-slice high-resolution CT enables
the detection of smaller pulmonary nodules than MRI.
Besides, all studies that aimed to examine MRI performance
for the detection of pulmonary nodules have used CT as the
standard of reference [19]. Therefore, a PET/CT acquisition
was obtained systematically after all PET/MR examinations
performed at our institution during this period.

All examinations were retrospectively analysed from the
picture archiving and communication system (PACS) of our
institution and two experienced readers (7 years of experience
each) performed an independent and blinded reading of all
PET/MR and PET/CT examinations. All patients’ clinical pa-
rameters, biopsy results, final pathology results and follow-up
examinations were retrieved from the medical records of our
institution. Patients with unavailable standard of reference
were excluded from the study.

PET/MR acquisition

PET/MR examinations were performed on a Philips Ingenuity
TF PET/MR (Philips Healthcare), which is a sequential PET/
MR system with both scanners (MR and PET) located in the
same room. All patients underwent a 3-T MRI acquisition and
PET scanning. Transfer from the 3-T MRI scanner to the PET
scanner was done by means of a rotating table allowing the
patient to remain in the same position. For the MR-based
attenuation correction of PET data, a correction map was cal-
culated using three-class segmentation (air, lung and soft tis-
sue) of a 3D multi-stack T1-weighted spoiled gradient echo
sequence, with assignment of predefined attenuation coeffi-
cients to each class and addition of a previously generated
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template for the table and the RF coil attenuation of the emis-
sion data. PET images were reconstructed using a three-
dimensional line-of-response (LOR)/TF/blob-based ordered
subset expectation maximisation (3D-OSEM) algorithm (3
iterations × 33 subsets, as recommended by the manufacturer,
voxel size 4 × 4 × 4 mm).

Each patient was injected with a total of 3.5MBq/kg of 18F-
FDG, after having fasted for at least 6 h. Immediately after
injection, an MR examination from the vertex to the symphysis
pubis (axial T1-weighted Dixon and coronal T2-weighted sin-
gle shot) was performed in the supine position to benefit from
the waiting time for radiotracer distribution in the body. A
whole-body PET acquisition with the same coverage was per-
formed subsequently (10 beds, 1.5 min/bed). The patient then
underwent breast MRI with a dedicated breast coil in the prone
position (axial T2-weighted DWI including b0 and b1000
values and dynamic enhanced T1-weighted Dixon sequences)
after iv injection of 0.2 ml/kg of gadoterate meglumine
(Dotarem, Guebert) with an injection rate of 4 ml/s. Finally a
dedicated breast PET (3 beds 3 min/bed) in the prone position
covering the axillary regions was performed. The whole exam-
ination lasted approximately 90 min. The detailed technical
protocol is shown in Table 1 and illustrated in Fig. 1.

PET/CT acquisition

PET/CT scans were performed immediately after PET/MR
(average time = 185 min after tracer injection) on either a

Biograph 64 scanner (44 patients) or a Biograph mCTscanner
(36 patients) (Siemens Medical Solutions). A PET/CT scan
covering the thoracic and upper abdominal region was ac-
quired with 3-4 min per bed position, depending on the pa-
tient’s weight for the PETand 120 kVp, 60 mAs, pitch 1.5 and
1 s per rotation for the CT scan. The CT was used for the
attenuation correction of the emission data. PET images were
reconstructed using a three-dimensional iterative ordered sub-
set expectation maximisation (3D-OSEM) algorithm (4 itera-
tions × 8 subsets) followed by a 5-mm FWHM post-
processing Gaussian filter. The voxel size was 4 × 4 × 5
mm, comparable to the one obtained by the PET/MR system.

PET/MR and PET/CT interpretation

All images were anonymised and transferred to dedicated
workstations (OsiriX, Pixmeo). They were interpreted by
two independent readers with 7 years of experience in PET/
CTand 6 years in MRI, respectively. One of the readers was a
member of the women’s imaging division and the other of the
musculoskeletal imaging division of the imaging department
of our hospital with respective experience in breast and mus-
culoskeletal MRI. Both readers underwent a training session
for the interpretation of whole-body and breast MR and PET/
MR under the supervision of the referral radiologists for wom-
en and skeletal imaging in our institution, both of whom had at
least 15 years of MRI and PET/CT experience in their respec-
tive field of expertise. In this training session they evaluated in

Table 1 Detailed PET/MR
acquisition protocol PET/MR technical protocol

Whole-body protocol (supine) Time (min) Resolution (mm) TR/TE (ms)

Calibration, survey and reference scan 05:00 - -

T2 TSE coronal * 05:00 1.47/1.46/8.00 3280/76

DWIBS axial (single-shot EPI) 10:30 1.46/1.45/7.00 3929/49 (TI = 230)

3D T1 mDixon WB axial* 02:17 0.85/0.85/3.00 3.2/1.11/2.0

atMR (3D T1 FFE) 03:00 1.88/1.88/6.00 4.1/2.3

PET WB (10 beds × 1.5 min) 15:00 4.00/4.00/4.00 -

40:47

Breast protocol (prone) Time (min) Resolution (mm) TR/TE (ms)

Calibration, survey and reference scan 03:00 - -

T2 TSE axial 03:20 0.59/0.59/3.00 5000/120

DWI b0/b1000 (single-shot EPI) 02:32 1.18/1.18/3.00 10,101/69

3D T1 Dixon axial unenhanced 01:28 0.60/0.60/1.30 7.8/2.4/5.4

3DT1Dixon axial dynamic enhanced (6 frames)** 08:48 0.60/0.60/1.30 7.8/2.4/5.4

atMR breast (3D T1 FFE) 01:06 1.88/1.88/6.00 4.1/2.3

PET breast (3 beds × 3 min) 09:00 4.00/4.00/4.00 -

29:14

*Breathold sequences

**First dynamic series 90 s after Gd injection
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consensus the PET/MR examinations of the five patients that
were excluded from the study because of unavailability of the
standard of reference. Then, the two readers evaluated the
PET/MR and PET/CT examinations separately with a delay
of at least 3 months between the two readings for the same
patient. They were blinded to the final diagnosis and to the
second reader’s interpretation. However, they had access to
the clinical indication and patients’ history as known up to
the date of the examination, thus simulating real clinical con-
ditions. Real clinical conditions were simulated for PET/CT
and PET/MR respectively and the readers were able to per-
form reconstructions in different planes, freely change win-
dow settings for all CT, MRI and PET image series and fusion
of the appropriate PET series with the corresponding CT and
MR series at their convenience and in the desired plane.
Maximum intensity 3D projections (MIP) were also per-
formed according to reader’s preferences.

Each reader noted in each patient all suspicious lesions
found in the contralateral breast of the known cancer, all axil-
lary, internal mammary, mediastinal and other lymph node
localisations, bone lesions, pulmonary and other distant me-
tastases, and their size and exact localisation. Up to five le-
sions per patient per organ were registered. Lymph node

assessment was done per group, as—based on the surgical
specimen available—it was not possible to precisely correlate
lymph nodes detected by imaging with surgically harvested
lymph nodes within a group. Therefore, if a lymph node was
considered positive at imaging, the whole group was labelled
as positive and, vice versa, if a single lymph node was positive
at histopathology, the whole group was considered positive.

The criteria for PET/MR image interpretation and for PET/CT
interpretation were based on the recommendations in the litera-
ture [14, 15, 20] combining the diagnostic criteria of MRI and
PET and CT and PET according to the readers’ clinical judge-
ment. For all lesions, the diagnostic confidencewas noted using a
scale from 1 to 4 (1 = probably not a malignant lesion, 2 =
possibly not malignant, 3 = possibly malignant and 4 = most
probably amalignant lesion). For a lesion with a diagnostic score
of 1 and 2, the examination was considered negative for malig-
nancy. For lesions with a diagnostic score of 3 and 4, the exam-
ination was considered positive for malignancy. When there was
discrepancy between the two readers, a consensus reading ses-
sion with both readers and an additional third reader with 12
years’ experience in female imaging was organised. In the results
section of this article the diagnostic performance of this consen-
sus reading will be presented.

Fig. 1 A 38-year-old patient with
grade 3 invasive ductal carcinoma
of the right breast pT2, pN2, M0.
Illustration of the acquisition pro-
tocol of PET/MR and PET/CT
examinations.Whole-bodyDixon
T1WMRI (a) with corresponding
PET (b) and fusion PET/MR im-
ages (c) in the supine position,
followed by dedicated breast MRI
(d) with corresponding PET (e)
acquisition and fused PET/MR (f)
in the prone position and late
PET/CT (g, h, i) supine acquisi-
tions. Notice the mass lesion of
the inner upper quadrant (arrows
in all images). The lesion is de-
tected on enhanced breast MRI
(d) because of its contrast uptake.
It is also clearly visible on PET in
all three acquisitions (b, e, h) be-
cause of its intense metabolism.
However, as expected, it is almost
invisible on both unenhanced T1W
MR (a) and unenhanced CT (g)
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According to the readers’ findings, N and M staging ac-
cording to PET/MR and PET/CT was performed and com-
pared with the standard of reference.

Standard of reference

When available, percutaneous biopsy and final pathological
analysis were used as the standard of reference. For cases
without pathology results a follow-up of at least 1 year
(mean 819 days, range 370-2342) was used as the standard
of reference. For all patients with loco-regional lesions proven
at histopathology, follow-up was used for eventual metastatic
lesions. Only patients with absence of metastatic lesions dur-
ing at least 1-year follow-up were considered negative for
metastatic lesions. Patients who underwent neo-adjuvant che-
motherapy (NAC) and had no residual lesion at final pathol-
ogy results were excluded from the study if no prior percuta-
neous biopsy had been performed. Patients with less than 12
months of follow-up and no pathology results were also ex-
cluded from the study. Lesions that were positive for malig-
nancy before NAC proven by percutaneous biopsy were con-
sidered positive, independently of the final pathological report
after NAC. Suspicious lesions that decreased in size together
with the primary tumour after NAC were considered positive
for malignancy.

Concerning the type of follow-up, all patients without ev-
idence of metastatic disease at presentation had a mammogra-
phy, breast and axillary ultrasound and clinical examination
annually after surgery and no further total body radiological
examination was performed if there was not a clinical or ra-
diological suspicion of recurrent loco-regional or metastatic
disease (n = 66). Additionally to this annual standard follow-
up, seven patients had CT, two had PET-CT, two had PET/CT
and MRI and three MRI only.

For all comparisons, only lesions located in the thoracic
and upper abdomen as covered by the PET/CTwere analysed.
Any lesions detected at PET/MR that were outside the field of
view of PET/CT were not included in the analysis.

Statistical analysis

Inter-reader agreement was tested with the calculation of the
kappa correlation coefficient for both PET/CT and PET/MR.
Diagnostic confidence for both examinations was tested by
calculation of the intra-class correlation coefficient based on
the readers’ score of 1-4. Sensitivity, specificity, positive
(PPV) and negative predictive values (NPV) were calculated
for both PET/MR and PET/CT examinations on a lesion-per-
lesion and patient-per-patient basis and were compared with
McNemar’s test. Comparison between N and M staging as
determined by PET/MR and PET/CT versus the standard of
reference was performed with calculation of Cohen’s kappa
coefficient.

Statistical analyses were performed with Prism® 6 for Mac
OS X, v6.0d Graphpad Software Inc. and R software (R.app
GUI 1.53 S. Urbanek & H.-J. Bibiko, © R Foundation for
Statistical Computing, 2012).

Results

From the 85 patients that underwent PET/MR and PET/CT, 5
were excluded because the standard of reference was not
available (no follow-up in 3 and no residual disease after
NAC in 2 patients without initial percutaneous biopsy results).
The remaining 80 patients (mean age = 48 ± 12.9 years)
formed the population of our study. The standard of reference
consisted of final pathology results in 33 patients, percutane-
ous biopsy results in 31 patients and radiological and clinical
follow-up of more than 12 months in the remaining 16 pa-
tients. On a per-lesion basis, 9 bone metastases were con-
firmed with percutaneous biopsy and 48 axillary lymph node
localisations were confirmed by pathology of the surgical
specimen with or without percutaneous biopsy before surgery.
Four contralateral breast tumours were confirmed by percuta-
neous biopsy and final pathology results. Additionally, from
the other distant metastatic lesions, one of multiple liver me-
tastases and one of multiple pulmonary metastases as well as
one pleural and one thoracic wall lesion were confirmed by
percutaneous biopsies. Seventeen bone lesions, 10 internal
mammary lymph nodes, 6 mediastinal lymph nodes, 2
infraclavicular lymph nodes and 1 thoracic wall lesion were
confirmed on follow-up. Percutaneous biopsies were per-
formed on average 8 days before and 101 days after PET/
MR and PET/CT, while surgery followed on average 52
(range 3-166) days after imaging evaluation. The reason for
this wide range is that in many cases, for example for loco-
regional lymph nodes, the percutaneous biopsy was per-
formed before PET/MR, at the same time as the initial tumour
detection on the basis of conventional imaging, while other
biopsies were performed after imaging and even after treat-
ment, as for example for tumours that were initially consid-
ered benign but were found to progress during the follow-up
and also for lesions for which biopsywas decided after the end
of neoadjuvant chemotherapy (NAC).

At presentation, 15 patients had clinical stage I disease, 39
stage II, 13 stage III and 11 stage IV. One patient had axillary
lymph node recurrence and one had primary breast
angiosarcoma. Table 2 shows detailed patient and tumour
characteristics.

Based on the standard of reference, a total of 101 metastatic
lesions were present in 51/80 patients; 9 patients had 26 bone
metastases (mean diameter = 2.2 ± 1.4 cm), 8 had other distant
metastases (1 patient with multiple hepatic metastases, 2 with
mediastinal and infra-clavicular lymph node metastases, 1
with pleural, thoracic wall and mediastinal lymph nodes, 3
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with mediastinal metastases only and one with multiple pul-
monary and mediastinal metastases); 46 patients had 48 axil-
lary metastases (44 homolateral and 2 bilateral; mean small
diameter = 1.2 ± 1 cm), 9 had internal mammary metastases (8
homolateral and 1 bilateral; mean small diameter = 0.6 ± 0.1
cm) and 3 patients had 4 contralateral breast tumours (mean
size = 0.9 ± 0.5 cm). One of the patients with multiple bone
metastases also had three pelvic bone lesions seen on PET/
MR. As these lesions had not been covered in the field of view
of PET/CT they were excluded from the per-lesion analysis.

Thirteen patients had metastatic M1 disease, including
bone, liver, pulmonary, mediastinal, pleural and thoracic wall
metastases.

Inter-reader agreement for lesion detection was excellent
(weighted kappa = 0.833 for PET/CT and 0.823 for PET/
MR). Diagnostic confidence of both readers between the
two tests was similar (ICC = 0.875).

Sensitivity, specificity PPV and NPV in the lesion-per-
lesion analysis and for all lesions together with PET/MR and
PET/CTwere 0.89, 0.96, 0.82, 0.98 and 0.77, 0.98, 0.89, 0.96
respectively. PET/MR had a significantly higher sensitivity (p
= 0.0013) while PET/CT a slightly higher but statistically
significant specificity (p = 0.0075). Detailed results of the
lesion-per-lesion analysis are shown in Table 3. As shown in
this table, especially for bone lesions, PET/MR was more
sensitive and PET/CT was more specific, while for axillary
and internal mammary lymph nodes there was no significant
difference for the diagnostic performance of the two tests.
Figure 2 shows a patient with multiple lymph node and bone
metastases, detected on both modalities.

The eight false-negative bone lesions for PET/CT had a
mean size of 1.5 ± 0.3 cm while the two false-negative bone
lesions for PET/MRmeasured 1.3 cm and 1.6 cm respectively.
The main reason for not detecting lesions on PET/CT was
their very low conspicuity on CT compared with MRI and
the low FDG uptake (Fig. 3). Concerning contralateral breast
lesions and distant metastases, including mediastinal lymph
nodes, liver, pulmonary, pleural and thoracic wall lesions,
the number of lesions was too small to extract statistically
relevant results.

Despite a trend for higher sensitivity for PET/MR and
higher specificity for PET/CT in the lesion-per-lesion analysis,
no statistically significant difference between the diagnostic
performances of the two tests was found in the patient-per-
patient analysis as shown in Table 4.

Cohen’s kappa correlation coefficient for PET/MR N stag-
ing versus standard of reference N staging was 0.484 and for
PET/CT N staging versus standard of reference N staging was
0.536. For PET/MRM staging versus standard of reference M
staging, kappa was 0.817; for PET/CT M staging versus stan-
dard of reference M staging, kappa was 0.800.

Discussion

Whole-body PET/MR is a hybrid modality that has recently
been proposed as an alternative to conventional radiological
examinations, bone scintigraphy and PET/CT for breast can-
cer staging. If combined with dedicated breast PET/MR it
offers a potentially attractive one-stop-shop solution for pa-
tients with advanced breast cancer who should undergo both
breast MRI for local staging and whole-body PET/CT for
distant staging [13].

Different authors have published their experience with
breast PET/MR, some applying only a whole-body PET/MR
protocol [16, 21] and others whole-body combined with ded-
icated breast PET/MR [14, 15, 22–24]. In our institution we
preferred performing whole-body and breast PET/MR in the
same examination rather than programming a separate breast
MRI and whole-body PET/MR examination for the patient.

Table 2 Detailed patient and tumour characteristics

Patient population

Age years +/- StdD 48 ± 12.9

BMI ± SD 24 ± 4.02

Number Percentage %

Number of patients 80 100

Females 80 100

Tumour histology

Invasive ductal carcinoma 69 86.25

Invasive lobular carcinoma 5 6.25

Other histologies 6 7.5

Histological grade

I 3 4.05

II 41 55.41

III 30 40.54

ER status

Positive 49 64.47

Negative 27 35.53

PR status

Positive 44 57.89

Negative 32 42.11

Ki67 index status

< 20% 13 17.11

≥ 20% 63 82.89

HER2 status

Positive 33 43.42

Negative 43 56.58

Breast cancer subtype

Luminal 52 68.42

HER positive 12 15.79

Triple negative 12 15.79

ER oestrogen receptor, PR progesterone receptor, HER2 human epider-
mal growth factor receptor 2
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Fig. 2 PET/MR (a, b, c) and
PET/CT (d, e, f) of a 37-year-old
patient with grade 3 invasive
ductal carcinoma of the right
breast stage pT2, N3, M1. The
axial plane Dixon T1W MR (a),
corresponding PET (b) and fused
PET/MR images (c) show a ver-
tebral body metastatic lesion
(small arrowhead), anterior medi-
astinal infiltrated lymph node
(arrow) and retropectoral infil-
trated lymph node (big arrow-
head). The same lesions are seen
on the CT (d), PET (e) and fused
PET/CT (f) images. All lesions
were unequivocally considered
metastatic on both techniques by
both readers (score 4)

Fig. 3 PET/MR (a, b, c) and PET/CT (d, e, f) of a 41-year-old patient
with grade 3 invasive ductal carcinoma of the left breast pT2, N1, M1.
Axial Dixon T1WMR (a), PET (b) and fused PET/MR (c) show a single
focal slight hypermetabolism in a thoracic vertebral body associated with
a focal hypointensity in the vertebral body onMRI (arrowhead in a, b, c).

Corresponding PET/CT images did not reveal any focal uptake or mor-
phological pathological lesion. This case was considered positive on
PET/MR with a confidence score of 3 by both readers and as negative
on PET/CT
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In our study, we compared unenhancedwhole-body PET/MR
and PET/CT. In the patient-per-patient analysis we found no
statistically significant difference in sensitivity, specificity, PPV
and NPVof the two tests, while in the lesion-per-lesion analysis,
PET/MR had a significantly higher sensitivity for bone metasta-
ses but similar sensitivity to PET/CT for axillary and internal
mammary lymph nodes. The reason for this difference isthat
T1-weighted MRI sequences reveal metastatic bone lesions by
showing bone marrow replacement. Thus, a faint radiotracer
uptake on PET, if combined with an MRI-positive finding, re-
sults in a positive PET/MR finding. On the contrary, a faint
uptake on PET that is not associated with a corresponding CT
finding results in a negative PET/CT evaluation. So, the main
reason for not detecting lesions on PET/CT was their very low
conspicuity on CT compared with MRI. This mechanism could
be the reason for the better sensitivity of PET/MR. Other meta-
static localisations were too few in this study to allow reliable
conclusions. Corresponding specificities were slightly but signif-
icantly higher for PET/CT. This might be explained by the fact
that PET/CT acquisition was performed later than PET/MR. As
reported in the literature, contrast between tumour and back-
ground (bone marrow, breast parenchyma, mediastinum, myo-
cardium, and liver) but also between tumour and benign lesions
[25, 26] is significantly higher in late 3 h acquisitions compared
with early 1.5 h. Figure 4 shows a false-negative bone lesion seen
only in PET/MR.

Comparison between whole-body PET/MR and PET/CT
for breast cancer patients has been the subject of different
studies. However, as the protocols of the corresponding
examinations were not homogeneous, it is difficult to com-
pare these studies with our results. Jeong et al [22] studied
the anatomic correlation of PET/MR with a whole-body
Dixon T1-weighted sequence compared with that of en-
hanced PET/CT and found that the score of enhanced
PET/CT was significantly better. In our study we used the
same Dixon T1-weighted MR sequence for whole-body
PET/MR attenuation correction. However, unlike Jeong
et al, we aimed to direct comparison of diagnostic perfor-
mances of the two tests. Moreover, in our study, both PET/
MR and PET/CT were unenhanced.

In another study, Pace et al [21] did not find any signif-
icant difference for the detection of metastatic lesions be-
tween unenhanced PET/CT and PET/MR in a small series
of 36 patients.

Melsaether et al [16] compared the sensitivity of contrast
enhanced PET/MR with that of unenhanced PET/CT in a
series of 51 patients with breast cancer. They found that
PET/MR and PET/CT had similar sensitivities for metasta-
tic disease in the patient-per-patient analysis but PET/MR
outperformed PET/CT for bone and liver metastases in the
lesion-per-lesion analysis. However, this study did not eval-
uate the specificities of the two tests.

Fig. 4 PET/MR (a, b, c) and
PET/CT (d, e, f) of a 60-year-old
patient with grade 3 invasive lob-
ular carcinoma of the right breast
pT3, pN2a, M1. Arrows on axial
PET (b) and fused PET/MR (c)
show a single focal slight hyper-
metabolism in the sternum.
Corresponding PET/CT images
did not reveal any focal uptake or
morphological pathological le-
sion. Despite no lesion being vis-
ible on the corresponding Dixon
T1W MR (a) images, this case
was considered positive on PET/
MR with a confidence score of 3
by both readers and negative on
PET/CT. On the last thoracic CT
scan 2 years after the initial in-
vestigations there was no visible
sternal lesion, while the patient
died 3 months later with multiple
other bone and brain metastases.
It was a false positive of PET/MR
and true negative of PET/CT
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Catalano et al [14] evaluated the diagnostic performance of
contrast-enhanced PET/MR and PET/CT for bone metastases
in a series of 109 breast cancer patients and found that
contrast-enhanced PET/MR had a significantly higher sensi-
tivity than contrast-enhanced PET/CT on a patient-per-patient
basis.

In this study we performed unenhanced whole-body
MRI as we reserved the iv gadolinium injection for the
dedicated breast MRI in the prone position. This might
have negatively influenced the diagnostic performance
of PET/MR for distant lesions. Concerning contralateral
breast lesions, dedicated PET/MR largely outperformed
PET/CT (detection of 4 out of 4 lesions versus 1 out of
4 for PET/CT), but this was mainly due to the contribu-
tion of the dedicated breast MR.

Concerning N and M staging estimated by PET/MR and
PET/CT versus the standard of reference, kappa values for
both tests were similar. Especially for N staging, Cohen's kap-
pa correlation coefficient for PET/MR versus standard of ref-
erence N staging was 0.484 and for PET/CT versus standard
of reference N staging was 0.536. These kappa values for N
staging are relatively low. This can be explained by the fact
that we chose not to report a weighted kappa coefficient (N+
versus N-) but rather to correlate the exact N staging. As N
staging depends on the number of infiltrated LNs, the differ-
ences between radiological N staging and pathological N stag-
ing can probably be explained by the fact that the number of
infiltrated LNs reported on PET/MR and PET/CT was differ-
ent from that found on pathology, which included small met-
astatic deposits not always visible on imaging.

In a similar approach, Catalano et al [27] found that whole-
body PET/MR was more accurate in correctly predicting the
initial stage of breast cancer than whole-body DWI MRI, but
the discrepancies were not statistically significant (p = 0.14).
Another study [28] evaluated the diagnostic performance of
PET/MR for axillary nodal staging and found that PET/MR
changed the staging in 22% of patients compared with PET/
CT. However, these results are based on a population of nine
patients and no safe conclusions can be drawn.

Sawicki et al reported the results of comparison of PET/
MR, PET/CT, CT and MRI in recurrent breast cancer patients
[20]. According to their study, PET/MR had a higher sensitiv-
ity and specificity compared with PET/CT on a lesion-per-
lesion basis but not on a patient-per-patient analysis.
However, this study included a very important number of
malignant lesions and 17 of 21 patients included had recurrent
disease. In this context of very high suspicion of metastatic
disease, PET/MR can be a valuable tool for staging.

Our study has limitations. First of all, PET/CT was
performed with an important time delay after injection
of radiotracer compared with PET/MR. This was inevita-
ble as the patient had to finish the first examination and
then be transferred to the PET/CT for the acquisition of

PET/CT images. However, according to the literature [25,
26] delayed 3-h post-injection acquisitions are more sen-
sitive for detection of breast cancer lesions. Thus, the
difference between the performances of the two tech-
niques due to the delay of PET/CT compared with PET/
MR would have been important if PET/CT was found to
be more sensitive than PET/MR, which was not the case
in our study. On the contrary, PET/MR, despite an earlier
acquisition after radiotracer injection, was still found to be
more sensitive. Another relative limitation of the study
was that the coverage of both tests was not the same.
However, to compensate for the different fields of view
with both examinations, we analysed only the areas that
had identical coverage on PET/MR and PET/CT, respec-
tively. For this reason, three pelvic bone metastatic lesions
were excluded because they were seen only in PET/MR
but not on PET/CT because of the non-coverage of the
pelvis on this latter modality.

In conclusion, PET/MR was associated with a higher
sensitivity than PET/CT for metastatic lesions, mainly
because of its performance for bone and breast lesions.
However, there was no statistically significant difference
in the patient-per-patient analysis, as well as for N and
M staging. Further prospective studies with larger pop-
ulations are needed to confirm whether PET/MR outper-
forms PET/CT for the detection of breast cancer metas-
tases on a patient-per-patient basis.
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