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Abstract
Purpose To compare 3D T1-weighted fast spin echo (FSE) and 3D T1-weighted gradient echo (GE) mDixon as morphologic
sequences to complement diffusion-weighted imaging (DWI) for the metastatic screening in prostate cancer (PCa) patients.
Materials andmethods Thirty PCa patients at high risk ofmetastases prospectively underwent both a 3DT1FSE (14min) and a rapid
3D T1GEmDixon (1 min 20 s) sequences within aWB-MRI protocol. Two readers assessed the diagnostic performance of the FSE/Fat/
in-phase (IP)/IP+Fat sequences in detecting bone and node metastases. The reference standard was established by a panel of four
physicians on the basis of all baseline and follow-up imaging, biological and clinical information. The reproducibility of readings,
predictive accuracy (Acc) fromROC curves analysis, and contrast-to-reference ratio (CRR) in lesions were assessed for each sequence.
Results In bone and lymph nodes (per-region analysis), reproducibility was at least good for all sequences/readers, except for
nodes in the common iliac/inguinal regions. In bone (per-organ analysis), Acc of FSE was superior to that of mDixon (difference
+ 4%, p < 0.0083). In nodes (per-organ analysis), Acc of Fat was superior to that of other sequences (difference + 4% to + 6%
depending on reader, p < 0.0083). In the per-patient analysis, Acc of FSE was superior to that of mDixon (difference + 4% to +
6% depending on sequence, p < 0.0083). Fat images had higher CRR compared with FSE in the thoracic spine, the bony pelvis
and lymph node metastases (p < 0.025).
Conclusion 3D T1 GEmDixon may replace 3D T1 FSE to complement DWI in WB-MRI for metastatic screening in PCa. It
demonstrates an Acc ranging from + 4% to + 6% (nodes) to − 4% to − 6% (bone and patient staging) compared with FSE and
considerably reduces the examination time, offering the perspective of acquiring WB-MRI examinations in less than 20 min.
Key Points
• The replacement of 3D T1 FSE by the 3D T1 GE mDixon as morphologic sequence to complement DWI drastically reduces the
acquisition time of WB-MRI studies.

• The 3D T1 GE mDixon sequence offers similar reproducibility of image readings compared with that of the 3D T1 FSE.
•Differences in diagnostic accuracy are limited (+ 4%/+ 6% in favor of mDixon to detect node metastases; + 4%/+ 6% in favor
of FSE to detect bone metastases/metastatic disease in a patient).
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Abbreviations
Acc Predictive accuracy
ADC Apparent diffusion coefficient
AUC Area under the receiver operating characteristic

curve
BCR Biochemical recurrence
BS Bone scintigraphy
BVC Best valuable comparator
CI Confidence interval
CRPC Castrate-resistant prostate cancer
CRR Contrast-to-reference ratio
DWI Diffusion-weighted imaging
DWIBS DWI with background signal suppression
FSE Fast spin echo
GE Gradient echo
IP In-phase
IR Inversion recovery
ND Newly diagnosed
OP Out-phase
PACS Picture Archiving and Communication System
PCa Prostate cancer
PET Positron emission tomography
PSA Prostate-specific antigen
ROC Receiver operating characteristic
ROI Region of interest
STIR Short tau inversion recovery

Introduction

WB-MRI has emerged as an effective alternative to older diag-
nostic modalities such as bone scintigraphy (BS) and thoraco-
abdomino-pelvic CT for bone, node and visceral staging in pros-
tate cancer (PCa) [1–5]. The number of indications of WB-MRI
is growing in solid and hematologic cancers such as multiple
myeloma and lymphoma [2, 6]. However, its use in oncology is
hampered by its acquisition times, often superior to 30 min,
facing limited magnet availability. Anatomic and diffusion-
weighted imaging (DWI) sequences both account for approxi-
mately 50% of WB-MRI acquisition time. The acquisition of
anatomic 3D sequences with small (almost) isotropic voxels has
been proposed as a substitute to the repetition of 2D images with
similar contrasts obtained in different planes [4, 5]. A 3D T1 fast
spin echo (FSE) sequence may be performed as anatomic se-
quence, providing a diagnostic performance that is equal or su-
perior to the sum of 2D sequences obtained in several planes for
the detection of bone and node metastases [5].

A faster alternative to FSEmay consist in a 3D T1–modified
Dixon (mDixon) gradient echo (GE) acquisition. The T1
GEmDixon provides imageswith different contrasts automatically

derived from the acquisition, i.e., in-phase (IP), out-phase (OP),
Fat, and Water images [7–10]. These 3D T1 FSE and GEmDixon

sequences have been suggested as sufficient anatomical coun-
terparts of DWI inWB-MRI performed to detect bone and node
metastases in PCa [8, 11]. Larbi et al showed that the diagnostic
effectiveness of FSE+DWIwas not improved by the addition of
a coronal STIR acquisition covering the body [11]. Johnston
et al showed that the effectiveness of GEmDixon+DWI was not
improved by the addition of a T2-weighted and post-contrast T1
mDixon acquisitions covering the body [8]. There is no data in
the literature comparing the 3D T1 FSE versus GEmDixon in
WB-MRI [12, 13]. This prospective study compares these se-
quences in terms of reproducibility of readings, predictive accu-
racy for the detection of bone and node metastases, and contrast
resolution.

Materials and methods

Patients

This prospective study was approved by the institutional
ethics committee. Written informed consent was obtained
from all patients. The study is listed on ClinicalTrials.gov
under the identifier NCT03034070. It included consecutive
PCa patients referred by the Department of Urology for
metastatic screening because of high risk of metastasis.
Patients were considered at high risk of metastases whenever
they presented one of the following features: for ND, clinical
stage ≥ T3a, Gleason score ≥ 8, prostate-specific antigen
(PSA) > 20 ng/mL [14–16]; for BCR after radical prostatec-
tomy, 2 consecutive measurements of PSA ≥ 0.2 ng/mL; and
for BCR after primary radiation, PSA nadir + 2; for CRPC,
increasing PSA level > 8 ng/mL while receiving androgen
deprivation therapy with a PSA doubling time < 10 months.

MR imaging

Patients were imaged on a 3.0-T MRmagnet (Ingenia, Philips
Healthcare) in the supine position and were covered with a
head and neck coil and two anterior coils, combined with the
table-embedded posterior coils. A WB-MRI protocol includ-
ing (at least) an isotropic free-breathing 3D T1 FSE sequence,
a breath-hold 3D T1 GEmDixon sequence, and a free-breathing
DWI sequence was then performed. All sequences covered
the body from the vertex to midthighs in 4 stacks.

The FSE sequence was adapted from published work [5].
The GEmDixon was based on a modified 2-point Dixon scheme
(mDixon FFE) which allows for divergences from exact in-
phase (IP) and out-phase (OP) echo times (TE) and therefore
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offers maximum flexibility in protocol optimization [17].
SyntheticWater, Fat, IP, andOP imageswere reconstructed from
the mDixon acquisition. The in-plane acquisition resolution of
the GEmDixon (1.5 mm × 1.5 mm) was close to that of the FSE
(1.14 mm × 1.3 mm), although the slice thickness had to be
larger (3 mm versus 1.2 mm) to allow breath-hold acquisitions
at the thoraco-abdominal levels. Those 3D T1 sequences were
acquired in the coronal plane. DWI was performed in the trans-
verse plane using a DWIBS (DWI with background signal sup-
pression) acquisition based on a transversal inversion recovery
(IR) spin echo echo-planar sequence (DWI IRSE-EPI) using 4 b
values. DWIBS images were reformatted in the coronal plane
for side-by-side (stitched) analysis with the 3D T1 sequences.
Acquisition parameters are summarized in Table 1. The total
acquisition time of the 3 sequences was 31.8 min. Additional
optional sequences (coronal STIR and transverse T2 FSE se-
quences) were not considered for the present study.

MRI readings

Images from FSE, IP, Fat, and all (= IP+Fat, i.e., both recon-
structed images being available and read together by the observ-
er) sequences were assessed twice by two radiologists with 3-
year and 8-year experience, using multiplanar reformation,
windowing and zooming tools of the Picture Archiving and
Communication System (PACS) (Carestream Vue; Carestream
Health). Assessments were independent, blinded to clinical in-
formation, randomized with at minimum a 4-week interval be-
tween readings. Water and OP images derived from the
GEmDixon were not considered for analysis based on previous

evaluation of their limited diagnostic interest [7, 18]. No other
sequence (DWI in particular, left for the adjudication within the
best valuable comparator, see below) was available by the time
of this reading.

During each reading, the metastatic assessment was conduct-
ed as follows. Firstly, the presence, location, and number of
metastaseswere determined in each anatomic region (per-region
analysis). Secondly, the metastatic status (positive if at least one
region of the organ was positive) was determined for each of the
2 organs, bone and lymph nodes (per-organ analysis). Thirdly,
themetastatic status of each patient (positive if at least one organ
was positive) was determined (per-patient analysis).

Eight anatomical regions for bones (skull, thoracic cage, cer-
vical spine, thoracic spine, lumbar spine, pelvis, humeri, femurs)
and seven regions for nodes (inguinal, internal and external iliac
together, common iliac, lumbo-aortic, thoracic, axillary, cervical
regions) were studied for the metastatic assessment.

For bone lesions, a focal metastasis was defined as a round-
ed focus larger than 5 mm with low signal intensity on T1-
weighted images and, for the evaluation of the whole exami-
nation, of low signal intensity on T1 and high signal intensity
on the high b value DWI sequence. Diffuse bone metastasis
was defined as low signal intensity of the bone marrow (lower
than the signal intensity of disks and muscles) on T1-weighted
images and, for the evaluation of the whole examination, of
low signal intensity on T1 and high signal intensity on the
high b value DWI sequence.

Lymph nodes were considered abnormal when their short-
axis diameter was larger than 10 mm. Perivisceral (perirectal,
etc.) nodes were defined as abnormal when their short-axis

Table 1 MRI sequence parameters

3D T1 FSE 3D T1 GE mDixon DWIBS

Acquisition time 4 × 4 min 30 s 4 × 20.5 s 4 × 3 min 36 s

Scan orientation Coronal Coronal Axial

Phase-encoding direction Feet–head Right–left Anterior–posterior

Acquired voxel size (mm) (read × phase × slice) 1.14 × 1.30 × 1.20 1.50 × 1.50 × 3.00 4.4 × 4.8 × 6

Field of view (mm) (read × phase × slice) 500 × 300 × 252 300 × 450 × 230 440 × 348 × 305

Acquisition matrix (read × phase × slice) 440 × 230 × 210 200 × 299 × 153 100 × 74 × 50

No. of stations 4 4 4

Overlap between stations (mm) 50 50 50

Coverage in z-axis (mm) 1050 1050 1070

SENSE factor (phase × slice) 1.7 × 2.5 3.5 × 2 3 × 1

Phase oversampling (mm) 200 H, 200 F 103 R, 103 L 0

TR/TE (ms) 285/21 3.8/1.46, 2.6 6000/59 (TI, 250 ms)

No. of signals acquired 2 1 5

Turbo factor 50 NA NA

Flip angle (degrees) 90 10 130

Bandwidth (Hz) 1114 1953 255

Fat suppression technique _ _ STIR

Specific parameters _ _ b values 0, 50, 150, 1080
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was larger than 8 mm. Lymph nodes were also considered
abnormal when their contours were irregular or when their
normal kidney shape and/or the fatty hilum was absent.

Image quality

Signal-to-noise ratio and contrast-to-noise ratio were not cal-
culated, as the standard deviation of noise could not be mea-
sured due to automatic thresholding of the image background
to zero on the saved data of the mDixon sequences. As the
value of a sequence used for lesion detection mainly relies,
beside spatial resolution and signal-to-noise ratio, on the con-
trast provided by this sequence between lesions and their en-
vironment, a contrast-to-reference ratio (CRR) (i.e., a lesion to
background ratio) was assessed using the equation: CRR =
Slesion/Sreference, where Slesion is the mean signal intensity in
the lesion (skeletal or nodal) and Sreference is the mean signal
intensity in the reference tissue (Figs. 1 and 2). As metastases
have low signal intensity and reference fatty tissue has high
signal intensity on T1-weighted MR images, a lower CRR
value indicates a higher contrast between lesion and reference
tissue. Measurements were performed by one radiologist
(TVH) after validation of the true pathologic nature of the
measured lesions (according to the BVC). A single ROI, the
largest possible without including bone cortices and anatomic
margins of lymph nodes, was delineated in each metastatic
region. For spine lesions, the reference ROI was chosen in
an unequivocally non-metastatic bonemarrow area of themet-
astatic vertebra or, if impossible, in the bone marrow of the
closest uninvolved vertebra. For pelvic bone lesions, the ref-
erence ROI was chosen in an unequivocally non-metastatic

bone marrow area. For lymph nodes, the reference ROI was
chosen in the local-regional fat. Lesions in regions with arti-
facts, bone lesions with ambiguous T1 signal (suggestive of
fracture, scar tissue, or benign conditions), regions of fatty
marrow conversion due to radiotherapy, and diffuse bone me-
tastasis were not considered for these measurements.

Statistical analysis

Calculations were done with Medcalc Statistical Software
(https://www.medcalc.org/) and Matlab (Matlab R2017a,
MathWorks).

Reproducibility of MRI readings

Inter-observer agreement was assessed for each MRI se-
quence in the per-region analysis according to Scott’s pi
[19]. The strength of agreement was interpreted according to
the Altman’s scale as follows: pi < 0.20 = poor; 0.21 ≤ pi <
0.40 = fair; 0.41 ≤ pi < 0.60 = moderate; 0.61 ≤ pi < 0.80 =
good ; and pi ≥ 0.81 = very good.

Diagnostic performance

In the absence of a systematic histopathological gold standard,
a best valuable comparator (BVC) was used as the reference
standard to assess the diagnostic performance of the sequences
[20, 21]. The two readers, along with a third radiologist with
12-year experience in WB-MRI reading and one oncologist,
established the BVC defining the metastatic status in each
region, organ, and patient. This assignment was based on the

Fig. 1 Measurement of the contrast-to-reference ratio (CRR) in a bone
metastasis. Coronal reformatted 3D T1-weighted sequences from WB-
MRI study in a 66-year-old patient with newly diagnosed prostate cancer
illustrate measurements of CRR in a L1-vertebral bodymetastasis on FSE
(a), IP GE (b), and Fat GE (c) images. The largest possible region of
interest (ROI) that fits the bone lesion is chosen (dotted circle), without

including the bone cortices. The reference ROI (circle) is chosen in an
unequivocally non-metastatic bone marrow area (adjacent uninvolved L2
vertebral body). The lowest CRR (highest contrast between lesion and
reference tissue) is obtained for the Fat image, followed by the FSE image
and by the IP image
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panel review of the following: (i) the patients’ complete WB-
MRI study (FSE, GEmDixon, DWI, optional sequences); (ii) the
imaging follow-up (≥ 6 months) and other imaging modalities
(BS, thoraco-abdomino-pelvic CT scan available in all pa-
tients, and prostate-specific membrane antigen (PSMA)–li-
gand positron emission tomography (PET) available in 18
out of 30 patients); and (iii) all baseline and follow-up clinical
and biological results.

Receiver operating characteristic (ROC) curves analysis
was performed to assess the diagnostic performance of the
sequences in the per-region, per-organ, and per-patient analy-
ses [22]. A p value < 0.05 was regarded as statistically signif-
icant. To assess the differences in predictive accuracy (Acc)
between sequences, a resampling procedure without replace-
ment based on 300 samples of N = 25 patients randomly
drawn from the whole cohort of patients was performed.
Then, a Wilcoxon test was performed from which the median
difference in Acc between sequences was derived. Due to the
multiple comparisons that were performed between MRI se-
quences, a Bonferroni-like correction was applied. A p value
< 0.0083 was thus regarded as statistically significant for this
latter test [23].

Image quality

Due to the non-normality of the data distribution (according to
the Shapiro-Wilk test at p < 0.05), CRRs were compared be-
tween MRI sequences using an analysis of variance (Kruskal-
Wallis test at p < 0.05) followed by a Wilcoxon test
(at p < 0.025). This analysis was performed in the pelvic, in
the spinal and femoral bone lesions, and in the lymph nodes.

These tests were not performed in other regions due to the low
prevalence of positive lesions.

Results

Patient population

Thirty consecutive PCa patients at high risk of metastases
were prospectively enrolled between September 2017 and
January 2018. The mean patient age (± standard deviation)
was 70.6 ± 7.1 years (range, 56–85 years). The PSA levels’
range was 22–615 (median, 97) ng/mL in ND; 0.2–20.5 (me-
dian, 2.4) ng/mL in BCR; and 1.98–23 (median, 2.7) ng/mL in
CRPC. According to the BVC, 21 patients had one (n = 4) or
more bone metastases; 16 had one (n = 4) or more node me-
tastases; and 13 patients had both bone and node metastases.
Table 2 illustrates the prevalence of lesions in the patient
groups based on disease stage.

Table 2 Patients’ characteristics: distribution of metastatic disease in
bones and lymph nodes according to disease stage in 30 PCa patients

Patients Bone metastases Node metastases

Characteristics N Absent Diffuse Focal Absent Present

ND 9 4 2 3 6 3

BCR 15 4 2 9 5 10

CRPC 6 1 3 2 3 3

Total 30 9 7 14 14 16

ND, newly diagnosed; BCR, biochemical recurrence; CRPC, castration-
resistant PCa; N, number

Fig. 2 Measurement of the CRR in a node metastasis. Coronal
reformatted 3D T1-weighted sequences from WB-MRI study in a 60-
year-old patient with newly diagnosed prostate cancer illustrate measure-
ments of CRR in a lumbo-aortic lymph node on FSE (a), IP GE (b), and
fat GE (c) images. The largest possible region of interest (ROI) that fits

the node lesion is chosen (dotted circle), without including the anatomic
margins of the lymph node. The reference ROI (circle) is chosen in the
local-regional Fat. The lowest CRR (highest contrast between lesion and
reference tissue) is obtained for the Fat image, followed by the FSE image
and by the IP image
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Reproducibility of MRI readings

Inter-observer agreement in the per-region analysis is reported
in Table 3. In bone, the reproducibility of FSE ranged from
good to very good, while it ranged from poor to very good in
nodes. The reproducibility of IP ranged frommoderate to very
good in bone, while it ranged from poor to very good in nodes.
The reproducibility of Fat ranged from good to very good in
bone, while it ranged from poor to very good in nodes. The
reproducibility of IP+Fat ranged from good to very good in
bone, while it ranged from poor to very good in nodes.
Figures 3 and 4 show examples of discrepancies in readings
between the FSE and mDixon sequences.

Diagnostic performance

Results from the ROC curves analysis in the per-organ and
per-patient analyses are reported in Table 4. Comparison of
Acc is reported in Table 5. Results from the ROC curves
analysis in the per-region analysis are provided in supplemen-
tary Tables A-D.

In bone (per-organ analysis), Acc of FSE was higher than
or equal to that of mDixon sequences for both readers. The
gain in accuracy was small (median difference of + 4% com-
pared with mDixon). In nodes (per-organ), Acc of Fat was
higher than or equal to that of FSE for both readers. The gain
in accuracy was small (median difference ranging from + 4%
to + 6% depending on the reader).

In the per-patient analysis, Acc of FSE was higher than or
equal to that of mDixon sequences for both readers. The gain

in accuracy was small (median difference ranging from + 4%
to + 6% compared with mDixon).

Image quality

Forty focal bone and 18 node metastases were analyzed. In
total, 116 ROIs were defined on each sequence (58 lesions +
58 reference areas) (Figs. 1 and 2). CRR values are reported in
Table 6. A significantly lower CRR was observed on Fat im-
ages compared with that on FSE images in pelvic bone lesions
and in lymph node metastases. A lower CRR was also ob-
served on Fat images in other skeletal areas but without
reaching statistical significance.

Discussion

WB-MRI has gained acceptance as a screening tool in patients
with metastases from solid cancers and hematologic malig-
nancies [2, 4, 24]. However, cost and long acquisition times
are barriers for its use in clinical routine. A faster alternative to
the 3D T1 FSE sequence in WB-MRI may consist in the use
of the 3D T1 GEmDixon. Limited information exists on the
comparison of these sequences. Published studies have fo-
cused on peripheral joints and on the comparison in the quality
of fat suppression between mDixon and FSE sequences [25,
26]. In a recent retrospective study focusing on the pelvis,
Samji et al compared the diagnostic performances of a 2-
point Dixon T1 FSE sequence and of a 3D T1 GE sequence
in patients undergoing pre-treatment PCa staging, showing
that the GEmDixon had a similar or higher performance

Table 3 Reproducibility of MRI readings in the per-region analysis

Anatomic area FSE IP Fat All (IP + Fat)

Skull 0.61 (0.18; 0.86) 0.42 (0.04; 0.76) 0.75 (0.32; 0.93) 0.90 (0.54; 0.98)

Thorax 0.80 (0.49; 0.93) 0.79 (0.48; 0.93) 0.63 (0.27; 0.84) 0.87 (0.57; 0.96)

Cervical spine 0.66 (0.28; 0.86) 0.81 (0.44; 0.95) 0.91 (0.57; 0.98) 1.00 (0.72; 1.00)

Thoracic spine 0.79 (0.48; 0.93) 0.93 (0.67; 0.99) 0.79 (0.46; 0.93) 0.79 (0.48; 0.93)

Lumbar spine 0.93 (0.66; 0.99) 0.93 (0.67; 0.99) 0.78 (0.45; 0.92) 0.87 (0.57; 0.96)

Pelvis 0.78 (0.45; 0.92) 0.80 (0.48; 0.93) 0.86 (0.55; 0.96) 0.93 (0.66; 0.99)

Humeri 0.79 (0.39; 0.94) 1.00 (0.63; 1.00) 0.87 (0.43; 0.98) 0.89 (0.50; 0.98)

Femurs 0.78 (0.45; 0.92) 0.92 (0.62; 0.99) 0.75 (0.40; 0.91) 0.85 (0.53; 0.96)

Int-ext iliac 1.00 (0.67; 1.00) 0.76 (0.33; 0.93) 0.67 (0.25; 0.88) 1.00 (0.67; 1.00)

Common iliac 0.52 (0.11; 0.80) − 0.05 (− 0.05; 0.59) 0.35 (− 0.005; 0.76) 1.00 (0.22; 1.00)

Lumbo-aortic 0.91 (0.58; 0.98) 0.81 (0.44; 0.95) 0.90 (0.54; 0.98) 0.76 (0.33; 0.93)

Inguinal 0.46 (0.04; 0.85) 0.65 (0.10; 0.94) − 0.03 (− 0.03; 0.68) 0.65 (0.10; 0.94)

Thoracic 0.84 (0.35; 0.97) 0.84 (0.35; 0.97) 0.63 (0.15; 0.90) 0.78 (0.24; 0.96)

Axillary 1.00 (0.22; 1.00) 1.00 (0.22; 1.00) 1.00 (0.22; 1.00) 1.00 (0.22; 1.00)

Cervical − 0.03 (− 0.03; 0.68) − 0.03 (− 0.03; 0.68) NC − 0.03 (− 0.03; 0.68)

Agreement according to the Scott’s pi (pi) (and its 95% confidence interval) is given. Note that the pi ≤ 0.1 observed and the non-computable (NC) case
result from the low prevalence of positive lesions in the corresponding anatomical regions
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compared with that of FSE for the detection of bone and node
metastases, while reducing the acquisition time from 5 min
16 s to 2 min 37 s [27].

Our prospective study comparing 3D T1 GEmDixon and 3D
T1 FSE sequences for metastatic screening in PCa patients
had the following results.

Firstly, our results showed that, in bone (per-region), the
reproducibility of the readings was at least good for each se-
quence and reader (except in the skull where the reproducibil-
ity of IP was moderate only). In nodes (per-region), the repro-
ducibility was also at least good for each sequence and reader
(except in the common iliac, inguinal, and cervical regions
where the prevalence of lesions was very low). The reproduc-
ibility of combined IP+Fat readings was very good, probably
resulting from the maximization of the information provided
by the availability of 2 sequences.

Secondly, our study showed that, in bones (per-organ), the
predictive accuracy of FSE was significantly higher than that
of IP and equivalent or higher to that of Fat and IP+Fat, de-
pending on the reader. This superiority of FSE may theoreti-
cally result from a higher spatial resolution of the sequence, or
from a more nuanced contrast due to wider distribution of
pixel intensities compared with the sharper contrast of Fat or
lower contrast of IP images. In nodes (per-organ), Acc of Fat
was significantly higher than that of FSE and IP, while the
accuracy of IP was equivalent or higher than that of FSE
depending on the reader. The lower accuracy of FSE may
result from the proximity of lymph nodes not only with the
vessels but also with the bowel, which can induce motion
artifacts. Motion artifacts are reduced on mDixon images
due to much shorter acquisition time enabling breath-holding,
explaining their use in abdominal MRI protocols.

Fig. 4 Example of discrepancies in readings of the different sequences.
Transverse 3DT1-weighted sequences fromWB-MRI study in a 73-year-
old patient with metastatic castrate resistant prostate cancer illustrate the
presence of a right iliac node metastasis. 3D T1 FSE (a) shows abnormal
lymph node (arrow in a), which was also detected by the reader on the 3D

T1 GE in-phase image (arrow in b), but was missed on the 3D T1 GE Fat
image, due to its very low signal intensity which was similar to that of the
adjacent vessels (arrow in c). Despite this false-negative observation, the
3D T1 GE Fat was superior to the other sequences for abnormal lymph
node detection in the global study population

Fig. 3 Example of discrepancies in readings of the different sequences.
Coronal reformatted 3D T1-weighted sequences from WB-MRI study in
a 77-year-old patient with metastatic castrate-resistant prostate cancer
illustrate the presence of a bone metastasis within the T9 vertebral body.

3D T1 FSE (a) shows bone metastasis (arrow in a), which was missed by
the reader on the 3D T1 GE in-phase image (arrow in b), but was evident
on the 3D T1 GE Fat image (arrow in c)
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In the per-patient analysis, which is the most critical assess-
ment by the time of therapeutic decisions, the study showed
that Acc of FSE was significantly higher than that of
GEmDixon. This may result from the combination of higher
spatial resolution and more nuanced contrast resolution of
FSE. The differences in Acc between the FSE and GEmDixon

ranged between 4% and 6%. The clinical relevance of these
small differences should be studied more thoroughly.

Finally, our study demonstrated that the Fat sequence de-
rived from the GEmDixon provided higher contrast between
lesion and reference tissue compared with FSE, reaching sta-
tistical significance for node metastases in all locations, and
for bone metastases in the pelvis and thoracic spine. FSE
images provided an intermediate contrast resolution between
IP and Fat images.

Our study had several limitations. The results should be
validated in a larger cohort of patients, to refine comparisons
of the diagnostic value of the different sequences. Studies

including patient from different centers should be performed
to evaluate the importance of reader experience and of WB-
MRI acquisitions on different magnets or with variations in
acquisition parameters (field of view, acquisition planes, image
resolution) [28]. The comparison of the performances of the
different sequences was limited to FSE versus IP, Fat, and IP+
Fat, respectively. This choice relies on a preliminary in-house
experience and on previous studies comparing IP, OP, Fat, and
Water images and showing that IP and Fat images were suffi-
cient for the assessment of bone and node lesions [7, 18].

A non-isotropic 3D T1 GE Dixon sequence was used to
reduce the sequence duration and allow breath-hold acquisi-
tions. Although based on thicker imaging slices, the GEmDixon

provided satisfactory results in terms of contrast resolution,
reproducibility of readings, and diagnostic performance.
Increase in spatial resolution by moving towards isotropic
millimetric sequences will most likely improve the value of
this 3D T1 GE Dixon approach. This should be achievable,

Table 4 Diagnostic performance of MRI sequences in detecting bone and node metastases in the per-organ (bone and nodes) and per-patient analysis

Se (%) Sp (%) PPV (%) NPV (%) Acc (%) AUC p value

FSE

Bone 95 (76; 100) 67 (30; 93) 87 (66; 97) 86 (42; 100) 87 0.810 0.0004

100 (84; 100) 89 (52; 100) 96 (77; 100) 100 (63; 100) 97 0.944 < 0.001

Nodes 81 (54; 96) 93 (66; 100) 93 (66; 100) 81 (54; 96) 87 0.871 < 0.0001

81 (54; 96) 100 (77; 100) 100 (75; 100) 82 (57; 96) 90 0.906 < 0.0001

Per-patient 100 (86; 100) 67 (22; 96) 92 (75; 99) 100 (29; 100) 93 0.833 0.0016

100 (86; 100) 83 (36; 100) 96 (80; 100) 100 (39; 100) 97 0.917 < 0.0001

IP

Bone 90 (70; 99) 67 (30; 93) 86 (65; 97) 75 (35; 97) 83 0.786 0.0014

95 (76; 100) 89 (52; 100) 95 (76; 100) 89 (52; 100) 93 0.921 < 0.0001

Nodes 88 (62; 98) 93 (66; 100) 93 (68; 100) 87 (60; 98) 90 0.902 < 0.0001

88 (62; 98) 93 (66; 100) 93 (68; 100) 87 (60; 98) 90 0.902 < 0.0001

Per-patient 96 (79; 100) 50 (12; 88) 89 (70; 98) 75 (13; 100) 87 0.729 0.0439

96 (79; 100) 67 (22; 96) 92 (74; 99) 80 (23; 100) 90 0.812 0.0036

Fat

Bone 100 (84; 100) 56 (21; 86) 84 (64; 96) 100 (48; 100) 87 0.778 0.0016

95 (76; 100) 89 (52; 100) 95 (76; 100) 89 (52; 100) 93 0.921 < 0.0001

Nodes 88 (62; 98) 100 (77; 100) 100 (77; 100) 88 (62; 98) 93 0.937 < 0.0001

88 (62; 98) 100 (77; 100) 100 (77; 100) 88 (62; 98) 93 0.937 < 0.0001

Per-patient 100 (86; 100) 50 (12; 88) 89 (71; 98) 100 (16; 100) 90 0.750 0.0253

96 (79; 100) 83 (36; 100) 96 (79; 100) 83 (31; 100) 93 0.896 < 0.0001

All (IP+Fat)

Bone 100 (84; 100) 56 (21; 86) 84 (64; 96) 100 (48; 100) 87 0.778 0.0016

100 (84; 100) 78 (40; 97) 91 (72; 99) 100 (59; 100) 93 0.889 < 0.0001

Nodes 88 (62; 98) 100 (77; 100) 100 (77; 100) 88 (62; 98) 93 0.937 < 0.0001

69 (41; 89) 93 (66; 100) 92 (62; 100) 72 (47; 90) 80 0.808 < 0.0001

Per-patient 100 (86; 100) 50 (12; 88) 89 (71; 98) 100 (16; 100) 90 0.750 0.0253

100 (86; 100) 67 (22; 96) 92 (75; 99) 100 (29; 100) 93 0.833 0.0016

Data from reader 1 (in upright) and from reader 2 (italicized) are given. If the p value < 0.05 (i.e., the AUC is significantly different from 0.5), there is
evidence that the sequence does have an ability to detect lesions
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thanks to the use of recent acceleration tools (compressed
sensing) [29]. It is also worth mentioning that the total acqui-
sition time may also be reduced if the combination of the
Dixon method with a dual echo T2-weighted acquisition per-
forms as well as the DWI sequence in detecting lesions [30].

Our study focused on morphologic sequences of WB-MRI
studies in an homogeneous population of PCa patients. Future

studies should compare FSE and GEmDixon for lesion detec-
tion in other metastatic cancers, in multiple myeloma, and in
lymphoma [7, 8]. Of note, WB-MRI examinations obtained
for the follow-up of patients with testicular cancer already
include mDixon images [31]. The benefit of mDixon se-
quences repeated after gadolinium injection for the detection
of visceral metastasis should be studied, especially for cancers

Table 6 Contrast-to-reference ratio (CRR) for lesions in anatomic areas with metastases: median values are provided with the standard deviation in
brackets

Anatomic area FSE IP Fat N lesion Difference in CRR

Skull 0.204 0.498 0.194 1 NC

Thoracic cage 0.157 (0.166) 0.201 (0.103) 0.095 (0.040) 3 NC

Cervical spine 0.219 (0.130) 0.432 (0.058) 0.082 (0.064) 2 NC

*Thoracic spine 0.246 (0.140) 0.352 (0.177) 0.137 (0.042) 10 †FSE vs in-phase p = 0.0020
†FSE vs Fat p = 0.0137

Lumbar spine 0.399 (0.059) 0.342 (0.165) 0.122 (0.125) 3 NC

*Pelvic 0.296 (0.113) 0.394 (0.141) 0.090 (0.071) 13 FSE vs in-phase p = 0.0398
†FSE vs Fat p = 0.0002

Humeral 0.348 (0.136) 0.365 (0.082) 0.050 (0.007) 2 NC

*Femoral 0.302 (0.128) 0.256 (0.168) 0.075 (0.070) 6 FSE vs in-phase p = 0.4375
FSE vs Fat p = 0.0312

*Lymph nodes 0.332 (0.076) 0.400 (0.130) 0.065 (0.043) 18 FSE vs in-phase p = 0.0432
†FSE vs Fat p < 0.0001

A lowCRR indicates a high contrast between lesion and reference tissue. According to theWilcoxon test, the difference in CRR between FSE andDixon
sequences was statistically significant in thoracic spine, bony pelvis, and lymph nodes (the Fat sequence yielding a higher contrast between lesion and
reference tissue compared to FSE)

NC, non-computable due to the low number of positive lesions

*Significant Kruskal-Wallis test
† Significant Wilcoxon test

Table 5 Comparison of the predictive accuracy (Acc) of MRI sequences in the per-organ (bone and nodes) and per-patient analyses

FSE vs IP FSE vs Fat FSE vs all IP vs Fat IP vs all Fat vs all
p value p value p value p value p value p value

Bone < 0.0001 0.6043 0.6043 < 0.0001 < 0.0001 1.0000

FSE + 4.0% Fat + 4.0% All + 4.0%

< 0.0001 < 0.0001 < 0.0001 0.5736 0.9798 0.6508

FSE + 4.0% FSE + 4.0% FSE + 4.0%

Nodes < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 1.0000

IP + 4.0% Fat + 6.0% All + 6.0% Fat + 4.0% All + 4.0%

0.5047 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Fat + 4.0% FSE + 1.0% Fat + 4.0% IP + 1.0% Fat + 14%

Per-patient < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 1.0000

FSE + 6.0% FSE + 4.0% FSE + 4.0% Fat + 4.0% All + 4.0%

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.6508

FSE + 6.0% FSE + 4.0% FSE + 4.0% Fat + 4.0% All + 4.0%

Statistical differences are assessed following a resampling procedure, then p values and median differences in Acc (in %) from a Wilcoxon test are
reported. Data from reader 1 (in upright) and from reader 2 (italicized) are given. The table reads as follows: in bone in reader 1, the accuracy of FSE is
significantly higher (median difference + 4.0%, p < 0.0001) compared with that of IP, but not compared with that of Fat or of IP+Fat

Eur Radiol (2020) 30:3083–3093 3091



prone to metastasize to the liver or brain. In bones, these post-
contrast sequences have shown no added value comparedwith
non-contrast 3D T1 GE images and DWI for the diagnosis of
bone metastases in PCa [8].

In conclusion, this study compared the image contrast, re-
producibility, and diagnostic performance of 3D T1 FSE and
3D T1 GEmDixon sequences obtained as morphologic se-
quences complementing DWI to detect bone and node metas-
tasis in PCa. The use of GEmDixon instead of FSE would re-
duce the acquisition time of the 3D T1 sequence by more than
10 min, bringing the perspective of WB-MRI examinations
obtained in less than 20 min. The Fat sequence derived from
GEmDixon yielded best contrast between lesion and reference
tissue. A similar reproducibility of readings was found for
FSE and GEmDixon. Differences in predictive accuracy in de-
tecting metastases ranged from + 4% to + 6% in favor of
GEmDixon (nodes) to + 4% to + 6% in favor of FSE (bone
and patient staging).
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