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Abstract
Purpose To compare the diagnostic accuracy of whole-body T1, short tau inversion recovery (STIR), high b-value diffusion-
weighted imaging (DWI), and sequence combinations to detect bone involvement in prostate cancer (PCa) andmultiple myeloma
(MM) patients.
Materials and methods We included 50 consecutive patients with PCa at high risk for metastasis and 47 consecutive patients
with a histologically confirmed diagnosis of MM who received whole-body MRI at two institutions from January to December
2015. Coronal T1, STIR, and reconstructed coronal high b-values DWI were obtained for all patients. Two musculoskeletal
radiologists read individual sequences, pairs of sequences (T1-DWI, T1-STIR, and STIR-DWI), and all combined (T1-STIR-
DWI) to detect bone involvement. Receiver operating characteristic curve analysis was used to assess diagnostic performance
according to a Bbest valuable comparator^ combining baseline and 6-month imaging and clinical and biological data.
Interobserver agreement was calculated.
Results Interobserver agreement for individual and combined MRI sequences was very good in the PCa group and ranged from
good to very good in the MM group (0.76–1.00). In PCa patients, T1-DWI, T1-STIR, and T1-STIR-DWI showed the highest
performance (sensitivity = 100% [95% CI = 90.5–100%], specificity = 100% [75.3–100%]). In MM patients, the highest perfor-
mance was achieved by T1-STIR-DWI (sensitivity = 100% [88.4–100%], specificity = 94.1% [71.3–100%]). T1-STIR-DWI
significantly outperformed all sequences (p < 0.05) except T1-DWI (p = 0.49).
Conclusion In PCa patients, a combination of either T1-DWI or T1-STIR sequences is not inferior to a combination of three
sequences to detect bone metastases. In MM, T1-STIR-DWI and T1-DWI had the highest diagnostic performance for detecting
bone involvement.
Key Points
• The sequences used in Whole Body MRI studies to detect bone involvement in prostate cancer and myeloma were evaluated.
• In prostate cancer, any pairwise combinations of T1, STIR, and DWI have high diagnostic value.
• In myeloma, the combinations T1-STIR-DWI or T1-DWI sequences should be used.
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Abbreviations
ADC Apparent diffusion coefficient
AUC Area under the receiver operating characteristic curve
BVC Best valuable comparator
CI Confidence interval
DWI Diffusion-weighted imaging
MM Multiple myeloma
PCa Prostate cancer
PET Positron emission tomography
PSA Prostate-specific antigen
ROC Receiver operating characteristic
STIR Short tau inversion recovery

Introduction

Recent years have seen an increase in the use of whole-body
MRI for detecting bone involvement in cancers with frequent
bone metastasis, like prostate cancer (PCa) [1, 2], and in he-
matologic malignancies with frequent bone involvement, like
multiple myeloma (MM) [2–6].Whole-bodyMRI allows early
detection of bonemetastases andMM lesions by showing bone
marrow invasion by malignant cells before bone remodeling
occurs and subsequently becomes visible as osteosclerosis or
osteolysis on conventional imaging (bone scintigraphy, radio-
graphic skeletal surveys) [7–9].

Current guidelines recommend the use of multiple se-
quences in whole-body MRI, thereby providing a combina-
tion of anatomic and functional information [10, 11].
However, the respective diagnostic effectiveness of T1-
weighted (T1), short tau inversion recovery (STIR), and
diffusion-weighted imaging (DWI) remains unknown, and
there is no consensus on the optimal protocol. Hence, hetero-
geneity exists among whole-body MRI protocols that vary
depending on the institution, country, and target cancer [12].
Early studies included only coronal STIR sequences [13].
Most teams currently use coronal or axial T1 or STIR
[14–17], though additional sagittal sequences are often obtain-
ed to optimize spinal lesion detection [14, 15, 18]. The addi-
tion of DWI sequences in the last decade has added functional
information toMRI protocols, and the use of high b-valueMR
images has increased the sensitivity of the technique for de-
tecting bone and extraskeletal disease [1, 16, 19–21].

The determination of the combination of sequences that
reach the best diagnostic accuracy and the elimination of su-
perfluous sequences are key questions for the large-scale im-
plementation of whole-body MRI into clinical practice and
workflow optimization [4, 11]. PCa and MM were chosen
for this study because they are two of the most common and
validated oncologic indications of whole-body MRI. In PCa,
whole-body MRI emerged as an imaging method of choice
thanks to its superiority over previously used modalities
(mainly bone scintigraphy), as validated through multiple

studies and meta-analyses [12, 22]. In MM, whole-body
MRI is a diagnostic modality recommended by national and
international authorities [4, 5, 23]. There are little data about
the respective effectiveness of T1, STIR, and DWI to detect
bone involvement on whole-bodyMRI. Knowing the individ-
ual performances of these sequences would help build target
malignancy-specific protocols and decrease the time needed
for MRI examinations [11, 24].

The purpose of this study was to compare the diagnostic
accuracy of whole-body T1, STIR, high b-value DWI, and
sequence combinations to detect bone involvement in PCa
and MM.

Materials and methods

Patients

This two-center study was approved by our institution’s ethics
committee, which did not require informed consent for the
retrospective review of prospectively acquired data. Between
January andDecember 2015, 50 consecutive patients with PCa
at high risk for metastasis according to published criteria (new-
ly diagnosed cancer with ≥ 20 ng/ml prostate-specific antigen
(PSA), Gleason score ≥ 8, Union for International Cancer
Control (UICC) clinical T stage 3 or 4, or suspicion of bio-
chemical recurrence with a PSA doubling time ≤ 12 months)
[25–27] were prospectively enrolled at the Cliniques
Universitaires Saint Luc, Brussels, Belgium. During the same
period at the Hôpital Lapeyronie, Montpellier, France, 50 con-
secutive patients with newly diagnosed and histologically
proven MM were approached prospectively and 47 enrolled
(2 participants were excluded due to claustrophobia, and 1 did
not complete the MRI exam). All 97 patients were examined
using a whole-body MRI protocol described below.

MRI protocol

The MRI studies were performed using 1.5-T MR magnets
(PCa cohort: Achieva, Philips Medical Systems, Best; MM
cohort: Magnetom Avanto, Siemens Healthineers). Patients
were placed on the imaging table headfirst in the supine posi-
tion and covered with head, neck, and spine coils and two 6-
element body matrix coils. After acquiring five stacks of im-
ages in the coronal (T1 and STIR) and axial plane (DWI), a
single stack of coronal whole-body images was reconstructed
using the post-processing software provided by the manufac-
turers. For DWI, high b-value images (800 s/mm2) were re-
constructed in the coronal plane. No contrast medium was
administered. The imaging parameters are detailed in
Table 1. All images were read on PACS workstations
(Carestream Vue; Carestream Health).
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MRI readings

Two musculoskeletal radiologists with 8 and 12 years of
whole-body MRI experience performed all readings, in con-
sensus. To assess interobserver agreement, 20 PCa and 20
MM patients were randomly selected and separately read by
both observers.

The presence of bone involvement was assessed using the
individual sequences (T1, STIR, DWI), the pairs of sequences
(T1-DWI, T1-STIR, STIR-DWI), and all sequences together
(T1-STIR-DWI), successively. Individual sequences and
combinations of sequences were reviewed separately, in a ran-
dom order and at 1-month intervals, to avoid any recall bias.
The readers were blinded to patient identity, status, and clini-
cal and biological data.

Determination of bone involvement

The patterns of bone marrow involvement were classified ac-
cording to widely accepted categories [28, 29]. Normal mar-
row was defined on T1 as the homogeneous signal intensity
that was higher than that of discs and muscles, homogeneous
low signal intensity on STIR, and very low to absent signal
intensity on DWI [14, 30, 31].

A focal bone marrow lesion (focal bone metastasis in PCa
or focal plasmocytoma in MM) was defined by low signal
intensity on T1 (lower than or equal to the signal intensity of
discs or muscles) and intermediate to high signal intensity on
STIR. On DWI, a focal lesion was defined by an area with
high signal intensity on high-b-value images [7, 32, 33]. To

avoid partial-volume artifacts and in accordance with previous
recommendations [32], the minimal lesion diameter was
10 mm, corresponding to twice the slice thickness.

Diffuse marrow infiltration (diffuse metastatic disease in
PCa and diffuse bone involvement in MM) was defined by
the homogeneous low signal intensity of the bone marrow on
T1, which was similar to or lower than the signal intensity of
discs and muscles, intermediate to high signal intensity of the
marrow on STIR, and high signal intensity of the marrow on
high-b-value images [7, 14, 31]. A fourth pattern of infiltra-
tion, the Bsalt-and-pepper^ pattern, was considered in MM,
defined by the presence of innumerable unmeasurable tiny
foci with low signal intensity on T1 and intermediate to high
signal intensity on STIR [29, 34].

Reference standard

In addition to whole-bodyMRI, all patients underwent routine
examinations. In PCa patients, 99mtechnetium bone scintigra-
phy was performed to detect bone metastases, followed by
targeted radiographs of equivocal foci with increased uptake
if bone scintigraphy was non-diagnostic, and abdominopelvic
CT was performed for lymph node staging. These examina-
tions were performed at baseline and at the 6-month follow-up
evaluation. In MM patients, a radiographic skeletal survey
was performed at diagnosis and repeated at the six-month
follow-up evaluation.

The reference standard—defined as the best valuable com-
parator (BVC)—for bone involvement was constructed in con-
sensus by the readers along with a third reader (musculoskeletal

Table 1 MR imaging parameters

Parameter T1 (Siemens) T1 (Philips) STIR (Siemens) STIR (Philips) DWI (Siemens) DWI (Philips)

Plane Coronal Coronal Coronal Coronal Transverse Transverse

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

Field of view, mm 265 265 265 265 265 265

Matrix 384 × 307 208 × 287 256 × 320 336 × 120 112 × 63 108 × 63

Slice thickness, mm 4 4 4 4 5 5

Interslice gap, mm 1 1 1 1 0 0

Number of slices 30 30 30 30 30 30

Number of averages 1 1 2 2 1 1

TR, ms 550 537 3200 4358 3100 3134

TE, ms 15 18 50 64 63 64

TSE factor 4 7 17 30 – –

TI, ms – – 150 150 150 150

Fat suppression technique – – STIR STIR STIR STIR

b-values, s/mm2 – – – – 0–800 0–800

Acquisition time* 4 min 55 s 4 min 5 s 6 min 52 s 6 min 30 s 10 min 20 s 10 min 25 s

DWI high b-value diffusion-weighted imaging sequence, STIR short tau inversion recovery sequence, T1 T1-weighted sequence, TE echo time, TI
inversion time, TR repetition time; TSE turbo spin echo

*Time to image all stations for each sequence
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radiologist with 15-year experience), and with the referring
uro-oncologist and hematologist. This BVC included (1) the
review of all baseline and follow-up routine imaging examina-
tions and biological and histological data and (2) the consen-
sual reading of all available MRI sequences of a given patient
obtained at baseline, along with the prospectively obtained 6-
month follow-up examination. This BVC represents the best
achievable evidence in the absence of systematic histologic
evidence and was used in previous studies [26, 35].

Interpreting false-positive and false-negative
findings

False-positive and false-negative findings of any reading were
assessed during the consensus reading by three readers and
categorized according to published criteria [7, 17, 30, 31].
False-positive findings were categorized as resulting either
from benign conditions (degenerative disease, vertebral hem-
angioma, fracture, focal bone marrow hyperplasia, and diffuse
heterogeneous or hyperplastic bonemarrow) or from technical
causes (susceptibility artifacts and Bthoracic spine^ artifacts).

False-negative findings were categorized as resulting either
from a missed malignancy (sclerotic lesions, poor contrast
between lesions and surrounding hypercellular bone marrow,
MM lesions with a spontaneously high signal intensity on T1,
difficult anatomy like ribs and pelvis) or from technical causes
(peripheral location in the explored field and partial volume
artifacts).

Statistical analysis

Interobserver agreement between the two readers was
assessed with two samples of 20 patients (20 randomly select-
ed PCa patients and 20 randomly selected MM patients) to
calculate weighted Cohen’s κ coefficient for each sequence
individually and for each combination. The strength of agree-
ment was interpreted using the Landis and Koch scale as fol-
lows: κ < 0: poor agreement; 0 < κ ≤ 0.20: slight agreement;
0.21 < κ ≤ 0.40: fair agreement; 0.41 < κ ≤ 0.60: moderate
agreement; 0.61 < κ ≤ 0.80: good agreement; and κ ≥ 0.81:
very good agreement [36].

A receiver operating characteristic (ROC) analysis was per-
formed to assess the performance of each individual sequence
and combination of MR sequences for identifying patients
with bone involvement according to the BVC. The area under
the ROC curve (AUC), sensitivity, and specificity with 95%
confidence intervals (CIs) were calculated. Finally, pairwise
comparisons of the AUC values were performed to rank the
individual MR sequences and combinations of MR sequences
according to diagnostic accuracy, using a chi-squared test of
equality of ROC curves’ areas [37]. A p value < 0.05 indicates
statistical significance for all tests. All tests were performed
using MedCalc version 12.7 Software.

Results

Demographics and disease status according
to the reference standard

Fifty PCa patients at high risk for metastasis were enrolled
(50 men; mean age, 67 ± 10 years; range, 59–87 years).
Forty patients had newly diagnosed disease with high risk
of metastasis based on a Gleason score ≥ 8 and/or ≥
20 ng/ml PSA; 10 patients had PSA recurrence with a
PSA doubling time ≤ 12 months after radical treatment or
were receiving androgen-deprivation therapy. According to
the reference standard, 38 of 50 patients (76%) had bone
metastases (Fig. 1). Of these 38 patients, 34 (89.5%) had
focal lesions and 4 (10.5%) had diffuse bone marrow
involvement.

Forty-seven patients with histologically proven, newly di-
agnosed MM were enrolled (27 women and 20 men; mean
age, 62.5 ± 9 years; range, 47–90 years). According to the
reference standard, 31 of 47 patients (66%) had bone marrow
involvement onMRI (Fig. 2). Among these patients, 23 (74%)
had focal lesions, 5 (16%) had diffuse bone marrow involve-
ment, and 3 (10%) had a salt-and-pepper pattern.

Interobserver agreement

In the subset of 20 PCa patients, inter-observer variability for
the detection of bone metastases on all sequences was in the
very good range. In the subset of 20 MM patients, inter-
observer variability for the detection of bone involvement on
all sequences ranged from good to very good (Table 2).

Diagnostic performance

Results on diagnostic performance of sequences and combi-
nations of sequences for PCa and MM are detailed in Table 3.

For PCa, the highest performance (Se = 100%, 95% CI
[90.5–100.0]; Sp = 100% [75.3–100.0]; AUC = 1.00 [0.93–
1.00]) was achieved by the combinations of T1-DWI and
T1-STIR and the combination of all sequences read together.
There was no statistically significant difference between pro-
tocols (all p ≥ 0.07).

For MM, the highest performance was achieved by the
combination of all sequences (Se = 100%, 95% CI [88.4–
100.0]; Sp= 94.12% [71.3–99.9]; AUC = 0.97 [0.87–0.99]).
The reading of the combination of all sequences showed sta-
tistically significantly better performance than the reading of
individual sequences or pair of sequences (all p ≤ 0.04), ex-
cept for the combined reading of T1-DWI (p = 0.49). The pair
T1-DWI was superior to the T1 and DWI sequences read
individually (p = 0.01 and p = 0.03, respectively).
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False-positive and false-negative findings

Table 4 details the number and causes of the false-positive and
false-negative findings. In PCa patients, T1, DWI, and STIR-
DWI each yielded one false positive. In MM patients, T1
yielded six false positives, DWI yielded five false positives,
and STIR, T1-STIR, and STIR-DWI each yielded three false

positives (Fig. 3). T1-DWI and T1-STIR-DWI each yielded
one false positive.

In PCa patients, STIR yielded three false negatives (Fig. 4).
STIR-DWI yielded two false negatives. DWI yielded one false
negative (Fig. 5). InMMpatients, T1 yielded five false negatives.
DWI, STIR, T1-STIR, T1-DWI, and STIR-DWI each yielded
two false negatives. T1-STIR-DWI yielded no false negative.

Fig. 2 Whole-body MR
examination in a 60-year-old man
with newly diagnosed multiple
myeloma illustrates agreement
between sequences. a Coronal
T1-weighted and b STIR images,
and c reconstructed coronal MIP
view from DWI (inverted gray-
scale, b = 800 s mm−2) show
multiple areas of low signal typi-
cal for myeloma foci (arrows)

Fig. 1 Whole-body MR
examination in a 50-year-old man
with newly diagnosed prostate
cancer illustrates agreement be-
tween sequences. a Coronal T1-
weighted and b STIR images, and
c reconstructed coronal maximal
intensity projection (MIP) view
from DWI (inverted grayscale,
b = 800 s mm−2) show multiple
areas typical for bone metastases
(arrows)
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Discussion

Our study suggests that the performance of a combination of
two sequences (T1-DWI and T1-STIR) is similar to that of the
entire set of sequences in detecting bone marrow involvement
caused by PCa. In MM, T1-STIR-DWI achieved the best di-
agnostic accuracy but was not superior to T1-DWI to detect
bone marrow involvement caused by MM.

In PCa, individual sequences already had high diagnostic val-
ue, and the combination of T1-DWI and T1-STIR was sufficient
for detecting bonemetastases, with no added value provided by a

combined reading of the three sequences T1-STIR-DWI.Among
the individual sequences, STIR had a low sensitivity, as sclerotic,
fibrotic, and poorly hydrated bone metastases from PCa may be
occult on STIR [20]. Difficulty in detecting sclerotic lesions has
also been reported for DWI because of their low apparent diffu-
sion coefficient [24]. Our results suggest that the use of T1-DWI
or T1-STIR allows achieving the same performance as a set of
the three sequences together (T1-STIR-DWI) in whole-body
MRI protocols used to assess PCa. T1-DWI might be preferable
to T1-STIR because it combines a morphologic sequence (T1)
and a functional sequence (DWI) and allows the detection of
abnormal lymph nodes usually done on DWI [14]. The false-
positive findings of DWI used alone have been reported,
explaining the lower specificity of the technique contrasting with
its high sensitivity, and the need to correlate observations made
on DWI to anatomic sequences [38].

In MM patients, the individual sequences showed signifi-
cantly lower diagnostic performance than the combination of
sequences in detecting bone involvement, with T1 showing
the lowest diagnostic value. T1-STIR and STIR-DWI combina-
tions showed significantly lower performance than the combi-
nation of T1-STIR-DWI. T1-STIR-DWI achieved the best di-
agnostic value, but was not significantly superior to the combi-
nation of T1-DWI. There are several explanations for the re-
duced accuracy of individual MRI sequences for diagnosing
MM, even when used in combination. MM may be occult at
diagnosis, and bone marrow will appear normal on MRI, in
50%–75% of patients with an untreated, early form of MM,
and in more than 20% of patients with advanced MM. This

Table 3 Diagnostic performance of individual sequences and combination of sequences for detecting bone involvement in 50 prostate cancer patients
and 47 multiple myeloma patients

Sequences Sensitivity 95% CI Specificity 95% CI AUC 95% CI TP FP FN TN

Prostate cancer

T1 100 90.5–100.0 92.31 64.0–99.8 0.96 0.86–0.99 37 1 0 12

STIR 91.89 78.1–98.3 100 75.3–100.0 0.96 0.86–0.99 34 0 3 13

DWI 97.30 85.8–99.9 92.31 64.0–99.8 0.95 0.85–0.99 36 1 1 12

STIR/DWI 97.30 85.8–99.9 92.31 64.0–99.8 0.95 0.85–0.99 36 1 1 12

T1/STIR 100 90.5–100.0 100 75.3–100.0 1.00 0.93–1.00 37 0 0 13

T1/DWI 100 90.5–100.0 100 75.3–100.0 1.00 0.93–1.00 37 0 0 13

ALL 100 90.5–100.0 100 75.3–100.0 1.00 0.93–1.00 37 0 0 13

Multiple myeloma

T1 83.33 65.3–94.4 64.71 38.3–85.8 0.74 0.59–0.86 25 6 5 11

STIR 93.33 77.9–99.2 70.59 44.0–89.7 0.82 0.68–0.92 28 5 2 12

DWI 93.33 77.9–99.2 70.59 44.0–89.7 0.82 0.68–0.92 28 5 2 12

STIR/DWI 93.33 77.9–99.2 82.35 56.6–96.2 0.88 0.75–0.96 28 3 2 14

T1/STIR 93.33 77.9–99.2 82.35 56.6–96.2 0.88 0.75–0.96 28 3 2 14

T1/DWI 93.33 77.9–99.2 94.12 71.3–99.9 0.94 0.83–0.99 28 1 2 16

ALL 100 88.4–100.0 94.12 71.3–99.9 0.97 0.874–1.00 30 1 0 16

DWI high b-value diffusion-weighted imaging sequence, STIR short tau inversion recovery sequence, T1 T1-weighted sequence

Table 2 Reproducibility of MRI readings in 20 randomly selected
patients with prostate cancer and 20 randomly selected patients with
multiple myeloma

Prostate cancer Multiple myeloma

Sequence kappa 95% CI kappa 95% CI

T1 0.86 0.59–1.00 0.90 0.70–1.00

STIR 1.00 1.00–1.00 0.88 0.67–1.00

DWI 0.87 0.67–1.00 1.00 1.00–1.00

STIR-DWI 1.00 1.00–1.00 0.90 0.70–1.00

T1-STIR 1.00 1.00–1.00 0.76 0.48–1.00

TI-DWI 0.86 0.55–1.00 1.00 1.00–1.00

T1-STIR-DWI 0.88 0.64–1.00 1.00 1.00–1.00

Results are kappa values followed by 95% confidence intervals (CI)

DWI high b-value diffusion-weighted imaging sequence, STIR short tau
inversion recovery sequence, T1 T1-weighted sequence
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normal bone marrow appearance is noted as subtle diffuse infil-
tration on histological analyses and, along with the salt-and-

pepper pattern, is classically observed in patients with a lower
tumor burden than patients with diffuse or focal marrow

Table 4 Analysis of the false-positive and false-negative findings of using whole-body MRI to detect bone involvement in 50 metastatic prostate
cancer and 47 multiple myeloma patients

Prostate cancer Multiple myeloma

False-positive findings N Cause N Cause

T1 1 Focal marrow hyperplasia 6 Pelvic fracture (n = 2); rib fracture (n = 1); spine fracture (n = 1); focal
marrow hyperplasia (n = 2);

STIR 0 3 Spine hemangioma (n = 1); pelvic fracture (n = 1); degenerative disc
disease (n = 1)

DWI 1 Thoracic spine artifact 5 Thoracic spine artifact (n = 1); spine hemangioma (n = 1); spine fracture
(n = 1); pelvic fracture (n = 1); degenerative disc disease (n = 1)

T1-STIR 0 3 Rib fracture (n = 1); focal marrow hyperplasia (n = 1); degenerative disc
disease (n = 1)

T1-DWI 0 1 Degenerative disc disease

STIR-DWI 1 Spine hemangioma 3 Spine hemangioma (n = 2); degenerative disc disease (n = 1)

T1-STIR-DWI 0 1 Heterogenous hyperplastic marrow

False-negative findings N Cause N Cause

T1 0 5 Rib lesion (n = 1); spine lesion (n = 2); pelvic lesion (n = 2)

STIR 3 Spinal sclerotic metastasis (n = 2);
Pelvic sclerotic metastasis (n = 1)

2 Pelvic lesion (n = 1); rib lesion (n = 1)

DWI 1 Spinal sclerotic metastasis 2 Pelvic lesion (n = 1); rib lesion (n = 1)

T1-STIR 0 2 Pelvic lesion (n = 1); rib lesion (n = 1)

T1-DWI 0 2 Pelvic lesion (n = 1); spine lesion (n = 1)

STIR-DWI 1 Spinal sclerotic metastasis 2 Pelvic lesion (n = 1); rib lesion (n = 1)

T1-STIR-DWI 0 0

Degenerative disk disease corresponds to juxtadiscal bone marrow changes (Modic changes or Schmorl nodes)

DWI high b-value diffusion-weighted imaging, STIR short tau inversion recovery sequence, T1 T1-weighted sequence

Fig. 3 Whole-body MR
examination in a 73-year-old man
with newly diagnosed myeloma
illustrates false-positive findings
of the STIR and DWI sequences.
a Coronal T1-weighted MR im-
age shows a high signal intensity
rounded focus typical for a verte-
bral hemangioma (arrow in a). b
Coronal STIR image and c re-
constructed coronal MIP view
from DWI (inverted grayscale,
b = 800 s mm−2) show rounded
area of intermediate signal on
STIR (arrow in b) and impeded
diffusion (arrow in c)
misinterpreted as a myeloma fo-
cus on both sequences
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involvement [34]. Moreover, MM involvement may be con-
fused with normal findings because diffuse abnormalities can
mimic normal marrow even on DWI, especially when the ab-
normalities are homogeneous. Finally, MM lesions may present
a spontaneously high signal intensity on T1, leading to the poor
detection of lesions within the high signal intensity of bone
marrow,making T1 less effective at detecting bone involvement

in comparison with other cancers; this is supported in our study
by the lower diagnostic performance of the T1 sequence inMM
patients compared to PCa patients.

Regarding the false-positive findings, a variety of nonmalig-
nant conditions may present as bone marrow replacement with
a low signal intensity on T1, intermediate to high signal inten-
sity on STIR, or high signal intensity on high-b-value DWI

Fig. 4 Whole-body MR
examination in a 50-year-old man
with newly diagnosed prostate
cancer illustrates false-negative
finding of the STIR sequence. a
Coronal T1-weighted MR image
and c reconstructed coronal MIP
view from DWI (inverted gray-
scale, b = 800 s mm−2) show area
of low signal on T1 (arrow in a)
and impeded water diffusion on
DWI (arrow in c) typical for bone
metastasis. b This lesion was not
detected on the coronal STIR MR
image

Fig. 5 Whole-body MR
examination in a 72-year-old man
with newly diagnosed prostate
cancer illustrates a false-negative
finding of the DWI sequence. a
Coronal T1-weighted and b STIR
images show supracentimetric ar-
ea of low signal intensity within a
midthoracic vertebra considered
as sclerotic metastasis (arrow in a
and b). c Reconstructed coronal
MIP view from DWI (inverted
grayscale, b = 800 s mm−2) shows
signal void (arrow in c) that was
not interpreted and the sequence
was considered negative
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because of impeded diffusion or T2 shine through effect, which
makes it difficult to distinguish these conditions frommalignant
disease. Hemangiomas, degenerative joint disease, bone mar-
row edema caused by fractures, and benign bone marrow hy-
perplasia were observed in this series, like in previous studies
[17]. The addition of T1 or STIR toDWI reduced the number of
false-positive observations in both PCa and MM patients, al-
though not significantly, probably due to limited sample size.
Conversely, the false-positive observations noted on the high-b-
value DWI images were mitigated by interpreting DWI in com-
bination with morphological imaging, in particular with T1: a
lower number of false-positive findings was found using T1-
DWI in comparison with only DWI [7, 31].

Regarding the false-negative findings, some lesions were
missed because of the lack of contrast between the lesion and
surrounding normal bone marrow (e.g., the relatively high sig-
nal intensity of someMM lesions on T1, the low signal intensity
of some sclerotic bonemetastases fromPCa on STIR andDWI),
or because the lesion was located in anatomic areas difficult to
interpret (e.g., the thoracic cage and spine because of motion
artifacts, or lesion location at the periphery of the explored field).
Again, the combination of sequences minimized false-negative
observations, supporting the recommendation to acquire both
anatomic and functional sequences in whole-bodyMRI studies.

Our study has several limitations. First, our sample size may
have been too small to confirm some comparisons. Future stud-
ies with a larger number of patients are being conducted in a
multicentric approach to validate the current results, also with
the intent to improve the Bground truth^ (comparison with other
cutting edge modalities, especially PET scan). Second, body
coverage (head to upper thigh) was limited, although the risk
of missing significant peripheral metastases in patients with
lesions in the central skeleton is very low [32]. Third, we delib-
erately chose two very different pathologies in order to study the
value of whole-body MRI to detect bone lesions: a solid cancer
(PCa) and a hematologic cancer (MM). Our findings should not
be generalized beyond these conditions. The value of a limited
T1-DWI approach should be evaluated in other malignancies,
such as breast cancer patients [21]. Fourth, our results obtained
on 1.5-T MRI magnets should also be verified on 3-T scanners.
Fifth, we did not assess the diagnostic contribution of low b-
value DWI images and apparent diffusion coefficient (ADC)
maps as part of our study. In daily practice, DWI should be
interpreted using low and high b-values and ADC maps.
These maps are used for the evaluation of treatment response
in bone disease on iterative MR examinations [39]. The avail-
ability of these maps may certainly affect the diagnostic speci-
ficity of DWI (e.g., recognition of false-positive findings by
identifying T2 shine through effect). Not using themmight neg-
atively impact the specificity of DWI images read alone and of
combined STIR-DWI reading, but not of combined T1-DWI
and T1-STIR-DWI readings where anatomic T1 sequences in-
crease the specificity [40]. Finally, the well-known diagnostic

performance of the MRI sequences (alone or in combination)
for detecting tumoral involvement in the lymph nodes or other
organs (especially for PCa) was not assessed.

In summary, this study suggests that T1-DWI and T1-STIR
are sufficient to detect bone metastases in PCa. In MM, the
combination T1-STIR-DWI has significantly higher diagnos-
tic performance than all sequences but T1-DWI; this suggests
the value of a combined T1-DWI approach for bone screening
in PCa and MM.

Of note, the use of DWI instead of STIR in PCa may have
additional advantages in the perspective of a Bone step—whole-
body— all-organ staging^ of PCa. First, for the detection of the
highly common nodal involvement, keeping inmind the limited
diagnostic value of a technique relying on size criteria. Second,
for the detection of visceral metastasis, although these are rela-
tively rare. Third, for the evaluation of local disease in the pros-
tatic bed, where the use of high b-value images and ADC is
crucial [41]. Finally, both in PCa and in MM, the availability of
DWI images and ADCmaps would allow comparisons in indi-
vidual lesion characteristics and global tumor load between ex-
aminations performed before and after treatment [39, 42].
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