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To test the potential of Dixon T2-weighted fat-only se-
quences to replace T1-weighted sequences for the de-
tection of bone metastases, with the hypothesis that
diagnostic performance with an alternative magnetic res-
onance (MR) imaging protocol (sagittal spin-echo Dixon
T2-weighted fat-only and water-only imaging) would not
be inferior to that with the standard protocol (sagittal
spin-echo T1-weighted and spin-echo Dixon T2-weighted
water-only imaging).

A total of 121 consecutive whole-spine MR imaging exam-
inations (63 men; mean age * standard deviation, 61.4
years = 11.8) performed for suspected vertebral bone me-
tastases were included in this retrospective, institutional
review board-approved study. Quantitative image analysis
was performed for 30 randomly selected spine levels. Qual-
itative analysis was performed separately by two musculo-
skeletal radiologists, who registered the number of metas-
tases for each spine level. Areas under the curve with the
protocols were compared on the basis of nonparametric
receiver operating characteristic curve estimations by using
a noninferiority test on paired data, with a best valuable
comparator as a reference. Interobserver and interprotocol
agreement was assessed by using k statistics.

Contrast-to-noise ratio was significantly higher on the al-
ternative protocol images than on the standard protocol
images (181.1 [95% confidence interval: 140.4, 221.7]
vs 84.7 [95% confidence interval: 66.3, 103.1] respec-
tively; P < .001). Diagnostic performance was not sig-
nificantly inferior with the alternative protocol than with
the standard protocol for both readers in a per-patient
analysis (sensitivity, 97.9%-98.9% vs 93.6%-97.9%;
specificity, 85.2%-92.6% vs 92.6%-96.3%; area under
the curve, 0.92-0.96 vs 0.95, respectively; all P = .02)
and a per-spine level analysis (all P < .01). Interobserver
and interprotocol agreement was good to very good (k =
0.70-0.81).

Dixon T2-weighted fat-only and water-only imaging pro-
vide, in one sequence, diagnostic performance similar
to that of the standard combination of morphologic se-
quences for the detection of probable spinal bone metas-
tases, thereby providing an opportunity to reduce imaging
time by eliminating the need to perform T1 sequences.

©RSNA, 2017
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agnetic resonance (MR) imag-

ing is considered a technique

of reference for the evaluation
of bone marrow involvement for a large
variety of solid tumors (1-3). Although
acquisition protocols greatly vary among
institutions, there is a common consen-
sus that the standard protocol for the
detection and characterization of bone
metastases should include a combina-
tion of T1-weighted and fat-suppressed
fluid-sensitive sequences (1-10). The
T1-weighted sequences are aimed at as-
sessing the replacement of the normal
fatty components of the bone marrow
with the neoplastic cellular prolifera-
tion, whereas fat-suppressed fluid-sen-
sitive sequences increase the sensitivity
for lesion detection (2,4,8).

Different types of fat-suppression
techniques exist, including chemi-
cal shift-selective fat saturation, or
CHESS; short
sion-recovery, or STIR; and the Dixon
technique (11). The Dixon, or chemi-
cal shift-based water-fat separation,
technique exploits the chemical shift
between protons of water and fat to
decompose the signal from these two
tissues in the same voxel, generating
a set of four images: in-phase (equiv-
alent to standard non-fat-suppressed
images), out-of-phase, water-only, and
fat-only (equivalent to fat-suppressed)
images (12-14). The Dixon technique
was first described in 1984, and recent
developments have allowed different
variations of this technique to emerge
as valid fat-suppression methods in
clinical routine spin-echo (SE) imaging

Advance in Knowledge

B For both readers, the Dixon
T2-weighted fat-only and water-
only imaging was not inferior to
T1-weighted and Dixon
T2-weighted water-only imaging
for the detection of probable
spinal bone marrow metastases
in a per-patient analysis (sensi-
tivity, 97.9%-98.9% vs 93.6%—
97.9%; specificity, 85.2%-92.6%
vs 92.6%-96.3%; area under the
curve, 0.92-0.96 vs 0.95; all P =
.02).

inversion time inver-

(12). In musculoskeletal applications,
Dixon SE imaging has been mostly used
to provide more homogeneous fat sup-
pression than is achieved with CHESS,
notably with large fields of view, such
as in spine imaging, and higher signal-
to-noise ratio than with STIR imaging
(11,15-21). In addition, Dixon SE T2-
weighted water-only images have shown
low sensitivity to susceptibility artifacts
and performance similar to that of T2-
weighted CHESS and STIR techniques
in detecting pathologic spinal abnor-
malities (16,19,22). As a consequence,
Dixon T2-weighted water-only imag-
ing of the spine is increasingly used to
provide fat-suppressed, fluid-sensitive
contrast.

An additional advantage of Dixon
techniques is the ability to provide, in
one acquisition, several series of images
with different contrasts (ie, both non-
fat-suppressed and fat-suppressed im-
ages). This approach has been used in
various musculoskeletal applications to
decrease imaging times (15,16,19,23).
On the basis of the rationale that fat-
only images generated with the Dixon
technique could provide the same infor-
mation on bone marrow replacement
lesions as can T1-weighted sequences,
we hypothesized that the standard pro-
tocol for the detection of bone marrow
metastases could be reduced to a single
Dixon T2-weighted sequence, thereby
providing an opportunity to reduce
acquisition time. To test the potential
of Dixon fat-only images to replace

Implications for Patient Care

B Dixon spin-echo T2-weighted se-
quences with fat-only and water-
only reconstructions can replace
the standard combination of
morphologic sequences
(T1-weighted and fat-suppressed
fluid sensitive) for the detection
of probable spinal bone marrow
lesions.

B Use of a Dixon spin-echo
T2-weighted sequence as the
only morphologic sequence for
the detection of spinal bone
metastases represents an oppor-
tunity to reduce imaging time.

T1-weighted images for the detection
of spinal metastases, we hypothesized
that the diagnostic performance with
an alternative MR imaging protocol
(sagittal SE Dixon T2-weighted fat-only
and water-only imaging) would not be
inferior to that with the standard pro-
tocol (sagittal SE T1-weighted and SE
Dixon T2-weighted water-only images).

Materials and Methods

Patient Population

Our single-center study was approved
by our institutional ethics commit-
tee (Swiss Ethics Committees on re-
search involving humans, Project ID
2016-00934), which did not require
informed consent because of the ret-
rospective design. We retrospectively
included all adult patients who under-
went whole-spine MR imaging for the
assessment of spinal metastases in our
institution from September 2014 to
April 2016. Figure 1 describes patient
flow and characteristics. We excluded
all examinations from patients with a
history of hematologic neoplasia or spi-
nal osteosynthesis, examinations with
incomplete MR imaging protocols, and
those performed with 1.5-T MR im-
agers. Most of our spine MR imaging
examinations are performed with 3-T

hitps://doi.org/10.1148/radiol.2017170325
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Whole spine MRI for suspected vertebral
metastases
n=192
(Age = 62.1 +/- 12.8y; Men=101; Women=91)

A 4

Eligible participants
n=121
(Age = 61.4 +/- 11.8y; Men = 63; Women = 58)

\ 4

Excluded
n=71
- History of haematological neoplasia (n=15)
-Spinal osteosynthesis (n=24)
-1.5T scanners (n=17)
-Incomplete MRI sequences (n=15)
(Age = 63.7 +/- 13.6y ; Men=38 ; Women=33)

v

(Age = 61.9 +/- 12.1y; Men=46; Women=48)

A4
Metastase(s) positive * Metastase(s) negative
n=94 n=27

(Age = 59.7 +/- 10.2y; Men=17; Women=10)

Figure 1:

Flowchart shows selection and characteristics of patients. * = primary tumors included non—

small cell lung (n = 22), breast (n = 20), melanoma (17 = 10), prostate (17 = 8), pancreas (n =6), epidermoid
(n="5), liver (n=5), parotid (n = 5), colorectal (n = 4), esophagogastric (7 = 5) small-cell lung (n = 4),
kidney (n = 3), thyroid (n = 3), bladder (n = 2), germ cell (n = 2), and soft-tissue sarcoma (n = 1).

Table 1

MR Imaging Acquisition Parameters

Parameter Fast SE T1-weighted Imaging ~ Fast SE T2-weighted Dixon
Plane Sagittal Sagittal

No. of sections 19-23 19-23

Section thickness (mm) 3 3

Gap (mm) 0.3-0.6 0.3-0.6

Field of view (mm)

Acquisition matrix
Phase-encoding direction
Repetition time/echo time (msec)

260 X 260-285 X 285
384 X 384-448 X 448
Head to feet
555-668/10-11

Turbo factor 4

No. of averages 1

IPAT factor 2

Phase oversampling 0.8

Flip angle (degrees) 147-160
Bandwidth (Hz/pixel) 210-217
Acquisition time (min:sec) 4:20 = 0:22

260 X 260-285 X 285
320 X 320-320 x 350
Head to feet
4340-4820/88-92
17-18
1-2
2-3
0.6-1
137-150
340-372
9:25 + 1:24

Note.—Numeric data are range values obtained from a random selection of 30 examinations. IPAT = integrated parallel

acquisition technique.

imagers, and we aimed at maintaining
homogeneity of our sample.

MR Imaging Examinations

All MR imaging examinations were
performed with commercially available
imagers operating at 3 T (Verio, Skyra,

Prisma; Siemens, Erlangen, Germany)
without hardware modifications and
with the imagers’ radiofrequency body
coils. Imaging parameters of the se-
quences of interest are detailed in
Table 1. A total of three contiguous
sagittal stacks with nonenhanced fast

SE T1-weighted and fast SE Dixon
T2-weighted sequences of the entire
spine from the base of the skull to
the last sacral piece were performed
for all patients. Four sets of images
were routinely reconstructed from the
Dixon T2 sequences: in-phase, out-of-
phase, Dixon T2-weighted water-only,
and Dixon T2-weighted fat-only im-
ages, of which only the latter two were
considered for our study. Additional
sequences performed on a case-by-
case basis whenever indicated were
considered only for the best valuable
comparator. They included contrast
material-enhanced fat-suppressed T1-
weighted sequences on the sagittal
and axial planes, as well as axial fat-
suppressed T2-weighted sequences.

Quantitative Image Analysis

To quantitatively compare image qual-
ity and the conspicuity of bone me-
tastases on T1-weighted and Dixon
T2-weighted fat-only images, 30 spine
levels (from 30 different patients) with
focal metastases (according to the best
valuable comparator as described be-
low) were randomly selected. On each
level, the largest lesion was used to
calculate signal-to-noise and contrast-
to-noise ratios on TIl-weighted and
Dixon T2-weighted fat-only images by
a final-year radiology resident (Y.M.,
with 5 years of experience). A 30-mm?
region of interest was placed on the
area of metastasis and the closest area
of normal bone marrow that could fit
the region of interest. A third region of
interest of 30 mm? was placed within
ghost-free regions of background out-
side the patient, as close as possi-
ble to the metastasis. Signal-to-noise
and contrast-to-noise ratios were
computed according to the following
formulas: SNR = Sl oo/ Vs CNR
= (SI e — SI )/N, where
SNR is signal-to-noise ratio, CNR is
contrast-to-noise ratio, SI, =~ = “and

esinie @r€ the mean signal intensity
inside the region of interest placed on
normal bone marrow and the area of
metastasis, respectively, and N is the
noise, defined as the standard devia-
tion of the background signal intensity
outside the patient.

bone

bone  marrow
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Qualitative Image Analysis

Image analysis was performed by two
fellowship-trained musculoskeletal ra-
diologists (P.O. and R.R., with 8 and 3
years of experience, respectively) who
were blinded to the clinical data. The
two protocols were assessed separately
and independently by the two radiolo-
gists during two different reading ses-
sions that were held 1 month apart with
imaging examinations in a random or-
der. Each cervical, thoracic, lumbar, and
sacral level was assessed separately for
the number of metastatic lesions regard-
less of their size. The cervical and lum-
bar levels were defined as the seven first
and five last mobile vertebral segments,
whether there were or were not any
transitional vertebrae. The number of
metastases was recorded, from zero to
five or more, with segments with more
than five metastases considered as one
group of five or more metastases. Com-
plete involvement of all spinal segments
(referred to as diffuse bone marrow
involvement) was encoded separately.
Metastasis was defined as an area of
replacement of the fatty signal of bone
marrow, hypointense compared with
skeletal muscle on T1-weighted images,
and without detectable signal intensity
on Dixon T2-weighted fat-only images
(Figs 2-5) (2). As described in the lit-
erature, the fat-suppressed T2-weighted
images (Dixon T2-weighted water-only
images) were read in correlation with
the previous “fat-sensitive” sequences
to improve sensitivity by detecting foci
of increased signal intensity and to help
characterize indeterminate lesions (2).

Best Valuable Comparator

The reference standard for the pres-
ence or absence of metastases was
based on a best valuable comparator
(24-27). The best valuable compara-
tor consisted of the consensus reading
of all examinations by the two muscu-
loskeletal radiologists (performed 1
month after the end of all readings), as
well as the review of all available med-
ical data. These data included clinical,
histologic (spinal bone biopsy data,
available for 30 patients), biologic, and
imaging data. The mean follow-up time
was 15.2 months after the MR imaging

Figure 2

Cl
Figure 2:

Images in an 81-year-old man with prostate cancer and sclerotic bone metastases.

Sagittal thoracic spine MR images include (a) T1-weighted, (b) Dixon T2-weighted fat-only,
and (c) Dixon T2-weighted water-only sequences. (d) Unenhanced computed tomographic
(CT) image obtained the day after MR imaging, with sagittal reformat, is also shown. Sclerotic
metastasis on thoracic spine (white arrow) shows signal intensity slightly hypointense to adja-
cent paravertebral muscles on a, and no detectable intralesional signal intensity is visible on b.
Better conspicuity of lesion on b is supported by higher contrast-to-noise ratio at quantitative
analysis (56 for a vs 118 for b). Note two vertebral hemangiomas (black arrows), unchanged
over 2 years compared with previous CT images (not shown), with typical thickened trabeculae
at CT (black arrows in d), appearing slightly hyperintense relative to normal marrow on a and

clearly hyperintense on b image.

examination (minimum follow-up time,
8.0 months). In the rest of this report,
we will refer to the areas likely to be
metastases according to this reference
standard simply as metastases.

False-Negative and False-Positive Results

To analyze causes of false-positive and
false-negative results with each pro-
tocol, the two readers retrospectively
analyzed all cases of false-positive and
false-negative findings on a per-patient
basis in order to determine the causes

of interpretation errors (more than one
cause possible per patient).

Statistical Analysis

Before inclusion of patients, sample size
was calculated. On the basis of previous
studies, we assumed an area under the
curve (AUC) of 0.95 for the standard MR
imaging protocol and considered that a
difference as large as 0.1 in favor of the
standard MR imaging protocol would still
allow the alternative MR imaging proto-
col to be noninferior (24). We calculated

Radiology: \olume 286: Number 3—March 2018 = radiology.rsna.org
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Figure 3

a. b.
Figure 3:

\

C.

d.

Images in a 66-year-old man with malignant melanoma and lytic bone metastases. Sagittal thoracic spine MR images including (a) T1-weighted, (b) Dix-

on T2-weighted fat-only, and (c) Dixon T2-weighted water-only sequences. (d) Unenhanced CT image obtained within 3 months of MR imaging, with axial reformat,
is also shown. Multiple spinal metastases are visible, all showing high signal intensity on ¢ (white arrow and arrowhead) and with no detectable intralesional signal
intensity on b (white arrow and arrowhead), whereas signal intensity varies on a, with some lesions appearing isointense or hyperintense relative to skeletal muscle
(arrowhead). Note that on b, hemangioma (black arrow) cannot be differentiated by its signal intensity from metastases on ¢, whereas it shows fatty content on a and
b. (d) CT image shows lytic metastasis (white arrow) and confirms presence of hemangioma (black arrow), with typical thickened trabeculae, which was unchanged

over 1 year when compared with previous CT images (not shown).

a sample size of 76 patients to achieve
a power of 80% to confirm noninferi-
ority by using a one-sided z-test at a
significance level of .05. For the quan-
titative image analysis, signal-to-noise
and contrast-to-noise ratios from the
standard and alternative protocols were
compared with the Wilcoxon signed-rank
test. For the qualitative image analysis,
diagnostic performance values (sensitiv-
ity, specificity, AUC, positive likelihood
ratio, negative likelihood ratio, positive
and negative predictive values) and re-
spective 95% confidence intervals (ClIs)
were determined for each reader and
each protocol in comparison with the
best valuable comparator as our standard
of reference, on a per-patient basis and
per-spine level basis. For each reader,
AUCs with the standard and alternative
protocols were compared on the basis of
estimation of a nonparametric receiver
operating characteristic curve by us-
ing a noninferiority test on paired data

(H,: AUC,, — AUC_, = —0.1; H: AUC ,
— AUC_, > —0.1, where AUC and
AUC,  are the AUCs of the alternative
and standard protocols; noninferior-
ity margin: 0.1) (28). The differences
between AUCs of the alternative and
standard protocols were calculated,
along with 95% Cls of the differences.
Interobserver agreement for each pro-
tocol and interprotocol agreement for
each reader for the number of meta-
static lesions were assessed by using the
weighted Cohen k coefficient, interpreted
by using the Landis and Koch scale (<0
indicated no agreement; 0-0.20, slight
agreement; 0.21-0.40, fair agreement;
0.41-0.60, moderate agreement; 0.61-
0.80, good agreement; and =0.81, very
good agreement) (29). Diagnostic per-
formance and interobserver and inter-
protocol agreement were estimated for
each spine level (cervical, thoracic, lum-
bar, and sacral) to detect any regional
influence. A P value of less than .05 was

considered to indicate a statistically sig-
nificant difference for all tests. To test
for a difference in age between men and
women, a Kruskal-Wallis test for equality
was performed. All statistical tests were
performed with software (Stata 13.1;
Stata, College Station, Tex).

Best Valuable Comparator

We included 121 patients (mean age =
standard deviation, 61.4 years *= 11.8;
63 men [mean age, 62.8 years = 12.2],
58 women [mean age, 59.9 years *
11.1]; no statistical difference in age
between men and women [P = .25])
suspected of having spinal bone metas-
tases (Fig 1). Eighty patients were ex-
amined for spinal symptoms in a known
oncologic context, and 41 patients were
examined for systematic screening.
Among these 121 patients, 94 received
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Figure 4

Q.

a. b.
Figure 4:

C.

d.

Images in a 64-year-old man with multifocal hepatocellular carcinoma. Sagittal cervical spine MR images include (a) T1-weighted, (b) Dixon T2-weighted

fat-only, and (c) Dixon T2-weighted water-only images. (d) Unenhanced CT image obtained 4 months after MR imaging, with sagittal reformat, is also shown. Lytic
metastasis (arrow), confirmed on d, is clearly visible on b, with focal absence of signal intensity, whereas it was missed by both readers with standard protocol. Better
conspicuity of lesion on b was supported by higher contrast-to-noise ratio (22 for a vs 108 for b) at quantitative analysis.

a positive diagnosis for metastates ac-
cording to the best valuable compara-
tor (Fig 1), including 43, 81, 77, and
55 with metastases in the cervical,
thoracic, lumbar spine, and sacrum, re-
spectively. Overall, there were a total
of at least 725 metastases, because we
considered as one group the segments
with at least five metastases (the exact
number was not known). There were at
least 102, 254, 234, and 135 metastases
in the cervical, thoracic, and lumbar
spine, and sacrum, respectively. Nine
patients had diffuse metastatic involve-
ment of the spinal bone marrow.

Quantitative Analysis

The mean signal intensity from metas-
tases was 259.0 (95% CI: 226.2, 291.7)
for T1-weighted images and 16.1 (95%
CI: 11.4, 20.1) for Dixon T2-weighted
fat-only images. The mean signal in-
tensity from normal bone marrow was
515.8 (95% CI: 454.1, 611.2) and 305.2
(95% CI: 252.4, 358.0), respectively.

Signal-to-noise ratios did not differ
significantly between the T1-weighted
and Dixon T2-weighted fat-only images
(174.3 [95% CI: 149.8, 198.8] vs 191.9
[95% CI: 149.5, 234.4], respectively; P
=.19), whereas the contrast-to-noise ra-
tio was significantly higher for the Dix-
on T2-weighted fat-only images vs T1-
weighted images (181.1 [95% CI: 140.4,
221.7] vs 84.7 [95% CI: 66.3, 103.1]
respectively; P < .001) (Figs 2 and 4).

Qualitative Analysis
Per-patient analysis.—On a per-patient
basis (Table 2), the diagnostic perfor-
mance for classifying a patient as having
metastasis was not significantly inferior
for the alternative protocol compared
with the standard protocol (P < .001
for reader 1 and P =< .02 for reader 2).
Per-spine level analysis.—Detailed
diagnostic performance parameters
for the two protocols are reported in
Table 3. For all spine levels, the alter-
native protocol was not significantly

inferior to the standard protocol (all P
values < 0.01).

Interprotocol Agreement

The agreement for both readers be-
tween protocols was good for all spine
levels (k values ranged from 0.70 [95%
CI: 0.65, 0.81] to 0.79 [95% CI: 0.68,
0.82]) (Table 4).

Interobserver Agreement

The agreement between readers for
both protocols was good or very good
for all spine levels (k values ranged
from 0.71 [95% CI: 0.61, 0.76] to 0.81
[95% CI: 0.75, 0.87]) (Table 4).

False-Negative and False-Positive Results

A total of 11 and five patients had false-
negative and false-positive findings, re-
spectively. Eight cases of false-negative
results with the standard protocol in-
cluded 28 lesions with posttreatment
intralesional fatty content (mistaken
for hemangiomas or focal red marrow

Radiology: \/olume 286: Number 3—March 2018 = radiology.rsna.org
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Figure 5

a b.

C.

d.

Figure 5: Images in a 55-year-old woman with breast cancer and diffuse mixed Iytic and sclerotic bone metastases. Sagittal thoracic spine MR images include (a)
T1-weighted, (b) Dixon T2-weighted fat-only, and (c) Dixon T2-weighted water-only images. (d) Positron emission tomographic)/CT image obtained within 1 month of
MR imaging, with sagittal reformat, is also shown. Diffuse involvement of thoracic spine, confirmed on d, is visible on a as diffuse decrease of signal intensity, lower
than adjacent muscles and is clearly shown on b as absence of any signal intensity on vertebral bodies. Note absence of significant pathologic signal intensity on c.

hyperplasia) and six lesions adjacent to
disks (mistaken for Schmorl nodules).
Three cases of false-negative results
with the alternative protocol included
eight lesions previously treated and two
lesions adjacent to disks. Cases of false-
positive results with the standard proto-
col (n = 1) and the alternative protocol
(n = 4) included lesions adjacent to disks
(n =2 and 10, respectively).

The results of this study showed the po-
tential of Dixon T2-weighted fat-only im-
aging to replace T1-weighted sequences
for the detection of spinal bone marrow
metastases by revealing that diagnostic
performance with images reconstructed
from the Dixon sequence (Dixon T2-
weighted fat-only and water-only) was
not inferior to the performance of the
standard protocol (T1-weighted and Dix-
on T2-weighted water-only). This repre-
sents an opportunity to reduce imaging
time, which would be highly beneficial for
the comfort of patients suspected of hav-
ing spinal bone metastases. Of note, the

diagnostic performance of both protocols
in our study was similar to or superior to
previously reported performance of MR
imaging for the detection of bone mar-
row metastases (reported sensitivity and
specificity, 77%-100% and 88-100%, re-
spectively) (3,24,25,30-32).

Fat is a fundamental component of
bone marrow, present in both yellow and
red marrow (which contains approxi-
mately 40% fat cells and 60% hematopoi-
etic cells) (5). The cellular proliferation in
metastatic lesions locally replaces normal
bone marrow, leading to the disappear-
ance of fatty MR imaging signal inside
the lesion; this has been established as
a key diagnostic criterion to differentiate
neoplastic tissue from normal marrow
(2,33). The importance of the contribu-
tion of fat to bone marrow signal explains
the importance of nonenhanced T1-
weighted sequences (on which fat shows
high signal intensity) for the evaluation
of bone marrow: Hypointense metastatic
lesions are well demarcated from the
background of high-signal intensity nor-
mal fatty marrow (2,3,7,34). Although
the signal intensity of malignant lesions

(the so-called bone marrow replacement
lesions) can vary widely on fluid-sensitive
sequence images, it is usually decreased
on T1-weighted images. This decrease in
signal intensity should be interpreted rel-
ative to the signal of skeletal muscle to
differentiate neoplastic lesions from red
bone marrow with different degrees of
cellularity (34).

Because Dixon T2-weighted fat-only
images are specific to fat signal, their
interpretation is more straightforward:
Bone marrow replacement lesions show
almost no intralesional signal relative to
adjacent bone marrow because of the
disappearance of fat, and there is no
need to compare the signal intensity to
that of adjacent muscle. Interestingly, the
detection of melanoma metastases is also
straightforward on Dixon T2-weighted
fat-only images, with consistent loss of
signal intensity, whereas it represents a
classic pitfall on T1-weighted images be-
cause of the shortening of T1 according
to melanin content. These considerations
on the interpretation of signal intensity
on T1-weighted and Dixon T2-weighted
fat-only images were supported by the
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[26/32]
92.0 (74.0, 99.0)

[88/89]
95.8 (89.7, 98.9)

[26/27]
85.2 (66.3, 95.8)

88/94]
97.9(92.5,99.7)

022

—0.03 (—0.10, 0.03)

0.03(0.01,0.1)

6.6 (2.7, 16.3)

0.92 (0.85, 0.99)

Alternative

[23/25]

[92/96]

[23/27]

[92/94]

positive likelihood ratios

Note.—Data are diagnostic performance parameters, with 95% Cls in parentheses. Wherever applicable, raw values are reported in brackets. The best valuable comparator was taken as the reference standard. LR+

[sensitivity/(1 — specificity)]; LR— = negative likelihood ratios [(1 — sensitivity)/specificity]; NPV

* Between those with standard and alternative protocols.

positive predictive value.

negative predictive value; PPV =

t Pvalues refer to noninferiority test on paired data for nonparametric receiver-operating characteristic curve estimations.

quantitative analysis, showing intral-
esional signal intensity close to zero on
Dixon T2-weighted fat-only images, and
significantly higher contrast-to-noise ra-
tios for lesions on the Dixon T2-weighted
fat-only images compared with that on
T1-weighted images. Of note, most false-
negative and false-positive findings were
due to previously treated metastases.
Indeed, previous chemotherapy or radi-
ation therapy might induce the appear-
ance of intralesional fat, which could lead
to false-negative results (35). This pitfall
must be kept in mind when bone marrow
imaging results are being reported.

Recently, results of other studies
have demonstrated the increased lesion
conspicuity on Dixon T2-weighted fat-
only images in musculoskeletal applica-
tions. Results of one study (15) showed
higher contrast-to-noise ratio of Dixon
T2-weighted fat-only images compared
with that on T1-weighted images for the
detection of periarticular fat deposition
in patients with chronic sacroiliitis. In
another study (17), authors compared
lesion conspicuity on Dixon T1-weighted
fat-only images and T1-weighted images
in a small number of metastases (n =
38), with qualitative and quantitative le-
sion conspicuity significantly higher on
Dixon T1weighted fat-only images than
on T1-weighted images (P < .01). How-
ever, to the best of our knowledge, our
study is the first to specifically assess
the ability of bone marrow fat imaging
provided by the Dixon T2-weighted fat-
only images to replace conventional T1-
weighted sequences.

Other advantages of using T2-weight-
ed Dixon sequences, previously described
in the literature, are worth mentioning.
Indeed, Dixon T2-weighted sequences
provide two additional series (in-phase
and out-of-phase reconstructions) that
can be useful in the characterization of
bone lesions and the complications of me-
tastases, such as vertebral compression
fractures, at no additional cost in terms
of imaging time. First, the in-phase Dixon
T2-weighted reconstructions are ecuiva-
lent to non—fat-suppressed T2-weighted
images, providing anatomic information
that compensates for the relative lack of
conspicuity of vertebral or spinal canal
anatomy on Dixon T2-weighted fat-only
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[64/69]
88.9(79.3,95.1)

[50/52]
95.9 (86.0, 99.5)

[64/66]
97.0 (89.5, 99.6)

[50/55]
85.5(73.3,93.5)

.003

—0.03 (—0.08, 0.02)

0.15(0.08,0.3)

28.2(7.2,111)

0.92 (0.86, 0.96)

Alternative

[64/72]

[47/49]

[64/66]

[47/55]

positive likelihood

Note.—Data are diagnostic performance parameters, with 95% Cls in parentheses. Wherever applicable, raw values are reported in brackets. The best valuable comparator was taken as the reference standard. LR+

ratios [sensitivity/(1 — specificity)]; LR— = negative likelihood ratios [(1 — sensitivity)/specificity]; NPV = negative predictive value; PPV

* Between those with standard and alternative protocols.

positive predictive value.

* Pvalues refer to noninferiority test on paired data for nonparametric receiver-operating characteristic curve estimations.

images. This anatomic information is
useful for the delineation of the verte-
bral body contours to detect pathologic
fractures or any involvement of the spi-
nal canal (16,19). Second, the analysis of
bone marrow heterogeneity on in-phase
images can help characterize hyperplas-
tic red marrow (which typically manifests
low signal intensity compared with the
adjacent fatty marrow on SE T2-weighted
sequences) (5). Third, the comparison of
signal intensity between in-phase and out-
of-phase images is helpful in characteriz-
ing the neoplastic nature of a focal lesion
or of a pathologic vertebral compression
fracture (6,18,36,37). Neoplastic lesions
show a signal dropout on out-of-phase
images due to the replacement of intra-
voxel microscopic fatty components of
the bone marrow (18,38). In particular,
chemical-shift MR imaging was recently
shown to be highly sensitive (sensitivity,
91.7%) in classifying indeterminate spi-
nal bone lesions as malignant (18). The
evaluation of the added value of these
ancillary series was beyond the scope of
our study, but these may contribute to
the usefulness of the Dixon technique in
clinical practice.

The strengths of our study include
the assessment of a large number of
patients, with a variety of primary solid
tumors, including treated and untreated
lesions and lytic and sclerotic metas-
tases, reflecting clinical practice. We
backed our results with measurement
of objective image quality. Further-
more, compared with previous studies
in which assessment was limited to cer-
tain metastases only, we assessed each
metastasis individually and compared
the performance of two readers to a
reference standard (17).

Our study also had several limita-
tions. First, the retrospective nature re-
sulted in a lack of standardization of MR
imaging acquisition parameters, which
led to heterogeneity of the imaging ac-
quisition protocol. Second, although
readers were blinded to the clinical data,
and the readings of the two protocols
were carried out independently from
each other in a random order, readers
could not be blinded to the type of the
sequence being analyzed; this might
have resulted in a bias. Third, although
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Table 4

Interprotocol Agreement and Interobserver Agreement for Number of Lesions at Each

Spine Level

Interprotocol Agreement k

Interobserver Agreement k

Spine Level Reader 1 Reader 2 Protocol 1 Protocol 2
Cervical 0.79 (0.68, 0.82) 0.77 (0.74,0.82) 0.76 (0.65, 0.84) 0.78 (0.71, 0.83)
Thoracic 0.75(0.71,0.86) 0.70 (0.65, 0.81) 0.71(0.61, 0.76) 0.81(0.74, 0.86)
Lumbar 0.77 (0.75, 0.82) 0.72 (0.69, 0.74) 0.76 (0.70, 0.84) 0.81(0.75, 0.87)
Sacral 0.76 (0.72,0.82) 0.76 (0.69, 0.80) 0.81(0.79,0.81) 0.78 (0.76, 0.82)

Note.—Data are Cohen « coefficients, with 95% Cls in parentheses. Interprotocol agreement refers to agreement between
protocols for each reader; interobserver agreement refers to agreement between readers for each protocol. The number of lesions
were categorized on a scale of 1-6 (one to five or more focal lesions, with category six as diffuse bone marrow involvement).

the examinations in our study were per-
formed with a variety of MR imagers,
we only assessed the diagnostic perfor-
mance of the Dixon T2 sequence for
the detection of metastases at 3 T with
imagers from one manufacturer. Differ-
ent manufacturers have developed their
own methods for Dixon imaging, which
might affect image quality. Fourth, be-
cause of the impossibility of obtaining
systematic histologic proof for every
metastatic lesion, we used the best valu-
able comparator as our reference stan-
dard. This parameter is commonly used
in the context of studies dealing with
diagnostic accuracy in the oncologic set-
ting (24-27). In case of a difference in
sensitivity between the sequences, this
type of reference standard could create
a bias against the sequence with lowest
sensitivity, which was not the case in
our study. Fifth, we did not adjust for
multiple comparisons. Sixth, we did
not assess the intraobserver agreement
for the two protocols. However, assess-
ment of intraobserver agreement is usu-
ally not required when interobserver
agreement is high, as we found in our
study (39). Finally, we limited our eval-
uation to adult patients because of the
higher prevalence of bone metastases
in this population. As a result of age-
related changes in spinal marrow, the
values reported for adults might be dif-
ferent from those for children, although
these changes probably affect the aspect
of metastases for both T1-weighted and
Dixon fat-only images equally (40).

In conclusion, our results support
the potential for Dixon T2-weighted

fat-only images reconstructed from
the Dixon SE T2-weighted sequence
obtained in the standard protocol to
replace T1-weighted imaging for the
detection of bone marrow metastases,
thereby allowing shortened routine ac-
quisition protocols. This adds to the
previously described advantages of
other series of imaging with this tech-
nique, suggesting that one SE Dixon
T2-weighted sequence could be the
only morphologic sequence required
for the detection and characterization
of bone marrow metastases. On the ba-
sis of these results, a screening protocol
for spinal metastases could be limited
to sagittal Dixon SE T2-weighted se-
quences of the whole spine. To improve
sensitivity for the detection of bone
marrow metastases, the addition of
a Dixon SE T2-weighted sequence on
the coronal plane covering the pelvis
and proximal femurs is recommended
(8,41). Additional sequences (acquisi-
tion on the axial plane, gadolinium-en-
hanced sequences) can be added on a
case-by-case basis to assess any spinal
canal involvement detected with this
screening protocol. Finally, recent liter-
ature supports an increase in sensitivity
of MR imaging in detecting spinal me-
tastases with the addition of functional
sequences, such as diffusion-weighted
sequences, to the standard morpho-
logic imaging protocol (9,10). However,
data suggest that diffusion-weighted
sequences cannot replace but can only
complement the morphologic part of
the protocol, which was the focus of
our study (9,10,42).

Future research should be per-
formed to assess whether the Dixon
T2-weighted fat-only images can re-
place T1-weighted sequences in other
applications, such as the evaluation of
intralesional fat content of primary
musculoskeletal tumors or in the con-
text of whole-body MR imaging (33).
Furthermore, in our experience, the
replacement of T1-weighted sequences
with Dixon T2-weighted fat-only imag-
ing can be generalized to all MR imag-
ing applications aimed at the detection
of bone marrow replacement lesions,
including those at 1.5 T. This must be
proven scientifically in future studies.
Disclosures of Conflicts of Interest: Y.M. dis-
closed no relevant relationships. V.D. disclosed
no relevant relationships. R.R. disclosed no
relevant relationships. EB. disclosed no rele-

vant relationships. P.O. disclosed no relevant
relationships.
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