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Objectives To compare relative fat fraction (rFF) of
active bone lesions from breast, prostate and myeloma
malignancies and normal bone marrow; to assess its
inter-reader agreement.

Methods Patients with breast (n = 26), myeloma (n =
32) and prostate cancer (n = 52) were retrospectively
evaluated. 110 baseline rFF maps from whole-body MRI
were reviewed by two radiologists. Regions of interest
for up to four focal active lesions in each patient were
drawn on rFF maps, one each at the cervicothoracic
spine, lumbosacral spine, pelvis and extremity. The mean
and standard deviation of rFF were recorded. The rFF of
normal marrow was measured in the pelvis for patients
without diffuse bone disease (n = 88). We compared
the rFF of malignant bone lesions and normal marrow
using Mann-Whitney test. Interobserver agreement was
assessed by interclass correlation coefficient.

INTRODUCTION

Bone disease is common in advanced cancers; previous
studies have shown that the prevalence of bone metas-
tases is more than 70% in patients with breast and prostate
cancer.? In addition, multiple myeloma (MM) can also
result in focal lesions within the bone marrow of the axial
and appendicular skeletons. Whole body MRI (WB-MRI)
has emerged as the most sensitive technique for detecting
focal lesions within the bone marrow.” In oncological
patients, accurate detection and staging of bone disease
burden are essential to plan effective treatment.

Results Malignant bone lesions showed significantly
lower median rFF (13.87%) compared with normal
marrow (89.76%) with little overlap (p < 0.0001). There
was no significant difference in the median rFF of malig-
nant lesions from breast (14.46%), myeloma (13.12%) and
prostate cancer (13.67%) (o > 0.017, Bonferroni correc-
tion) and in the median rFF of bone disease according
to their anatomical locations (p > 0.008, Bonferroni
correction). There was excellent interobserver agree-
ment (0.95).

Conclusion The low rFF of active bone lesions in breast,
prostate and myeloma malignancies provides high
image contrast relative to normal marrow that may be
used to detect bone metastases.

Advances in knowledge This study shows the impor-
tance of rFF towards detecting bone metastases.

Gradient-echo-based Dixon T; weighted MRI is now
frequently employed in WB-MRI protocols.>* Dixon T,
weighted MRI enables rapid acquisition of T; weighted
anatomical images to collaborate with the diffusion-
weighted imaging for disease assessment. The Dixon
technique provides T; weighted in-phase, opposed or
out-of-phase, fat- and water-only images within a single
acquisition. The fat- and water-only images can be used to
calculate the relative fat-fraction (rFF) maps, which provide
additional insights into bone disease status.>® In myeloma,
response of bone disease to treatment has been shown to
increase the rFF of involved bone marrow and an early
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Figure 1. rFF map of a 51-year-old patient with breast cancer.
A metastatic lesion is seen in the left pedicle of T11 (arrow)
which is characterised by low signal intensity on rFF map
compared with normal fat-containing bone marrow (*). rFF,
relative fat fraction.

increase in lesional rFF has also been shown to be associated
with response to chemotherapy.”

As metastases and malignant bone disease do not usually contain
fat, malignant bone disease is expected to show significant
lower rFF compared with normal fat-containing bone marrow
(Figure 1). However, there has been a paucity of studies assessing
the differences in the percentage of rFF between normal bone
marrow and bone disease. Furthermore, it is unclear whether
malignant bone disease arising from different primary tumours
have differences in their rFF values. Hence, the aim of this study
is to compare the rFF of active bone lesions arising from breast,
prostate and myeloma malignancies, and also with the rFF of
normal bone marrow. Additionally, we aim to establish the inter-
reader agreement of rFF measurements.

Table 1. Whole-body MRI protocol
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METHODS AND MATERIALS

Study population

This retrospective study was approved by our institutional
review board. The requirement for written informed consent was
waived.

The patient inclusion criteria were as follows: (1) histologically
proven myeloma, breast or prostate cancer, (2) underwent base-
line WB-MRI within 30 days of the initiating treatment or a
change in therapy; (3) at least one site of bone disease demon-
strated on imaging; (4) no other significant intercurrent medical
illness. Database search of patients in our hospital (between
January 2019 and December 2019) was performed.

Whole-body MRI (WB-MRI) studies

WB-MRI studies were performed using Avanto and Aera 1.5T
systems (Siemens Healthineers). All subjects were scanned
supine with arms by their sides. Anterior receiver coil elements
were positioned from the skull vertex to the knees. Currently
used WB-MRI protocol is summarised in Table 1. The rFF maps
were calculated by (fat-only image)/(fat-only image+water-only
image) x 100%. No intravenous gadolinium contrast was admin-
istered. The typical duration of our WB-MRI examination was
45 min.

Image analysis

The rFF maps were used to select up to four active bone lesions
that appeared as low signal intensity areas on the rFF map, show
impeded diffusion on the b900 DWTI and returned ADC values
in the range of 500-1500 mm?/s. Image analysis was performed
in each patient by two radiologists, both with 6 years of experi-
ence of MRI reporting. All measurements were performed on a
PACS workstation (Sectra, IDS7, v. XX). To ensure that the same
lesions were assessed by both readers, the lesions in any part of
the imaged volume were selected and analysed by the first reader,
who marked them on PACS (Figure 2). Subsequently, the second
reader measured the rFF values on the selected lesions.

Each target lesion was chosen at different imaging stations in the
body, one each at the cervicothoracic spine, lumbosacral spine,
pelvis and extremity. For each lesion, a single region of interest

Sequence

Protocol

Sagittal T weighted images

TR 590 ms, TE 11 ms, FOV 400 mm, slice thickness 4 mm

Sagittal T, weighted images

TR 2690 ms, TE 93 ms, FOV 400 mm, slice thickness 4 mm

Axial diffusion-weighted sequences

Single-shot double spin-echo echoplanar technique with STIR fat suppression in free
Three b values (50, 600 and 900 s/ mmz); highest b value multiplanar reformats and 3D
40 slices per station (slice thickness 5mm, no gap, FOV 430 mm, phase direction AP,

parallel imaging (GRAPPA) factor 2, TR 14800 ms, TE 66 ms, TT 180 ms, voxel size
2.9 x 2.9 x5mm, number of signal averages 4, matrix 150 x 150, bandwidth 1960 Hz

breathing

maximum intensity projection reconstructions

per pixel)

Axial T} weighted Vibe Dixon 3D gradient echo breath-hold

FOV 470 mm, TR/TE 7/2.38, 4.76 ms, flip angle 30, matrix 192 x 192

3D, three-dimensional; FOV, field of view; STIR, short tau inversion recovery; TE, echo time; Tl, inversion time; TR, repetition time.
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Malignant bone lesions’ rFF is significantly lower than normal marrow

Figure 2. Regions of interest drawn on rFF maps in patients with prostate (a), myeloma (b) and breast cancer (c). The lesions
appear as low signal intensity areas on the rFF map (arrows), whereas normal bone marrow appears as high signal intensity areas

(™). rFF, relative fat fraction.
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(ROI) was manually drawn within each selected lesion on the
rFF maps. The mean (FF-Mean) and standard deviation (FF-
SD) of the voxel values within each ROI were recorded, together
with the ROI area (FF-Area). The rFF of normal marrow was
measured in the pelvis of patients without diffuse pelvic disease
(n = 88).

Statistical analysis

We compared the median of the mean rFF of bone disease
between lesions arising from prostate cancer, breast cancer and
myeloma, and, also, with normal marrow using Mann-Whitney
U test, which was conducted with Bonferroni corrections for
multiple comparisons where appropriate. Interobserver agree-
ment was assessed by interclass correlation coefficient (ICC).
Statistically significant differences were defined as p < 0.05,
except for post-hoc tests, for which p < 0.017 (=0.05/3) was
considered significant. All statistical analyses were performed
with MedCalc (v. 12.1.0 for Microsoft Windows 2000/XP/
Vista/7; MedCalc Software) and IBM SPSS Statistics for Apple
Mag, v. 28 (IBM Corp.).

RESULTS

Patient demographics

Initially, 1304 patients with histologically proven metastatic pros-
tate cancer, breast cancer or myeloma who underwent WB-MRI
were identified; 1195 were excluded because patients were not
treatment naive or did not show recent disease progression
prompting a change in therapy (n = 1137). In addition, patients
were excluded due to poor image quality for analysis (n = 58).
Hence, the remaining 110 patients comprised our final study
population.

71 males and 39 females (median age = 66, range = 34-87 years)
were enrolled. The majority (n = 52, 47.3%) had prostate cancer;
32 patients (29.1%) had myeloma and 26 (23.6%) had breast
cancer. Patient demographic and tumour characteristics of the
final included cohort is summarised in Table 2.

Comparing rFF of malignant bone disease

There was no significant difference in the median rFF of malig-
nant bone lesions from breast cancer (14.46%), myeloma
(13.12%) and prostate cancer (13.67%) (p > 0.017, Bonferroni
correction) (Figure 3).

We also found that there was no significant difference in the
median rFF of bone disease according to their anatomical loca-
tions (p > 0.008, Bonferroni correction) (Figure 4).

Comparing the rFF of malignant bone disease with
normal marrow

Malignant bone lesions showed significantly lower median rFF
(13.87%) compared with normal bone marrow (89.76%) with
very little overlap (p < 0.0001) (Figure 5).

Interboserver agreement

The readers assessing WB-MRI showed excellent interobserver
agreement for scoring across the whole skeleton (ICC = 0.95).
WB-MRI also demonstrated excellent reliability across all other
individual body regions with ICC estimates ranging from 0.94 to
0.96, all with narrow 95% confidence intervals (Table 3, Figure 6).

Table 2. Patient demographic and tumour characteristics

Characteristics (N = 110) Number | Percentage, %
Age (median) 66
Range 34-87
Sex (female/male) 39/71
Tumours
Prostate 52 47.3
Breast 26 23.6
Myeloma 32 29.1
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Figure 3. The boxplot shows the rFF of malignant bone
lesions for each of the three malignancy groups. rFF, relative
fat fraction.
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DISCUSSION

WB-MRI is increasingly used for the initial evaluation of bone
disease in patients with different malignancies. Furthermore,
in the past years, qualitative and quantitative assessments of
WB-MRI have yielded promising results for monitoring treat-
ment responseg’11 (Figure 7).

MR techniques have emerged as reliable tools for the non-
invasive estimation of fat content, particularly in the liver, muscle
and bone marrow.'>!* Chemical shift MRI (in-phase and out-of-
phase imaging) could be helpful in differentiating between lesions
containing microscopic fat, with some studies suggesting that a
signal drop of <20% at out-of-phase imaging compared to the
in-phase imaging is more likely to represent a marrow-replacing
neoplasm rather than a benign lesion.'*'> However, this system
shows limitations if used quantitatively, since measured values
could be inaccurate or biased by fat-water ambiguity.'*"”

Figure 4. The boxplot shows the rFF of malignant bone
lesions divided by their anatomical location. rFF, relative fat
fraction.
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Figure 5. The boxplot shows the rFF of malignant bone lesions
compared with normal bone marrow (p < 0.0001). Malignant
bone lesions had low fat fraction, whereas normal bone mar-
row had a much higher fat fraction. rFF, relative fat fraction.
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In our study, we used a two-point echo Dixon volumetric inter-
polated breath-hold examination technique, which enables fat
quantification through the mapping of fat and water percentages.
Accurate tissue fat quantification is confounded by T2* signal
decay, field inhomogeneities, the spectral complexity of the fat
molecules and T1 effects. In our study, the T1 weighting used
for our Dixon acquisition still introduces a bias on FF estimates,
and hence our fat fraction estimates are relative rather than abso-
lute. Proton density fat fraction (PDFF) is a quantitative imaging
biomarker of fat content which uses a low flip angle to mini-
mise T1 bias and applies fat spectral modelling to account for
the multipeak nature of fat'®'’; however, this would require the
acquisition of additional sequences with poor soft tissue contrast
for qualitative disease assessment, which can prolong the overall
duration of the WB-MRI. T;W Dixon has the advantage of
enabling the acquisition of quick T{W anatomical images along-
side fat and water images, thus removing the requirement for
additional sequences, although at the expense of less accurate FF
estimates. Due to the large difference in the rFF of bone disease
compared with normal bone marrow, this pragmatic approach
can be considered.

Although the Dixon technique has been applied to evaluate bone
marrow fat composition, specifically focal bone lesions,*® oste-
oporosis,”! bone growth and development in children,” to our
knowledge, this is the first application of a T} weighted imple-
mentation of the technique to compare the rFF of active bone
lesions arising from breast, prostate and myeloma malignancies
and the normal bone marrow, as well as their anatomical loca-
tions; and also to determine the inter-reader agreement.

Our study has shown that the rFF values in active bone lesion in
three different malignancies are significantly lower than normal
bone marrow, indicating the potential for rFF to enhance disease
detection and potentially quantify the transition from active
disease to remission and vice versa. Furthermore, no statisti-
cally significant differences in rFF values were found between
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Table 3. Interobserver agreement as demonstrated by ICC for scoring WB-MRI for individual body regions and the whole skeleton

WB-MRI

ICC between observers (95% confidence interval)

Cervicothoracic spine

0.98 (0.96-0.98)

Lumbosacral spine

0.95 (0.92-0.97)

Pelvis 0.95 (0.92-0.97)
Extremity 0.93 (0.89-0.97)
Whole skeleton 0.95 (0.94-0.96)

ICC, intraclass correlation coefficient; WB-MRI, whole-body MRI.

Figure 6. Interobserver agreement as demonstrated by ICC
for scoring WB-MRI for individual body regions. Cl, confi-
dence interval; ICC, intraclass correlation coefficient; WB-MRI,
whole-body MRI.

I ROI mean 1° reader
I ROI mean 2° reader

95%Cl

Cervicothoracic  Lumbosacral Pelvis Extremity
spine spine

location

different tumour types and between different anatomical loca-
tion, indicating the generalisability of these findings.

Our findings on the inter-reader agreement of rFF measured on
WB-MRI confirm previous reports in MM,?* of lumbar spine,24
of liver”® and subcutaneous adipose tissue.”® The measurements
of rFF in bone lesions have excellent reliability across the whole
skeleton and in all individual body regions.

Few studies have investigated rFF quantification of bone marrow.
Yoo et al?® studied whether T, weighted FF maps using a modi-
fied Dixon sequence could help differentiate benign from malig-
nant bone lesions in 120 patients subdivided in control, benign
and malignant group. They found that the FF was the best asso-
ciated variable to differentiate malignant from benign lesions, if
compared with T} W signal intensity (SI), T;W SI of normal disc
and lesion-to-disc ratio. However, this study was performed only
on 3 T systems and in a split cohort of patients. Moreover, they
did not compare the differences between the rFF according to the
tumour types or anatomical location.

Takasu et al” demonstrated a significant decrease in lumbar spine
T, weighted fat fraction in myeloma patients, compared with
healthy volunteers, using iterative decomposition of water and fat
with echo asymmetric and least-squares estimation MRI. In their
cohort, discriminant analysis of FF showed that 92% of patients
were classified correctly into symptomatic or non-symptomatic
MM groups based on FF alone.

There are limitations to our study. First, our study is retrospective
in patients with established metastatic bone disease. However,
it is likely that our findings can be applicable to patients with
early metastatic disease that require imaging for detection and
follow-up. Second, although care was taken to draw the ROIs
to encompass each lesion, the study results could be influenced

Figure 7. A 58-year-old male with multiple myeloma. The background marrow appears hypercellular which is characterise by dif-
fuse high b900 and low ADC marrow signal (a, b). rFF can detect the focal active disease in the T8 (arrow in ¢). The detection of
a focal active lesion fulfils the criteria for a high-risk bio-marker requiring therapy. ADC, apparent diffusion coefficient; rFF, relative

fat fraction.
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by the readers” decisions where the outer margin of the lesion
was and the signal intensity threshold adopted. Nonetheless, this
did not seem to affect the interobserver agreement of the rFF
measurements. Thirdly, ROIs of normal bone marrow were eval-
uated only in the pelvis for patients without diffuse bone disease,
without distinguishing between different imaging stations.
Finally, this study did not control for age, menopausal status and
previous treatment regimen; the former two factors may have a
bearing on the rFF of normal marrow. Nonetheless, our study was
conducted across an age range in the adult population (median
66 years), which is reflective of the ages when these malignant
conditions would be encountered.Further research should be
performed in the future to validate the clinical importance and
relationship between quantitative assessment of lesions on rFF
maps and their potential relationship to disease prognosis in
breast, prostate and myeloma malignancies. In addition, as we
did not corroborate our MRI study with contemporaneous CT
findings, future studies may also be undertaken to understand to

Castagnoli et a/

what extent the Dixon-derived rFF may be affected by the extent
of bone sclerosis.

In summary, the rFF of malignant bone lesions from breast
cancer, prostate cancer and myeloma obtained using a gradient-
echo Dixon sequence was significantly lower than in normal
bone marrow. Furthermore, the rFF has excellent inter-reader
agreement, which could be useful for assessing the treatment
response of bone metastases.
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