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Assessing the ADC of Bone-marrow on Whole-body MR Images
in Relation to the Fat-suppression Method and Fat Content

Tetsuya Tsujikawa'’, Akira Makino', Hiroshi Oikawa', Shota Ishida?
Tetsuya Mori', Yasushi Kiyono', Hirohiko Kimura®, and Hidehiko Okazawa'

Purpose: To compare apparent diffusion coefficients (ADCs) of bone marrow on diffusion-weighted
imaging (DWI) between two fat-suppression techniques, and to evaluate the association between bone-
marrow ADCs and the proton density fat fraction (PDFF).

Methods: Seventy-seven patients underwent whole-body DWI with short-inversion time inversion-recovery
(STIR) (DWIgrr) and/or STIR + selective water-excitation (spectral-spatial RF [SSRF]) (DWIgrirssrE)-
ADCs of lumbar vertebrae (L3 and L4) were compared between DWIgrr and DWIgyr, ssrp» and correlated
with the PDFF.

Results: Lumbar ADCs obtained by DWIgrr and DWIgrir, ssrr Were significantly correlated (L3: r = 0.90,
P <0.0001, L4: r = 0.90, P < 0.0001). Lumbar ADCs (x 10°® mm?/s) obtained by DWIgrr were significantly
lower than those by DWIgrir,ssrr (L3: 479 + 137 and 490 & 148, P < 0.05, L4: 456 * 114 and 471 + 118,
P < 0.005). Residual fat signals were more clearly observed on DWIgrr than on DWIgtir,ssrr- The ADCs
of L3 obtained by DWIgrr and DWIgrr,ssrr exhibited significant positive correlations with the PDFF
(r=0.51, P <0.0001, and r = 0.45, P < 0.0001, respectively), and the ADCs of L4 obtained by DWIgyr and
DWIgrir+ssrr €xhibited significantly positive correlations with the PDFF (r = 0.40, P < 0.0005, and r = 0.40,
P < 0.0005, respectively).

Conclusion: Irrespective of different fat-suppression methods, lumbar ADCs were positively correlated with
the PDFF, being inconsistent with previous studies. Lumbar ADCs obtained by DWIgyg were significantly
lower than those obtained by DWIgyr, ssrr, probably due to residual fat signals on DWIgpr. However, this

difference (< 4%) did not explain the positive correlation between lumbar ADC and PDFF.

Keywords: bone marrow, apparent diffusion coefficient, fat suppression, fat fraction

Introduction

Diffusion-weighted imaging (DWI) is a quantitative func-
tional MRI technique that reflects the restricted random
movement of extra-cellular water protons that is in relation
with cellular density. As with positron emission tomography
with 2-['®F]-fluoro-2-deoxy-D-glucose (['*F]JFDG PET),
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whole-body DWI with apparent diffusion coefficient
(ADC) quantification is currently used for cancer staging
and assessing treatment responses to diseases involving
bone marrow.' Whole-body bone marrows contain hema-
topoietic cells at birth (red marrow); these are gradually
replaced by fat tissue (yellow marrow), and the physiological
conversion is completed by age 25. Red marrow is replaced
by yellow marrow proximally to the axial skeleton. We
recently reported that proton density fat fraction (PDFF) of
lumbar vertebrae increases with age,* and the result was
consistent with the previous report of Schmeel et al.’
Furthermore, we identified the factors influencing bone-
marrow DWTI signals in oncology patients without bone-
marrow lesions. Age, hemoglobin (Hb), and the red cell
distribution width (RDW) are the predominant predictors
for bone-marrow DWI signals. A lower ADC and higher
visibility of bone-marrow DWI were found to be associated
with a younger age, anemia (lower Hb), and increased
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erythropoiesis (higher RDW).* Thus, the ADCs of bone
marrow were positively correlated with age and PDFF,
which was inconsistent with previous reports demonstrat-
ing a negative correlation between bone-marrow ADC and
age and the PDFE.®'°

A possible cause of the discrepancy with previous results
was the different fat-suppression technique used for DWI in
our recent study. Several vendor-specific fat-suppression tech-
niques are available for 3T MR imaging systems,'' and some
techniques can be combined with others to obtain more robust
fat-suppression. A short inversion time inversion recovery
(STIR) pre-pulse is most commonly used for fat suppression
in whole-body DWI because the method is relatively insensi-
tive to field inhomogeneities, and can be used near metal and
over the large fields-of-view suitable for whole-body
imaging.'? In our recent study, a spectral-spatial RF (SSRF)
water excitation pre-pulse'® was used together with STIR to
reduce the residual fat signals at the abdomen and pelvis,
including the lumbar vertebrae and ilium.* Differences in
ADC measurements have been reported when different fat-
suppression techniques were used in breast MR imaging,'*'>
and it was likely that there were differences in ADC measure-
ments of bone marrow rich in fat.'®

The objectives of this study were: first, to investigate
whether bone-marrow ADCs are significantly different
between two fat-suppression techniques, STIR only and
STIR + SSRF; and second, to evaluate the association
between bone-marrow ADCs and the PDFF.

Materials and Methods

Patient population

We retrospectively reviewed the medical records of all tumor
patients who underwent whole-body ['*FJFDG PET/MRI for
staging in our institute between June 2018 and December 2018.
Patients were eligible for the study if they fulfilled the following
criteria: (1) whole-body DWI with STIR (DWIgrr) from head
to lower abdomen and with STIR + SSRF (DWIgtir+ssrRF)
from lower abdomen to mid-thigh were performed, and (2)
ADC and PDFF maps were available. Patients were excluded
if they had bone metastasis, hematological disorder (myeloma,
leukemia, myelodysplastic syndrome, lymphoma, etc.) con-
firmed by diagnostic imaging and/or bone marrow biopsy, or
a history of chemotherapy, radiotherapy, blood transfusion, or
use of granulocyte colony-stimulating factor.

Seventy-seven patients (72 females, 5 males; mean age =
55.5 years; age range = 16 — 86 years) were identified. In detail,
71 patients had gynecological tumors, 3 had rectal cancer, and 3
had head and neck cancer. This retrospective study was
approved by the ethics committee of our institute, and the
requirement to obtain formal informed consent was waived.

Whole-body MRI

All patients underwent whole-body MRI using an integrated
3.0-T PET/MR scanner (Signa PET/MR; GE Healthcare,
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Waukesha, WI, USA). All MR sequences were acquired in
the axial plane. An STIR pre-pulse was used for fat suppression
from head to lower abdomen (from the 1st to the 4th bed
positions) on whole-body DWI because of its insensitivity to
magnetic field inhomogeneity, and an SSRF was used with
STIR from lower abdomen to thigh (from the 4th to the 5th or
6th bed positions). The 4th bed position from vertex corre-
sponded to lower abdomen including lumbar vertebrae (L3
and L4) to be assessed in this study. DWI was performed
using a single-shot echoplanar imaging (EPI) sequence under
free breathing (TR/TE/inversion time: 5000/59/250 ms for
DWIgtir, and 5000/61/250 ms for DWIlgtir+ssrr; b values:
0, 800 s/mm?; FOV 576 x 345 mm; matrix 128 x 128; slice
thickness/overlap: 6/0 mm; 40 image/bed; imaging time:
2 min 30 sec for each DWI). PDFF measurements were
performed using an iterative decomposition of water and fat
with echo asymmetry, and a least-squares estimation quan-
titation sequence (IDEAL-IQ) (a quantitative chemical
shift-based water—fat separation method with a multi-echo
gradient echo;'” TR/TEs: 7.1/0.9 — 5.3 ms, 6 echoes; FOV
500 x 300 mm; matrix 256 x 192; slice thickness/overlap:
6/0 mm; 34 image/bed; imaging time: 20 sec). ADC and PDFF
maps were generated and used in subsequent assessments.

Quantitative image assessment

MR images were transferred to the GE workstation (AW 4.6;
GE Healthcare) and evaluated using matched spatial registra-
tion. Three circular ROIs with a fixed diameter of 20 mm were
placed on lumbar vertebrae (L3 and L4, separately) in the
same coordinate positions on DWI, ADC, and PDFF maps
(Fig. 1).* To reduce the bias in the ROI selection process, the
number of ROIs placed on a vertebra was tripled in a different
patient group from that in our previous study* and L5 was
excluded from the evaluation due to inaccurate measurements
of ADC and PDFF on spondylotic changes. The ADC and
PDFF were measured and averaged at L3 and L4 by the
agreement of experienced radiologists (TT and HO with 20
and 30 years of experience, respectively). ADCs of L3 and L4
were compared between DWlgpr and DWlgrrissrr using
Wilcoxon’s signed rank test due to the non-normal distribution
of ADCs. Regression analyses were performed using
Spearman’s correlation coefficient. All statistical analyses
were performed using SPSS statistics version 22 (IBM,
Armonk, NY, USA). P <0.05 was considered to be significant.

Results

Correlation and comparison of lumbar ADCs
Bone-marrow ADCs of L3 obtained by DWIgrr and
DWIgtir+ssrr Were significantly correlated (r = 0.90, P <
0.0001) (Fig. 2a), and the ADCs of L4 obtained by DWIstr
and DWlgrrissrr Were significantly correlated (r = 0.90,
P <0.0001) (Fig. 2b).

The ADC of L3 (x 10°° mm?/s) obtained by DWIgmr
was significantly lower than that obtained by DWIgtir+ssrE
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Fig. 1 ROI placement on L4 in the same coordinate positions on DWI, ADC, and PDFF maps. ADC, apparent diffusion coefficient; DWI,
diffusion-weighted imaging; PDFF, proton density fat fraction; SSRF, spectral-spatial RF; STIR, short inversion time inversion recovery.

(479 £ 137 and 490 + 148, P <0.05) (Fig. 3a), and the ADC
of L4 obtained by DWIgpr was significantly lower than that
obtained by DWlgtir ssrr (456 = 114 and 471 + 118, P <
0.005) (Fig. 3b). The mean differences in ADCs were 10.9
(2.3%) for L3 and 14.8 (3.2%) for L4.

The correlations and comparisons of ADCs using all ROI
measurements (n =231) were shown in supplemental Figs. 1
and 2.

Vol. 21, No. 3

Correlation between lumbar ADC and the PDFF
The ADCs of L3 obtained by DWIgr and DWIgtir+ssrE
exhibited significantly moderate positive correlations with
the PDFF (r = 0.51, P < 0.0001, and r = 0.45, P < 0.0001,
respectively) (Fig. 4a), and the ADCs of L4 obtained by
DWIgrr and DWIgrr+ssrr €xhibited significantly moder-
ate positive correlations with the PDFF (r = 0.40, P <0.0005,
and r = 0.40, P < 0.0005, respectively) (Fig. 4b).
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Representative images

Figure 5 shows maximum intensity projection (MIP) and
transaxial DW images of a 54-year-old woman with endome-
trial cancer. Dotted and solid bidirectional arrows on MIP
images represent the ranges of fat-suppression methods:
STIR and STIR + SSREF, respectively. Horizontal dotted lines
on MIP images represent the slice plane of the transaxial DW
image. Residual fat signals were more clearly observed on
MIP and transaxial DW images with STIR than STIR +
SSREF, leading to ghosting artifacts (arrows). The ADC of L4
on DWIgrr (422 x 10 mm?/s) was significantly lower than
that on DWlgrr:ssrr (446 x 10 mm?/s).

Discussion
The present study demonstrated that the bone-marrow ADCs

are well correlated, but the significant differences exist
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recovery.

between two fat-suppression techniques. DWlgtr exhibited
higher residual fat signals and lower lumbar ADCs than
DWIgtir+ssrr The results were consistent with a previous
study of breast DWI at 3 T by Nogueira et al.'”> They
evaluated the influence of the fat-suppression technique on
breast ADC measurements between DWI with STIR and
spectral adiabatic inversion recovery (SPAIR). In their
study, fat-suppression uniformity was better for DWI with
STIR, and the ADCs of breast lesions and normal tissue were
lower for DWI with SPAIR, exhibiting higher residual fat
signals. Since lipids have been reported to have low ADC
values,'* a lower ADC will be measured as found with STIR
than STIR + SSRF due to unsuppressed fat signals in our
study. Their previous study was different from the present
study in some aspects: breast MRI vs. whole-body MRI,
STIR and SPAIR vs. STIR and STIR + SSRF. However,
bone marrow is also a tissue rich in fat and the combined

Magnetic Resonance in Medical Sciences
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Fig. 5 MIP and transaxial DW images of a 54-year-old woman with endometrial cancer. Dotted and solid bidirectional arrows on MIP
images represent the ranges of fat suppression methods: STIR and STIR + SSRF, respectively. Horizontal dotted lines on MIP images
represent the slice plane of the transaxial DW image. Residual fat signals were more clearly observed on MIP and transaxial DW images
with STIR than STIR + SSRF, leading to ghosting artifacts (arrows). DW, diffusion-weighted; MIP, maximum intensity projection; SSRF,
spectral-spatial RF; STIR, short inversion time inversion recovery.
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fat-suppression (STIR + SSRF) exhibited more clearly ade-
quate fat-suppressing effects than STIR-only (Fig. 5). The
residual fat signals may have caused the significant decrease in
lumbar ADC measurements.'® The difference in ADCs
between DWIgrir and DWlgtr+ssrr Was 2.3% for L3 and
3.2% for L4. Although the differences in lumbar ADCs
between STIR and STIR + SSRF were not large (less than
4%), the same fat-suppression technique should be used for
assessing ADCs of the bone-marrow lesions over time, e.g. in
the assessment of response to treatment in patients with multi-
ple myeloma or bone-marrow involvement of lymphoma.*'#2°

This study was motivated by our recent work showing
ADC had a moderate positive correlation with PDFF,*
which was not consistent with previous studies,®'® and it
was hypothesized that the fat-suppression method might
explain the differences. To help ensure accurate results,
we evaluated a different patient population and the total
number of ROIs placed on L3 and L4 separately was three
times that placed in our recent study. However, irrespective
of different fat-suppression methods, lumbar ADCs were
positively correlated with the PDFF (Fig. 4), being incon-
sistent with the previous studies. It is suggested that STIR
does not provide sufficient fat suppression, supported by
the different ADCs found with the two methods, but this
difference does not explain the positive correlation between
lumbar ADC and PDFF. Dieckmeyer et al. reported the
confounding effects of residual fat on ADC measurements
of the vertebral bone-marrow water component.”! They
noted a strong underestimation of ADC increasing with
the PDFF, which means that the true diffusion rate of
water molecules in lumbar vertebrae may be much higher
than expected in the elderly. The changes with age in oss-
eous trabeculation may have affected our results in the
present study. Hematopoietic marrow is confined within
the spaces defined by the trabeculae and supported by
reticulum cells and fat cells. If these trabeculae with sup-
porting reticulum/fat cells cause lower water diffusion, the
trabecular bone loss can increase the bone-marrow ADC in
the elderly. Further research is required to assess the effects
of the trabecular bone loss on bone-marrow ADCs using
bone biopsy samples and quantitative image analyses.

Our study had three limitations. First, the TE of
DWIgtir+ssrr (61 ms) was slightly longer than that of
DWIgrr (59 ms), and the difference of 2 ms may have
affected the results. Ogura et al. previously evaluated the
effects of TE differences on ADC measurements using
agarose phantoms.?” Since they found no significant dif-
ference in ADC between TEs of 50 ms and 100 ms, the
small TE difference (2 ms) between DWlIgtr and
DWIgtir+ssrr did not seem to be influential in this
study. Second, vertebral ADCs were not compared to
those in other organs such as liver, because whole-body
DWI was performed with free breathing'? and motion
artefacts affected the ADC measurements on the other
organs. Third, the gender difference was not evaluated
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because the study population mainly consisted of women
(with gynecological tumors). Especially in middle-aged
women, perimenopausal status and/or pathophysiological
responses (red marrow reconversion) to anemia might influ-
ence bone-marrow ADCs.* These results require further
validation with functional and molecular imaging of bone
marrow, and a larger number of male patients are required
to evaluate the gender difference in future studies.

Ethical approval

All procedures performed in studies involving human parti-
cipants were in accordance with the ethical standards of the
institutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or com-
parable ethical standards. This retrospective study was
approved by the ethics committee of the Faculty of Medical
Sciences, University of Fukui (No. 20170206).

Conclusion

Irrespective of different fat-suppression methods [STIR vs.
STIR + SSRF (water excitation)], lumbar ADCs were posi-
tively correlated with the PDFF, being inconsistent with
previous studies. Bone-marrow ADCs obtained by
DWIgpr were significantly lower than those obtained by
DWIsrir+ssrr, probably due to inadequate fat-suppressing
effects of STIR, which may have affected the differences in
ADC measurements. However, this difference (< 4%) does
not explain the positive correlation between lumbar ADC
and PDFF. Further research is required to assess the effects
of the trabecular bone loss on bone-marrow ADCs using
bone biopsy samples and quantitative image analyses.
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