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To investigate whether chemical shift imaging (CSl) is useful for differentiating myelomatous infiltration from hematopoietic bone |

marrow (BM) and for quantitatively assessing disease severity.

In this retrospective study, spinal MRI, including a sagittal iterative decomposition of water and fat with echo asymmetry and least-
squares estimation T2 fast spin-echo sequence, was performed on 76 myeloma patients (45 men, 67.0+ 11.4years; 31 women,
66.5+11.0years) and 30 control subjects (20 men, 67.0+8.4years; 10 women, 67.0+ 9.2 years). The fat-signal fraction (FF) and
mean signal dropout ratio (DR) were calculated from lumbar BM that contained no focal lesions. The BM plasma cell percentage
(BMPC%) and serological data were obtained. As DR is highest when FF=50%, the patients were divided into 2 groups: a water-
dominant group (FF<50%) and a fat-dominant group (FF > 50%).

Serum monoclonal protein (M protein), B2-microglobulin, and BMPC% were significantly higher in the water-dominant group than
in the fat-dominant group. In the water-dominant group, DR correlated significantly with BMPC% and M protein, whereas in the
control group, DR showed a weak correlation with age but no correlation with other clinical factors. No significant differences in any
clinical data were seen between high and low DR.

CSl proved ineffective for differentiating myelomatous infiltration from hematopoietic BM. For myeloma patients with relatively high
BM cellularity, a small signal drop on opposed-phase images indicated a higher tumor burden. For BM with relatively low cellularity,
disease severity was not reflected by CSI.

Abbreviations: ADC = apparent diffusion coefficient, BM = bone marrow, BMPC% = BM plasma cell percentage, CS| = chemical
shift imaging, DR = dropout ratio, FF = fat-signal fraction, FSE = fast spin echo, IDEAL = iterative decomposition of water and fat with
echo asymmetry and least-squares estimation, IP = in-phase, M protein = monoclonal protein, MM = multiple myeloma, MRI =

magnetic resonance imaging, OP = opposed-phase, ROIs = regions of interest.
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1. Introduction

Multiple myeloma (MM) is a hematological malignancy
characterized by the clonal expansion of plasma cells within
the bone marrow (BM). The pattern of BM infiltration on
magnetic resonance imaging (MRI) has been reported to have
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prognostic significance in newly diagnosed patients with
symptomatic disease.'! For example, Moulopoulos et al'!!
reported that the median overall survival of patients with newly
diagnosed MM was significantly shorter if they had a diffuse MRI
pattern compared with variegated and normal patterns. In
patients with smoldering MM, diffuse marrow infiltration on
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MRI was also associated with increased risk for progression.*!

Although an infiltration pattern on MRI has been demonstrated
as a reliable biomarker for predicting prognosis,!'"*! it has not
been included in any criteria for MM because the assessment of
nonfocal tumor infiltration on MRI can be subjective. In
addition, variegated or diffuse patterns may be normal variations
or indicate a physiological process such as hematopoietic BM.
There is therefore a need for an objective MRI biomarker for
quantifying tumor mass and for increasing the specificity of
abnormal signal in BM.

Chemical shift imaging (CSI) was originally described in 1984
as a 2-point Dixon method that can provide both in-phase (IP)
and opposed-phase (OP) images,"*! and is based on the principle
that protons attached to water and to fat precess at different
frequencies. Signal intensity is derived from the sum of signals
from fat and water spins on IP images and from the difference
between those signals on OP images. For example, in a voxel
representing an area containing fat and water, which is common
in hematopoietic BM, there is an additive effect on the signal in
the IP image and a loss of signal of at least 20% in the OP
image.!®”! If the voxel represents tumor that has replaced normal
fatty marrow, the voxel represents only water and there is no
significant drop in signal on the OP image compared with the IP
image. It is important to emphasize that CSI does not differentiate
between benign and malignant lesions, but rather between BM-
replacing and non-BM-replacing lesions. Because hematopoietic
BM and infiltrative MM can demonstrate a similar degree of
signal drop on OP images, hematopoietic BM can provide a false-
positive diagnosis of infiltrative MM on OP imaging due to the
presence of both fat and water cells, as reported previously.®!

Advances in MRI technology have led to the development of 3-
point Dixon techniques. Iterative decomposition of water and fat
with echo asymmetry and least-squares estimation (IDEAL) MRI
can provide four sets of image types in a single session using the
chemical-shift effect: water-only, IP, OP, and fat-only images.!!
In addition, the IDEAL technique can provide a quantitative
measure of fat content and degree of signal drop for liver and BM
on OP images.['014

The purpose of this study was to investigate whether signal
dropout ratio (DR) in lumbar BM calculated from CSI is useful
for differentiating myelomatous infiltration from hematopoietic
BM and for quantitative assessment of disease severity.

2. Materials and methods

2.1. Ethics Statement

This retrospective, single-institution study was approved by the
Institutional Review Board of Hiroshima University Hospital,
with a waiver of informed consent. Patient records and
information were anonymized and de-identified before analysis.
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2.2. Subjects

We searched the computerized database and reviewed the
medical records of all patients who had been seen at Hiroshima
University Hospital between May 2010 and April 2014, before
the upgrade of the MRI unit after 2014. The diagnostic criteria
were taken from the those established by the International
Myeloma Working Group.!">! After excluding patients who had
undergone chemo- or radiotherapy, the remaining 45 men (mean
age, 67.0+11.4years; range, 41-89 years) and 31 women (mean
age, 66.5+11.0years; range, 46—84 years) with newly diagnosed
MM were included in the study and statistical analyses. Of these
76 myeloma patients, 9 had smoldering myeloma and 67 had
symptomatic myeloma. No serial examinations were included.

Subjects in an age-matched control group (20 men (mean age,
67.0+8.4years; range, 41-87years); 10 women (67.0+9.2
years; range, 46-80years)) were selected randomly from our
hospital’s radiology information system. The controls had
undergone MRI of the lumbar spine to rule out metastatic
spinal tumors in the investigation of back or leg pain, using the
same scanning protocol as the myeloma patients.

All subjects were Japanese.

2.3. Spinal MRI and quantitative study

Imaging was performed using a 3.0-T MRI unit (Signa HDxt, GE
Healthcare, Milwaukee, WI) and the following sequences
(Table 1): sagittal T1 fast spin echo (FSE), sagittal FS-T2 FSE
(with chemical shift selective technique), and sagittal IDEAL T2
FSE sequence. The MRI scanner underwent routine calibration
scans and phantom assessments to monitor image quality and
signal-to-noise ratio. All sequences, including IDEAL, are
commercially available (GE Healthcare). Co-registered water,
fat, IP, and OP images were generated using commercially
available IDEAL software on the operator console. A detailed
description of the IDEAL FSE sequence has been published by
Reeder et al.”) Using a product version of IDEAL, we acquired 3
images at optimized phase angles of —m/6, w/2, and 77/6."°! To
avoid water/fat swaps, a region-growing algorithm was
employed for field-map estimation.

Mean signal intensity and standard deviation were calculated
by placing operator-determined regions of interest (ROIs) within
BM that contained no focal lesions. ROIs were placed by a
radiologist (M.T.) with 22 years of experience in spinal imaging,
and defined manually within the internal parts of the L1-L3
vertebral bodies. These levels were chosen because they are less
likely than lower lumbar elements to be affected by degenerative
disc disease, and less likely than lower thoracic elements to be
fractured (Fig. 1). The area of BM ROIs was 250 to 486 mm?.
Signal intensity values were then calculated as the mean value
obtained from these three vertebral bodies, as described

Acquisition parameters for MRI sequences.

Sequence TR/TE/TI (ms) NSA FOV (mm) Matrix Slice thickness (mm) Bandwidth (kHz) Imaging time (min: s)
IDEAL T2 FSE 4000/112.4 3 300 384 x 192 4 83.3 5:12
Fat-suppressed T2 FSE 4000/116 2 300 320 x 288 4 62.5 2:16
T1 FSE 700/11.8 2 300 512 x 224 4 1.7 2:38

FOV=field of view, FSE =fast spine echo, IDEAL = Iterative decomposition of water and fat with echo asymmetry and least-squares estimation, NSA = number of signal averages, TE =echo time, TI=inversion

time, TR=repetition time.



Takasu et al. Medicine (2021) 100:6

Figure 1. Calculation of fat-signal fraction and dropout ratio on a mid-sagittal
MRI of the lumbar spine. A manually defined volume of interest is placed in the
vertebral body of each of L1-L3, avoiding the cortex and endplates. Calculated
fat (left), in-phase (middle), and opposed-phase (right) images are shown.

previously™!. If one of the L1-L3 vertebrae was fractured or
contained a focal osteolytic lesion with a long axis >0.5 cm, that
vertebra was excluded from the calculation of fat-signal fraction
(FF). All focal myelomatous lesions were confirmed as lytic
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lesions by whole-body CT. Five patients were excluded from the
study because 2 of the L1-L3 vertebrae were fractured or
contained a focal osteolytic lesion, resulting in a total of 71
patients (42 men, 67.0+12.2years; 29 women, 66.5+10.5
years).

The FF from the IDEAL images was calculated as the ratio of
the signal intensity in the fat image divided by the signal intensity
of the corresponding ROI in the IP image. Mean signal DR in the
L1-L3 vertebral bodies was calculated as the ratio of the
difference of signal-to-noise ratio between the IP and OP images
to the signal-to-noise ratio of the IP image.

To evaluate small areas of possible myelomatous infiltration
that had a central area of hyperintensity without the appearance
of obvious focal lesion, we performed qualitative assessment of
ring-like chemical shift artifact (ie, etching artifact) at the fat-
water interface. Two of the authors (M.T., with 22years of
experience in spinal imaging; and K.T., with 20years of
experience in musculoskeletal imaging) reviewed the sagittal IP
and OP images of each subject for the presence of etching artifact
(Fig. 2) to analyze interobserver agreement and to assess the
contribution of etching artifact to the diagnosis of small
myelomatous infiltration. In the case of disagreement, agreement
was reached by consensus, with adjudication by a board-certified
radiologist (Y.B., with 22 years of experience).

2.4. Bone marrow examination and serological data

We estimated the proportion of BM plasma cells (BM plasma cell
percentage [BMPC%]) in BM biopsy specimens obtained from
the iliac crest of all patients. The mean interval between biopsy
and MRI was 8days (range, 3-14 days).

In-phase image .Opposed—phase image

Opposed—phase image

In—phase image

Figure 2. Ring-like chemical shift artifact (etching artifact, white arrows) is shown on sagittal opposed-phage images (white arrows). Left: a 65-year-old female

control. Right: a 52-year-old woman with symptomatic myeloma.
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T1WI Opposed—phase image

In—phase image

Water image

Fat image

Figure 3. Sagittal MRI of a 46-year-old woman with symptomatic myeloma (water-dominant group: fat-signal fraction = 17.3%, dropout ratio = 36.0%). Serum
monoclonal protein level was 9719mg/dL, B2-microglobulin was 3.41mg/L, and bone marrow plasma cell percentage from the iliac crest was 50.0%. (A) T1-
weighted image shows diffusely decreased signal intensity in the bone marrow. Bone marrow signal intensity in the opposed-phase image (B) is almost equal to that
in the in-phase image (C), concordant with low dropout ratio. (D) Fat image. (E) Water image.

Serological data, including serum monoclonal protein (M
protein), albumin, B,-microglobulin, k/\ ratio, and blood counts,
were obtained in the myeloma patients and blood counts were
obtained in the control subjects.

2.5. Statistical analysis

In data analysis, we divided the patients into 2 groups according
to the amount of fat signal in the lumbar BM: water-dominant
group (FF<50%, n=22, Fig. 3) and fat-dominant group (FF >
50%, n=49, Fig. 4). We used a cutoff value of 50% because
signal cancellation between fat and water protons and DR is
highest when FF=50%. Patients’ characteristics, MRI-derived
parameters, and serological data were compared among the
water-dominant, fat-dominant, and control groups using one-
way analysis of variance for normally distributed measures and
the Kruskal-Wallis test for non-normally distributed measures,
followed by the Steel-Dwass test. The Kolmogorov—Smirnov test
was used to determine whether values were normally distributed.
The Mann-Whitney U test was used to determine difference
between the water- and fat-dominant groups. The chi-square test
was used to test relationships between categorical variables. We
calculated the Spearman correlation coefficients between DR and
clinical parameters including BMPC%, serum M protein,
albumin, B,-microglobulin, hemoglobin, platelets, and white

blood cells for each patient group; and hemoglobin, platelets, and
white blood cells for the control group. To explore the
significance of degree in signal drop on the OP images in
evaluating the disease severity of MM, we compared clinical
parameters between patients with high DR (> 60%) and low DR
(< 60%). This 60% cutoff value was chosen so that the number
of patients was similar between the 2 groups. Values of P <.05
were considered significant.

The Cohen kappa was used to measure inter-reader reliability
for the presence or absence of etching artifact, for the reason that
interpretation of such a small area can be subjective. Kappa
values of 0.61 to 0.80 were considered to represent substantial
agreement and those >0.80 were considered to represent
excellent agreement. The x> test was used to analyze the
difference in frequency of etching artifact between myeloma
patients and controls.

All analyses were performed using a spreadsheet application
(Excel 2019 version 3.2; Microsoft, Redmond, WA).

3. Results

Table 2 summarizes the patient characteristics and laboratory,
MRI, and BM findings for the water-dominant group, fat-
dominant group, and control subjects. There was no significant
difference among the groups in terms of patient age or DR. In the
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TIWI Opposed—phase image In—phase image
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Figure 4. Sagittal MRI of a 58-year-old woman with symptomatic myeloma (fat-dominant group: fat-signal fraction = 80.8%, dropout ratio = 38.7%). Serum
monoclonal protein level was 4980mg/dL, B2-microglobulin was 3.09mg/L, and bone marrow plasma cell percentage from the iliac crest was 15.5%. (A) Signal
intensity in the bone marrow is grossly homogeneous and higher than that of intervertebral discs on T1-weighted imaging. Bone marrow signal intensity in the
opposed-phase image (B) is almost equal to that of the in-phase image (C), concordant with low dropout ratio. (D) Fat image. (E) Water image.

water-dominant group, serum M protein, B2-microglobulin, and
BMPC% were significantly higher and albumin was significantly
lower than those in the fat-dominant group (P=.04, P=.03,
P=.01, P=.002, respectively). Abnormal serum free light chain
ratio was detected significantly more frequently in the water-

dominant group than in the fat-dominant group (P <.0001).
Similar types of immunoglobulins (immunoglobulin G vs
immunoglobulin A) were seen in the 2 patient groups.

In the water-dominant group, DR correlated significantly with
BMPC% (p=-0.662, P=.003) and serum M protein (p=-0.586,

Characteristics, laboratory, MRI, and bone marrow findings of the study population.

Water-dominant group Fat-dominant group Control subjects P value

Sex

Male (number of patients) 11 31 13

Female (number of patients) ihl 18 17 A7

Age (yrs) 673122 674112 61.0+11.0 46
Laboratory data

Serum M protein N/A

M protein (mg/dl) 3966 + 624 2117 +274 .04

lgG (number of patients) 19 44

IgA (number of patients) 3 5 .67

Albumin (g/dI) 3.29+0.20 4.04+0.12 .002

32-microglobulin (mg/l) 7A3+1.77 3.27+0.33 N/A .01

Kappa/lambda ratio N/A

0.125-8 (number of patients) 8 46

<0.125 or >8 (number of patients) 14 3 <.0001

Hemoglobin (g/dl) 115403 9.4+05" 15.0+£05 <.0001

Platelets (10°/p) 155+18 189+10 202 +21 a7

White blood cells (10%/yl) 5.34+0.30 515+0.57 5.20+0.35 .89
MRI data

Dropout ratio 60.4+1.96 60.6+4.9 57.0+24 42

Bone marrow biopsy N/A

BMPC% 37.7+6.9 172+27 .01

" Difference between water-dominant group and control subjects.
" Difference between fat-dominant group and control subjects.
BMPG% =hone marrow plasma cell percentage; N/A=not applicable.
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Correlation between dropout ratio and clinical factors.

Water-dominant group

Fat-dominant group Control subjects

Variable p P p P p P
Age (yrs) 0.264 275 —0.263 .07 —0.409 03"
Laboratory data
Serum M protein (mg/dl) —0.586 008" —-0.047 .76 N/A
Albumin (g/dl) 0.384 hh 0.093 .54 N/A
B2-microglobulin (mg/1) -0.270 .26 0117 45 N/A
Hemoglobin (g/dl) 0.336 16 0.161 .29 -0.137 .67
Platelets (10%/ul) -0.048 .85 —-0.089 59 —-0.181 57
White blood cells (10%/) -0.423 .07 0.077 .61 —0.573 .05
Bone marrow biopsy N/A
BMPC% -0.662 003" 0.069 .67

P the Spearman correlation coefficient.
“Indicates significant correlation (P< .05).
BMPC% =bhone marrow plasma cell percentage; N/A=not applicable.

P=.008; Table 3, Fig. 5). In the fat-dominant group, no
significant correlation was found between DR and clinical
factors. In the control group, DR showed a weak correlation with
age (p=-0.409, P=.03) but no correlation with other clinical
factors.

No significant differences in any clinical data were seen
between high and low DR (Table 4, Fig. 6).

Interobserver agreement for evaluating the presence of etching
artifact was substantial (k=0.71). After reaching consensus,
etching artifact was present in 21.1% of myeloma patients (15/
71) and in 7.0% (2/30) of controls. There was no statistical
difference in the frequency of etching artifact between myeloma
patients and controls (P=.302).

4. Discussion

Normal hematopoietic marrow in the axial skeleton contains fat
and water components. Red marrow has a fat content of

approximately 40% and yellow marrow has a fat content of
approximately 80%."% Marrow infiltrative processes such as
malignant neoplasms tend to replace the fatty marrow
components completely. Therefore, CSI with IP and OP
images has been described as a useful technique for evaluating
BM, and especially for distinguishing marrow-replacing
lesions from non-marrow-replacing processes. Zajick et al
proposed a cut-off decrease of >20% of the signal intensity in
OP imaging using in-phase and out-of-phase fast multiplanar
spoiled gradient-echo MR imaging to predict malignancy in a
vertebral body abnormality.!’) However, their analyses
focused on internal parts of focal vertebral marrow abnormal-
ities such as endplate degeneration or metastatic bone tumors,
and did not include diffusely infiltrating tumor. Known
potential pitfalls of OP imaging of BM include infiltrative
MM, but the capability of OP imaging to differentiate between
hematopoietic BM and myelomatous infiltration has not been
fully investigated.

Water-dominant group of MM patients

Control subjects

m -
12000 - 100
p=-0.586 p=-0.662
P<0.01 90 . P < 0.01 80 - *
. * *
3 1 * 80 4 s, * 70 *
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Figure 5. Spearman correlation coefficients between the DR of chemical shift imaging signal and clinical factors for patients with multiple myeloma. In the water-
dominant group of myeloma patients, DR correlates significantly with serum monoclonal protein (M protein, left) and bone marrow plasma cell percentage (BMPC%,
middle). In the control group, DR shows a weak correlation with age (right). DR = dropout ratio.
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Comparison of clinical and laboratory data between high and low
dropout ratio (DR) in patients with myeloma.

Variable High DR (> 60%) Low DR (< 60%) P value
Sex
Male 19 23
Female 13 16 97
Age (yrs) 65.5+13.4 68.0+10.7 44
Laboratory data
Serum M protein (mg/dl)
M protein 2830+373 3504 +382 .38
l9G 30 33
IgA 2 6 .82
Albumin (g/dI) 3.83+0.14 3.81+0.18 94
32-microglobulin (mg/l) 4.33+0.68 4.52+0.99 .87
Kappa/lambda ratio
0.125-8 14 16
<0.125 or >8 18 23 .82
Hemoglobin (g/dl) 111405 10.8+0.4 58
Platelets (10%/u) 162+13 193+ 11 .09
White blood cells (10%/yl) 5.04+0.35 549+0.41 40
Bone marrow biopsy
BMPC% 21.5+43 248+43 .58

BMPC% =bone marrow plasma cell percentage; DR = dropout ratio.

Evaluation of disease within BM by MRI is useful for
monitoring the effects of chemotherapy, particularly as it is often
necessary to discontinue treatment due to high treatment-related

www.md-journal.com

toxicity.'”"18 In addition, it can be difficult to detect relapse after
treatment because of the highly variable duration of disease
control after therapy.''” In these settings, the differentiation of
myeloma relapse from the regrowth of hematopoietic BM plays a
key role in determining the treatment strategy. To the best of our
knowledge, the present report is the first to demonstrate that CSI
is not useful for differentiating myelomatous infiltration from
hematopoietic BM.

We found no significant difference in DR between myeloma
patients and controls, in agreement with the findings of a previous
report?! that showed the potential pitfalls of using CSI for
patients with hematopoietic BM (including infiltrative myeloma),
given that signal dropout on the OP image is due to the presence
of both fat and water protons in the same voxel for both
conditions. We also found no significant difference in the
frequency of etching artifact between myeloma patients and
controls. We consider that normal isolated hematopoietic foci
and small possible myelomatous focal lesions do not demonstrate
a signal drop on OP images because there is no signal cancellation
between fat and water protons in these areas. In the present study,
DR did not differ significantly between the fat-dominant and
water-dominant groups. This finding might be explained
similarly: that little signal cancellation occurs between fat and
water spins in the fat-dominant and water-dominant BM
components.

Another MRI sequence used for evaluating BM for MM is
diffusion-weighted imaging with calculation of apparent diffu-
sion coefficient (ADC). Koutoulidis et al®!! established a cutoff

High dropout ratio

T1WI Opposed-phase In—phase image

image

Low dropout ratio

T1WI Opposed-phase In—phase image

image

Figure 6. Sagittal MRI of a 55-year-old woman with symptomatic myeloma and high dropout ratio (DR) (left column: fat-signal fraction = 52.2%, DR = 85.8%,
serum monoclonal protein level = 8470 mg/dL, hemoglobin level = 12.7 g/dL) and a 64-year-old woman with symptomatic myeloma and a low DR (right column:
fat-signal fraction = 73.5%, DR = 44.9%, serum monoclonal protein level = 3930 mg/dL, hemoglobin level = 9.8 g/dL). (A) and (D), T1-weighted images; (B) and (E),
opposed-phase images; (C) and (F), in-phase images. Despite differences in DR between the 2 patients, clinical stage, serum monoclonal protein level, and

hemoglobin level were similar. DR = dropout ratio.
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ADC value of 0.597 x 107> mm?/s for differentiating diffuse and
normal patterns on conventional (mainly T1-weighted) MRIL
ADC measurements can be affected by the choice of b-value as
well as by technical factors, including the imaging parameters.
There is currently no established b-value for the evaluation of BM
characteristics, including for MM!??!. Newer diffusion methods
such as the intravoxel incoherent motion-MRI, in comparison
with the pathological findings, might play a role in quantifying
marrow lesions.

Regarding fluorodeoxyglucose positron emission tomography,
the IMWG minimal residual disease criteria have integrated
fluorodeoxyglucose positron emission tomography for evalua-
tion of BM with residual disease!*®!. However, an optimal
maximum standard uptake value threshold has not been
determined for diffuse myelomatous lesions.

In the present study, the findings of an uneven proportion of fat
and water protons in the BM had clinical significance for patients
with MM. For the group classified as water-dominant by CSI,
clinical indices such as serum M protein and BMPC% had
significant negative correlations with DR. This result indicates
that BM with low DR on CSI was indicative of advanced disease
with high cellularity because these clinical indices are usually
related to tumor burden. In addition, several reports have
demonstrated that diffuse MRI abnormality (ie, not variegated or
normal pattern) in the BM is related to the prognosis of MM.1-#!
Therefore, the water-dominant group with low DR on CSI could
have a poorer prognosis than with high DR; however, this is
beyond the scope of the current study. In contrast, for fatty
marrow, no significant correlation was demonstrated between
DR and clinical factors. We consider that tumor cells and
significant hematopoietic BM might coexist in the BM of patients
with mild to moderate myeloma, which resulted in tumor mass
not being reflected on CSI, although there could also be
hematopoietic marrow reconversion coexisting with myeloma-
tous infiltration in advanced myeloma due to decreased
hemoglobin level.

This study has several limitations. First, the number of
patients was small, which restricted the statistical analyses
performed and thus could have impaired the explanatory
power for interpreting CSI for evaluating myelomatous cell
infiltration into BM, and test-retest reproducibility could not be
assessed. Second, as we used a conventional IDEAL sequence,
we could not implement corrections for relaxation and noise
bias. We did not use a small flip angle for the excitation RF
pulses to approach proton-density weighting, which may have
caused quantification errors. In addition, integration of
corrections of T2 relaxation into the IDEAL sequence would
have enabled more accurate FF measurement>>72¢!, Third,
several other factors could have caused signal alteration in the
control group; for example, mild BM edema or degenerative
disc disease, as several of the control subjects had lumbago or
pain in the lower extremities. However, we assessed the L1-L3
vertebral bodies, which are not usually vulnerable to
degenerative disc disease. For ethical reasons, we did not
recruit healthy control subjects from the local community.
Lastly, we did not include iliac bone in this study, even though
marrow in the iliac bone had been sampled both pre- and post-
treatment. As skeletal involvement by MM shows a heteroge-
neous distribution, we considered that we could evaluate the
BM status more reliably using the mean value of signal intensity
obtained from three vertebral bodies than from a small area in
the posterior part of the iliac bone.
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5. Conclusion

CSI proved ineffective for differentiating myelomatous infiltra-
tion from hematopoietic BM. This finding indicates that it might
be difficult to differentiate between regrowth of hematopoietic
BM and minimal residual disease, or relapse after chemotherapy.
For MM patients with relatively high BM cellularity, a small
signal drop on the OP images indicated a higher tumor burden.
For BM with relatively low cellularity, disease severity was not
reflected by CSIL
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