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Background: Multiple myeloma (MM) is a blood cancer caused by the unlimited proliferation of
intramedullary plasma cells. The presence of focal lesions (FLs) is presumed to be a more relevant factor for
patient outcomes and risk distribution than diffuse bone marrow signal abnormalities. Signal changes in these
FLs also have a good correlation with prognosis. As the cell density increased, a lower apparent diffusion
coefficient (ADC) value was found with the diffusion-weighted imaging (DWI) sequence. Therefore, whole-
body magnetic resonance imaging (MRI) with DWI sequences is sensitive to cell density and viability and
may be vital for disease detection and therapy response assessments. However, the correlation between the
DWI signal and the degree of bone destruction and the proportion of bone marrow plasma cells (BMPC)
was still unclear in patients with MIM. Water-fat separation MRI is used mainly for evaluating liver and bone
marrow fat quantification, and fat quantification in other diseases. Meanwhile, it is also possible to assess the
extent of bone marrow invasion in medullary lesions. This study aimed to investigate the correlation between
ADC values from whole-body DWTI and water/fat MRI signals from T1-weighted water-fat separation in
evaluating bone marrow infiltration in patients with MM.

Methods: The study included 35 patients with MM who underwent whole-body DWT and T'1-weighted
water-fat separation Dixon examinations before therapy. The ADC values, normalized fat signal intensity
(nMfat), normalized water molecular signal intensity (nMwater), and normalized fat fraction (nFF) of the
thoracolumbar spine was measured in FLs and the normal-appearing bone marrow (NABM). The differences
in values were compared using the independent-samples #-test. The correlation between ADC values and
water-fat MRI signals was estimated using the Pearson or Spearman correlation test. The correlation
between the MRI above parameters and proportions of BMPC was also explored.

Results: Statistically significant differences were found between the mean ADC values in FLs and NABM
(0.72 vs. 0.33 mm’/s, P<0.0001). Significantly elevated nMwater values and decreased nMfat and nFF values
were observed in FLs; no correlations were found in NABM (P>0.05). The ADC value highly correlated with
nMfat and nFF values and moderately with the nMwater value in FLs (r=—0.899, -0.834, 0.642, respectively,
P<0.0001). Correlations were also observed between the proportion of BMPC and MRI parameters in MM
(r=0.984, 0.716, —0.938, and -0.905, respectively, P<0.05).
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Conclusions: The ADC value combined with water-fat separation parameters could be used for evaluating

thoracolumbar bone marrow infiltration in MM. All parameters correlated with the proportion of BMPC,

which helped assess the early response in MM therapy.
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Introduction

Multiple myeloma (MM) is a type of blood cancer caused
by intramedullary plasma cells’ unrestrained proliferation.
Many malignant plasma cells in the bone marrow can
cause osteoporosis, osteolytic destruction, and pathological
fractures. Therapy is necessary for patients with nodular
lesions of diameter >5 mm (1,2). The presence of focal
lesions (FLs) is presumed to be a more relevant factor for
patient outcomes and risk distribution than diffuse bone
marrow signal abnormalities (1). Signal changes in these
FLs also have a good correlation with prognosis (3,4).

The "F-fluorodeoxyglucose with positron emission
tomography/computed tomography (“F-FDG PET/CT)
is a preferred functional imaging method for evaluating
and detecting the therapeutic effects on MM due to its
good performance in distinguishing between metabolically
active cells and inactive cells (5). Besides evaluating bone
marrow lesions in patients with MM, "*F-FDG PET/CT
has also been widely applied to other clinical scenarios, such
as bone disease detection (6), initial staging and therapy
assessment (7), evaluation of the prognosis of myeloma (8),
and determination of the remission status (9). However,
FDG PET-CT has some limitations, including it being false
negative in detecting diffuse bone marrow infiltration and
false positive in detecting inflammatory lesions (10), and has
insufficient lesion detection ability compared with magnetic
resonance imaging (MRI) (11). Also, the PET/CT involves
a further dose of radiation (12).

As the cell density increased, a lower apparent diffusion
coefficient (ADC) value was found with the diffusion-
weighted imaging (DWI) sequence. Therefore, whole-body
MRI with DWI sequences is sensitive to cell density and
viability and may be vital for disease detection and therapy
response assessments (13). The DWT is also recommended
for assessing the depth of bone marrow infiltration (14),
identifying different myeloma types (15), and performing
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the risk stratification of asymptomatic myeloma (3).
However, the correlation between the DWI signal and the
degree of bone destruction and the proportion of bone
marrow plasma cells (BMPC) was still unclear in patients
with MM.

Chemical shift-encoding-based water-fat MRI offered
the invaluable advantage of providing spatially resolved bone
marrow fat quantification (16). Water-fat separation MRI is
used mainly for evaluating liver fat quantification (17), bone
marrow fat quantification (18), and fat quantification in other
diseases (19,20); it is also possible to assess the extent of bone
marrow invasion in medullary lesions (21). Several studies
have evaluated the relationship among ADC value, FF, and
Dy, in MRI, as well as the standardized uptake value (SUV)
value in PET, in normal bone marrow (22) and bone marrow
lesions in tumor patients (23), while distinguishing benign
and malignant bone marrow lesions (24).

Few studies investigated the correlation between ADC
and T1-weighted water-fat separation MRI for MM and
explored whether this difference was consistent with
different proportions of BMPC. It was hypothesized that a
correlation existed between ADC values and the parameters
of water-lipid separation in the thoracic and lumbar
vertebrae. Moreover, it was also assumed that a correlation
existed between MRI parameters and the proportion of
BMPC in MM. This study aimed to explore the possible
correlation between ADC values and water/fat MRI signals
in FLs of the thoracolumbar spine in MM. The study also
investigated the correlation between MRI parameters and
the proportion of BMPC in MM, thus helping assess the
proliferation of bone marrow plasmacytoma using MRI.

Methods
Patient population

The ethics committee approved this study of the
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63 patients with multiple myeloma
considered by bone marrow aspiration
without any treatment

3 cases of image with motion artifact or image deformation |

Y

20 cases of nuclear magnetic performance are normal |

5 cases without thoracolumbar spine lesions |

Y
The remaining 35 patients whose WB-
MRI showed thoracolumbar spine
lesions with hyperintense on DWI were
analyzed

Exclusion criteria:

() The diameter is greater than 5 mm;

(Il) Clearly visible (S2);

(Il) Avoid partial volume effect of focus and bone marrow;

(IV) Hypointense on fat phase images, hyperintense on T2-STIR images and
water phase images;

(V) Maintained normal trabecular pattern of the involved bone on CT or
PET/CT performed within 2 weeks from the MRI exam date

Y

Indeterminate marrow lesion (n=121)

The remaining 85 lesions were analyzed

Exclusion criteria:

() Hemangiomas (shown as iso or hyperintense on water phase images,
hyperintense on T2-STIR and fat phase images), enostosis (shown as
hypointense on both T2-STIR and water-fat phase images) and cysts
(liquid signal);

v (Il) Thoracolumbar spine body within edematous due to fracture or
degenerative changes

Figure 1 Flow chart of participants and FL selection. WB, whole body; MRI, magnetic resonance imaging; DWI, diffusion-weighted

imaging; STIR, short-time inversion recovery; PET, positron emission tomography; CT, computed tomography; FL, focal lesion.

First Central Hospital of Tianjin (2017N078KY); all
participants provided written informed consent form before
examination. All patients underwent whole-body DWI and
water-fat separation Dixon examination before treatment.
Marrow biopsy was also taken within 1 week before or
after MRI. A retrospective review was performed by 2
radiologists (S Xia, X Ji, with 22 and 10 years of experience,
respectively) to determine focal indeterminate marrow
abnormalities in consensus.

The inclusion criteria for focal indeterminate marrow
abnormalities in the present study were as follows: (I) focal
marrow abnormalities on conventional MRI; (II) normal
trabecular pattern of the involved bone maintained on
CT or PET/CT performed within 2 weeks from the MRI
examination date; (III) no specific feature for malignant
lesions: no cortical violation or extra-osseous soft-tissue
extension on MRI; and (IV) no specific imaging features for
benign lesions, such as hemangioma, bone island, Modic
type 1 vertebral endplate change or Schmorl’s node in the
spines, cystic lesion, osteonecrosis, and obvious benign
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tumors with specific imaging findings in the long bone.
From February 2015 to July 2017, all 63 patients with
MM confirmed by pathology were included in the study.
Among these 63 MM patients, 20 were excluded due to
normal MRI findings, 3 were excluded due to images
with motion artifacts or deformation, and another 5 were
excluded because they had no thoracolumbar lesions.
Finally, the study included 35 patients with multinodular
lesions in the thoracolumbar spine on whole-body DWT;
the selection of patients and lesions are shown in Figure 1.

MRI parameters

All data were analyzed on a 3.0 T magnetic resonance
scanner (Ingenia, Philips Healthcare, Best, The
Netherlands) with a 20-channel head and neck coil as well as
a 32-channel phased-array coil. A respiratory gating scheme
was constructed to ensure a high signal-to-noise ratio (SNR).
The MRI protocol for bone marrow assessment included
pulse sequences such as the whole-body DWI, short-time
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Table 1 MRI parameters, exemplarily of sections with the longest acquisition time

Scan time per

Parameters FOV (mm) Matrix size Thickness (mm) TR/TE/TI (ms) Flip angle  Slice (mm) segment (m)
DWI 340x398 96x111 6 6,483/65/220 180 77 2.5
STIR 340x398 212x220 6 6,698/70/230 180 33 1
T1-Dixon 340x398 196x224 6 3.4/1.14 (TE1)/2.0 (TE2) 10 33 3

MRI, magnetic resonance imaging; FOV, field of view; TR, repetition time; TE, echo time; T, inversion time; DWI, diffusion-weighted

imaging; STIR, short-time inversion recovery.

inversion recovery (STIR), and whole-body T1-weighted
Dixon technique. The MRI parameters of the DWI
imaging, STIR imaging and T1-weighted modified Dixon
(mDixon) imaging are summarized in Table 1. Coronal
images were acquired with a DWI scan time of 15 min, a
STIR scan time of 6 min and a T1-weighted Dixon scan
time of 18 min. Once thoracolumbar lesions were found,
the sagittal T2-weighted imaging Dixon protocol was also
performed.

MRI processing and analysis

Regarding the criteria to select lesions, the focal pattern
was characterized by 2 or more focal alterations in bone
marrow on the whole-body DWI images (1) with a lower
signal intensity than the normal bone marrow. The lesions
in MM were also diagnosed as hypointense on T'1 images
and hyperintense on T2-STIR images.

The slice with the lesion’s largest area was chosen to draw
the region of interest (ROI) manually. The ROI of the lesion
was drawn as the center of the image with a diameter of
>5 mm in the thoracolumbar spine. Then, the ROI of the
lesion was replicated and placed in the adjacent NABM around
the lesion. Finally, ROIs of the FLs and NABM were also
copied to the ADC maps and the fat and water images. In
the fat and water images, the ROI was also copied to the fat
tissue with the lesion’s same phase direcdon. Each ROI was
drawn and measured by the two radiologists 3 times with an
interval of 1 month to avoid selection bias. The averaged value
was used for calculation (result shown in the Supplementary
material) (Figures S1-S7, Table S1). The ADC, fat signal
intensity (Mfat), and water molecular signal intensity (Mwater)
were measured on the MRI console. The fat fraction (FF)
was calculated using the formula MFat/(MFat + Mwater),
as proposed by Messiou et a/. (25) and Latifoltojar ez al. (26).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

The water/fat signal from the fat tissue in different participants
had a good consistency and was treated as an internal reference
to acquire the normalized MFat (nMfat), normalized Mwater
(nMwater), and normalized fat fraction (nFF) signals of FLs
and NABM in the thoracolumbar spine (Figure 2A4,B,C,D).

Bone marrow examination

The BMPC were collected from bone marrow biopsy
specimens of the bilateral posterior superior iliac spine.

Statistical analysis

Statistical analysis was performed using SPSS version
22.0 (SPSS Inc., IBM, Chicago, IL, USA) and GraphPad
Prism version 7 (GraphPad Software, La Jolla, CA,
USA). A normal distribution test was performed using
the Kolmogorov-Smirnov test method. The differences
in parameters between FLs and NABM were tested using
the #-test or Mann-Whitney U test depending on normal
distribution. Mean, standard deviation, and median (range)
were measured to describe parameters. The correlation
between the two groups was evaluated using the Pearson or
Spearman correlation test. When the P value was <0.05, the
difference was deemed statistically significant.

Results
Patient demographics

A total of 35 patients with multinodular lesions in the
thoracolumbar spine were enrolled. These included
16 patients whose hemoglobin index was <10 g/dL and
8 patients whose creatinine level was >2 mg/dL. The
demographic and clinical characteristics are shown in
Table 2.
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Figure 2 Images in a 65-year-old woman with multiple myeloma. (A) Coronal DWI image of the thoracolumbar spine with ROI of the

FLs (the solid arrow) and NABM (the virtual arrow). The fat in the same phase direction with lesion was chosen as an internal reference to

normalize the signal of Dixon. The ROI position of fat was also shown; coronal ADC image (B), fat phase (C), and water phase image (D)
of the thoracolumbar spine. ROIs of the FLs and NABM located in the same position with those in DWI image. DWI, diffusion-weighted
imaging; ROI, region of interest; FLs, focal lesions; NABM, normal appearing bone marrow; ADC, apparent diffusion coefficient.

Relationship between parameters of water-fat separation
and ADC values

A total of 85 FLs were found. Of these, 30 lesions were
detected in the thoracic spine, and 55 lesions were detected
in the lumbar spine. Non-normal distribution of the
parameters was found between FLs and NABM. The
ADC value was 0.72 and 0.33 mm’/s in FLs and NABM,
respectively. A significant group difference was found
(P<0.05); the nMwater value was 2.30 and 4.38 for FLs
and NABM, respectively. A significant difference was also
observed between the two groups (P<0.0001). Meanwhile,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

there was a statistical difference between nMfat and nFF
between the two groups (P<0.0001). The nMfat and nFF
values of the thoracolumbar spine were significantly higher
in NABM than in FLs (P<0.0001) (Figure 34,B,C,D). The
results are shown in Table 3.

Relationship between ADC and nMfat, nMuwater, and nFF

values

A strong correlation was found between the ADC value
and fat signal (nMfat and nFF) values (r=—0.899, -0.834,
P<0.0001), while a moderate correlation was found between
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Table 2 Demographics and clinical information of participants

Characteristic Data
No. of patients 35
Sex

Male 20

Female 15
Mean age (years) [range]

Male 54.4 [36-67]

Female 49.9 [32-69]
Ig subtype

I9G 22

IgA 8

IgD 5
ISS stage

I 20

I 8

M 7
R-ISS stage

I 18

I 11

1l 6
HGB (<100 g/L) 16
Cr (>2 pmol/L) 3

R-ISS, Revised International Staging System; HGB, hemoglobin;

Cr, creatinine.

A 20
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1.4
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Table 3 Comparison of parameters between FLs and NABM in
patients with MM

Parameters of MRI NABM FLs P
No. of lesions 85 85 -
ADC (mm?/s) 0.33 (0.24-0.42) 0.72 (0.61-0.85) <0.0001
nMfat 0.40 (0.36-0.44) 0.05 (0.04-0.07) <0.0001
nMwater 2.30 (2.14-2.59) 4.38 (3.66-5.01) <0.0001
nFF 0.15(0.13-0.17) 0.01 (0.01-0.02) <0.0001

NABM, normal-appearing bone marrow; FLs, focal lesions;
ADC, apparent diffusion coefficient; nMfat, normalized fat signal
intensity; nMwater, normalized water molecular signal intensity;
nFF, normalized fat fraction.

the ADC and nMwater values in FLs (r=0.642, P<0.0001).
However, no correlation was found between ADC value
and water/fat signal (nMfat, nMwater, and nFF) values (r=—
0.135,0.115, and -0.145, all P>0.05) in NABM. The results

are shown in Table 4.

The difference in parameters between two groups with
different proportions of BMIPC

The ADC, nMwater, nMfat, and nFF values in FLs and
NABM were 0.83 vs. 0.59 mm?/s, 0.48+0.01 vs. 0.40+0.01,
0.48+0.04 vs. 1.29£0.17, and 0.23 wvs. 0.09, respectively.
Statistically significant differences were found in ADC,
nMwater, nMfat, and nFF values between the two groups
with different proportions of BMPC. The results are shown

C 0.7 D 0.40
0.6 0.35
0.30
0.5
0.25
~ 04 0.20
© w -
S b ‘&
€03 - ’ 0.15
0.10
0.2
0.05
0.1 0.00
0.0 -0.05
Normal Focal Normal Focal
marrow lesion marrow lesion

Figure 3 Scatter plot showed significant differences of ADC (A), nMwater (B), nMfat (C), and nFF (D) between FLs and NABM (all

P<0.05). ADC, apparent diffusion coefficient; nMwater, normalized water molecular signal intensity; nMfat, normalized fat signal intensity;

nFE normalized fat fraction; FLs, focal lesions; NABM, normal-appearing bone marrow.
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Table 4 The correlational relationship between ADC and other parameters in two groups
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nMfat nMwater nFF
ADC
P r P r P
NABM -0.135 0.219 0.115 0.294 -0.145 0.186
FLs -0.899 <0.0001 0.642 <0.0001 -0.834 <0.0001

NABM, normal-appearing bone marrow; FLs, focal lesions; ADC, apparent diffusion coefficient; nMfat, normalized fat signal intensity;
nMwater, normalized water molecular signal intensity; nFF, normalized fat fraction.
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Figure 4 Scatter plot showed significant differences of ADC, nMwater, nMfat, and nFF of focal lesions between patients with BMPC <10%
and BMPC >10% (A,B,C,D, all P<0.05). BMPC, bone marrow plasma cells; ADC, apparent diffusion coefficient; nMfat, normalized fat

signal intensity; nMwater, normalized water molecular signal intensity; nFF, normalized fat fraction.

in Figure 4A4,B,C,D and Table 5.

Correlation between MRI parameters and different
proportions of BMPC

The proportion of BMPC highly correlated with ADC,
nMwater, nMfat, and nFF values (r=0.984, 0.716, —0.938, and
-0.905, P<0.05). The results are shown in Figure 54,B,C,D.

Discussion

In this study, MRI indexes (ADC, nMwater, nMfat, and
nFF) were measured using whole-body DWI and T'1-
weighted water-fat separation Dixon technique to evaluate
FLs of the thoracolumbar spine in MM. The study also
evaluated the possible correlation between the parameters
above and the proportion of BMPC. The study yielded
two important findings. First, the ADC values of FLs
negatively correlated with fat signals (nMfat and nFF) in
water-fat separation imaging and positively correlated with
nMwater in patients with MM, which indicated that both
kinds of parameters could be used to accurately evaluate the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

lesions in MM. According to the highest correlation with
the proportion of BMPC in ADC in this study, the ADC
value was still more accurate in evaluating MM lesions.
Second, the ADC, nMwater, and nMfat values of the FLs
in the thoracolumbar spine were different in patients with
different proportions of BMPC, indicating the potential to
indirectly reflect MM’s severity.

Increased ADC values of bone marrow and decreased nFF
in MM were observed in this study, which was consistent
with the findings of a previous PET and MRI study reported
by Schraml ez al. (23). Excessive tumor cell proliferation
might limit the free movement capability of extracellular
water molecules in glioma than normal tissues and lead to
decreased ADC values (27). Therefore, ADC in glioma
could reflect the tumor’s biological aggressiveness (28).
However, MM is a blood cancer; thus, MM’s lesions might
increase the free movement capability of extracellular water
molecules. Also, an increased ADC value was observed,
which was proven by decreased nFF value and increased
nMwater value. Therefore, it was deduced that increased
ADC, decreased nFF, and increased nMwater values could
indirectly indicate myeloma cell proliferation in MM.
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The increased ADC value of bone marrow in patients
with MM (29) might be due to the higher water content
in MM lesions compared with the normal lipid-containing
bone marrow, leading to a large number of water molecules

Table 5 Comparison of parameters between different BMPC

BMPC <10% BMPC >10% P

Parameters of MRI

No. of patients 15 20 -

ADC (mm?/s) 0.59 (0.54-0.63) 0.83 (0.75-1.09) <0.0001

nMfat 1.29+0.17 0.48+0.04  <0.0001
nMwater 0.40+0.01 0.48+0.01 <0.0001
nFF 0.23+0.03 0.09+0.01 <0.0001

BMPC, bone marrow plasma cells; ADC, apparent diffusion
coefficient; nMfat, normalized fat signal intensity; nMwater,
normalized water molecular signal intensity; nFF, normalized fat
fraction.
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in the bone marrow. Red bone marrow produced by
osteolytic lesions could be reflected by the nMwater value,
although some undetectable micronuclei may also have
changed the nMwater values.

The ADC values moderately correlated with nMwater
values, and this relationship might partly be explained by
edema around the lesion. The destruction of trabecular
bone and yellow bone marrow might contribute to the
effect of FLs on the bone. Baik et 4/. also reported the effect
of perfusion on FLs (24).

A previous study reported a greater contrast between
MM lesions and adjacent bone marrow using T2-weighted
Dixon fat images (30). However, it was presumed that T'1-
weighted Dixon fat imaging might have higher specificity.
A high correlation between ADC and nMfat and nFF was
found in this study, which supported the speculation.

The nFF value was found to be <20% in this study, which
was similar to a finding in a published study (24). Benign bone

B 100
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. r=-0.938; P=0.000

..Ol.
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60
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20

BMPC
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0.0 2.5

nMfat
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0
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BMPC

0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Figure 5 Scatter plot showed the BMPC was highly correlated with ADC, nMwater, nMfat, and nFF of focal lesions (r=0.984, 0.716,
-0.938, -0.905, respectively, P<0.05) (A,B,C,D). BMPC, bone marrow plasma cells; ADC, apparent diffusion coefficient; nMfat, normalized

fat signal intensity; nMwater, normalized water molecular signal intensity; nFF, normalized fat fraction.
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marrow abnormalities contained 20-90% fat content, while
most malignant bone marrow lesions contained <20% fat tissue.

The BMPC was obtained from lesions in MM by biopsy
and reflected the severity of MM. They also are used for
differential diagnosis between smoldering MM and MM.
The indexes, such as BMPC >60%, free light chain ratio
>100, and abnormal MRI (>1 lesion), were believed to be
high-risk factors requiring immediate treatment. However,
the use of BMPC for biopsy was unreliable due to the
complex distribution of MM lesions in the skeletal system.

The FF had been reported to be a biomarker for MM
to distinguish symptomatic myeloma from asymptomatic
myeloma using water and fat separation MRI (31). However,
no method based on MRI/PET imaging is available, which
can be used to measure MM cells’ quality.

The present study aimed to associate the proportion of
BMPC with parameters (ADC, nMwater, nMfat, and nFF)
using multi-mode MRI and found that the proportion of
BMPC strongly correlated with the ADC, nMwater, nMfat,
and nFF values. The data provided evidence that MRI
might serve as a reliable indicator for further treatment and
make up for the unreliable biopsy site.

This study had some limitations. First, the patients’ follow-
up information could not be collected comprehensively, and
therefore it was necessary to evaluate disease progression
based on conventional MRI signals before and after therapy.
Second, only FLs instead of total diffused lesions were
evaluated. Finally, the relationship of a diffuse degree in
lesions with MM’s prognosis and treatment remained
unclear and required further exploration.

In conclusion, the ADC value combined with water-
fat separation parameters could be used to indirectly
quantitatively evaluate the extent of bone marrow
infiltration of thoracolumbar spine lesions in MM. The
ADC values of FLs negatively correlated with nMfat and
nFF values in water-fat separation MRI and positively
correlated with nMwater value in patients with MM. The
MRI parameters (ADC, nMwater, nMfat, and nFF values)
in MM correlated with the proportion of BMPC, helping
access the proliferation of bone marrow plasmacytoma
using MRI and evaluating early response therapy.
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Supplementary

Supplementary material
Supplementary material 1. Normalization

Firstly, we had explored the signal consistency of the fat in the same phase direction with lesions in all patients with multiple
myeloma (MM) (Figure S1). Two radiologists (S Xia, X Ji with 22 and 10 years of experience) drew the signal of each lesion,
normal bone marrow, and subcutaneous fat at the same level in T'1-weighted water-fat separation Dixon.
Secondly, we verified the normal distribution of subcutaneous fat signal, drew the histogram, then tested the consistency
between the two radiologists.
"Third, the signal intensity on both water and fat phase drawn by two radiologists showed normal distribution (Figure S2).
Fourth, the subcutaneous fat signals measured by the two observers were highly consistent, R’=0.936, 0.926 (Figure S3).
Thus, we used the subcutaneous fat signal as a reference to the lesions.

Figure S1 The coronal fat phase image of the thoracolumbar spine shows the focal lesion (the solid arrow), NABM of the same vertebral
body (the virtual arrow), subcutaneous fat of the same vertebral body (another solid arrow) (A); the coronal water phase image of the
thoracolumbar spine shows the focal lesion (the solid arrow), NABM of the same vertebral body (the virtual arrow), subcutaneous fat of the

same vertebral body (another solid arrow) (B). NABM, normal-appearing bone marrow.
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Figure S2 The signal intensity on both water and fat phase drawn by 2 radiologists showed normal distribution. Mfat, fat signal intensity.
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Figure S3 Verification of the inter-group consistency of subcutaneous fat signals sketched by two radiologists. The subcutaneous fat signals
measured by the two observers were highly consistent, R’=0.936, 0.926. Mfat, fat signal intensity.

Supplementary material 2. The selection of FLs on bigh quality images (Figure S4)

Figure S4 A focal lesion was clearly shown on all sequences. The focal lesion shows hyperintensity on coronal DWT image (A), isointensity
on ADC image (B), T2-STIR image (C), hypointensity on fat phase image (D), and water phase image (E). DWI, diffusion-weighted

imaging; STIR, short-time inversion recovery; ADC, apparent diffusion coefficient.

Supplementary material 3. The inclusion and exclusion criteria for patients (Figure S5)

63patients with multiple myeloma
considered by bone marrow aspiration
without any treatment

--------------------- > | 3 cases of poor image quality

60 patients remaining |

_____________________ > 20 cases of nuclear magnetic ‘

performance are normal

--------------------- > | 5 cases without thoracolumbar spine |

| The remaining 35 patients were analyzed |

Figure S5 Flowchart of enrolled patients.
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Supplementary material 4. High quality of images

(I) We adopted a standardized scanning scheme and a respiratory gating scheme to ensure a high SNR. (II) We used a high
b value (800 s/mm’) to reduce signal the background tissue. (ITI) We chose images without motion artifacts and image
deformation for analysis. Figure S6 below shows the high quality of the images (reference: Messiou C, Hillengass J, Delorme
S, et al. Guidelines for Acquisition, Interpretation, and Reporting of Whole-Body MRI in Myeloma: Myeloma Response
Assessment and Diagnosis System (MY-RADS). Radiology 2019;291:5-13).

Figure S6 (A,B,C,D) The DWI, ADC, fat phase, and water phase images are displayed respectively. No artifacts were seen and the lesions
were clearly shown (arrows). DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient.

Supplementary material 5. Correlation between MRI parameters of focal lesions and different BMPC (Figure S7)

ADC % ~ 906 K 0.8

nMfat 799 .9 ; 0.4

nMwater
nFF -.905 -0.4
BMPC U -0.8
& C

S Q’&

Figure S7 Correlation matrix showed correlation between MRI parameters of FLs and different BMPC. Strong correlation between ADC,
nMfat, nMwater, nFF of focal lesions and BMPC was found (P<0.05). BMPC, bone marrow plasma cells; FLs, focal lesions; ADC, apparent
diffusion coefficient; nMfat, normalized fat signal intensity; nMwater, normalized water molecular signal intensity; nFF, normalized fat

fraction.
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Supplementary material 6 (Iable S1)

Table S1 The clinical and biological data of the enrolled patients

Patient Gender Age (years) BMPC (%) Cr (umol/L) HGB (g/L) Ca (mmol/L) Treatments received
1 1 60 1.5 44.4 110 2.2 TAD
2 0 50 2 71 129 2.37 RD
3 0 69 4 110.5 138 3.08 BCD
4 0 58 4.06 53 93 2.19 BCD
5 1 66 45 87.4 121 214 BD
6 1 62 4.9 82.7 100 223 MPR
7 1 61 5.2 73 112 1.82 PAD
8 1 36 5.5 77.5 134 2.52 BCD
9 1 65 5.8 64 98 2.13 BCD
10 0 44 6 52.9 134 2.76 BCD
11 0 38 6.5 49.5 137 1.92 BCD
12 1 57 7.5 52.9 134 2.38 MPR
13 1 63 8 66 94 2.35 BCD
14 1 44 8.5 91 100 2.55 BCD
15 0 44 9 66.6 140 2.33 RCD
16 1 44 14 60.7 102 2.33 RCD
17 1 48 20 82.8 95 2.58 BCD
18 1 52 45 94.6 99 2.52 BCD
19 1 67 48 106 101 2.47 BD
20 0 52 50 102.9 124 2.48 BCD
21 1 52 52 72.8 141 2.32 RCD
22 0 45 53 56.1 95 2.21 BD
23 1 54 62 80.1 98 2.41 VTD
24 0 53 66 80.5 96 2.35 RCD
25 0 39 70 119.1 93 3.45 PAD
26 1 63 75 72.8 94 1.86 BCD
27 0 66 78 194.5 95 2.23 BCD
28 0 32 79 56 113 2.21 BD
29 1 58 79.5 237.1 94 1.76 BCD
30 1 36 80 70.5 112 2.18 BCD
31 0 62 81 323.3 98 2.51 TCD
32 0 55 82.3 40.3 93 1.95 BCD
33 0 41 85.5 46.7 136 2.38 TAD
34 1 47 90 22.2 90 2.39 TAD
35 1 52 95 51.6 90 1.75 TCD

Gender, female-0, male-1; BMPC, bone marrow plasma cells; Cr, creatinine; HGB, hemoglobin; Ca, calcium; BCD, bortezomib,
cyclophosphamide, dexamethasone); BD, bortezomib, dexamethasone; MPR, melphalan, prednisone, lenalidomide; PAD, bortezomib,
adriamycin, dexamethasone; RCD, lenalidomide, cyclophosphamide, dexamethasone; RD, lenalidomide, dexamethasone; TAD,
thalidomide, adriamycin, dexamethasone; TCD, thalidomide, cyclophosphamide, dexamethasone; VTD, bortezomib, thalidomide,
dexamethasone.
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