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Background: To assess the quantification of tumor burden in multiple myeloma (MM) patients using 
whole-body magnetic resonance imaging (MRI) and to identify the correlation between MRI parameters and 
prognostic biomarkers. 
Methods: We retrospectively analyzed 95 newly diagnosed MM patients treated at our hospital from June 
2018 to March 2020. All patients underwent whole-body MRI examination, including diffusion-weighted 
whole-body imaging with background body signal suppression (DWIBS), modified Dixon chemical-shift 
imaging (mDIXON), and short TI inversion recovery (STIR) sequences. The MRI presentation was used to 
determine MM infiltration patterns and calculate apparent diffusion coefficient (ADC) and a fat fraction (FF). 
The one-way ANOVA and Kruskal-Wallis test were used to compare the differences of these values between 
DS, ISS, and R-ISS stages in different MM infiltration patterns. Spearman correlation test was used for 
correlation analysis of ADC and FF against prognostic biomarkers, and two independent sample t-test was 
used to evaluate the differences of ADC and FF in different free light-chain ratio groups. 
Results: The MRI presentation was classified into normal pattern (36 patients; 37.9%), diffuse (27 patients; 
28.4%), and focal (32 patients; 33.7%) infiltration patterns. Statistically significant ADC and FF differences 
between different DS, ISS, and R-ISS stages were observed in normal/diffuse infiltration patterns but not in 
focal infiltration patterns. The ADC and FF of the normal/diffuse infiltration pattern showed correlations 
with hemoglobin, β2-microglobulin, bone marrow plasma cells, flow cytometry of bone marrow cells, and 
serum monoclonal protein. In contrast, ADC in focal infiltration patterns was negatively correlated with 
β2-microglobulin and C-reactive protein. The FF of patients with a normal/diffuse infiltration pattern was 
higher in the low free light-chain ratio group than that in the high free light-chain ratio group (P=0.023). 
Conclusions: Our observations indicate that quantitative whole-body functional MRI examination may 
serve as an effective complement to imaging diagnosis based on morphology and provide further information 
on the tumor burden of patients with MM. 
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Introduction

Multiple myeloma (MM) is a malignancy characterized by 
the aberrant proliferation of clonal plasma cells in the bone 
marrow (1). Survival among MM patients has significantly 
improved due to recent therapeutic advancements and a 
better understanding of the disease pathogenesis. Since 
MM shows significant heterogeneity, carrying out sensitive 
and effective test methods for the precise quantification of 
newly diagnosed MM patients’ tumor burden is clinically 
important for guiding personalized treatment (2).

Magnetic resonance imaging (MRI) has a high sensitivity 
for the early detection of marrow infiltration by myeloma 
cells before bone destruction occurs and can provide a 
comprehensive assessment of tumor burden in managing 
patients with plasma cell neoplasms. The first way to assess 
tumor burden in MRI is by counting the number of focal 
lesions (FL), which is of prognostic value in asymptomatic 
(3,4) and symptomatic (5) myeloma. More recently, the 
use of size (6) or volume (7) of FLs has been introduced to 
quantify tumor burden from FLs. Secondly, a diffuse MRI 
marrow pattern has been associated with poor prognosis 
in MM patients (8-10). Moreover, it has recently been 
shown that using spinal or spinal plus pelvic MRI may lead 
to substantial underdiagnoses of smoldering MM patients 
who actually have >1 FL in wb MRI (11). The International 
Myeloma Working Group (IMWG) recommends 
conducting a whole-body MRI examination for overall 
evaluation in newly diagnosed MM patients (12). However, 
objective markers in conventional MRI examinations to 
determine myelomatous infiltration lesions in MM, especially 
when this is diffuse, are lacking. There is a need for a 
combination of sensitive and effective functional imaging to 
enhance current diagnostic methods for MM (13). 

In recent years,  functional MRI has undergone 
continuous development, and diffusion-weighted whole-
body imaging with background body signal suppression 
(DWIBS) can effectively reflect water diffusion in living 
tissue. The combination of DWIBS and apparent diffusion 
coefficient (ADC) can effectively evaluate cell density 
in tumor lesions (14,15). Myeloma cells’ infiltration can 
change the ratio of hematopoietic cells and adipocytes in 
bone marrow and modified Dixon chemical-shift imaging 
(mDIXON) can be used to quantify the lipid content in the 
bone marrow to obtain the fat fraction (FF). This can be 
used to evaluate the degree of bone marrow infiltration by 
myeloma cells (16-19). Therefore, we employed functional 
MRI techniques (DWIBS and mDIXON) and MM 

biomarkers with prognostic significance as controls and 
compared ADC and FF between different stages of MM 
patients to examine imaging modes that can evaluate MM 
tumor burden and provide a more informed basis for MM 
patients.

Methods

Study subjects

The ethics committee approved this retrospective study 
of our hospital, and individual consent for the analysis 
was waived. We screened newly diagnosed MM patients 
who were treated at our hospital from June 2018 through 
March 2020, whose diagnosis was based on the National 
Comprehensive Cancer Network Guidelines Insights: 
Multiple Myeloma, Version 3. 2016 (20). Clinical data 
including gender, age, and prognostic biomarkers such as 
hemoglobin (HB), serum calcium, serum albumin, serum 
creatinine, β2-microglobulin (β2-MG), serum lactate 
dehydrogenase (LDH), C-reactive protein (CRP), bone 
marrow plasma cells (BMPCs), serum monoclonal protein 
(Serum M-protein), involved/uninvolved serum free light-
chain ratio (sFLC-ratio), and flow cytometry of bone 
marrow cells (FCM) were collected at the first diagnosis (21). 
Patients were staged according to the Durie-Salmon (DS) 
staging system (22), International Staging System (ISS) (23), 
and the Revised International Staging System (R-ISS) (24). 

The specific inclusion criteria were (I) clinical diagnosis 
of MM; (II) DWIBS and mDIXON examinations before 
treatment; (III) high-quality images without artifacts or 
distortions; (IV) no bone metabolic disorder due to non-
MM causes; (V) no previous anti-bone disease therapy 
or radiochemotherapy before the examination; (VI) no 
other active tumors; and (VII) no contraindication to MRI 
examination.

Scan parameters

All patients were scanned using a Phillips Ingenia 3.0T MR 
system (Philips Healthcare, Netherlands) and an integrated 
whole-body coil. The scan sequences included whole-body 
DWIBS, whole-body mDIXON, and whole-body STIR 
sequences, and during the scan, the subjects adopted a 
supine position, with the head entering the machine first. 
The DWIBS parameters were as follows: Horizontal axial 
position scanning, TR =9,360 ms, TE =63 ms, TI =250 ms, 
FOV =450 mm × 342 mm × 286 mm, matrix =192×192, 
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slice thickness =5 mm, slice gap =0.2 mm, slices =55, 
scanning segments =7 total scan time =19 min 40 s, and 
b values of 0 and 800 s/mm2. The mDIXON parameters 
were as follows: Coronal position scan, based on Fast Field 
Echo (FFE) sequence, 2-echo 3D acquisition, TR =3.6 ms, 
TE1 =1.24 ms, TE2 =2.3 ms, FOV =531 mm × 230 mm × 
340 mm, matrix =560 × 560, slices =92, scanning segments 
=6, total scan time =1 min 45 s, and water-only (W), fat-
only (F), in phase (IP), and out phase (OP) images were 
generated. The STIR parameters were as follows: Coronal 
position scan, TR =7599 ms, TE =70 ms, TI =230 ms, FOV 
=530 mm × 251 mm × 300 mm, matrix =528×528, slice 
thickness =6 mm, slice gap =1 mm, slices =36, scanning 
segments =6, total scan time =3 min 2 s. After scanning, a 
dedicated workstation (Extended MR Workspace2.6.3.5, 
Philips Healthcare) was used to perform maximum intensity 
projection reconstructions for all raw axial DWIBS images, 
and the reconstructed images were visualized by using 
black-white inversion technology.

Image processing and analysis

Two radiologists (MTS and YZ) were responsible for 
analyzing the MRI images of all MM patients to determine 
the infiltration pattern and the number and sites of bone 
marrow-involved lesions. Both radiologists were blinded to 
the patients’ clinical data, except for gender and age, before 
reviewing the images. MM infiltration patterns were classified 
into five categories according to MRI presentation (12):  
normal pattern, focal infiltration pattern (lesion diameter  
≥5 mm), diffuse infiltration pattern, combined focal and 
diffuse infiltration pattern, and salt-and-pepper. The 
diagnostic criteria for marrow infiltration by myeloma 
cells, either focal or diffuse were: (I) the signal intensity 
of the lesion in mDIXON IP was equal or lower than the 
signal intensity of non-degenerated intervertebral disc 
in mDIXON IP; (II) lesion signal intensity in the STIR 
sequence was higher than the signal intensity for muscles; 
(III) lesions showed high signals at b =0 and 800 s/mm2 
DWI; and (IV) the FF of the lesion measured by mDIXON 
was lower than 20% (25). FLs with a diameter of at least 
5 mm that met all the above criteria were considered 
to indicate focal infiltration by myeloma cells. A diffuse 
infiltration pattern in which a normal bone marrow signal 
intensity was completely absent also needed to meet all the 
above criteria. Patients with a combined focal and diffuse 
infiltration pattern were assigned to the group with the 
more dominant pattern in each respective case, and patients 

with a salt-and-pepper pattern were assigned to the diffuse 
pattern group (9).

A third radiologist (CPR) reviewed all results, and the 
consensus was reached through discussion when there were 
differences in opinion.

Two radiologists (YHL and YL) employed the Philips 
postprocessing workstation (Extended MR Workspace 
2.6.3.5, Philips Healthcare) for reconstructing the ADC 
map. The original DWI, STIR, and mDIXON images were 
used as references to select the slice with the maximum lesion 
diameter, and the region of interest (ROI) was manually 
drawn to obtain the mean ADC value. Following this, the 
ROI was manually drawn on the W image of mDIXON 
and replicated on the F image’s corresponding slice. The 
average from three measurements was used, and the FF was 
calculated by using the formula:

( )F F WFF= SI / SI  + SI 100%×   	 [1]

The specific measurement criteria were as follows: 
(I) For patients with a diffuse infiltration pattern, the 
corresponding ROI in visible marrow areas within the 
vertebral bodies, pelvis, femora, proximal humeri, and 
sternum, and mean values of these regions were calculated. 
(II) For MM patients with a focal infiltration pattern, all 
the myelomatous infiltration lesions with no artifacts were 
selected, and the mean of these regions was calculated. (III) 
For MM patients with a normal pattern, the evaluation 
methods were the same as that of a diffuse infiltration 
pattern. 

The ROI was selected while avoiding the cortical bone 
and any non-myelomatous infiltration lesions such as 
vertebral hemangioma, degenerative endplate inflammation, 
and enostosis. 

Statistical methods

The normality of the data was tested using SAS statistical 
software (version 9.4, USA), where normally distributed data 
were expressed as mean ± standard deviation. Parameters 
having a non-normal distribution were expressed as median 
(Q1, Q3), and an intra-group correlation coefficient (ICC) 
was applied to evaluate the consistency of ADC and FF 
measured by the two observers. If multiple sets of ADC, 
FF, and the numbers of FLs were consistent with the 
homogeneity of variance, one-way ANOVA was used to 
compare different DS stages, ISS stages, and R-ISS stages, 
and when this did not occur, the Kruskal-Wallis test was 
used. When the inter-group difference was statistically 
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significant, the Student-Newman-Keuls test or Dwass-
Steel-Critchlow-Fligner test was used for intra-group 
multiple comparisons. The Spearman correlation test was 
used to correlate ADC, FF, and numbers of FLs against 
prognostic biomarkers of different MM infiltration patterns. 
Finally, two independent sample t-tests were performed 
to evaluate differences in ADC, FF, and numbers of FLs 
between different sFLC-ratio groups. All test statistics with 
P<0.05 were considered statistically significant.

The dataset was available from figshare (https://doi.

org/10.6084/m9.figshare.14204678.v2).

Results

Patient characteristics

A total of 95 newly diagnosed MM patients were included 
in this study, and their clinical characteristics are shown in 
Table 1. Among these, the MRI presentation was normal in 
36 patients (Figure 1), had a diffuse pattern in 27 patients 
(Figure 2), and had a focal infiltration pattern in 32 patients 
(Figure 3). No combined focal and diffuse infiltration 
pattern or salt-and-pepper patients were included. 

Comparison of ADC and FF between different DS, ISS, 
and R-ISS stages

As an indicator of inter-observer agreement, the ICC values 
of ADC and FF measured by the two radiologists were 0.828 
(95% CI, 0.752–0.882) and 0.890 (95% CI, 0.839–0.925), 
which suggested that the observed measurements of ADC 
and FF were almost identical.

To evaluate ADC and FF in different DS, ISS, and 
R-ISS stages, we compared the values of ADC and FF, 
and the results demonstrated that the ADC and FF were 
significantly different among DS, ISS, and R-ISS stages in 
patients with a normal/diffuse infiltration pattern (Table 2).  
Specifically, after multiple comparisons within the 
subgroups of DS, ISS, and R-ISS stages, the ADC in stage 
I and II of DS, ISS, and R-ISS staging systems were lower 
than that in stage III, while the FF was conversely higher 
in stage I and II compared with that in stage III. However, 
there was no statistically significant difference between 
stage I and stage II (Figure 4). 

In patients with a focal infiltration pattern, the ADC, FF, 
and numbers of FLs were not significantly different between 
various DS, ISS, and R-ISS stages, except for the numbers 
of FLs between stage II and III of the DS stages. Patients 
with DS stage III had markedly more FLs compared with 
DS stage II (Table 3). 

Correlation analysis of ADC and FF against prognostic 
biomarkers in different infiltration patterns

We further detected the correlations between ADC, FF, 
and clinical prognostic biomarkers, including HB, calcium, 
albumin, creatinine, β2-MG, LDH, CRP, BMPCs, serum 
monoclonal protein, serum-free light chain, and FCM 

Table 1 Relevant data of 95 patients with newly diagnosed MM

Variables Number/median (range)/mean ± SD

Sex (male/female) 60/35

Age (years)* 62 (44 to 84)

Chain isotype (IgG/IgA) 46/17

Light chain 32

Laboratory findings

HB (g/L)# 95±27

Calcium (mmol/L)* 2.26 (2.09, 2.41)

Albumin(g/L)# 32.8±7.4

Creatinine (μmol/L)* 100 (74, 192)

β2-MG (mg/L)* 5.55 (3.34, 11.31)

LDH (U/L)* 194 (150, 251)

CRP (mg/L)* 3.20 (1.17, 9.90)

BMPCs (%)# 33.6±23.1

Serum M-protein 
monoclonal (g/L)#

45.2±30.1

Free light chain (mg/L)# 4,076.5±4,980.1

sFLC-ratio (%) (0.01–
100/>100 or <0.01)

58/37

FCM (%) 6.5 (1.9, 21.4)

DS stage (I/II/III) 21/11/63

ISS stage (I/II/III) 10/36/49

R-ISS stage (I/II/III) 9/64/22
#, expressed as mean ± standard deviation; *, expressed as 
median (range). HB, hemoglobin; β2-MG, β2-microglobulin; 
LDH, lactic dehydrogenase; CRP, C-reactive protein; BMPCs, 
bone marrow plasma cells; Serum M-protein, serum monoclonal 
protein; sFLC-ratio, involved/uninvolved serum free light-chain 
ratio; FCM, flow cytometry of bone marrow cells; DS, Durie-
Salmon; ISS, International Staging System; R-ISS, Revised 
International Staging System.

https://doi.org/10.6084/m9.figshare.14204678.v2
https://doi.org/10.6084/m9.figshare.14204678.v2
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in different infiltration patterns. In the normal/diffuse 
infiltration pattern, the ADC was negatively correlated 
with HB and positively correlated with β2-MG, BMPCs, 
serum monoclonal protein, and FCM. Conversely, the FF 
was positively correlated with HB and negatively correlated 
with β2-MG, LDH, BMPCs, serum monoclonal protein, 
and FCM (Table 4). 

In patients with a focal infiltration pattern, we detected a 
negative correlation between ADC and β2-MG, ADC, and 
CRP and a positive correlation between the numbers of FLs 
and creatinine, but not with other prognostic biomarkers. 

Furthermore, there were no significant correlations between 
FF and clinical prognostic biomarkers in patients with a 
focal infiltration pattern (Table 5). 

Lastly, we used sFLC-ratio ratios of 100 and 0.01 to 
divide patients into low (0.01–100) and high (>100 or <0.01) 
sFLC-ratio groups and compared ADC and FF between 
the two groups under different infiltration patterns. No 
significant differences of ADC between the low and high 
sFLC-ratio groups were observed in patients with a normal/
diffuse infiltration pattern (P=0.158), whereas FF was higher 
in the low sFLC-ratio group compared with the high sFLC-

Figure 1 A 77-year-old female MM patient with a normal MRI presentation. (A) DWIBS and (B) short TI inversion recovery (STIR) shows 
no myelomatous infiltration lesions. (C) The apparent diffusion coefficient (ADC) map of the 3rd lumbar vertebral body shows that the 
mean ADC value is 0.38×10−3 mm2/s. According to the (D) W image and (E) F image in mDIXON, the mean fat fraction of the 3rd lumbar 
vertebral body is 72.3%. STIR, short TI inversion recovery; DWIBS, diffusion-weighted whole-body imaging with background body signal 
suppression. 
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ratio group (P=0.023). There were no significant differences 
in ADC, FF, and numbers of FLs between the low and high 
sFLC-ratio groups within focal infiltration pattern patients, 
P=0.762, P=0.918 and P=0.774, respectively (Table 6).

Discussion

Our study demonstrated that ADC and FF values from 
DWIBS and mDIXON functional MRI changed with DS, 
ISS, and R-ISS staging in patients with a normal/diffuse 
infiltration pattern, but not in the population with a focal 

infiltration pattern. Additionally, a significant correlation 
between ADC/FF and clinical prognostic biomarkers was 
observed primarily in the normal/diffuse infiltration pattern 
group. After disease stratification by sFLC-ratio, a higher 
FF was observed in the low sFLC-ratio group compared 
with the high sFLC-ratio group. 

MM is a highly heterogeneous hematological malignancy 
with varied survival outcomes. In recent years, various high-
risk factors for MM have been elucidated, and different 
staging systems have been established via combining 
sensitive biochemical and cytogenetic indicators with MM 

Figure 2 A 50-year-old female MM patient with a diffuse infiltration MRI presentation. (A) DWIBS and (B) STIR shows diffuse signal 
abnormalities in the axial skeleton, pelvis, bilateral humerus, and femur. (C) The ADC map of the 3rd lumbar vertebral body shows that the 
mean ADC value is 0.87×10−3 mm2. According to the (D) W image and (E) F image in mDIXON, the mean fat fraction of the 3rd lumbar 
vertebral body is 6.6%. STIR, short TI inversion recovery; DWIBS, diffusion-weighted whole-body imaging with background body signal 
suppression; ADC, apparent diffusion coefficient.
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diagnostic criteria. Functional MRI can provide additional 
information about the amount of infiltrating myeloma cells 
and the degree of bone marrow infiltration. It is crucial to 
integrate this method into the existing prognostic factors to 
establish a more comprehensive MM prognosis evaluation 
system. Our results showed that ADC and FF values 
significantly differed between different DS, ISS, and R-ISS 
stages and changed as the stage progressed in the normal/
diffuse infiltration pattern, but not in the focal infiltration 
pattern. Specifically, the ADC values increased as the stage 
progressed, while the FF values decreased as the stage 

progressed. This suggests that ADC and FF may serve as 
supplemental markers to the recent staging systems in MM 
patients with a normal/diffuse infiltration pattern.

In contrast to a normal/diffuse infiltration pattern, we found 
no significant difference in ADC or FF between different 
DS, ISS, and R-ISS stages in patients with a focal infiltration 
pattern, except for a difference in the numbers of FLs between 
DS stage II and III. Previous work has shown that the genome 
map differs between FLs and the iliac crest, indicating that 
spatial clonal heterogeneity is present in FLs (6). Danner  
et al. analyzed 112 focal MM lesions from 39 patients using 

A B C

D

E

Figure 3 A 73-year-old female MM patient with a focal infiltration MRI presentation. (A) DWIBS and (B) STIR shows multiple focal signal 
abnormalities, of which the lesion with the largest diameter is located at the upper segment of the left femur. (C) The ADC map of the left 
femur’s upper segment shows that the mean ADC value is 0.62×10−3 mm2/s. According to the (D) W image and (E) F image in mDIXON, 
the mean fat fraction of the upper segment of the left femur is 6.6%. STIR, short TI inversion recovery; DWIBS, diffusion-weighted whole-
body imaging with background body signal suppression; ADC, apparent diffusion coefficient.
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a T2-weighted Dixon sequence and found no significant 
correlation between FF and myeloma-defining events (26). 
This data suggests no significant correlation exists between 
ADC and FF measurements in FLs and bone marrow 
examination of the iliac crest.

To further examine the prognostic values of DWIBS and 
mDIXON in MM patients, we analyzed the correlation 
between ADC/FF and clinical prognostic biomarkers. 
We determined that ADC was negatively correlated with 
HB and positively correlated with β2-MG, BMPCs, 
serum monoclonal protein, and FCM in patients with a 
normal/diffuse infiltration pattern. However, FF results 
were opposite to ADC in patients with a normal/diffuse 
infiltration pattern. The bone marrow of MM patients with 
diffuse infiltration often presents with active hyperplasia, 
reduced yellow bone marrow, and increased abnormal 
plasma cells (25). These characteristics accelerate the 
diffusion of extracellular water molecules, increasing ADC 
values and decreasing FF (27). However, our data did not 
show a similar trend of increasing ADC and decreasing FF 
in a normal/diffuse infiltration pattern as compared to a 
focal infiltration pattern. 

As previously shown, HB, β2-MG, LDH, BMPCs, FCM, 
and serum monoclonal protein are markers indicating 
MM tumor burden, tumor cell proliferation rate, and 
invasiveness. A few studies have shown that MM patients 
with a diffuse infiltration pattern generally have poor 
prognostic characteristics, including severe anemia, higher 
LDH, higher β2-MG, and elevated BMPCs (9,28-30). A 
previous study analyzed 228 symptomatic MM patients 
and showed that diffuse infiltration is associated with bone 
marrow angiogenesis and capillary density and reflects 
high disease activity (9). Kloth et al. conducted WB-MRI 
examinations in 547 newly diagnosed monoclonal plasma 

cell disease patients and classified diffuse infiltration into 
“salt-and-pepper”, moderate, and severe patterns and found 
the serum M protein and BMPCs ratio differed significantly 
among these patterns (31). Evaluating our results in the 
context of this previous work, we conclude measurement 
of ADC and FF can provide quantitative markers of tumor 
burden and that these are important for assessing the 
biological behavior of MM. 

We only detected a negative correlation between ADC 
and β2-MG, ADC and CRP, and a positive correlation 
between the numbers of FLs and creatinine in patients 
with a focal infiltration pattern. While a diffuse infiltration 
pattern is relatively homogenous and a quantitative measure 
can help estimate tumor burden from diffuse infiltration, 
this may not apply to FLs. The exact quantification requires 
measurement of the total tumor volume by segmenting 
all FLs present (7). In combination with the approach of 
segmenting all FLs, quantitative imaging could provide 
objective information about each FL, which may be used in 
subsequent Radiomics or AI analysis of the bone marrow.

In 2014, the International Myeloma Working Group 
included the sFLC-ratio in the diagnostic criteria for MM, 
and sFLC-ratio >100 is considered as a biomarker for ultra-
high-risk smoldering MM patients (32). Dispenzieri et al. 
included the sFLC-ratio in the smoldering MM risk model, 
and the 5-year progression rates for high-, medium-, and 
low-risk groups were 76%, 51%, and 25%, respectively. 
That group concluded that the sFLC-ratio could be an 
important prognostic factor for smoldering MM (31). 
Therefore, we used an sFLC-ratio threshold value of 100 
to divide patients into low and high sFLC-ratio groups 
and compared their ADC and FF values. Our study, for the 
first time, detected a correlation between the sFLC-ratio 
and functional MRI parameters. We found no significant 

Table 2 Comparison of ADC and FF between different DS, ISS, and R-ISS stages in patients with a normal/diffuse infiltration pattern

Stage
DS stage ISS stage R-ISS stage

ADC (×10−3 mm2/s) FF (%) ADC (×10−3 mm2/s) FF (%) ADC (×10−3 mm2/s) FF (%)

I 0.39±0.10* 52.4±15.7* 0.44±0.14* 55.4±14.8* 0.44±0.14* 55.4±14.8*

II 0.46±0.10* 49.4±18.4* 0.48±0.19* 41.6±22.2* 0.53±0.21* 38.7±22.6*

III 0.66±0.22 23.9±20.9 0.64±0.21 27.0±22.4 0.69±0.22 18.7±19.2

Statistics H=22.547 F=16.355 F=5.808 F=5.757 F=4.479 F=7.062

P <0.001 <0.001 0.005 0.005 0.015 0.002

*, significant change (P<0.05) compared with stage III. H is the statistic of the Kruskal-Wallis test, and F is the statistic of one-way ANOVA. 
ADC, apparent diffusion coefficient; FF, fat fraction; DS, Durie-Salmon; ISS, International Staging System; R-ISS, Revised International 
Staging System.
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differences in ADC between low and high sFLC-ratio 
groups in patients with a normal/diffuse infiltration pattern 
(P=0.158), whereas FF was higher in the low sFLC-ratio 
group compared with the high sFLC-ratio group (P=0.023). 
In patients with a focal infiltration pattern, ADC and FF 
did not significantly differ between low and high sFLC-
ratio groups (P=0.762 and P=0.918, respectively). One 

possible reason for this finding is that more factors affect 
bone marrow ADC measurements than FF such as the bone 
marrow cell count, cell morphology, intracellular nuclear-
cytoplasmic ratio, and size of extracellular spaces, and cell 
membrane adhesion (33). A previous study reported that 
FF values are significantly decreased in the lumbar spine 
of MM patients when compared with healthy controls, 

Figure 4 Box plots of apparent diffusion coefficient (A,B,C) and fat fraction (D,E,F) of different DS, ISS, and R-ISS stages in MM patients 
with a normal/diffuse infiltration pattern.
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Table 3 Comparison of ADC, FF, and numbers of focal lesions between different DS, ISS, and R-ISS stages in patients with a focal infiltration 
pattern

Stage

DS stage ISS stage R-ISS stage

ADC (×10−3 mm2/s) FF (%)
Numbers of 
focal lesions

ADC  
(×10−3 mm2/s)

FF (%)
Numbers of 
focal lesions

ADC  
(×10−3 mm2/s)

FF (%)
Numbers of 
focal lesions

I 0.64 24.3 1 0.81±0.17 16.1±4.6 20.0±8.0 0.73±0.08 14.4±3.6 23.7±3.8

II 0.87±0.05 13.8±4.4 2 (2, 2)* 0.97±0.21 14.4±5.4 10.5±10.3 0.91±0.17 13.9±4.8 14.6±12.9

III 0.86±0.20 13.3±6.1 19.6±13.8 0.82±0.17 13.0±6.7 19.7±15.9 0.78±0.22 13.0±9.2 21.6±18.1

Statistics F=0.673 F=1.636 H=9.727 F=2.023 F=0.503 H=3.519 F=2.467 H=0.257 H=1.162

P 0.518 0.212 0.008 0.150 0.610 0.172 0.102 0.879 0.560

*, significant change (P<0.05) compared with stage III. F is the statistic of one-way ANOVA, and H is the statistic of the Kruskal-Wallis test. 
ADC, apparent diffusion coefficient; FF, fat fraction; DS, Durie-Salmon; ISS, International Staging System; R-ISS, Revised International 
Staging System.

Table 4 Correlation analysis of ADC, and FF against prognostic biomarkers in patients with a normal/diffuse infiltration pattern.

Clinical index 
ADC FF

r P r P

HB −0.443 <0.001* 0.419 0.001*

Calcium 0.076 0.551 −0.145 0.257

Albumin −0.064 0.621 0.099 0.442

Creatinine 0.063 0.622 0.137 0.286

β2-MG 0.265 0.036* −0.322 0.010*

LDH 0.247 0.051 −0.336 0.007*

CRP 0.127 0.321 −0.198 0.120

BMPCs 0.605 <0.001* −0.609 <0.001*

Serum monoclonal protein 0.709 <0.001* −0.591 <0.001*

Serum free light chain 0.300 0.187 −0.360 0.109

FCM 0.338 0.007* −0.334 0.007*

*, significant correlation (P<0.05). ADC, apparent diffusion coefficient; FF, fat fraction; HB, hemoglobin; β2-MG, β2-microglobulin; LDH, 
lactic dehydrogenase; CRP=C-reactive protein; BMPCs, bone marrow plasma cells; FCM, flow cytometry of bone marrow cells.

suggesting that FF is a favorable prognostic factor for 
MM (34). A higher sFLC-ratio has been associated with 
treatment non-response and disease progression in MM, 
making it an unfavorable prognostic factor for MM  
(35-37). Consistent with these data, we detected a negative 
correlation between FF values and the sFLC-ratio in 
patients with a normal/diffuse pattern. Therefore, we 
speculate that FF measurements can provide supplementary 
information to sFLC-ratio values and reflect proliferation 
levels in myeloma cells more accurately.

This study has some limitations. Firstly, the major 
limitation of the mDIXON method used in this study 
is its inherent inability to consider uncompensated T2* 
effects. In the future, we plan to use mDIXON Quant 
instead of mDIXON, which will deliver more accurate and 
reproducible fat quantification. Secondly, pathological tests 
were not carried out to confirm focal infiltration lesions 
for the sample collection, and a definitive diagnosis of all 
lesions as this was not ethically permissible. We combined 
the established patterns reported in previous literature 
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Table 5 Correlation analysis of ADC, FF, and numbers of focal lesions against prognostic biomarkers in patients with a focal infiltration pattern.

Clinical index
ADC FF Numbers of focal lesions

r P r P r P

HB −0.062 0.737 0.079 0.668 −0.008 0.966

Calcium 0.030 0.870 0.190 0.298 −0.022 0.903

Albumin −0.008 0.967 0.346 0.052 −0.001 0.997

Creatinine −0.265 0.142 0.153 0.405 0.371 0.036*

β2-MG −0.477 0.006* −0.160 0.382 0.309 0.086

LDH −0.209 0.252 0.104 0.571 −0.112 0.541

CRP −0.422 0.016* −0.100 0.584 0.152 0.408

BMPCs −0.270 0.136 −0.113 0.538 0.349 0.050

Serum monoclonal protein −0.306 0.177 −0.181 0.434 0.329 0.324

Serum free light chain −0.145 0.670 0.164 0.630 0.127 0.709

FCM −0.278 0.123 0.050 0.786 0.262 0.148

*, significant correlation (P<0.05). ADC, apparent diffusion coefficient; FF, fat fraction; HB, hemoglobin; β2-MG, β2-microglobulin; LDH, 
lactic dehydrogenase; CRP=C-reactive protein; BMPCs, bone marrow plasma cells; FCM, flow cytometry of bone marrow cells.

Table 6 Comparison of ADC, FF, and numbers of focal lesions between low and high sFLC-ratio groups in patients with different infiltration 
patterns

sFLC-ratio
Normal/diffuse infiltration pattern Focal infiltration pattern

ADC (×10−3 mm2/s) FF (%) ADC (×10−3 mm2/s) FF (%) Numbers of focal lesions

Low ratio group 0.52±0.24 41.2±22.7* 0.85±0.13 13.8±6.6 18.1±13.5

High ratio group 0.60±0.17 27.4±22.4 0.87±0.25 13.6±5.6 16.6±15.5

t −1.428 2.326 −0.307 0.104 0.289

P 0.158 0.023 0.762 0.918 0.774

*, significant change (P<0.05) compared with high ratio group. sFLC-ratio, involved/uninvolved serum free light-chain ratio; ADC, apparent 
diffusion coefficient; FF, fat fraction.

to confirm the focal infiltration lesions to address this 
issue. Thirdly, the sample size is small after stratification 
by different infiltration patterns resulting in fewer focal 
infiltration patients with DS and R-ISS stage I, which may 
bias the results. 

Our study is the first to compare DWIBS-based 
ADC and mDIXON-based FF between different MM 
patients’ stages and between different MRI morphological 
infiltration patterns (diffuse and focal). The results suggest 
that quantitative whole-body MR imaging can provide 
markers of MM patients’ tumor burden with a normal/
diffuse infiltration pattern. 
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