J BONE ONCOL 51 (2025) 100670

Journal of

Contents lists available at ScienceDirect * Bone Oncology

Journal of Bone Oncology

ELSEVIER journal homepage: www.elsevier.com/locate/jbo

Research Paper

Impact of myosteatosis on prognosis in multiple myeloma patients: A
subgroup analysis of 182 cases and development of a nomogram™

Jun-Peng Liu™’, Xing-Chen Yao *! Ming Shi™', Zi-Yu Xu?, Yue Wu?, Xiang-Jun Shi”,
Meng Li“, Xin-Ru Du®"

@ Department of Orthopaedic Surgery, Beijing Chaoyang Hospital, Capital Medical University, Beijing 100020, China
Y Department of Rheumatology, Beijing Tiantan Hospital, Capital Medical University, Beijing 100020, China

HIGHLIGHTS

e Myosteatosis demonstrated no significant association with survival outcomes in MM patients.
o Severe myosteatosis increases fracture risk and back pain in early-stage MM.

o FIR fracture prediction weakens in MM with BMI >25 kg/m? or RBC >3.68x10'%/L.

e Age, BMI, gender, RBC predict myosteatosis; validated nomogram developed.

ARTICLE INFO ABSTRACT

Keywords: Background: This study aims to explore the prognostic value of myosteatosis in multiple myeloma (MM) and to
Multiple myeloma analyze the factors influencing myosteatosis.

Myosteatosis

Methods: A retrospective analysis was conducted on 182 patients treated for MM at our institution from 2009 to
2020 who underwent MRI examinations. The fatty infiltration rate (FIR) of the erector spinae and multifidus
muscles at the L3 level was measured to assess the degree of myosteatosis. Patients were grouped based on
fracture presence and median FIR, and group differences were compared, with P < 0.05 considered statistically
significant. Survival and fractures were used as prognostic indicators, and regression analysis was performed to
determine the impact of FIR on these outcomes in MM patients. The factors influencing FIR were analyzed, and
the relationship between myosteatosis and MM prognosis was further analyzed within its sensitive subgroups.
Finally, a nomogram based on FIR was established and validated.

Results: Significant differences were observed between the fracture and non-fracture groups in lactate dehy-
drogenase, serum phosphorus, visual analogue scale, oswestry disability index and FIR (P < 0.05). When patients
were grouped based on the median FIR (28.89 %), there were significant differences in age, sex, body mass index
(BMI), red blood cell (RBC) count, hemoglobin, hematocrit, albumin, visual analogue scale, oswestry disability
index, and fracture incidence (P < 0.05). Univariate COX regression analysis indicated that myosteatosis had no
significant impact on survival prognosis in MM patients (HR = 0.999, P = 0.852), with a log-rank test P value of
0.11 when grouped by the cut-off FIR value of 33.67 %. Multivariate logistic regression indicated that FIR is an
independent predictor of fractures (OR = 1.054, P = 0.000). Multivariate linear regression revealed that age, sex,
RBC count, and BMI are independent factors influencing FIR (P < 0.05). When not grouped, FIR’s prediction of
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fractures showed no significant interaction with age, sex, RBC count, or BMI (P for interaction > 0.05). In
subgroups with BMI > 25 kg/m? or RBC count > 3.68 x 10"12/L, FIR lost its predictive significance for fractures.
The FIR nomogram model had a C-index of 0.777, and the calibration curve, decision curve analysis, and clinical
impact curve all validated its effectiveness.

Conclusions: Myosteatosis characterized by FIR is not a reliable predictor of survival in MM patients but is
effective in predicting fractures and is closely related to back pain and functional impairment. FIR is significantly
associated with age, sex, RBC count, and BMIL

1. Introduction

Multiple myeloma (MM) is the second most common hematologic
malignancy, with an annual incidence rate of up to 5 per 100,000 people
[1], accounting for approximately 20 % of total deaths from hemato-
logic malignancies [2]. Therefore, survival status is a crucial measure of
prognosis in MM patients [1]. As treatment regimens have evolved, the
survival time of MM patients has increased, highlighting the need for
greater focus on the assessment and improvement of patients’ quality of
life. Bone destruction is a hallmark of MM [3], with about 80 % of pa-
tients suffering from bone disease and 90 % experiencing low back pain
[4], significantly impacting daily life.

Myosteatosis is defined as increased fat infiltration in skeletal mus-
cle, which negatively affects muscle mass, strength, mobility, and
normal metabolism by changing muscle fiber orientation [5]. Recent
studies have linked myosteatosis to poor disease prognosis [6,7], making
its impact and underlying mechanisms a hot topic. In the field of MM,
several studies have explored the relationship between myosteatosis and
survival outcomes in MM patients. However, the results have been
inconsistent and sometimes even contradictory [8,9]. Therefore, further
investigation into the association between myosteatosis and survival
prognosis in MM patients, based on the data from our institution, is of
significant importance. Additionally, bone disease is a hallmark feature
of MM, yet there is currently limited evidence regarding the relationship
between fractures and the degree of myosteatosis in MM patients. Thus,
exploring the correlation between myosteatosis and fractures is another
key focus of this study.

The lumbar, particularly the third lumbar vertebra (L3), which
serves as the mechanical center, is prone to degeneration due to its high
mobility and load-bearing function [10]. Among the lumbar muscles,
the multifidus and erector spinae are most closely linked to the body’s
overall condition [11]. Based on this information, our study measured
the fat infiltration rate (FIR) of the erector spinae and multifidus muscles
at the L3 level in MM patients to assess the extent of myosteatosis
[12,13].

The objectives of this study are as follows: (1) To analyze the rela-
tionship between myosteatosis and survival prognosis in MM patients;
(2) To clarify the relationship between myosteatosis and lumbar frac-
tures, low back pain, and lumbar function in MM patients; (3) To vali-
date the relationship between myosteatosis and prognosis in sensitive
subgroups of MM patients; and (4) To analyze the factors influencing
FIR, establish and validate a predictive model to guide clinicians in
identifying risk factors for myosteatosis, enabling timely prevention and
intervention measures to improve the clinical prognosis and quality of
life of MM patients.

2. Methods
2.1. Study design

We retrospectively reviewed the records of patients treated for MM
at our institution from 2009 to 2020. All patients were treated by the
same medical team. The study received approval from our institutional
ethics committee (Ethics Approval No. 2023-ke-394). Upon hospital
admission, all patients underwent routine lumbar MRI scans, regardless
of their disease severity or symptoms. The study start date was defined

as the date of the patient’s first MRI. Follow-up information was ob-
tained through outpatient visits or telephone interviews, with the last
follow-up conducted in December 2023.

2.2. Inclusion and exclusion criteria

Inclusion criteria: (1) Age > 18 years; (2) Newly diagnosed MM
patients who fulfill the diagnostic criteria of the International Myeloma
Working Group (IMWG); (3) Complete follow-up data. Exclusion
criteria: (1) Patients who used bone-affecting drugs such as bortezomib,
bisphosphonates, or corticosteroids prior to the MRI scan; (2) Presence
of other conditions that could affect muscle FIR, such as thyroid disease;
(3) History of lumbar spine disease or surgery; (4) Severe bone disease or
osteoporosis; (5) Death, fracture, or lumbar symptoms due to non-MM
events.

2.3. Data collection

Data collected included the patient’s age, sex, International Staging
System (ISS) stage, Durie-Salmon (DS) stage, isotype, body mass index
(BMI), white blood cell (WBC) count, platelet (PLT) count, red blood cell
(RBC) count, hemoglobin (Hb), hematocrit (HCT), albumin (ALB), blood
urea nitrogen (BUN), creatinine (CREA), gamma-glutamyl transferase
(y-GT), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), serum
beta-2 microglobulin ($2MG), C-reactive protein (CRP), B-type natri-
uretic peptide (BNP), serum phosphorus, serum calcium, proportion of
bone marrow plasma cells, serum M—protein, and FIR. We also recorded
the patient’s Visual Analogue Scale (VAS) and Oswestry Disability Index
(ODI) scores at the time of MRI. The survival data of the patients during
the follow-up period and the occurrence of lumbar fractures within three
years after completing the MRI examination were recorded.

2.4. Evaluation of myosteatosis

Routine diagnostic MRI of the lumbar spine was performed using a
1.5-T MR system (Siemens Magnetom Avanto, Siemens Healthineers,
Erlangen, Germany). The subjects were positioned in the supine position
with the lumbar spine in a neutral posture, and a pillow was placed
under the knees. Images were acquired at the intervertebral disc level
using the same T2-weighted fast spin-echo pulse sequence [14]. FIR was
measured using Image J (NIH, Bethesda, MD, USA). Based on the Eu-
ropean Working Group on Sarcopenia in Older People standards [15],
DICOM images of the L3 level from T2-weighted axial MRI scans were
used. Four 30 mm? regions were evenly drawn in the subcutaneous fat
areas, 2 cm lateral to the posterior midline on both sides and 4 cm lateral
to the transverse process at the L3 level. The signal intensity was
measured, and the 5 %-95 % range of the signal intensity was defined as
the fat tissue signal range [6,13]. The fascial boundaries of the erector
spinae and multifidus muscles [12] were manually outlined to deter-
mine the region of interest (Fig. 1A) [16]. Using the threshold tool, fat
tissue within the region of interest was highlighted in red, and the
percentage of fatinfiltrated area was measured using a pseudocoloring
technique (Fig. 1B), with the average of both sides taken as the result.
All images were measured independently by two experienced doctors,
one specializing in orthopedics and the other in radiology, each with
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over five years of musculoskeletal imaging diagnostic experience. The
reliability of measurements between the two independent recorders was
assessed using Pearsons’ correlation coefficient, yielding correlation
coefficient (r) of 0.945 (P = 0.000), indicating high consistency. The
average of the measurement results was taken as the final result.

2.5. Statistical analysis

Data were analyzed using IBM SPSS 25.0 (IBM Corp, Armonk, NY,
USA). The Kolmogorov-Smirnov test was used to determine the
normality of variables. Continuous data following a normal distribution
were expressed as mean =+ standard deviation (x =s), non-normal data
as median [first quartile; third quartile], and enumeration data as fre-
quency (n, %). The median survival time was calculated using Kaplan-
Meier survival curves. Patients were grouped based on the presence of
fractures and the median FIR, and differences between groups were
compared. The independent samples t-test was used for normally
distributed data, and the Mann-Whitney U test was used for skewed data
and ordinal data. Unordered categorical data were analyzed using the
Chi-square test: Pearson Chi-Square for Expected Counts > 5, Fisher’ s
Exact Test for Expected Counts < 1, and Likelihood Ratio for interme-
diate values. A P-value (two-tailed) < 0.05 was considered statistically
significant.

The relationship between FIR and patient survival prognosis was
analyzed using univariate COX regression. The FIR cut-off value was
calculated using the “survminer” package in R Studio 4.2.1 (R Devel-
opment Core Team, Vienna, Austria). The cut-off value was used to
group patients, and survival curves were plotted using the “ggsurvplot”
package with log-rank tests performed. The relationship between FIR
and lumbar fractures was analyzed using univariate logistic regression.
Due to the exploratory nature of this analysis, variables with P < 0.1
from univariate logistic regression, along with those showing P < 0.05 in
group comparisons, were included in multivariate logistic regression.
Dummy variables were set for unordered categorical data, ensuring
correlation coefficients <0.5, tolerance >0.1, and variance inflation
factor <5. Independent fracture risk factors were identified using For-
ward LR with P < 0.05. The Receiver Operating Characteristic (ROC)
curve was plotted to evaluate model discrimination, and the area under
the ROC curve (AUC) was used to assess model performance. AUC or C-
index values range from 0.5 (random probability) to 1.0 (perfect fit),
with values >0.7 generally indicating good model performance. The cut-
off value corresponding to the maximum Youden index was calculated.

Univariate linear regression was conducted with FIR as the depen-
dent variable. Variables with P < 0.1, as well as those showing signifi-
cant differences in FIR grouping (P < 0.05), were included in
multivariate linear regression. Independent influencing factors were
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identified using stepwise regression with P < 0.05. ROC curves were
plotted using IBM SPSS 25.0, and the AUC and cut-off values for each
independent FIR influencing factor were calculated. Continuous vari-
ables among FIR’s independent influencing factors were converted into
binary variables using appropriate cut-off points. Subgroup analysis was
performed, and forest plots were drawn using the “jstable” and “for-
estploter” packages in R Studio 4.2.1. P for interaction <0.05 was
considered statistically significant, indicating that FIR’s predictive per-
formance for outcome events varied across the corresponding
subgroups.

A nomogram model based on FIR regression results was developed
using the “rms” package in R Studio 4.2.1. ROC curves were plotted
using the “pROC” package, and the C-index and 95 % confidence in-
tervals were calculated to assess model discrimination. Internal valida-
tion was performed using the bootstrap method (1,000 times), and
calibration curves were plotted to evaluate model calibration. A close fit
between the curve and the 45°diagonal line indicated that the predicted
probability closely matched the actual results. The Decision Curve
Analysis (DCA) and Clinical Impact Curve (CIC) based on a population
size of 1,000 were generated using the “rmda” package to evaluate the
clinical impact of the predictive model.

3. Results
3.1. General information

Based on the inclusion and exclusion criteria, a total of 182 patients
were included in the study (Table 1). The median follow-up period was
53 months. During the follow-up, 79 patients (43.41 %) died, with a
median survival time of 68 months (Fig. 2A4), 95 % CI (47.246, 88.754).
The average disease duration at the time of MRI was 4.2 months (range:
1-6 months). Within three years following the initial MRI examination,
80 patients (43.96 %) developed lumbar fractures. There were statisti-
cally significant differences between patients with and without fractures
in terms of LDH, serum phosphorus, VAS, ODI, and FIR (P < 0.05,
Table 1). The mean FIR of the patients was 33.30 % and the median FIR
was 28.89 % [20.11 %, 39.53 %]. The average FIR for patients who
experienced fractures was 41.68 %, while the average FIR for patients
who did not experience fractures was 26.74 %. There were statistically
significant differences in age, sex, BMI, RBC, Hb, HCT, ALB, VAS, ODI,
and fracture incidence between the FIR Low and FIR High groups (P <
0.05, Table 1).

3.2. Clinical significance of myosteatosis

Using the survival data of 182 patients as the dependent variable and

Fig. 1. MRI at the L3 level (A) Schematic diagram of lumbar muscle anatomy. PM, psoas major muscle; QL, quadratus lumborum muscle; ES, erector spinae muscles;
MF, multifidus muscle (B) Using ImageJ to convert DICOM images to 8-bit type, with subcutaneous fat signal as the reference range for intramuscular fat signal,
manually delineate the region of interest. Then, use the Threshold tool to highlight the fat within the region in red. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)



Table 1
The general information of patients (n = 182).

Parameters Total (n = 182) Fracture Fat infiltration rate
No (n = 102) Yes (n = 80) P Low (n = 91) High (n = 91) P

Fat infiltration rate (%) 33.30 + 18.91 26.74 + 12.55 41.68 + 22.16 <0.001* —_— —_— —
Age (years) 58.58 + 9.99 57.94 +10.41 59.40 + 9.44 0.330 55.66 + 9.15 61.51 + 9.99 <0.001*
Sex 0.654 0.001*

Male 93 (51.1 %) 54(52.9 %) 39(48.8 %) 58(63.7 %) 35(38.5 %)

Female 89(48.9 %) 48(47.1 %) 41(51.2 %) 33(36.3 %) 56(61.5 %)
ISS stage 0.092 0.246

I 40(22.0 %) 28(27.5 %) 12(15.0 %) 24(26.4 %) 16(17.6 %)

I 101 (55.5 %) 53(52.0 %) 48(60.0 %) 50(54.9 %) 51(56.0 %)

111 41(22.5 %) 21(20.6 %) 20(25.0 %) 17(18.7 %) 24(26.4 %)
DS stage 0.288 0.610

I 6 (3.3 %) 3(2.9 %) 3(3.8 %) 4(4.4 %) 2(2.2 %)

I 18 (9.9 %) 13(12.7) 5(6.3 %) 10(11.0 %) 8(8.8 %)

11 158 (86.8 %) 86(84.3 %) 72(90.0 %) 77(84.6 %) 81(89.0 %)
Isotype 0.573 0.206

1gG 96 (52.7 %) 59 (57.8 %) 37 (46.3 %) 47 (51.65 %) 49 (53.85 %)

IgA 32 (17.6 %) 15 (14.7 %) 17 (21.3 %) 17 (18.68 %) 15 (16.48 %)

Light chain 31 (17.0 %) 13 (12.7) 18 (22.5 %) 13 (14.29 %) 18 (19.78 %)

IgD 18 (9.9 %) 12 (11.8 %) 6 (7.5 %) 11 (12.09 %) 7 (7.69 %)

Nonsecretory 4 (2.2 %) 3 (2.9 %) 1 (1.3 %) 3 (3.30 %) 1(1.10 %)

Double M 1 (0.5 %) 0 1 (1.3 %) 0 1 (1.10 %)
BMI (kg/m?) 24.07 + 3.25 23.85 + 3.46 24.35 + 2.95 0.313 23.61 + 3.16 24.56 + 3.29 0.049*
WBC (x1079/L) 5.24 + 2.47 5.37 + 2.58 5.06 + 2.34 0.395 5.19 + 2.28 5.28 + 2.67 0.822
PLT (x10%9/L) 173.19 + 89.55 174.85 + 98.73 171.07 + 76.83 0.778 179.98 + 98.67 166.41 + 79.37 0.308
RBC (x10"12/L) 3.19 + 0.88 3.21 £ 0.93 3.16 + 0.81 0.727 3.42 £ 0.92 2.95 + 0.77 <0.001*
Hb (g/L) 99.18 + 26.14 99.92 + 27.81 98.24 + 23.98 0.667 106.27 + 27.46 92.09 + 22.76 < 0.001*
HCT (%) 30.04 +7.55 30.39 + 8.01 29.60 + 6.93 0.481 31.93 +£7.83 28.15+6.78 0.001*
ALB (g/L) 31.71 + 6.69 31.28 + 6.47 32.26 + 6.96 0.328 32.97 + 6.23 30.45 + 6.92 0.011*
BUN (mmol/L) 7.00 + 4.97 6.84 + 4.41 7.20 + 5.63 0.628 6.34 + 3.58 7.66 + 6.01 0.074
CREA (pmol/L) 76.45 [59.58, 100.53] 80.25[59.50,107.60] 72.10[59.73,90.08] 0.234 81.20[61.20, 99.60] 72.00[57.40, 104.30] 0.333
v-GT (U/L) 28.00 [19.00, 45.00] 30.00[21.00, 46.00] 25.00[17.25,42.25] 0.547 28.00[20.00, 48.50] 28.00[17.75, 44.50] 0.899
ALT(U/L) 22.35 + 14.28 22.78 +17.36 21.80 +9.21 0.803 21.69 + 11.50 23.01 + 17.06 0.737
AST(U/L) 23.15 + 12.61 24.07 + 14.40 21.98 +10.02 0.544 22.30 +10.17 24.00 + 15.04 0.624
ALP(U/L) 91.41 + 52.64 89.65 + 44.54 93.65 + 61.68 0.612 87.05 + 44.32 95.76 + 59.75 0.266
LDH (U/L) 150.00[128.00, 182.00] 145.00[128.25,166.50] 160.50[127.25, 205.75] 0.045* 149.00[125.00, 181.00] 150.00[130.00, 193.00] 0.523
Serum p2MG (mg/L) 3.16[2.27, 4.71] 3.18[2.27,4.87] 3.14[2.25,4.49] 0.970 3.00[2.27, 4.12] 3.84[2.18, 5.09] 0.148
CRP (mg/L) 0.42[0.21, 0.96] 0.43[0.18,1.16] 0.41[0.22,0.83] 0.766 0.38[0.18, 0.95] 0.45[0.22, 1.12] 0.114
BNP (pg/ml) 195.95[105.20, 394.25] 217.60[90.39,1336.00] 189.10[110.65,250.85] 0.395 152.50[72.80, 362.75] 204.55[147.60, 457.65] 0.191
Serum phosphorus (mmol/L) 1.28 + 0.30 1.24 + 0.35 1.32 +£0.23 0.049* 1.25 + 0.26 1.30 + 0.34 0.215
Serum calcium (mmol/L) 2.15 + 0.24 2.14 + 0.25 2.16 + 0.23 0.544 2.15 + 0.20 2.15 + 0.28 0.889
Proportion of bone marrow plasma cells (%) 34.00 + 23.54 31.47 + 24.39 37.23 + 22.18 0.226 32.40 + 22.06 35.60 + 25.07 0.497
Serum M—protein (g/L) 53.74 + 28.99 57.49 + 29.23 48.96 + 28.45 0.220 49.45 + 28.63 58.03 + 29.10 0.215
VAS 0 [0, 4] 0 [0, 3] 0 [0, 5] 0.005* 0 [0, 3] 0 [0, 5] < 0.001*
ODI (%) 19.67 4+ 10.53 18.28 4+ 10.07 21.44 +10.96 0.045* 16.55 4+ 10.12 22.79 +10.80 <0.001*
Fracture e <0.001*

Yes 80 (43.96 %) — 25(27.5 %) 55(60.4 %)

No 102 (56.04 %) —_— —_— 66(72.5 %) 36(39.6 %)

Continuous data following a normal distribution were expressed as x +s, non-normal data as median [first quartile; third quartile], and enumeration data as frequency (n, %). *, P < 0.05.

ISS, International Staging System; DS, Durie-Salmon; Ig, Immunoglobulin; BMI, Body Mass Index; WBC, White Blood Cell count; PLT, Platelet count; RBC, Red Blood Cell count; Hb, Hemoglobin; HCT, Hematocrit; ALB,
Albumin; BUN, Blood Urea Nitrogen; CREA, Creatinine; y-GT, Gamma-Glutamyl Transferase; ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; ALP, Alkaline Phosphatase; LDH, Lactate Dehydrogenase;
Serum p2MG, Serum Beta-2 Microglobulin; CRP, C-Reactive Protein; BNP, B-type Natriuretic Peptide; VAS, Visual Analog Scale; ODI, Oswestry Disability Index.
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Fig. 2. Survival curves (A) Kaplan-Meier survival curve for 182 patients. (B) Distribution of patients across different fat infiltration rate intervals, with a cut-off value
of 33.67 % based on survival data. (C) Log-rank test for groups divided by the cut-off value of 33.67 %.

Table 2
Univariate regression analysis results.

Parameters Univariate logistic regression Univariate linear regression

OR 95 %CI P value Coefficient 95 %CI P value
Age 1.015 (0.985, 1.045) 0.328 0.504 (0.236, 0.772) 0.000*
Sex 0.846 (0.471, 1.519) 0.575 -12.534 (-17.767, —7.301) 0.000*
1SS stage 1.468 (0.939, 2.294) 0.093* 3.298 (-0.831, 7.427) 0.117
RBC 0.942 (0.674, 1.316) 0.725 —5.437 (—8.505, —2.369) 0.001*
Hb 0.998 (0.986, 1.009) 0.665 —-0.183 (—0.286, —0.080) 0.001*
HCT 0.986 (0.948, 1.025) 0.479 —0.592 (—0.950, —0.234) 0.001*
Serum phosphorus 2.612 (0.936, 7.285) 0.067* 2.548 (—6.671, 11.767) 0.586
Fat infiltration rate 1.054 (1.031, 1.077) 0.000* _ _ _

* P <o0.l.

ISS, International Staging System; RBC, Red Blood Cell count; Hb, Hemoglobin; HCT, Hematocrit.

FIR as the independent variable, univariate COX regression analysis was
performed, yielding P = 0.852, HR = 0.999, 95 % CI (0.985, 1.013), cut-
off = 33.67 %, and statistic = 1.600 (Fig. 2B). Using 33.67 % as the
grouping criterion, the log-rank test also showed no statistical signifi-
cance (P = 0.11, Fig. 20).

Using fracture occurrence as the dependent variable and FIR as the
independent variable, univariate logistic regression analysis was per-
formed, yielding P = 0.000, OR = 1.054, 95 % CI (1.031-1.077). The
higher the patient’s FIR, the greater the risk of fracture. Further uni-
variate logistic regression analysis of other variables identified ISS stage
and serum phosphorus as potential factors influencing fractures (P <
0.1, Table 2).

FIR, ISS stage, serum phosphorus, and LDH (variables with

significant differences between groups, P < 0.05) were included in
multivariate logistic regression, and FIR was identified as an indepen-
dent factor influencing lumbar fractures (P < 0.05). The — 2 Log Like-
lihood was 218.765, Cox & Snell R?> was 0.156, Nagelkerke R? was
0.209, and the Hosmer-Lemeshow statistic was 3.126 with a p-value of
0.926, indicating a good fit of the regression. The AUC was 0.715
(Fig. 3A), 95 % CI (0.639-0.790), P = 0.000, indicating a high predictive
ability of the model, with a cut-off value of 31.81 %.

3.3. Exploratory subgroup analysis

Using FIR as the dependent variable, univariate linear regression
analysis identified age, sex, RBC, Hb, and HCT as potential influencing
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Fig. 3. Receiver Operating Characteristic curve (A) Using fracture as the state variable, independent factors influencing fractures identified through multivariate
logistic regression were used as test variables to draw the Receiver Operating Characteristic curve. (B) Using FIR grouping (cut-off = 31.81 %) as the state variable,
independent factors influencing FIR identified through multivariate linear regression were used as test variables to draw the Receiver Operating Characteristic curve.
BMI, Body Mass Index; RBC, Red Blood Cell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 3
Independent predictors affecting fat infiltration rate.
Parameter Linear regression ROC
Coefficient 95 %CI P AUC 95 %CI P Cut-off
Age 0.482 (0.233, 0.732) 0.620 (0.535, 0.704) 0.007* 67.50
<0.001*
Sex -11.771 (—16.583, —6.960) 0.628 (0.544, 0.712) 0.004* —_—
<0.001*
RBC —3.946 (—6.782, —1.111) 0.654 (0.574, 0.733) 0.001* 3.68
0.007*
BMI 1.040 (0.293, 1.788) 0.585 (0.498, 0.672) 0.057 27.40
0.007*
*, P < 0.05.

ROC, Receiver Operating Characteristic; AUC, Area Under the ROC Curve; RBC, Red Blood Cell count; BMI, Body Mass Index.

factors (P < 0.1, Table 2). Multivariate linear regression analysis iden-
tified age, sex, RBC, and BMI as independent factors influencing FIR (P
< 0.05, Table 3). Groups based on FIR cut-off values derived from
fracture status were used as the state variable, while the independent
influencing factors of FIR were used as the test variables. ROC curves
were plotted (Fig. 3B), and the AUC and corresponding cut-off values
were subsequently calculated (Table 3).

To avoid small sample sizes in subgroups, patients were grouped by
sex, median age [57 years (52.0, 66.25)], WHO BMI classification (BMI
< 25 kg/m? for underweight/normal, BMI > 25 kg/m? for overweight),
and RBC count based on cut-off (3.68 x 10"12/L). A forest plot was
created (Fig. 4). In the overall population, FIR’s predictive ability for
fractures did not show significant interaction with age, sex, RBC count,
or BMI, with P for interaction > 0.05. Among patients with BMI > 25 kg/
m2, P = 0.120, and among patients with RBC > 3.68 x 10"12/L, P =
0.117, the association between FIR and fractures was weakened in these
subgroups.

3.4. Development and validation of the nomogram for fat infiltration rate

A nomogram was developed based on the multivariate linear
regression results for FIR (Fig. 5A). Each predictive factor is assigned a
scoring line. The total score is calculated by adding the scores of each

variable. By drawing a vertical line from the total score to the value on
the bottom x-axis, the probability of a paraspinal muscle FIR > 31.81 %.
The model’s C-index was 0.777, 95 % CI (0.707-0.846), indicating good
discrimination (Fig. 5B). In the calibration curve, the x-axis represents
the predicted probability of adverse outcomes by the nomogram, while
the y-axis represents the actual probability of adverse outcomes. The
ideal curve corresponds to a 45°diagonal line, representing a perfect
predictive model. The apparent curve represents the actual data of the
entire cohort (N = 182), and the bias-corrected curve is obtained
through bootstrapping (B = 1000 repetitions) to correct any bias. The
calibration curve showed that the ideal and apparent lines were very
close, with a mean absolute error of 0.011, a mean squared error of
0.00024, and a quantile of absolute error = 0.029, indicating high model
consistency (Fig. 5C). In the DCA, the y-axis represents standardized net
benefit, and the x-axis represents the high-risk threshold. The horizontal
line represents “none,” indicating no intervention for all patients,
resulting in a net benefit of 0. The diagonal line represents “all,” indi-
cating intervention for all patients, with a negative net benefit curve
slope. The curve above the “none” and “all” lines indicated net benefit
>0, demonstrating good clinical guidance benefits of the model within
this range (Fig. 5D). The small difference between the prediction curve
and the actual disease curve in the CIC suggests that the model aligns
well with actual situation (Fig. 5E).
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Variables n(%) Yes No HR (95%CI) P P forinteraction
No. of events/ No. of total
All patients 182 (100.00) 31/106  49/76 4.39 (2.34 ~ 8.24) ——q <.001
BMI 0.075
> 25 67 (36.81)  13/35 18/32 2.18 (0.82 ~5.79) f=— 0.120
=425 115 (63.19) 18/71 31/44 7.02 (3.03 ~ 16.26) I - {  <.001
RBC 0.385
< 3.68 125 (68.68)  14/60 42/65 6.00 (2.74 ~ 13.16) P <.001
>3.68 57 (31.32)  17/46 7/11  2.99 (0.76 ~ 11.71) f—a—— 0.117
Age 0.742
<57 93 (51.10) 17/62 20/31 4.81(1.91~12.12) P—— <.001
P57 89 (48.90) 14/44 29/45 3.88 (1.61 ~9.37) —— 0.003
Sex 0.948
Female 89 (48.90) 11/41 30/48 4.55 (1.84 ~ 11.23) P 0.001
Male 93 (51.10)  20/65 19/28 4.75(1.83 ~12.31) —— 0.001
01 9 17
Worse Better

Fig. 4. The forest plot of the subgroup analysis on the relationship between fat infiltration rate (FIR) and fractures. The mean FIR for patients with BMI < 25 kg/m?
was 31.74 + 17.62 %, while for those with BMI > 25 kg/m? it was 35.98 + 20.81 %. The mean FIR for patients with RBC count < 3.68 x 10°12/L was 36.51 +
20.49 %, while for those with RBC count > 3.68 x 10"12/L, it was 26.28 + 12.38 %. The mean FIR for patients aged < 57 years was 29.35 + 16.06 %, while for those
aged > 57 years, it was 37.44 £+ 20.79 %. The mean FIR for female patients was 39.71 + 20.81 %, while for male patients, it was 27.18 + 14.55 %.

4. Discussion

Myosteatosis, characterized by abnormal adipose tissue distribution
within and between muscle cells, results in excessive fat deposition
within the muscle, which is a pathological state linked to diminished
muscle mass, limb functionality and physical performance [17], which
increases the risk of adverse outcomes in patients [6]. Referring to
previous research methods [12,13,15,16], we measured the FIR of the
erector spinae and multifidus muscles at the L3 level in 182 patients at
our center. The average FIR in patients with MM was 33.30 %, signifi-
cantly higher than in the healthy population (12-15 %) [18]. This may
be related to the imbalance in muscle proliferation and differentiation
caused by the high expression of sclerostin in muscle tissue of MM pa-
tients [19]. Moreover, the m6A-RCD axis is an important pathway in
MM progression, affecting MM’s invasiveness to musculoskeletal tissues
and contributing to the occurrence of myosteatosis [20].

Several studies have indicated that sarcopenia in hematological
diseases like lymphoma and aplastic anemia is associated with shorter
survival times. In the context of MM, Williams et al. [7] found that 51 %
of MM patients had muscle loss, which was associated with early car-
diovascular complications following stem cell transplantation. Howev-
er, our study did not find a significant association between FIR and
patient survival outcomes. Although survival curves suggest that the
low-FIR group might have a longer survival trend, the log-rank test
showed no statistical significance, possibly due to the small number of
patients included. On the other hand, comprehensive muscle loss mainly
increases mortality risk by affecting respiratory function [21]. MM pa-
tients often suffer from multi-organ damage, and fatal complications in
other systems, such as infection or renal failure, may occur earlier than
the lethal point of paraspinal muscle degeneration, possibly masking the
impact of myosteatosis on MM patient survival.

As previously mentioned, in the context of significantly extended
survival rates for MM, the prognosis of MM needs to be considered from
two aspects. In addition to survival outcomes, it is equally important to
analyze the impact of myosteatosis on patients’ quality of life.

In clinical work, we have observed that some patients who respond
well to chemotherapy still experience significant low back pain after the
treatment cycle, which is puzzling. Myosteatosis seems to be a reason-
able explanation for the persistent low back pain in these patients. In this
study, patients with higher FIR had more severe low back pain,

consistent with the findings of Suzuki K et al. [22]. The mechanism by
which myosteatosis causes low back pain can be explained in several
ways. First, adipose tissue is one of the major sources of pro-
inflammatory cytokines, and local inflammatory activity caused by fat
infiltration in paraspinal muscles exacerbates low back muscle pain
[23]. Additionally, biomechanical data indicate that 40 % to 49 % of the
total force needed to maintain lumbar posterior rotation and stability is
contributed by low-segment muscle fibers [24]. When fat infiltrates the
multifidus and erector spinae muscles at low segments, core muscle
strength declines, leading to dynamic imbalance in the lumbar facet
joints and adjacent soft tissues, resulting in damage or spasms of the
surrounding muscles, causing foraminal edema, and stimulating nerve
endings, which manifests as muscle soreness and pain [25]. Function-
ally, when vertebral displacement exceeds the neutral zone, paraspinal
muscles infiltrated with fat may struggle to coordinate and maintain
vertebral stability [26]. Patients may exert more effort to maintain
balance, resulting in poorer performance in daily activities. In this study,
patients with higher FIR had significantly higher ODI (23.19 + 11.00 %)
vs (16.91 + 9.31 %) compared to the low-FIR group, indicating that
myosteatosis could be a potential predictor of functional impairment in
MM patients [27].

Myosteatosis alters the mechanical structure of the spine and dis-
rupts its original balance, significantly increasing the stress borne by the
vertebral body [28]. Moreover, molecular signaling pathways linking
muscle and bone exist in the body, and muscle loss is often accompanied
by osteoporosis [29]. These factors, combined with the osteolytic
characteristics of MM, greatly increase the risk of fractures in MM pa-
tients. However, spinal fracture symptoms in MM patients are usually
mild, and some mild to moderate spinal fractures are difficult to notice.
Previous studies by Ikchan et al. have confirmed that paraspinal fat
degeneration can be a predictor of vertebral collapse progression [30].
Therefore, analyzing the relationship between myosteatosis and frac-
tures in MM patients is of great clinical significance. Our study found
that the risk of fractures increased significantly with elevated FIR. We
further conducted subgroup analysis to exclude confounding factors.
When BMI > 25 kg/m? or RBC count >3.68 x 10"12/L, the predictive
power of FIR for fractures was weakened. With a higher BMI, patients
may experience widespread heterogeneity in systemic fat distribution,
causing local measurements to fail in fully reflecting the overall risk
[31]. Furthermore, metabolic disturbances induced by elevated BMI
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Fig. 5. The nomogram and validation plot for the fat infiltration rate in patients with multiple myeloma (A) Nomogram: RBC, Red Blood Cell count; BMI, Body Mass
Index. (B) Receiver operating characteristic curve for the FIR predictive model. (C) Calibration curve of the nomogram. (D) Decision curve analysis of the nomogram.
(E) Clinical impact curve of the nomogram: In a population size of 1000, under different thresholds, the orange line represents those identified as high risk by the
model, and the blue line below represents the actual number of outcome events among the high-risk population. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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levels — including insulin resistance and hyperlipidemia [32] — com-
bined with chronic low-grade inflammation [33] and adverse clinical
outcomes [34], collectively disrupt bone metabolic homeostasis. These
multifaceted pathophysiological mechanisms may substantially atten-
uate the direct impact of adipose tissue infiltration on fracture risk. A
normal red blood cell count may indicate that the hematopoietic
microenvironment has not been severely damaged, and that the patient
has relatively high levels of antioxidant enzymes, which to some extent
counteract the progression of bone damage [35]. However, in the gen-
eral population, FIR still maintains specificity in predicting fractures.
This phenomenon suggests that patients with limited mobility should be
encouraged to engage in functional exercises. During surgery, attention
should be paid to protecting the paraspinal muscles to avoid iatrogenic
muscle denervation, which could lead to muscle atrophy [36].

Our study identified significant correlations between age, sex, BMI,
and RBC levels with patients’ FIR. The nomogram model incorporating
these four parameters demonstrated favorable predictive performance
with significant clinical utility, achieving a C-index of 0.777. Currently,
there is a paucity of research investigating determinants of MM-
associated myosteatosis. Studies in other disease domains have
revealed distinct predictive markers: the creatinine-to-cystatin C ratio
emerged as an independent predictor for myosteatosis in gastrointes-
tinal cancer patients [37];y-glutamyltransferase showed strong associ-
ations with myosteatosis in healthy populations [37], while low serum
manganese concentrations were significantly linked to myosteatosis in
cirrhotic patients [38]. Notably, the reported C-indices for these bio-
markers across studies ranged from 0.59 to 0.85. Comparative analysis
of C-index values reveals that while our prediction model exhibits
moderate discriminative ability within this spectrum, its performance
remains inferior to certain sophisticated models. Future refinements
through multi-omics integration or inclusion of additional sensitive
predictors may substantially enhance the model’s predictive accuracy.

Inflammation during aging leads to the redistribution of fat to intra-
abdominal regions and skeletal muscles. Lipids and their derivatives
accumulate within and between muscle cells, inducing mitochondrial
dysfunction, disrupting fatty acid p-oxidation, increasing reactive oxy-
gen species, and enhancing the secretion of pro-inflammatory cytokines.
These factors, in turn, exacerbate chronic inflammation, establish local
hyperlipidemia, and form a vicious cycle of fat redistribution, insulin
resistance, and inflammation, promoting muscle fat infiltration [39].
Studies have shown that the FIR of the multifidus muscle (>0.18
%/year), erector spinae muscle (>0.13 %/year), and psoas muscle
(>0.04 %/year) in elderly Asians slowly increases with age. The degree
of fat infiltration in our patient cohort was also related to age. Patients
below the median age (<57 years) had an average FIR of 29.35 %, while
those above the median age (>57 years) had an average FIR of 37.44 %.
Additionally, age-related changes in skeletal muscle mass are influenced
by gender differences. Crawford et al. [18] studied 80 healthy in-
dividuals and found that the FIR in females was about 15 %, while in
males, it was about 12 %. Using the same measurement method, we
observed that the average FIR in female MM patients was 39.71 %,
compared to 27.18 % in male patients, indicating a higher degree of fat
infiltration in females. This phenomenon was also reflected in muscle
volume changes, with a significantly higher prevalence of sarcopenia in
females than in males (71.26 % vs. 32.6 %) [19]. Hormonal dysfunction
may explain the more pronounced muscle loss in females. Testosterone
can activate protein synthesis and inhibit the activity of pre-adipocyte
progenitor cells [40]. While testosterone levels in men decrease by
about 1 % annually after age 30, in women, testosterone levels decline
rapidly between the ages of 20 and 45 [41]. The differences in testos-
terone levels make female patients more prone to myosteatosis. Sarco-
penia and obesity are both multifactorial syndromes with various
overlapping and feedback mechanisms. In obese patients, cytokine
paracrine signaling can cause muscle progenitor cells to differentiate
into an adipocyte-like phenotype, leading to muscle loss and increased
fat infiltration [42]. Myosteatosis, often accompanied by skeletal muscle
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atrophy and persistent secretion of pro-inflammatory cytokines, repre-
sents a unique state of fat redistribution that increases the risk of obesity
in adults [43]. Our study found a positive correlation between FIR levels
and BMI, consistent with the findings of Vivodtzev I et al. [43] in pa-
tients with COPD. Additionally, patients with high FIR had significantly
lower levels of red blood cells, hemoglobin, and hematocrit. This phe-
nomenon has also been observed in diabetic patients [44]. As the
abovementioned, increased oxidative stress in skeletal muscle is a key
factor leading to muscle loss. The oxidative status of red blood cells
(presence of antioxidant enzymes) enables them to neutralize free rad-
icals and reduce oxidative damage [35]. Therefore, a decrease in the
number of red blood cells weakens the body’s ability to counteract
oxidative stress, increasing the risk of myosteatosis.

MM patients require long-term pharmacological support, and studies
have identified potential associations between certain chemothera-
peutic agents and myosteatosis [45]. Bortezomib, a targeted therapy for
MM, disrupts multiple signaling pathways in MM cells, arrests the cell
cycle, and induces apoptosis and cell death [46]. However, it may
concurrently promote muscle catabolism via pathways such as PI3K/
Akt/mTOR [47]. Guglielmi et al. [48] demonstrated that exposure of
MM patient-derived skeletal muscle myoblasts to high concentrations of
bortezomib for 72 h reduced primary myotube survival, potentially
linked to lipid droplet accumulation and mitochondrial structural/
functional impairments in myoblasts. Notably, our prior study found no
significant association between bortezomib-based chemotherapy and
sarcopenia risk [49], which may reflect confounding effects from con-
current medications or limited sample size. The mechanisms underlying
bortezomib’s impact on myosteatosis in MM patients remain to be
elucidated. Endocrine alterations—including reduced androgen and
growth factor levels, alongside glucocorticoid use—also critically in-
fluence myosteatosis progression [50]. Glucocorticoids have been
shown to directly suppress muscle stem cell function via myostatin
upregulation, contributing to muscle atrophy [51], while stimulating
skeletal muscle protein breakdown and inhibiting synthesis, particularly
in type II fibers responsible for dynamic function [52]. These pharma-
cological targets warrant further exploration to inform novel in-
terventions for myosteatosis. For instance, 11B-HSD1 inhibition
mitigates glucocorticoid-induced protein degradation in murine myo-
tubes and human primary myoblasts [53,54], highlighting its thera-
peutic potential. Androgen receptor modulators, such as selective
androgen receptor modulators, exhibit dual anabolic and anti-catabolic
effects on differentiated myotubes, preserving muscle mass in sarcope-
nia patients and selectively promoting muscle growth [55]. Com-
plementing these targeted therapies, multimodal management strategies
are essential—tailored exercise regimens (aerobic/resistance training)
[56] and optimized nutrition synergistically counteract metabolic dys-
regulation, whereas extracorporeal shock wave therapy enhances
functional recovery through improved perfusion, spasm relief, and
endogenous repair activation [57].

Our study has several strengths. First, it explores and analyzes the
impact of myeloma-related myosteatosis on patient prognosis from a
novel orthopedic perspective, integrating deeply with clinical practice.
Second, the significant findings of this study were visualized and vali-
dated, using rigorous statistical methods to reduce bias, providing high
clinical relevance. However, certain limitations must be acknowledged.
The single-center design restricts generalizability across diverse ethnic
populations. Although fat infiltration was more pronounced in the
erector spinae and multifidus muscles compared to other muscle groups,
independent analyses of myosteatosis in other musculature remain
warranted. During the follow-up period, treatment modifications in
some patients, combined with the limited sample size, precluded the
analysis of certain variables of interest, such as the relationship between
treatment regimens and myosteatosis. In future studies, we plan to
conduct multi-center prospective research to comprehensively investi-
gate the association between myosteatosis and clinical outcomes in MM
patients, alongside in-depth etiological analyses.
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5. Conclusions

This study describes and analyzes the clinical value of myosteatosis
in MM patients from a novel perspective. It also examines the factors
influencing the FIR in MM patients. Some important clinical conclusions
were drawn: Myosteatosis characterized by FIR is not a reliable indicator
of survival prognosis in MM patients, but it can be used as a predictor of
fractures and is closely related to low back pain and functional impair-
ment. FIR is significantly correlated with age, gender, RBC, and BMI.
When BMI > 25 kg/m? or RBC count >3.68 x 10"12/L, the predictive
power of FIR for fractures decreases.
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