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Lean body mass (LBM) serves as an indicator of muscle mass in body composition. Recently, studies 
have revealed increased mortality rates in dialysis patients with low LBM. However, studies analyzing 
the impact of age on LBM and mortality in dialysis patients remain limited. This study analyzed data 
from 26,625 adult hemodialysis patients registered in the Korean Society of Nephrology (KSN) registry 
from 2001 to 2020. We used the lean body mass index (LBMI), standardized by the square of height, 
to normalize lean body mass. Patients were first categorized by age group (20–49, 50–69, and ≥ 70 
years). Subsequently, patients were categorized into quartile groups based on their LBMI (≤ 15.55, 
15.55 < LBMI ≤ 16.52, 16.52 < LBMI ≤ 17.59, and > 17.59). This study revealed that the lowest LBMI group 
(≤ 15.55) was associated with decreased survival across all age groups, with this trend being particularly 
prominent in the older age groups. Within the 20–49 age group, factors such as diabetes exhibited 
a notable influence on mortality rates among hemodialysis patients. In the age group over 50, a 
low LBMI (≤ 15.55) had a greater impact on mortality rates in hemodialysis patients than diabetes. 
Understanding the importance of LBM in older patients undergoing dialysis is crucial for improving 
their prognosis.

During the initial 2 years following dialysis initiation, notable changes occur in body composition, such as 
a significant increase in fat mass and decrease in muscle mass1,2. Moreover, the prevalence of sarcopenia is 
remarkably high in older patients with end-stage renal disease (ESRD), with rates of 37% in men and 29.3% in 
women3. Therefore, understanding and managing body composition is crucial in patients with ESRD.

BMI is an indicator of the relationship between weight and height. A higher BMI may be associated with lower 
mortality rates in hemodialysis patients, a phenomenon known as the obesity paradox. This may occur because 
fat mass can serve as an energy reserve and help neutralize endotoxins in cases of chronic malnutrition4. However, 
recent studies have shown that overweight ESRD patients commonly exhibit a body composition characterized 
by a combination of excess weight and reduced muscle mass, referred to as sarcopenic obesity  (SO)5–9. This 
condition has shown a progressive increasing trend, particularly among elderly individuals with ESRD10–12. 
The poor prognosis in these patients appears to be due to the sarcopenia component rather than the increase in 
fat mass13. Furthermore, it remains unclear which type of body component, fat or muscle, is more protective14. 
Considering BMI’s limitation in distinguishing between muscle and fat, these complex factors may obscure the 
obesity paradox in its relationship with mortality.

A recent study indicated that lower lean body mass (LBM), which reflects muscle mass, is a more reliable 
predictor of outcomes in patients undergoing dialysis compared to BMI, showing an association with reduced 
survival rates15–18. However, to date, the impact of LBM on mortality in different age groups has not been 
analyzed in patients undergoing dialysis. Therefore, focusing on age when considering muscle mass in patients 
undergoing hemodialysis is crucial. Kim et al. reported that aging induced significant muscle mass transitions in 
patients undergoing dialysis over time19. Additionally, Han et al. presented a recent study on the impact of LBM 
in chronic kidney disease, revealing a significant difference in trends according to age group20.
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This study examined the relationship between LBM and survival in patients undergoing dialysis based on 
age. We aimed to provide more detailed information regarding the impact of muscle mass on mortality, with a 
focus on age groups, and to highlight the importance of body composition in patients undergoing dialysis.

Methods
Data source
The ESRD registry committee of the Korean Society of Nephrology (KSN) launched an official ESRD patient 
registry in 1985. Registry data were collected through an internet program that was opened in 2001 and revised 
in 2013 (http://www.ksn.or.kr). All participants were enrolled in the study voluntarily, and informed consent was 
obtained from all patients. This study was conducted in accordance with the Declaration of Helsinki and was 
approved by the Institutional Review Board of Inha University Hospital (IRB No. 2023-11-031).

Study design and outcome
Patients aged ≥ 20 years undergoing hemodialysis were analyzed using data from the KSN registry. We excluded 
cases with inaccurate dates of birth, death, or hemodialysis initiation. Additionally, individuals lacking sufficient 
lean body mass index (LBMI) data were omitted. To enhance the robustness of our survival analysis, we excluded 
patients who died or were lost to follow-up within the first year. The index year was designated as the first year 
with data containing patient information, such as dialysis and blood tests. Subsequently, the survival period was 
examined from this point onward.

Demographic and clinical data were collected at the time of study enrollment, including age, sex, BMI, 
dialysis vintage, normalized protein catabolic rate (NPCR), single-pool Kt/V, blood pressure, functional status, 
cause of ESRD, and comorbidities such as diabetes, hypertension, coronary artery disease, congestive heart 
failure, cerebrovascular disease, and malignancy. All laboratory data were based on the initial values entered 
into the KSN registry.

The total patient cohort was categorized based on age groups (20–49, 50–69, and ≥ 70) and further stratified 
into four groups based on LBMI (LBMI ≤ 15.55, 15.55 < LBMI ≤ 16.52, 16.52 < LBMI ≤ 17.59, LBMI > 17.59). In 
this study, we designated LBMI ≤ 15.55 as group 1, 15.55 < LBMI ≤ 16.52 as group 2, 16.52 < LBMI ≤ 17.59 as 
group 3, and LBMI > 17.59 as group 4.

The primary outcome measure was the all-cause mortality. Notably, there was a possibility of overestimating 
patient survival owing to the voluntary nature of registration in the ESRD registry.

Data preprocessing
For continuous data spanning 2001–2020, the annual means were computed to serve as representative values for 
each year. The data from multiple tables were consolidated into a single entity. Duplicate data with identical dates 
and values were considered redundant and were removed before calculating the average.

The LBMI was calculated by first determining the estimated LBM using the following formula:
In previous studies, this LBMI formula has demonstrated a strong correlation with actual measurements, 

with a Pearson correlation coefficient of 0.93 (p < 0.001) between the derived LBM and the NIR interactance-
measured LBM21.

	 LBMSCr = 0.34 × SCr (mg/dL) + 5.58 × Sex {1 if female; 0 if male} + 0.30 × weight (kg) + 0.67 × height (inches) − 0.23 × URR − 5.75

 

Scr: Serum Creatinine. URR: Urea Reduction Ratio = (pre-HD BUN – post HD BUN) / pre-HD BUN x 100 (%). 
HD: Hemodialysis; BUN: blood urea nitrogen.

To standardize LBMI, we divided this value by the square of the patient’s height. The standardization method 
used in this study followed approaches employed in previous studies22,23.

Survival period was defined as the time interval between the index date of initial data collection for each 
patient to the date of death or last follow-up, expressed in years. Patients lost to follow-up or surviving were 
censored on the date of their last examination.

Statistical analysis
All statistical analyses were performed using R software 4.1.3 (http://www.R-project.org). Prior to statistical 
analysis, normality was assessed using the Kolmogorov–Smirnov test. Comparisons between groups were 
performed using analysis of variance or Student’s t-tests for continuous variables with normal distributions. 
The chi-square test or Fisher’s exact test was used for categorical variables. Data that did not show a normal 
distribution are presented as medians with interquartile ranges and were compared using the Mann–Whitney 
U test or the Kruskal–Wallis test. Survival rates were estimated using the Kaplan–Meier analysis and the log-
rank test. Although the Cox proportional hazards models are widely used in mortality studies, they rely on 
the assumption of proportional hazards, which was not met for LBMI in our study. Consequently, we selected 
the Weibull model for the analysis. This approach, suitable for accelerated failure time analysis, allowed us to 
estimate the impact of LBMI on survival more accurately by providing time ratios (TRs) and 95% confidence 
intervals (CIs). The TR reflects how a covariate change affects survival duration. It is calculated as the exponential 
of the model coefficient for a given covariate. A TR > 1 signifies extended survival duration, whereas a TR < 1 
denotes reduced survival time. To illustrate, when TR equals 1.2, it implies survival time lengthens by 20%. 
Conversely, a TR of 0.8 indicates survival time shortens by 20%. Additional analyses were conducted to further 
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explore our findings. These included: (1) incorporation of pre-enrollment dialysis vintage as a covariate in the 
Weibull model, (2) a more granular analysis of the over-70 age group in 5-year intervals, and (3) an analysis 
using sex-adjusted LBMI quartiles, where quartiles were calculated separately for males and females and then 
combined to create overall sex-adjusted quartiles. Details of these analyses are presented in the Supplementary 
Materials. In addition to survival analysis, we used a linear mixed-effects model to examine the trajectories of 
LBMI across the LBMI quartile groups. The focus was to analyze how LBMI changed over time within each 
group, incorporating random intercepts and effects on individual variability.

Results
Characteristics of the study population
A total of 175,314 patients undergoing hemodialysis were initially screened in the KSN registry, and 26,625 
patients aged ≥ 20 years were eventually analyzed, excluding cases with errors in date of birth, date of death, start 
date of hemodialysis, and with missing data required for the calculation of LBMI. The adjusted model further 
narrowed the sample to 8636 patients because of the absence of additional covariates. Patient enrollment is 
shown in Fig. 1.

The baseline characteristics of the patient groups, classified according to LBMI quartiles, are presented 
in Table 1. Among the total cohort, group 1 exhibited a higher prevalence of males and tended toward older 
demographic age. Additionally, this group showed comparatively lower phosphorus levels, total cholesterol, uric 
acid, intact parathyroid hormone, and BMI. The baseline characteristics of 8636 patients for adjusted model are 
presented in Supplementary Table 1. The trends observed in this subgroup were generally consistent with those 
seen in the full cohort.

Survival analysis and differences in time ratios based on LBMI
Total age groups
Among 26,625 patients aged 20 and older, 7644 deaths were observed during the study period. Patients in 
group 4 demonstrated the most favorable survival outcomes, whereas those in group 1 had the lowest survival. 
Statistically significant differences in mortality rates across the LBMI categories were noted (p < 0.001) (Fig. 2A). 
In the Weibull model, the TR was represented as 0.84 (95% CI: 0.80–0.87, p < 0.001) in group 1, 1.07 (95% CI: 
1.02–1.12, p = 0.004) in group 3, and 1.13 (95% CI: 1.08–1.18, p < 0.001) in group 4. When considering multiple 
variables, the adjusted TR was statistically significant in groups 1 and 4, with values of 0.82 (95% CI: 0.76–0.90, 
p < 0.001) and 1.22 (95% CI: 1.10–1.36, p < 0.001), respectively. Additionally, diabetes and albumin had an impact 
on the mortality rate, with adjusted TR of 0.86 (95% CI: 0.81–0.92, p < 0.001) and 1.66 (95% CI: 1.56–1.78, 
p < 0.001), respectively (Table 2; Fig. 3).

Age group of 20–49 years
In the younger cohort of 7165 patients, 1241 died during the study period. Survival analysis indicated no 
significant difference in the risk of mortality across LBMI categories (p = 0.41) (Fig. 2B). Notably, diabetes status 
was a significant predictor of mortality, with an adjusted TR of 0.55 (95% CI: 0.43–0.70, p < 0.001), highlighting 
the substantial impact of this comorbidity on survival outcomes within this age group. Higher albumin levels 
were significantly associated with better survival, with a TR of 1.73 (95% CI: 1.38–2.16, p < 0.001) (Table  2; 
Fig. 3).

Fig. 1.  Patient enrollment. Patients were excluded for errors in birth and death dates, the start date of 
hemodialysis, or insufficient LBMI data. Abbreviation: LBMI, lean body mass index.
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Age group of 50–69 years
Of the 13,264 patients in this age group, 4111 died during the study period. Group 4 demonstrated the highest 
survival outcome, whereas group 1 showed the lowest survival rate, with this distinction being statistically 
significant (p < 0.001) (Fig. 2C). In the Weibull model, the TR for group 1 was 0.82 (95% CI: 0.78–0.87, p < 0.001), 
and that for group 4 was 1.10 (95% CI: 1.04–1.16, p = 0.001). The adjusted TR for individuals in group 1 was 0.81 
(95% CI: 0.71–0.93, p = 0.003), and that for those in group 4 was 1.20 (95% CI:1.02–1.41, p = 0.03). Diabetes was 
associated with a higher mortality risk, with a TR of 0.84 (95% CI: 0.76–0.94, p = 0.002). Additionally, higher 
albumin was associated with decreased mortality risk, with a TR of 1.48 (95% CI: 1.33–1.64, p < 0.001) (Table 2; 
Fig. 3).

Age group of 70 years and older
In our cohort, 6196 patients were 70 years of age or older, with 2292 deaths occurring during the study period. 
The differences in survival outcomes among the LBMI groups were statistically significant (p < 0.001), and the 
older cohort generally exhibited lower survival rates than the other age groups (Fig. 2D). The Weibull model 
analysis demonstrated that group 1 had a TR of 0.86 (95% CI: 0.80–0.91, p < 0.001), while for group 4, the TR 
was 1.11 (95% CI: 1.03–1.20, p = 0.006). The adjusted analysis for this age group revealed a higher mortality risk 
for patients in group 1, exhibiting a TR of 0.87 (95% CI: 0.78–0.97, p = 0.016). However, diabetes did not remain 
a notable factor, with a TR of 0.94 (95% CI: 0.86–1.02, p = 0.157). Additionally, albumin showed a significant 
positive effect on survival, showing a TR of 1.50 (95% CI: 1.37–1.65, p < 0.001) (Table 2; Fig. 3).

Additional analyses
To further examine our findings, we conducted three additional analyses. First, to account for the potential 
impact of dialysis duration, an additional analysis was performed incorporating pre-enrollment dialysis vintage 
as a covariate. This analysis did not substantially alter our primary findings regarding the association between 
LBMI and mortality risk across different age groups. The results showed lower TRs in groups with the lowest 

Total
Group 1
(LBMI ≤ 15.55)

Group 2
(15.55 < LBMI ≤ 16.52) Group 3 (16.52 < LBMI ≤  17.59) Group 4 (LBMI > 17.59) P value

Number of patients 26,625 (100) 6661 (25.0) 6660 (25.0) 6673 (25.1) 6631 (24.9)

Sex, Male 15,807 (59.4) 5952 (89.4) 4769 (71.6) 3387 (50.8) 1699 (25.6) < 0.001

Age, years 58.26 ± 13.85 (26,625) 60.06 ± 14.41 (6661) 58.34 ± 13.76 (6660) 57.66 ± 13.55 (6673) 56.96 ± 13.47 (6631) < 0.001

Diabetes 12,376 (46.5) 2974 (44.6) 3014 (45.3) 3081 (46.2) 3307 (49.9) < 0.001

Hypertension 8337 (31.3) 2121 (31.8) 2094 (31.4) 2094 (31.4) 2028 (30.6) 0.462

SBP, mmHg 144.67 ± 18.79 (23,429) 144.06 ± 18.68 (5,805) 144.82 ± 18.4 (5,912) 144.88 ± 18.85 (5,903) 144.92 ± 19.22 (5,809) 0.042

DBP, mmHg 80.51 ± 11.46 (23,421) 80.3 ± 11.53 (5,801) 80.63 ± 11.32 (5,909) 80.72 ± 11.44 (5,902) 80.37 ± 11.56 (5,809) 0.134

NPCR, g/kg/day 0.97 ± 0.93 (19,229) 0.87 ± 0.66 (4460) 0.96 ± 0.87 (4833) 0.99 ± 1.1 (4995) 1.05 ± 0.99 (4941) < 0.001

URR, % 69.02 ± 9.67 (26,625) 73.42 ± 9.52 (6661) 69.25 ± 7.62 (6660) 68.12 ± 8.21 (6673) 65.28 ± 11.15 (6631) < 0.001

spKt/V 1.42 ± 0.35 (26,035) 1.53 ± 0.39 (6194) 1.44 ± 0.32 (6596) 1.4 ± 0.32 (6642) 1.31 ± 0.32 (6603) < 0.001

Albumin, g/dL 3.83 ± 0.48 (8636) 3.77 ± 0.52 (2187) 3.83 ± 0.47 (2282) 3.86 ± 0.49 (2100) 3.86 ± 0.44 (2067) < 0.001

Calcium, mg/dL 8.57 ± 0.77 (8619) 8.51 ± 0.76 (2182) 8.56 ± 0.78 (2277) 8.6 ± 0.79 (2092) 8.63 ± 0.77 (2068) < 0.001

Hemoglobin, g/dL 10.08 ± 1.27 (23,390) 10.09 ± 1.29 (5,801) 10.14 ± 1.29 (5,897) 10.06 ± 1.23 (5,889) 10.03 ± 1.25 (5,803) < 0.001

Phosphorus, mg/dL 4.79 ± 1.42 (8612) 4.45 ± 1.32 (2182) 4.74 ± 1.36 (2273) 4.85 ± 1.4 (2089) 5.13 ± 1.5 (2068) < 0.001

Total cholesterol, mg/dL 144.61 ± 36.31 (7672) 138.89 ± 34.57 (1942) 143.04 ± 35.61 (2054) 147.44 ± 36.35 (1850) 149.58 ± 37.88 (1826) < 0.001

Uric acid, mg/dL 6.86 ± 1.78 (8446) 6.67 ± 1.8 (2137) 6.81 ± 1.8 (2240) 6.92 ± 1.72 (2044) 7.06 ± 1.76 (2025) < 0.001

Intact-PTH pg/mL 197.36 ± 171.76 (7874) 174.45 ± 150.57 (1989) 186.17 ± 154.58 (2088) 209.67 ± 190.25 (1918) 221.46 ± 186.42 (1879) < 0.001

LBM/Height2 16.64 ± 1.64 (26,625) 14.72 ± 0.71 (6661) 16.05 ± 0.28 (6660) 17.03 ± 0.31 (6673) 18.78 ± 1.16 (6631) < 0.001

BMI, kg/m2 22.14 ± 3.33 (26,625) 19.64 ± 1.99 (6661) 21.24 ± 2.23 (6660) 22.41 ± 2.48 (6673) 25.26 ± 3.53 (6631) < 0.001

BUN, mg/dL 61.27 ± 19.01 (26,625) 58.98 ± 18.97(6661) 61.4 ± 18.32(6660) 62.29 ± 18.74 (6673) 62.43 ± 19.78 (6631) < 0.001

Creatinine, mg/dL 8.47 ± 3.14 (26,625) 7.73 ± 2.83 (6661) 8.54 ± 2.94 (6660) 8.76 ± 3.14 (6673) 8.84 ± 3.48 (6631) < 0.001

Dialysis vintage, years 1.5 ± 2.74 (26,625) 1.7 ± 3.16 (6661) 1.55 ± 2.79 (6660) 1.42 ± 2.48 (6673) 1.36 ± 2.47 (6631) < 0.001

Dialysis vintage categories

 0 years 11,503 (43.2) 2791 (41.9) 2873 (43.1) 2840 (42.6) 2999 (45.2) < 0.001

 1 years 8945 (33.6) 2212 (33.2) 2236 (33.6) 2311 (34.6) 2186 (33.0) 0.184

 2–3 years 3015 (11.3) 761 (11.4) 724 (10.9) 783 (11.7) 747 (11.3) 0.463

 ≥4 years 3162 (11.9) 897 (13.5) 827 (12.4) 739 (11.1) 699 (10.5) < 0.001

Table 1.  Baseline characteristics according to quartile of baseline LBMI in all patients age above 20. Data 
were presented as number (%) for categorical variables, and mean ± standard deviation (number of available 
measurements) for continuous variable. Dialysis vintage before enrollment was presented as both continuous 
(mean ± standard deviation) and categorical (number (%) variables. Abbreviation: LBMI, lean body mass 
index (lean body mass/height²); NPCR, normalized protein catabolic rate; URR, urea reduction rate; PTH, 
parathyroid hormone; BMI, body mass index.
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LBMI, particularly in individuals aged 50 and older. Specifically, for those aged 50–69 years, the adjusted TR for 
Group 1 (lowest LBMI) was 0.83 (95% CI: 0.73–0.95, p = 0.006), and for those aged 70 and older, the adjusted TR 
for Group 1 was 0.88 (95% CI: 0.79–0.99, p = 0.029) (Supplementary Table 2). Second, in order to gain a more 
detailed insight into the effects of LBMI on mortality in older patients, a more granular analysis was performed 
on the over-70 age group in 5-year intervals, using LBMI quartiles specific to this age group. This analysis 
generally reinforced our primary findings, showing that lower LBMI was associated with lower TR and higher 
LBMI with higher TR across all subgroups. However, we observed some subtle variations in the strength of these 
associations. In the 70–74 and 75–79 age groups, only Group 1 (lowest LBMI) exhibited significantly lower TRs 
(TR = 0.83, 95% CI: 0.74–0.93, p = 0.001 for 70–74 years; TR = 0.82, 95% CI: 0.73–0.92, p = 0.001 for 75–79 years), 
while in the ≥ 80 subgroup, only Group 4 (highest LBMI) demonstrated significantly higher TR (TR = 1.30, 95% 
CI: 1.12–1.51, p < 0.001) (Supplementary Fig. 1, Supplementary Table 3). Third, to address the disproportionate 
distribution of males and females across LBMI groups in the primary analysis (with more females in lower LBMI 
groups and more males in higher LBMI groups), a further analysis was conducted using sex-adjusted LBMI 
quartiles. This analysis showed some differences from our primary analysis. In the 50–69 and ≥ 70 age groups, 
both Q3 (50–75%) and Q4 (> 75%) showed significantly higher TRs, whereas in the primary analysis, only the 
highest LBMI group (Q4) showed a significant benefit. For individuals aged 50–69 years, TR for Q3 was 1.13 
(95% CI: 1.07–1.20, p < 0.001), and for Q4 it was 1.13 (95% CI: 1.07–1.19, p < 0.001). For those aged 70 and older, 
the TR for Q3 was 1.11 (95% CI: 1.03–1.19, p = 0.004), and for Q4 it was 1.09 (95% CI: 1.01–1.18, p = 0.022). The 
overall pattern of results remained similar to our primary findings, with higher LBMI quartiles associated with 
higher TRs. (Supplementary Fig. 2, Supplementary Table 4).

Fig. 2.  Survival graph of age group. Each figure presents a survival graph of the following age groups: (A) 
all age groups, (B) 20–49 years, (C) 50–69 years, and (D) > 70 years. The total patient cohort was categorized 
into four groups based on LBMI (LBMI ≤ 15.55, 15.55 < LBMI ≤ 16.52, 16.52 < LBMI ≤ 17.59, LBMI > 17.59). 
Each LBMI group is represented by a dashed line, a dotted line, a dash-dot line, and a solid line, respectively. 
Abbreviation: LBMI, lean body mass index.
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Changes in LBMI during the follow-up period
We examined the trajectory of average LBMI during the follow-up period in the total cohort group, with a focus 
on the differences over time across various LBMI quartiles.

The analysis revealed that each LBMI group exhibited distinct patterns of change in LBMI over the follow-
up period. The group 4 and the group 1 demonstrated notably different trends in LBMI changes compared 
with group 2 as the reference. Specifically, the group 4 showed a decreasing trend over time, as indicated by the 
interaction term with a yearly change estimate of -0.1. In contrast, the group 1 exhibited an increasing LBMI 
trend, with a yearly change estimate of 0.07 (Fig. 4; Table 3).

Discussion
Among individuals in all age groups, those in group 1 (LBMI < 15.55) demonstrated diminished survival rates, 
with this tendency being particularly notable among older participants. Diabetes has also been identified as a 
significant risk factor for mortality. However, the reversal of this trend was observed only in the older group 
aged over 50. In all age groups, a distinct correlation was observed between albumin levels and mortality rates. 
Moreover, over the observation period, the decline in survival rates was more pronounced in patients with 
higher LBMI compared to those with lower LBMI.

Sarcopenia is a change resulting in reduced skeletal muscle mass, leading to diminished strength and functional 
ability24. Recently, sarcopenia has emerged as a considerable concern in older patients, as it is associated with 
adverse clinical outcomes such as hospitalization and an increased risk of mortality25. Furthermore, it is notably 

Time ratio (95% CI) p-value Adjusted time ratio (95% CI) p-value

Group 2 (15.55 < LBMI ≤ 16.52) Reference

All age group

 Group 1 (LBMI ≤ 15.55) 0.84(0.80–0.87) < 0.001 0.82(0.76–0.90) < 0.001

 Group 3 (16.52 < LBMI ≤ 17.59) 1.07(1.02–1.12) 0.004 1.05(0.95–1.15) 0.351

 Group 4 (LBMI > 17.59) 1.13(1.08–1.18) < 0.001 1.22(1.10–1.36) < 0.001

 Sex (male) 1.09(1.01–1.17) 0.034

 Diabetes 0.86(0.81–0.92) < 0.001

 Hypertension 0.95(0.88–1.01) 0.107

 Albumin 1.66(1.56–1.78) < 0.001

Age group of 20–49 years

 Group 1 (LBMI ≤ 15.55) 0.98(0.88–1.10) 0.749 0.90(0.66–1.24) 0.530

 Group 3 (16.52 < LBMI ≤ 17.59) 1.07(0.96–1.20) 0.237 1.02(0.74–1.41) 0.897

 Group 4 (LBMI > 17.59) 1.04(0.93–1.17) 0.457 0.92(0.68–1.24) 0.566

 Sex (male) 0.84(0.66–1.07) 0.164

 Diabetes 0.55(0.43–0.70) < 0.001

 Hypertension 0.86(0.69–1.06) 0.158

 Albumin 1.73(1.38–2.16) < 0.001

Age group of 50–69 years

 Group 1 (LBMI ≤ 15.55) 0.82(0.78–0.87) < 0.001 0.81(0.71–0.93) 0.003

 Group 3 (16.52 < LBMI ≤ 17.59) 1.05(0.99–1.11) 0.119 1.00(0.87–1.15) 0.975

 Group 4 (LBMI > 17.59) 1.10(1.04–1.16) 0.001 1.20(1.02–1.41) 0.030

 Sex (male) 1.08(0.96–1.22) 0.185

 Diabetes 0.84(0.76–0.94) 0.002

 Hypertension 0.98(0.89–1.09) 0.705

 Albumin 1.48(1.33–1.64) < 0.001

Age group of 70 years and older

 Group 1 (LBMI ≤ 15.55) 0.86(0.80–0.91) < 0.001 0.87(0.78–0.97) 0.016

 Group 3 (16.52 < LBMI ≤ 17.59) 1.01(0.94–1.08) 0.781 1.06(0.93–1.21) 0.380

 Group 4 (LBMI > 17.59) 1.11(1.03–1.20) 0.006 1.17(1.00–1.36) 0.044

 Sex (male) 1.03(0.92–1.15) 0.582

 Diabetes 0.94(0.86–1.02) 0.157

 Hypertension 0.95(0.87–1.04) 0.294

 Albumin 1.50(1.37–1.65) < 0.001

Table 2.  Time ratios and Adjusted Time ratios for Mortality by LBMI categories across Age groups. This 
table presents the Time Ratios for mortality across different LBMI categories and age groups, both crude and 
adjusted. A Time Ratio greater than 1 indicates longer survival time (lower risk of mortality) in the respective 
LBMI category or demographic group compared to the baseline, while a value less than 1 indicates shorter 
survival time (higher risk of mortality). Abbreviation: LBMI, lean body mass index.
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prevalent among older individuals diagnosed with ESRD, with a prevalence ranging from 28.5–40.3%26. Several 
studies have reported that sarcopenia is strongly associated with long-term mortality in patients undergoing 
hemodialysis24. According to recent research, the association between muscle mass and mortality rate in the 
general older population is controversial. Mortality shows a stronger correlation with muscle function and 
physical performance than with muscle mass27–29. However, LBM, representing muscle mass, is more strongly 
associated with the survival of patients undergoing hemodialysis, providing evidence in recent research15–18,23,30. 
Our study revealed that lower LBM was associated with survival in the older group.

One possible explanation is altered metabolism in ESRD, which is associated with characteristics such as 
metabolic acidosis, chronic inflammation, insulin resistance, endocrine disorders, and the presence of uremic 
toxins31,32. Metabolic acidosis affects insulin-like growth factor 1 and insulin signaling in skeletal muscle, leading 
to the upregulation of proteolytic systems such as the ubiquitin-proteasome system33. Furthermore, elevated 
cytokine activity contributes to sarcopenia in patients undergoing dialysis19. Patients undergoing dialysis are in 
a state of chronic inflammation with tumor necrosis factor and interleukin-6 acting as a key factor among the 
related cytokines34,35. This is associated with CRP and promotes muscle breakdown. Additionally, resistance 
to insulin and a decrease in anabolic hormones such as Growth hormone(GH) enhance protein catabolism 
in dialysis patients19. In renal impairment, changes in hormones such as ghrelin, leptin, and uremic toxins are 
associated with appetite loss and muscle loss32. Moreover, the uremic toxins in patients undergoing dialysis 
contribute to myocyte apoptosis involving inflammatory cytokines and reactive oxygen species36. Additionally, 
indoxyl sulfate induces the expression of genes related to muscle atrophy, including myostatin37,38. This decline 
in muscle mass, in addition to specific factors related to hemodialysis, contributes to increased mortality19,36,39.

Furthermore, it’s important to consider the age-related changes in body composition. In the normal aging 
process, fat mass typically increases while lean mass decreases, with body fat percentage continuing to rise 
until age 8040,41. In older individuals, factors such as reduced protein intake, a sedentary lifestyle, neurological 

Fig. 3.  Adjusted Time Ratios of age for Mortality. Age group-specific adjusted time ratios for mortality across 
various factors. Each figure presents the adjusted time ratios for mortality within specific age groups: (A) all 
age groups, (B) 20–49 years, (C) 50–69 years, and (D) > 70 years. These ratios were adjusted for a range of 
factors, including LBMI categories, sex, diabetes, hypertension, and albumin. The squares indicate the point 
estimates of adjusted time ratios, with horizontal lines depicting 95% Confidence Intervals. An adjusted time 
ratio > 1 signified longer survival time (lower risk of mortality) associated with that factor, whereas a value < 1 
indicated a shorter survival time (higher risk). Abbreviation: LBMI, lean body mass index; DM, diabetes 
mellitus; HTN, hypertension.
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changes such as the transition from fast motor units to slow motor units can contribute to muscle mass decline19. 
However, there is strong evidence that combined aerobic and resistance exercise can improve muscle mass and 
strength in elderly patients by enhancing nitric oxide production and increased insulin sensitivity, improving 
muscle protein synthesis7,42,43. Recent studies indicate that a relatively smaller decrease in skeletal muscle mass, 
despite age-related changes, reflects better overall health and resilience, which is associated with improved 
prognosis44,45. Therefore, organized exercise can serve as modifiable factors that contribute to better outcomes. 
These observations further highlight the importance of age-specific considerations in assessing and managing 
LBMI in dialysis patients, particularly in the very elderly.

Our analysis of the over-70 age group in 5-year intervals revealed nuanced differences while generally aligning 
with our primary findings. Across all subgroups, lower LBMI was generally associated with lower TR and higher 
LBMI with higher TR. However, the strength and significance of these associations varied among age groups. 
Notably, in the 80 and above age group, we observed a particularly intriguing pattern. In this oldest cohort, 
only the highest LBMI group showed a statistically significant association, demonstrating a markedly higher TR 
(TR = 1.30, 95% CI: 1.12–1.51, p < 0.001). This finding suggests that the protective effect of higher lean body mass 
may be especially pronounced in the very elderly dialysis population. The variations observed across age groups 
might be partially explained by the reduced sample size in these subgroup analyses, which could have affected 
statistical power. Additionally, survival bias might play a role in the oldest age group, where those reaching these 
ages, especially while on dialysis, may represent a select group with exceptional physiological reserve.

According to recent studies, diabetes has been identified as an independent predictor of sarcopenia in 
patients undergoing dialysis, contributing to mortality regardless of age, as reflected in the findings of our 

Estimate Std. Error t value p value

(Intercept) 16.08 0.01 2292.60 < 0.001

Year -0.02 0.00 -6.74 < 0.001

 Group 1 (LBMI ≤ 15.55) -1.33 0.01 -135.47 < 0.001

 Group 3 (16.52 < LBMI ≤ 17.59) 0.95 0.01 95.57 < 0.001

 Group 4 (LBMI > 17.59) 2.65 0.01 266.98 < 0.001

Year: Group 1 (LBMI ≤ 15.55) 0.07 0.00 18.00 < 0.001

Year: Group 3 (16.52 < LBMI ≤ 17.59) -0.03 0.00 -8.40 < 0.001

Year: Group 4 (LBMI > 17.59) -0.10 0.00 -25.06 < 0.001

Table 3.  Annual changes in lean body Mass Index Across different LBMI quartiles. This table presents the 
estimated annual rate of change in Lean Body Mass Index (LBMI) across various LBMI quartile groups, as 
analyzed using a linear mixed effects model. It includes estimates of the rate of change (Estimate), standard 
error (Std. Error), t-value, and p-value for each quartile group, considering the individual variability of 
participants. The values for LBMI quartiles (e.g., Group 1 (LBMI ≤ 15.55), Group 4 (LBMI > 17.59)) represent 
the difference in baseline LBMI from the reference group. The interaction terms (e.g., year: Group 1 
(LBMI ≤ 15.55)) indicate the rate of change over time for each quartile group. P-values below 0.001 are denoted 
as “<0.001”.

 

Fig. 4.  Trajectory of LBMI. This graph represents changes in LBMI during a follow-up period of 15 years in 
patients across all ages. Abbreviation: LBMI, lean body mass index.
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study46. This appears to be associated with insulin deficiency. Although the exact mechanism remains unknown, 
the progression of sarcopenia is alleviated when insulin treatment is administered to patients with diabetes47. 
Additionally, the correlation between albumin levels and mortality rates was evident across all age groups. 
Another study suggested that serum albumin could bind to endotoxins, thereby attenuating cytokine cascade 
activation. This anti-inflammatory effect may explain the beneficial impact of albumin on survival48,49.

This study has several strengths. Muscle mass was measured using an equation that provides values that 
can be easily obtained from blood tests, height, and weight. This facilitates their practical application in clinical 
settings. Bioelectrical impedance analysis and dual-energy X-ray absorptiometry are frequently used to assess 
muscle mass50. However, these approaches present challenges owing to their associated costs and the complexity 
of measurements. In our study, we adopted a formula that utilizes easily obtainable blood tests, such as BUN 
and creatinine levels, along with height and weight, allowing for the tracking of muscle mass trends over several 
years. This approach enables easier detection of conditions change that may affect muscle mass, such as catabolic 
illness and acidemia commonly observed in dialysis patients51–53. In addition, this study was conducted using 
Korean multicenter cohort data spanning approximately 20 years. This can be considered sufficiently large to 
assess the overall trends in patients undergoing dialysis and may help alleviate the impact of different dialysis 
protocols across centers. Furthermore, we analyzed the annual change in LBMI. Considering the steeply 
declining tendency of high LBMI over time, recognizing the significance of muscle mass at an early stage of 
dialysis can significantly enhance the long-term prognosis of patients undergoing dialysis.

This study had certain limitations. First, as a retrospective study, it was not possible to evenly distribute 
the patient groups across the LBMI categories, and sex bias occurred owing to a higher enrollment of males in 
group 1 (≤ 15.55). To account for this bias, we conducted additional analysis using sex-adjusted quantiles. The 
results, which demonstrated a greater impact of LBMI in individuals over 50 and a more pronounced effect of 
DM in younger individuals, were consistent with the primary analysis. This finding suggests that the conclusion 
remains applicable regardless of the presence of gender bias.

Additionally, since the study relied on registry-based data, CRP, which is an important factor affecting body 
component metabolism in hemodialysis, was not included as an input variable. Also, the diagnosis of sarcopenia 
typically requires screening tests such as the SARC-F scale, muscle strength assessments like hand grip, and 
the 2-Minute Seated Step Test. However, since our study was based on existing retrospective data, it was not 
possible to include these specific assessments. Furthermore, patients not recorded in the registry were excluded, 
which may introduce potential selection bias. Further controlled and comprehensive studies are required to 
overcome these limitations. Nevertheless, given that our study spans approximately 20 years of longitudinal data, 
it reflects the overall characteristics of patients undergoing dialysis. Therefore, our study results enhance our 
understanding of the importance of muscle mass in patients with ERSD and serve as valuable reference material 
for the future treatment and management of patients undergoing dialysis.

In conclusion, among older age groups, regardless of the underlying disease, LBMI is a crucial factor for 
mortality in patients undergoing hemodialysis, and its preservation is important for improving outcomes when 
the LBM is relatively preserved. However, further prospective studies are necessary for a more comprehensive 
understanding of LBMI and mortality in patients undergoing hemodialysis.

Data availability
The raw dataset, obtained under the authorization of the Korean Society of Nephrology, remains restricted from 
public access. However, the data derived from this investigation have been integrated into the manuscript. The 
datasets utilized and analyzed in this study are available from the corresponding author upon a reasonable re-
quest.
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