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Previous studies have described the association between calf circumference (CC) and chronic kidney
disease (CKD). We aim to evaluate the associations between CC and cardiovascular and all-cause
mortality in patients with CKD stages 3-5. Data on CKD were sourced from the National Health and
Nutritional Examination Survey (NHANES) 1999-2004. The population was stratified into three groups
based on their CC tertile. Kaplan-Meier method with log-rank tests for significance was used for
survival analysis. Weighted Cox proportional hazards regression models were employed to estimate
the hazard ratios (HRs) for cardiovascular and all-cause mortality. The potential nonlinear relationship
between CC and mortality was assessed using restricted cubic spline (RCS) models. Subgroup and
sensitivity analyses were conducted to strengthen the results. A total of 1166 patients were eventually
included in this study. After a mean follow-up of 127.78 months, a total of 922 all-cause deaths were
recorded, with 515 of them attributed to cardiovascular diseases. The Kaplan-Meier curve indicated a
significant difference in overall survival between the three groups (log-rank test, P<0.0001). Compared
to the CC>38.5 group, participants in the CC<35.0 group had HR of 2.05 (1.44, 2.93) for all-cause
mortality and 1.58 (0.75, 3.33) for cardiovascular mortality, respectively. We observed a significant
nonlinear relationship between CC and cardiovascular and all-cause mortality (P-nonlinear <0.05).
Subgroup analysis further validated our results and demonstrated that the impact of CC on prognosis
varies according to distinct characteristics. Sensitivity analyses yielded similar results for both all-cause
and cardiovascular mortality. A reduced CC is correlated with a poorer prognosis in CKD stages 3-5
patients, suggesting its potential utility as an innovative prognostic marker.
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Chronic Kidney Disease (CKD) stands as a significant health issue globally, exerting a notable impact on
morbidity and mortality. The Global Burden of Disease study reveals that CKD accounted for 1.2 million deaths
in 2017'. CKD not only leads to disability and shortened life expectancy but also emerges as a crucial risk factor
for cardiovascular diseases, necessitating prompt attention from the healthcare community>. CKD patients,
especially those with end stage kidney disease (ESKD), are prone to Protein-Energy Wasting (PEW) and muscle
wasting. This is primarily due to metabolic alterations in CKD patients, such as metabolic acidosis, secondary
hyperparathyroidism, vitamin D deficiency, chronic low-grade inflammation, and anemia, which lead to
increased protein degradation, decreased protein synthesis, or both>%, Previous studies found that low muscle
mass is a predictive factor for muscle weakness, decreased quality of life, and increased risks of hospitalization
and mortality among patients with CKD, especially those undergoing dialysis>®. Therefore, assessing and
managing muscle quality may help control the adverse consequences of CKD in clinical practice.

The muscle quality of patients is often assessed through anthropometric measurements such as calf
circumference (CC), arm circumference, and thigh circumference’. Compared to imaging techniques like
Computed Tomography (CT), Magnetic Resonance Imaging (MRI), and Ultrasound (US), anthropometric
measurements are highly suitable for clinical use due to their portability, relative affordability, and ease of
execution®®. CC measurements are considered a simple and inexpensive method for examining muscle mass
and have been used in research as a simplified means of assessing the presence of sarcopenia!®. A study found
that CC has a superior ability to identify sarcopenia in hemodialysis (HD) patients compared to the modified
creatinine index and standardized assessment tools such as the SARC-F score and SARC-CalF score!!. Another
study found that, among participants aged 75 and older, the strongest association with the estimated glomerular
filtration rate (eGFR) and the highest likelihood of CKD were identified using CC measurements'2. These
studies suggest that CC may be a potential marker of CKD in addition to being a surrogate for nutritional status.

Previous studies have reported that a decrease in CC may be associated with higher mortality. Costa Pereira
et al.’? indicated that BMI-adjusted CC was inversely associated with mortality serving as a significant predictor
of mortality in older patients with high BMI. A study involving 19,735 participants revealed that both all-cause
and cardiovascular mortality rates were inversely correlated with CC measurements in the general population'*.
Rodrigues et al.'found that CC predicts falls in older adults on HD. Ozawa et al.!® demonstrated that shorter
CC is associated with an increased risk of osteoporosis and lower bone mineral density (BMD) in HD patients,
which elevates the risks of fractures and mortality. However, a recent study found that the CC trajectory was
not related to all-cause death and the number of all-cause hospitalizations among HD patients'”. Furthermore,
studies examining the correlation between CC and kidney disease prognosis have predominantly concentrated
on dialysis patients'>!6, with the relationship between CC and the prognosis of general CKD patients still
remaining unknown. Thus, we used data from the 1999-2004 National Health and Nutrition Examination
Survey (NHANES) to determine the association between CC and all-cause and cardiovascular mortality in CKD.

Methods

Data source and study population

The data for the study were sourced from NHANES, a continuous cross-sectional research initiative in the
United States. Employing a stratified, multistage probability sampling methodology, NHANES assesses the
health and nutritional profiles of the U.S. population. This comprehensive dataset encompasses demographic
characteristics, dietary conditions, clinical examination, laboratory analyses, and participant questionnaires,
all of which are subsequently released to the public. Approval for the research protocols was granted by the
Ethics Review Board of the National Center for Health Statistics, and all participants gave their written informed
consent. Utilizing consistent CC measurements from examination data conducted between 1999 and 2004, we
established an observational cohort of CKD patients. Participants under the age of 18 and those with missing
data on CC, serum creatinine levels, or survival status were excluded from the analysis. The included participants
were subsequently categorized into three distinct groups based on the tertiles of CC. A comprehensive illustration
of the participant selection procedure is presented in Fig. 1.

Definition of CKD

The eGFR was determined utilizing the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation'®, which is predicated on baseline serum creatinine concentrations. CKD stages 3-5 was diagnosed
when eGFR values were less than 60 mL/min/1.73 m>.

Measurement of CC

All examinees underwent body measurements conducted by a trained examiner at the mobile examination
center (MEC). CC was measured using the standard methodology, which involved sliding the tape measure up
and down the calf to determine the widest point and then recording the value.

Mortality ascertainment and definition

This study assessed all-cause and cardiovascular mortality as primary outcomes. Mortality data, collected
up to December 31, 2019, were sourced from the NHANES Public-Use Linked Mortality File, which is
integrated with the National Death Index (NDI). The underlying causes of death were determined using the
International Statistical Classification of Diseases and Related Health Problems, 10th Revision (ICD-10).
Cardiovascular mortality was defined as deaths resulting from heart diseases (codes 100-109, I11, 113, 120-151)
and cerebrovascular diseases (codes 160-169), in accordance with the ICD-10 classification. The duration of
follow-up for each participant was measured from the date of their examination at the NHANES MEC to the last
known date they were alive or censored from the mortality file.
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Fig. 1. Flow chart of the study population selection. eGFR, estimated glomerular filtration rate.

Covariates assessment

The research included a variety of factors such as demographic characteristics, physical examination results, and
comorbidity status. Ethnicity was divided into Mexican American, non-Hispanic Black, non-Hispanic White,
and other Hispanic groups. Family income relative to the poverty line was segmented into three levels: <1.30,
1.30 to 3.50, and >3.50, with higher ratios reflecting improved economic standing. Smoking background was
categorized based on self-reported consumption of at least 100 cigarettes in a lifetime and current status into
nonsmokers, former smokers, and current smokers. Alcohol consumption was classified into abstainers, light or
moderate alcohol consumption drinkers (up to one drink per day for women, 1-2 for men), and heavy drinkers
(more than two drinks per day for women, more than three for men). Educational level was grouped into less
than high school, completed high school, or college education or higher. BMI was computed from weight in
kilograms over height squared in meters and grouped into <25.0, 25.0 to 30, and >30.0 kg/m>. Hypertension
was defined according to the 2017 American College of Cardiology guidelines, which include the use of baseline
antihypertensive medication, a systolic blood pressure of > 130 mmHg, and/or a diastolic blood pressure of >80
mmHg. Dyslipidemia was diagnosed based on a physician’s assessment, the use of hypolipidemic medication,
or biochemical indicators such as triglycerides>150 mg/dL or HDL cholesterol <40 mg/dL, in accordance
with the National Cholesterol Education Program Adult Treatment Panel III criteria. Diabetes mellitus was
identified through medical history or the presence of elevated HbAlc levels (=6.5%) or fasting blood glucose
levels (=126 mg/dL).

Statistical analysis

The NHANES sample design allows for the integration of multiple survey cycles, thereby enhancing the sample
sizes and expanding the range of analytical options. Following the Analytic Guidelines of the National Center for
Health Statistics (https://www.cdc.gov/nchs/nhanes/analyticguidelines.htm), we used weights of 2/3* NHANES
examination weights for the 4-year survey cycle (WTMEC4YR) for 1999-2002 and 1/3*WTMEC2YR for
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2003-2004 to combine three cycles of data, ensuring that our findings accurately reflected the broader U.S.
population. We computed descriptive statistics within each group, relying on mean (SD) for continuous data
and proportions for categorical data. Survival trends were explored using the Kaplan-Meier method, with
significance determined via log-rank tests. Log-log plots and Schoenfeld residual test were used to verify the
proportional hazards assumption. Weighted multivariable Cox proportional hazards regression models were
employed to assess the hazard ratios (HRs) for both all-cause and cardiovascular mortality, taking into account
potential confounding factors. The analysis incorporated four distinct adjustment models. Model 1 served as the
primary model without any adjustments, while Model 2 adjusted for age, sex, and race. Model 3 extended the
adjustments of Model 2 to include alcohol intake, smoking status, BMI, education level, and economic situation.
Model 4 further adjusted for comorbidity conditions, in addition to the variables in Model 3. To detect potential
non-linear relationships between the CC and both all-cause and cardiovascular mortality, restricted cubic spline
(RCS) fitting curves with 4 knots were applied to the adjusted Cox proportional hazards models. Furthermore,
we carried out subgroup analyses to explore potential modifiers and confirm the findings. Due to significant
sex differences in CC, sensitivity analyses were conducted using sex-specific tertiles. All statistical analyses were
performed using R software version 4.4.1 (https://www.r-project.org/), with statistical significance determined
at a significance level of P<0.05.

Results

Patient characteristics

A total of 1166 patients, comprising 540 males and 626 females, were ultimately enrolled in this study, as
illustrated in Fig. 1. The average age of the participants was 71.1 years. Based on the CC tertile points of 35 and
38.5, the patients were divided into three groups with 373, 400, and 393 individuals, respectively. The baseline
characteristics of these patients are summarized in Table 1.

Kaplan-Meier survival curve analysis

After a mean follow-up of 127.78 months, a total of 922 all-cause deaths were recorded, with 515 of these deaths
being attributed to cardiovascular diseases. Among these participants, 339, 323, and 260 deaths occurred in
three groups. The Kaplan-Meier curves, illustrated in Fig. 2, depict the survival probabilities for each group.
A log-rank test was performed to compare the survival probabilities among the three groups, and the results
indicated significant differences (P<0.0001) for both all-cause mortality and cardiovascular mortality. The log-
log survival plot (Figure S1) exhibited intersecting Kaplan-Meier curves during the early phase (<30 months),
likely attributable to small sample size and high censoring rates, which compromised the stability of survival
estimates. In the later phase (>30 months), the curves maintained parallel trajectories, suggesting consistent
hazard ratios over time. Schoenfeld residual tests yielded non-significant p-values (0.86 for all-cause mortality
and 0.57 for cardiovascular mortality), confirming that the proportional hazards assumption of the Cox
regression model was not violated.

Relationship between CC and cardiovascular and all-cause mortality

Table 2 displays the result of unadjusted and multivariable-adjusted Cox models, based on baseline CC as
both a continuous and categorical variable. In the fully adjusted model, for every 1 unit reduce in CC as a
continuous variable, there was a increased HR of 1.08 (1.03, 1.13) for all-cause mortality and 1.04 (0.93, 1.17) for
cardiovascular mortality. When CC was analyzed as a categorical variable, compared to the CC > 38.5 group(used
as the reference), participants in the 35.0 < CC < 38.5 group had an HR of 1.55 (1.20, 2.00) for all-cause mortality
and 1.28 (0.72, 2.28) for cardiovascular mortality. Similarly, participants in the CC<35.0 group had an HR
of 2.05 (1.44, 2.93) for all-cause mortality and 1.58 (0.75, 3.33) for cardiovascular mortality. Adjustment for
potential confounders had a minor impact on the association between baseline CC and both all-cause and
cardiovascular mortality.

RCS analysis

Consistent with the Cox regression results, the risk both for all-cause and cardiovascular death decreased with the
increase of CC value. We observed a significant nonlinear relationship between CC and cardiovascular mortality
(P-nonlinear =0.0032) and all-cause mortality (P-nonlinear =0.0112) with the cut-point value at 36.66. The risk
of death decreases rapidly before reaching the cut-point but slows down after surpassing it. (Fig. 3)

Subgroup and sensitivity analyses

Figures 4 and 5 present the correlation between CC and the risk of long-term all-cause and cardiovascular
mortality among various subgroups. The outcomes largely mirror our preliminary findings, with the exception
of a few subgroups where statistical significance was not achieved. The p-value for the interaction term suggests
the absence of significant interaction between CC and other variables in the model. The results indicated several
significant associations between participant characteristics and the risk of all-cause and cardiovascular mortality.
Participants under the age of 65 exhibit a markedly increased risk in comparison to their older counterparts.
Females demonstrated a significantly increased risk compared to males across both mortality outcomes. Mexican
American individuals display a reduced risk compared to Other Hispanic individuals. Socioeconomic status,
represented by the family income to poverty ratio, suggests that higher income is associated with a decreased
risk of mortality. Nonsmokers and former smokers generally have a lower risk of mortality compared to current
smokers. Patients with lower BMI have a highest risk of mortality. Furthermore, a higher education level is linked
to a reduced risk of all-cause mortality. Regarding health conditions, both diabetes, hypertension areassociated
with a higher risk of mortality but dyslipidemia is related to a lower risk of mortality. Patients with lower
eGFR are associated with a higher risk of mortality. Furthermore, sensitivity analyses yielded similar results

Scientific Reports |

(2025) 15:26764 | https://doi.org/10.1038/s41598-025-12753-6 nature portfolio


https://www.r-project.org/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Calf Circumference (cm)

Characteristic Overall CC<35.0 35.0<CC<38.5 | CC>38.5
Participants 1166 373 400 393

Age, years 71.10 (12.65) | 76.1(11.01) |72.17 (11.89) 66.4 (12.83)
Sex, n (%)

Male 540 (40.3) 141 (29.2) 203 (44.5) 196 (45.0)
Female 626 (59.7) 232(70.8) | 197 (55.5) 197 (55.0)
Race, n (%)

Mexican American 715 (76.7) 225 (75.8) 259 (78.2) 231 (76.0)
Other Hispanic 271 (14.3) 66 (11.5) 84 (13.5) 121 (16.9)
Non-Hispanic White 147 (5.0) 69 (7.7) 49 (5.2) 29 (2.7)
Non-Hispanic Black 33 (4.0) 13 (5.0) 8(3.1) 12 (4.3)
Smoking status, n (%)

Nonsmoker 579 (50.5) 198 (50.6) 194 (50.7) 187 (50.2)
Former smoker 477 (39.5) 138 (37.3) 165 (39.6) 174 (41.1)
Current smoker 108 (10) 37 (12.1) 40 (9.7) 31 (8.6)
missing 2 0 1 1(0.1)
Alcohol intake, n (%)

None 509 (46.2) 189 (53.7) 166 (44.6) 154 (42.1)
Light or moderate 368 (25.3) 86 (18.5) 137 (28.1) 145 (27.8)
Heavy 20 (8.4) 3(6.9) 7(7.8) 10 (10.1)
missing 269 (20.1) 95 (20.8) 90 (19.6) 84 (20.0)
Education level, n (%)

Less than high school 477 (32.6) 180 (39.2) 160 (33.1) 137 (27.0)
High school 277 (27.1) 86 (29.2) 91 (26.0) 100 (26.5)
College or higher 406 (40.1) 103 (30.9) 148 (40.7) 155 (46.4)
Missing data 6(0.3) 4(0.7) 1(0.2) 1(0.1)
BMI, kg/m?, n (%)

<25.0 324 (27.3) 233 (65.3) 85(23.3) 6(2.3)
25.0-29.9 436 (37.2) 106 (25.2) 221 (56.0) 109 (29.6)
>30.0 357 (31.8) 5(1.1) 79 (18.0) 273 (67.1)
Missing 49 (3.7) 29 (8.4) 15 (2.6) 5(1.0)
Ratio of family income to poverty, n (%)

<1.30 306 (22.1) 112 (28.2) 99 (19.5) 95 (19.9)
1.31-3.50 478 (42.1) 153 (39.9) 172 (46.3) 153 (40)
>3.50 274 (27.6) 69 (22.9) 95 (25.7) 110 (32.8)
Missing 108 (8.2) 39 (8.9) 34 (8.6) 35(7.3)
eGFR, mL/min/1.73 m? 47.08 (11.94) | 45.14 (13.31) | 47.14 (12.01) 48.48 (10.54)
Calf circumference (cm) 37.50 (4.44) 32.44 (1.93) | 36.76 (0.97) 41.95 (2.99)
Diabetes, n (%) 352 (26.4) 105 (25.6) 109 (24.9) 138 (28.3)
Hypertension, n (%) 1009 (84.4) 323 (84.1) 347 (84.2) 339 (84.7)
Dyslipidemia, n (%) 705 (62.2) 205(53.7) | 247 (64.8) 253 (66.3)
All-cause mortality, n (%) 922 (71.5) 339 (88.5) 323 (73.2) 260 (57.1)
Cardiovascular mortality, n (%) 515 (40.4) 194 (51.5) 173 (32.0) 148 (16.9)
Follow time, months 127.78 (68.97) | 99.41 (64.06) | 129.43 (64.47) 147.62 (69.28)

Table 1. Baseline characteristics of participants. Values are mean (SD) for continuous variables or numbers
(weighted %) for categorical variables. Abbreviation: BMI, body mass index;. eGFR, estimated glomerular
filtration rate.

for both all-cause and cardiovascular mortality (Table S1). These findings underscore the complex interplay of
demographic, socioeconomic, behavioral, and health factors in determining the role of CC in the prognosis of
the CKD population.

Discussion

This study demonstrated the association between lower CC and higher risk of all-cause and cardiovascular
mortality among a community-based CKD population in the United States. Using multivariate Cox regression
and RCS analysis, we found that CC was a reliable predictor of prognosis in CKD stages 3-5 patients. The
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Fig. 2. Kaplan—Meier curves of the survival rate with calf circumference tertile groups. A, All-cause mortality;
B, Cardiovascular mortality.

HR (95% CI)

No. of Events | Model 1 Model 2 Model 3 Model 4
All-cause mortality
Calf circumference (cm) 922 1.11 (1.09, 1.13) | 1.06 (1.04, 1.08) | 1.08 (1.04, 1.13) | 1.08 (1.03, 1.13)
Calf circumference Tertile
CC<35.0 339 2.60 (2.18,3.09) | 1.63 (1.38,1.93) | 2.08 (1.45, 3.00) | 2.05 (1.4, 2.93)
35.0<CC<385 323 1.58 (1.28,1.97) | 1.19 (1.01, 1.40) | 1.60 (1.25,2.05) | 1.55 (1.20, 2.00)
CC>38.5 260 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Cardiovascular mortality
Calf circumference (cm) 515 1.07 (1.02, 1.13) | 1.02 (0.96, 1.08) | 1.04 (0.93,1.17) | 1.04 (0.93, 1.17)
Calf circumference Tertile
CC<35.0 194 1.93 (1.24,3.02) | 1.21 (0.77, 1.89) | 1.53 (0.73,3.21) | 1.58 (0.75, 3.33)
35.0<CC<385 173 1.29 (0.85, 1.96) | 0.94 (0.64, 1.38) | 1.26 (0.72,2.21) | 1.28 (0.72, 2.28)
CC>38.5 148 1.0 (reference) | 1.0 (reference) | 1.0 (reference) 1.0 (reference)

Table 2. Associations of calf circumference with all-cause and cardiovascular mortality. Values are n or
weighted HR (95% CI). Model 1 is unadjusted; Model 2 is adjusted for: age, sex and race; Model 3 is adjusted
for: model 2 plus alcohol intake, smoking status, BMI, ratio of family income to poverty, education level;
Model 4 is adjusted for: model 3 plus diabetes, hypertension, and dyslipidemia.

P-overall <0.0001
P-nonlinear=0.0112

P-overall <0.0001
P-nonlinear=0.0032

HR for cardiovascular mortality(95% Cl)
.

35 40 45 30

%o 3 6 40
Calf Circumference (cm) Calf Circumference (cm)

Fig. 3. The weighted restricted cubic splines for associations of calf circumference with all-cause and
cardiovascular mortality. (A) All-cause mortality; (B) Cardiovascular mortality.
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Subgroup HR for CC <35.0 HR for 35.0<CC<38.5 P for interaction
Age, years 0.73
<65 8.28 (1.93, 35.5) T 2.17 (0.75, 6.26)

>65 —— 2.36 (1.65, 3.36) —— 1.73 (1.29,2.32)
Sex 0.75
Male —— 1.71 (0.95, 3.05) —— 1.53 (0.95, 2.45)

Female —_— 2.56 (1.5, 4.22) —— 1.71 (1.20, 2.44)
Race 0.57
Mexican American —— 2.12 (1.40, 3.20) —— 1.59 (1.16, 2.18)
Other Hispanic B —— 2.25 (113, 4.51) T 1.33 (0.82,2.18)
Ratio of family income to poverty 0.78
<13 —_—— 2.53 (131, 4.86) —— 1.61 (0.95,2.71)

1335 —— 2.08 (1.20, 3.62) re— 1.39 (0.93,2.07)

>35 —— 1.74 (0.99, 3.09) T 1.48 (0.83, 2.64)
Smoking status 0.29
Nonsmoker — 2.07 (1.23, 3.49) —— 1.65 (1.06, 2.55)

Former smoker —— 1.95 (1.22,3.14) —— 1.49 (0.90, 2.47)

Current smoker 7.33(1.23,43.7) 2.67 (0.59, 12.0)

BMI 0.16
<25 2.95 (0.87, 10.1) —_— 1.63 (0.40, 6.68)
2530 — 2.10 (1.26, 3.50) —— 1.54 (0.96, 2.46)
>30 o 0.48 (0.26, 0.89) — 1.58 (1.02, 2.44)

Education level 0.92
Less than high school — 2.33 (1.38,3.92) e 1.71 (1.20, 2.44)

High school —_— 2.76 (1.33,5.73) —— 1.63 (1.01, 2.65)
College or higher —— 1.67 (0.94,2.97) et— 1.27 (0.82, 1.99)

Diabetes 0.26
Yes —_— 3.09 (1.68, 5.67) —o— 1.47 (0.95, 2.26)
No —— 1.74 (116, 2.63) ——rt 1.52 (1.07, 2.16)
Hypertension 0.71
Yes 3.26 (076, 13.9) —_——— 1.52 (0.38, 6.00)
No —— 2.08 (1.36,3.17) —— 1.62 (1.20,2.18)
Dyslipidemia 0.98
Yes —— 1.62 (0.91,2.90) Hoe— 1.34 (0.79,2.27)
No —_— 2.45 (1.53,3.93) —— 1.67 (1.16, 2.41)
€GFR, mL/min/1.73 m’ 0.79
45-59 —e——t 1.81 (1.10, 2.96) —— 1.38 (0.92,2.07)
3044 —— 1.97 0.90, 4.28) H—— 1.56 (0.82,2.97)
<30 — 2.45 (0.90, 6.65) e — 1.88 (0.90, 3.93)
0.0 2.0 4.0 6.0 8.0 10.0 12,0 0.0 2.0 4.0 6.0 8.0 10.0 12.0

Fig. 4. Forest plot of subgroup analyses for all-cause mortality. Subgroup analysis employed full model
adjustment, which accounts for potential confounding variables (e.g., age, sex, race, alcohol intake, smoking
status, BMI, ratio of family income to poverty, education level, diabetes, hypertension, dyslipidemia) alongside
subgroup-specific categorical variables. HR, hazard ratio; BMI, body mass index.

Subgroup HR for CC<35.0 HR for 35.0<CC<38.5 P for interaction
Age, years 0.98
<65 —

>65 —— 1.76 (0.79, 3.92) —Hoe— 1.27 (0.68, 2.37)
Sex 0.93
Male —— 0.98 (0.31, 3.06) ——— 0.71 (0.22, 2.30)

Female 2.73 (0.95,7.87) —_——— 1.79 (0.68, 4.67)
Race 0.22
Mexican American —_—— 1.93 (0.82,4.52) —_—— 1.38 (0.70, 2.75)
Other Hispanic —_— 0.51 (0.10, 2.50) —— 0.43 (0.11, 1.65)
Ratio of family income to poverty 0.61
<13 5.50 (1.29,23.5) —_— 2.40 (0.80,7.22)

1335 . 2.13(0.76,5.93) —— 1.09 (0.47, 2.54)

>3.5 ——— 0.70 (0.20, 2.41) —— 0.80 (0.36,1.79)
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Fig. 5. Forest plot of subgroup analyses cardiovascular mortality. Subgroup analysis employed full model
adjustment, which accounts for potential confounding variables (e.g., age, sex, race, alcohol intake, smoking
status, BMI, ratio of family income to poverty, education level, diabetes, hypertension, dyslipidemia) alongside
subgroup-specific categorical variables. HR, hazard ratio; BMI, body mass index.

relationship between CC and the risk of all-cause and cardiovascular mortality exhibited a nonlinear pattern,
with individuals possessing a CC below 36.66 cm facing a notably heightened risk of death compared to those
with larger calf sizes. Besides, Subgroup and sensitivity analyses further corroborated the robustness of our
findings.

Muscle wasting is a common complication in CKD patients, especially among those undergoing dialysis,
where the frequency of muscle atrophy is higher!>?’. Anthropometric indices serve as crucial parameters
for understanding basic health status and the overall nutritional condition of the human body'. Research
indicates that CC has emerged as a significant indicator for assessing nutritional risk?!, muscle mass?2, BMD?,
and sarcopenia®*. Previous studies using the NHANES cohort have similarly demonstrated that lower CC is
associated with higher risks of all-cause and cardiovascular mortality, which aligns with our findings in CKD
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stages 3-5 patients®>?°. Tsai and Chang*conducted a prospective analysis of the relationship between CC
and mortality risk among 4,191 elderly individuals, finding that CC is a more effective predictor of long-term
mortality risk compared to BMIL Rodrigues et al.?® indicated that CC has been shown to predict adverse clinical
outcomes in elderly HD patients. Another study has found that non-invasive testing for sarcopenia, using a
simple screening test that includes age, grip strength, and CC, can predict future cardiovascular events in CKD
patients, which is in line with our study?. These studies suggested CC is a significant prediction indicator of
CKD prognosis. However, one research finding failed to observe a link between decreased CC and clinical events
in HD patients!”. The difference between our study and this study may be explained by the potential presence of
fluid retention and edema in HD patients throughout their illness progression.

Establishing cutoff values for CC measurements holds crucial importance not only in directing diagnosis
and treatment strategies but also in assessing the efficacy of therapeutic interventions with optimal precision.
A universal cutoff for low CC is lacking. Most studies define it as <34 cm for men and <33 cm for women®.
A meta-analysis showed that lower CC was associated with an increased risk of mortality across the cutoff
values®!. Additionally, a CC value below 31 cm predicts declines in physical function and reduced survival rates
among elderly individuals; this threshold has been adopted as the standard assessment cutoff by the European
Working Group on Sarcopenia in Older People 2 (EWGSOP2)3+33, The elevated cutoff of 36.66 cm identified in
our study—compared to thresholds established in general and elderly populations—reflects accelerated muscle
vulnerability due to CKD-specific pathophysiology. PEW, chronic inflammation, and metabolic acidosis amplify
sarcopenia progression in CKD, precipitating mortality risk at less severe muscle depletion than in healthy
individuals**3>. Consequently, adopting this cutoff (36.66 cm) would improve risk stratification by enabling
earlier nutritional support in CKD patients.

The mechanisms linking CC to CKD adverse outcomes are multifaceted. Given that CKD patients are
susceptible to PEW and metabolic disturbances, these conditions lead to muscle wasting and a reduction in CC,
which further increases the risk of mortality3. Additionally, research has demonstrated that, in contrast to the
abdominal fat pool, the limb fat pool exhibits greater passivity and can store fatty acids over extended periods,
preserving its protective qualities'*3¢. Moreover, an augmentation in muscle tissue content is correlated with an
enhancement in metabolic status, whereas a deficiency in muscle mass may compromise this protective effect,
intensifying the incidence of adverse outcomes in CKD patients ultimately*”3¢. The increase in cardiovascular
events associated with CC in CKD patients may be linked to decreased cytokine expression from skeletal muscle.
Studies indicate that elevated muscle mass offers protection against left ventricular remodeling and dysfunction,
as well as acute kidney injury, whereas the decline in muscle mass and function in CKD elevates the risk of
cardiovascular events®*.

We found that the relationship between CC and the risks of all-cause mortality and cardiovascular is
more significant in CKD patients who are younger than 65 years, females, and with a BMI below 25 kg/m®.
CC may exhibit a positive association with a decreased frailty index and enhanced functional performance
in older individuals®. Elderly patients with CKD, particularly those undergoing dialysis, are susceptible to
malnutrition'®. However, we found that patients younger than 65 years had a higher mortality risk, potentially
attributable to more severe PEW in this younger cohort, which may trigger mitochondrial dysfunction and
needs further investigation. Research conducted by Cao et al.** found that middle-aged and older women
exhibit greater susceptibility to sarcopenia than men, as estrogen deficiency may impair anabolic sensitivity
and accelerate muscle protein catabolism?!. BMI is another crucial health indicator. Multiple studies indicate
that older adults with lower BMI face higher risks of sarcopenia?**}, which in line with our study. This may
be attributable to nutritional resource depletion and chronic inflammation in low-BMI individuals, whereas
obesity confers protective metabolic reserves*!. The above findings suggest that CC should be regularly assessed
in specific populations to monitor nutritional status, and corresponding nutritional intervention measures, such
as diet adjustment, increased protein intake, and appropriate physical activity, should be taken to reduce the risks
of cardiovascular and mortality.

Our study has some advantages. Firstly, it leverages the extensive and nationally representative sample of the
NHANES database, ensuring robust statistical power and external validity for the research findings. Secondly,
our study unveils the correlation between CC and both all-cause mortality and cardiovascular among patients
with CKD. Secondly, we adhered to standardization principles, meticulously adjusted covariates to minimize
bias, applied stratified and sensitivity analyses to deeply explore variable relationships, and established segmented
effects and identified threshold values. However, there are also several limitations. Firstly, the data primarily
depend on self-reporting, potentially introducing information bias, and the study cohort is largely comprised
of young Americans, thereby restricting the global applicability of our findings. Secondly, our data collection
was confined to baseline CC data, neglecting any temporal variations. Thirdly, as an observational study, reverse
causality cannot be ruled out, where participants with lower baseline calf circumference may have had pre-
existing health deterioration that contributed to both muscle loss and increased mortality. Lastly, we are unable
to establish causality, which hampers our capacity to further evaluate associations. Despite these constraints,
our study still adds value to the existing knowledge base, and there is a pressing need for more extensive data
collection and research in the future to further validate and elucidate these relationships.

Conclusion

Our research revealed that a reduced CC is correlated with a poorer prognosis in CKD and CC may serve as
an effective predictive tool for assessing the prognosis in patients with CKD stages 3-5 in the United States.
Furthermore, the relationship between CC and the risk of all-cause and cardiovascular death exhibits nonlinear
characteristics. Future large sample sizes and well-designed prospective studies should further investigate
intervention measures targeting CC management, to improve the clinical prognosis of CKD patients.
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Data availability
The data relevant to my research is stored in the publicly accessible repository on the NHANES website (https:/
/wwwn.cdc.gov/nchs/nhanes/Default.aspx).
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