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Background: Limited evidence exists regarding the relationship between calf

circumference (CC) and global cognition in the Chinese population, with

minimal research exploring potential sex disparities. Our goal was to investigate

the correlation between CC and global cognition using data from the

Chinese Longitudinal Healthy Longevity Survey (CLHLS), focusing specifically

on sex variations.

Methods: The study participants were older adults who participated in the

2018 CLHLS survey. In this cross-sectional study, we employed multiple linear

regression to examine the association between CC and global cognition.

Smoothed curve fitting was used to explore the non-linear association

between CC and global cognition. Furthermore, subgroup analyses were

conducted to evaluate the reliability of the correlation between CC and global

cognitive performance.

Results: In total, 12,102 older adults were included in the study. A positive

correlation was found between global cognition and CC (β = 0.42, 95%

CI = 0.3-0.54, P < 0.001) after controlling for confounding factors. Further

analysis revealed a non-linear relationship between CC and global cognitive

performance. In the overall population, the inflection point for CC was 31 cm;

a positive relationship was observed between CC and global cognition for CC

values <31 cm (β = 0.177, 95% CI = 0.128-0.225, P < 0.001); however, this

relationship disappeared for CC values ≥ 31 cm (β: −0.009, 95% CI = −0.04

to 0.023, P = 0.591). Furthermore, we identified sex-specific variations in the

correlation between global cognitive performance and CC. Notably, among

women with CC values <32 cm, a significant positive correlation was observed

between CC and overall cognitive function. Conversely, for women with

CC ≥ 32 cm, no significant association was found between CC and cognitive

performance. Interestingly, no non-linear relationship was detected in males.

Conclusion: This study demonstrated a non-linear relationship between CC and

global cognition in older Chinese population. Furthermore, sex disparities are

observed in the relationship between CC and global cognition, with a non-linear

link evident in women but not in men. Older women with lower CC should

actively participate in physical activity to maintain an appropriate CC and prevent

cognitive decline.
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1 Introduction

In China, approximately 6% of individuals aged 60 and
above are affected by dementia, and it is estimated that
more than 15 million people have dementia (Jia et al., 2020).
Dementia imposes substantial economic costs on patients, their
families, caregivers and society as a whole, with a national
study showing that the annual cost for treating patients with
AD in China was $167.74 billion in 2015 and is projected
to reach $507.49 billion by 2030 (Aranda et al., 2021; Jia
et al., 2018). With the rapidly aging Chinese population, the
incidence and economic burden of dementia are expected to
increase. Therefore, identifying risk factors for cognitive decline
is crucial for slowing the onset and progression of cognitive
impairment.

A high prevalence of sarcopenia has been reported in patients
with dementia (Chou et al., 2022). Individuals with sarcopenia
may be at a higher risk of cognitive decline (Chen et al., 2022;
Chang et al., 2016; Beeri et al., 2021). Sarcopenia is closely
associated with an increased risk of dementia, and its underlying
mechanisms involve multiple processes, including myokines,
inflammation, oxidative stress, and insulin resistance. Sarcopenia
is often accompanied by a chronic low-grade inflammatory
state, and inflammation has been confirmed as a significant risk
factor for cognitive decline (Zhao et al., 2024). Individuals with
sarcopenia often experience heightened oxidative stress, which
can detrimentally impact mitochondrial function, resulting in
neuronal loss and consequent cognitive decline (Yu et al., 2024).
Furthermore, patients with sarcopenia frequently exhibit insulin
resistance, which can impair cognitive function through various
mechanisms, including damaging synaptic integrity, increasing
Aβ deposition, and promoting tau protein phosphorylation
(Kellar and Craft, 2020). Additionally, muscle tissues secrete
a variety of myokines that act on the central nervous system
to promote neuronal growth and synaptic plasticity, thereby
improving cognitive function (Pedersen, 2019; Scisciola et al.,
2021). It is noteworthy that physical exercise can enhance
cognitive function and decrease the risk of dementia by
intervening in the aforementioned pathophysiological processes.
Regular exercise has been documented to mitigate chronic
inflammation by suppressing the secretion of pro-inflammatory
cytokines, boost antioxidant defense mechanisms to mitigate
oxidative stress, enhance insulin sensitivity, elevate levels of
brain-derived neurotrophic factor (BDNF), irisin, and other
muscle factors, thereby enhancing cognitive function (Fernández-
Rodríguez et al., 2022; Mahalakshmi et al., 2020; Vints et al.,
2022).

The 2019 Asian Sarcopenia Working Group suggests using calf
circumference (CC) as a screening method for sarcopenia due to its
strong sensitivity and specificity in Asian populations (Chen et al.,
2020; Kim S. et al., 2018; Kawakami et al., 2015). CC has been used
as a surrogate for assessing skeletal muscle mass (Abdalla et al.,
2021; Kiss et al., 2024; Asai et al., 2019). In addition, measuring
CC is very simple and non-invasive and is readily available in the
community.

Several epidemiological studies have investigated the
association between CC and cognitive function, yielding
inconclusive results. Some studies have reported a positive

correlation between CC and cognitive performance (Won et al.,
2017; Kim et al., 2019); indicating that lower CC is linked to
a higher risk of cognitive impairment (Liu et al., 2022; Wu
et al., 2021; Tai et al., 2021). However, a recent study found
no significant correlation between CC and overall cognitive
performance (Sampaio et al., 2023). Sex disparities in the
relationship between CC and cognitive function have also been
documented. For instance, in a study involving Chinese older
adults, a stronger association between CC and cognitive decline
was observed in female participants (Wu et al., 2021). Conversely,
another study reported that reduced CC was only associated
with cognitive decline in males, with no such correlation found
in females (Kim M. et al., 2018). Sex-specific differences in CC
and cognitive function warrant further investigation. Given
the inconsistent findings and the limited sample sizes and
geographic representation in existing studies, there is a need for
comprehensive studies with larger sample sizes encompassing
diverse Chinese populations to elucidate the relationship
between CC and overall cognitive function. In conclusion,
numerous studies in China have examined the relationship
between CC and cognitive function in small samples and specific
regions, resulting in conflicting conclusions. Therefore, we
conducted a cross-sectional study. We hypothesized a non-linear
relationship between CC and global cognition, considering sex
differences.

2 Materials and methods

2.1 Study design and participants

Data was collected from the China Longitudinal Healthy
Longevity Survey (CLHLS). The CLHLS is a study focused
on the health and wellbeing of the older adults in China.
It aims to understand their health status and related social,
behavioral, and biological factors. The survey encompassed 23
provinces, municipalities, and autonomous regions throughout
China, targeting Chinese seniors aged 65 and older and
their adult children aged 35-64. The CLHLS, a continuous
prospective cohort study, began in 1998 and collects data
on the Chinese population through face-to-face interviews by
trained staffs, covering approximately 85% of the Chinese
population. Approval for the CLHLS study was granted by
the Research Ethics Boards at Duke University and Peking
University (IRB00001052-13074). The study was carried out by the
Declaration of Helsinki.

We collected CC and cognitive function information from
the 2018 waves of the CLHLS. The 2018 survey included 15,874
Chinese older adults, removing 3,568 participants who did not
have complete data on MMSE scores (12,306 remaining). Data
on 151 cases of missing CC were deleted (12,155 remaining), 11
subjects younger than 60 years old were excluded (12,144 subjects
remaining), 21 subjects with CC less than 10 cm were deleted
(12,123 remaining), and 21 subjects with CC greater than or equal
to 70 cm were deleted, resulting in 12,102 participants being
enrolled in this study. The research subject screening process is
depicted in Figure 1.
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FIGURE 1

Flowchart of the selection of study population.

2.2 Outcome variable

The CLHLS assesses global cognition using the Brief Mini-
Mental State Examination (MMSE), a test with 24 questions.
The MMSE includes five aspects of cognitive function (0-30
points): orientation, registration, attention or computation, recall,
and language. Its validity and reliability have been proven (Zeng
et al., 2002; Zhang et al., 2010). Each question had three possible
answers: correct = 1, incorrect = 0, or unanswerable. We coded
“unanswerable” responses as incorrect answers based on the
previous literature (Li et al., 2017; Yang et al., 2020).

2.3 Independent variables

The questionnaire in the 2018 wave of the CLHLS included CC
measured in centimeters. Trained investigators measured the CC.
Participants sat with their feet placed naturally on the ground. Non-
elastic tape was used to measure the CC at the widest part of the
calf to avoid compression of the subcutaneous tissue. The detailed
CC measurements have been reported in previous studies (Li et al.,
2023; Liu et al., 2022).

2.4 Covariates

The baseline survey collected socio-demographic data using
a structured questionnaire, which included age, weight, height,
sex (male/female), education (≤ 9 years/ > 9 years), residence
(rural/city), live alone (yes/no), marital status (married and
living with spouse/others), smoke (yes/no), drink (yes/no), regular

exercise (yes/no), nutritional supplements (yes/no), and common
diseases such as hypertension, diabetes, dyslipidemia, stroke.
Educational attainment was determined based on self-reported
years of schooling. Living alone is measured by the following
question: “How many people are living with you?” A response
of 0 is defined as living alone. Social events is measured by the
question: “Do you take part in some social activities at present?”
The responses are coded as follows: (1) almost every day, (2) not
daily, but once a week, (3) not weekly, but at least once a month,
(4) not monthly, but sometimes, and (5) never. Among these
responses, (1) and (2) are defined as “often,” while (3) and (4) are
defined as “sometimes.” Marital status is coded as: (1) currently
married and living with spouse, (2) separated, (3) divorced, (4)
widowed, and (5) never married. In this coding, (1) is defined as
“married and living with spouse,” while (3), (4), and (5) are defined
as “Other.” The use of nutritional supplements is measured by the
question: “Do you usually take nutrient supplements?” Chronic
diseases are based on self-reported responses to the question: “Do
you suffer from this disease?”

2.5 Statistical analysis

R statistical software (version 4.2.2) and Free Statistics analysis
platform (Version 1.8, Beijing, China) were utilized for conducting
statistical analyses. Demographic characteristics of all participants
were categorized based on CC quartiles, with continuous variables
presented as mean ± standard deviation or interquartile range.
Categorical variables are expressed as percentages. Differences
between CC groups were analyzed using one-way ANOVA and chi-
square tests. We utilized linear regression models to investigate
the effect of CC on global cognition. Model 1 did not include
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TABLE 1 Baseline characteristics of participants.

Calf circumference (cm) Total Q1 (10-27) Q2 (28-30) Q3 (31-34) Q4 (35-68) p

Age, mean ± SD 83.5 ± 11.2 90.3 ± 10.6 85.7 ± 10.7 81.2 ± 10.2 78.6 ± 9.7 <0.001***

BMI, Mean ± SD 22.6 ± 4.4 20.1 ± 4.1 21.4 ± 4.0 23.0 ± 3.6 25.1 ± 4.1 <0.001***

Sex, n (%) <0.001***

Male 5,521 (45.6) 660 (25.5) 1,083 (38.4) 1,755 (51.7) 2,023 (61.4)

Female 6,581 (54.4) 1,933 (74.5) 1,735 (61.6) 1,640 (48.3) 1,273 (38.6)

Residence, n (%) <0.001***

City 6,766 (55.9) 1,319 (50.9) 1,495 (53.1) 1,864 (54.9) 2,088 (63.3)

Rural 5,336 (44.1) 1,274 (49.1) 1,323 (46.9) 1,531 (45.1) 1,208 (36.7)

Marital status, n (%) <0.001***

Married and living with spouse 5,331 (44.1) 587 (22.6) 1,021 (36.2) 1,792 (52.8) 1,931 (58.6)

Other 6,771 (55.9) 2,006 (77.4) 1,797 (63.8) 1,603 (47.2) 1,365 (41.4)

Live alone, n (%) 0.568

Yes 423 (3.5) 100 (3.9) 100 (3.5) 108 (3.2) 115 (3.5)

No 11,679 (96.5) 2,493 (96.1) 2,718 (96.5) 3,287 (96.8) 3,181 (96.5)

Smoke, n (%) <0.001***

Yes 1,946 (16.1) 293 (11.3) 435 (15.4) 615 (18.1) 603 (18.3)

No 10,047 (83.0) 2,279 (87.9) 2,356 (83.6) 2,756 (81.2) 2,656 (80.6)

NA 109 (0.9) 21 (0.8) 27 (1) 24 (0.7) 37 (1.1)

Drink, n (%) <0.001***

Yes 1,841 (15.2) 271 (10.5) 353 (12.5) 572 (16.8) 645 (19.6)

No 10,086 (83.3) 2,280 (87.9) 2,417 (85.8) 2,785 (82) 2,604 (79)

NA 175 (1.4) 42 (1.6) 48 (1.7) 38 (1.1) 47 (1.4)

Education, n (%) <0.001***

≤ 9 years 10,896 (90.0) 2,457 (94.8) 2,649 (94) 3,056 (90) 2,734 (82.9)

>9 years 1,206 (10.0) 136 (5.2) 169 (6) 339 (10) 562 (17.1)

Hypertension, n (%) <0.001***

Yes 5,401 (44.6) 910 (35.1) 1,132 (40.2) 1,557 (45.9) 1,802 (54.7)

No 6,701 (55.4) 1,683 (64.9) 1,686 (59.8) 1,838 (54.1) 1,494 (45.3)

Dyslipidemia, n (%) <0.001***

Yes 774 (6.4) 74 (2.9) 117 (4.2) 217 (6.4) 366 (11.1)

No 11,328 (93.6) 2,519 (97.1) 2,701 (95.8) 3,178 (93.6) 2,930 (88.9)

Diabetes, n (%) <0.001***

Yes 1,354 (11.2) 190 (7.3) 247 (8.8) 377 (11.1) 540 (16.4)

No 10,748 (88.8) 2,403 (92.7) 2,571 (91.2) 3,018 (88.9) 2,756 (83.6)

Cancer, n (%) 0.1

Yes 212 (1.8) 40 (1.5) 41 (1.5) 58 (1.7) 73 (2.2)

No 11,890 (98.2) 2,553 (98.5) 2,777 (98.5) 3,337 (98.3) 3,223 (97.8)

Stroke, n (%) <0.001***

Yes 1,388 (11.5) 210 (8.1) 303 (10.8) 393 (11.6) 482 (14.6)

No 10,714 (88.5) 2,383 (91.9) 2,515 (89.2) 3,002 (88.4) 2,814 (85.4)

Heart disease, n (%) <0.001***

Yes 2,298 (19.0) 397 (15.3) 448 (15.9) 664 (19.6) 789 (23.9)

No 9,804 (81.0) 2,196 (84.7) 2,370 (84.1) 2,731 (80.4) 2,507 (76.1)

(Continued)
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TABLE 1 (Continued)

Calf circumference (cm) Total Q1 (10-27) Q2 (28-30) Q3 (31-34) Q4 (35-68) p

Nutrient supplements, n (%) <0.001***

Yes 1,407 (11.6) 244 (9.4) 316 (11.2) 415 (12.2) 432 (13.1)

No 10,695 (88.4) 2,349 (90.6) 2,502 (88.8) 2,980 (87.8) 2,864 (86.9)

Social events, n (%) <0.001***

Often 727 (6.0) 71 (2.7) 110 (3.9) 196 (5.8) 350 (10.6)

Sometimes 1,103 (9.1) 119 (4.6) 181 (6.4) 311 (9.2) 492 (14.9)

Never 10,272 (84.9) 2,403 (92.7) 2,527 (89.7) 2,888 (85.1) 2,454 (74.5)

Regular exercise, n (%) <0.001***

Yes 4,079 (33.7) 551 (21.2) 828 (29.4) 1,210 (35.6) 1,490 (45.2)

No 8,023 (66.3) 2,042 (78.8) 1,990 (70.6) 2,185 (64.4) 1,806 (54.8)

MMSE, Mean ± SD 24.9 ± 6.9 21.3 ± 8.8 24.3 ± 6.9 26.2 ± 5.6 27.1 ± 4.9 <0.001***

BMI, Body Mass Index; MMSE, mini-mental state examination. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

TABLE 2 Association between Calf circumference and global cognition.

Variable Model 1 Model 2 Model 3

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

CC (cm) Per SD 1.89 (1.77∼2.01) < 0.001*** 0.49 (0.37∼0.61) < 0.001*** 0.42 (0.3∼0.54) < 0.001***

CC quartile

Q1 (10-27) (Ref) (Ref) (Ref)

Q2 (28-30) 2.99 (2.64∼3.34) < 0.001*** 1.44 (1.13∼1.76) < 0.001*** 1.39 (1.08∼1.7) < 0.001***

Q3 (31-34) 4.85 (4.51∼5.18) < 0.001*** 1.72 (1.4∼2.04) < 0.001*** 1.61 (1.29∼1.93) < 0.001***

Q4 (35-68) 5.74 (5.41∼6.08) < 0.001*** 1.58 (1.23∼1.93) < 0.001*** 1.34 (0.99∼1.69) < 0.001***

P for trend 1.88 (1.77∼1.99) < 0.001*** 0.48 (0.37∼0.6) < 0.001*** 0.41 (0.29∼0.52) < 0.001***

CC, Calf circumference; CI, Confidence interval; Ref, Reference. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Model 1: no covariates were adjusted. Model 2: adjust for sex, age, residence,
education, marital status, BMI. Model 3: adjust for Model 2 + live alone, smoke, drink, dyslipidemia, hypertension, diabetes, heart disease, stroke, cancer, nutrient supplements, regular
exercise, social events.

any covariate adjustments. Model 2 adjusts for sex, residence,
education, age, marital status and body mass index (BMI). Model
3 accounts for the variables in Model 2 as well as additional
factors such as living alone, smoking, drinking, dyslipidemia,
hypertension, regular exercise, diabetes, nutritional supplements,
heart disease, stroke, cancer, and social events. We used smoothed
curve fitting to explore the non-linear association between CC
and global cognition. The inflection point was calculated by two
step recursive method. We converted CC into categorical variables
by quartiles to calculate P for trend. We also conducted further
stratified analyses to explore the robustness of the results across
subgroups. P < 0.05 was deemed statistically significant.

3 Results

3.1 Clinical characteristics

The study involved 12,102 individuals with an average age
of 83.5 ± 11.2 years. Participants were categorized based on the
interquartile range of CC, detailed in Table 1 (Q1: 10-27 cm; Q2:
28-30 cm; Q3: 31-34 cm; Q4: 35-68 cm). Individuals in the lowest
quartile of CC were more likely to be female (74.5 vs. 38.6%), older

(90.3 ± 10.6 vs. 78.6 ± 9.7), have a lower BMI (20.1 ± 4.1 vs.
25.1 ± 4.1), live in rural areas (49.1 vs. 36.7%), be in a state of
separation/divorce/widowhood/unmarried (77.4 vs. 41.4%), have
less education (94.8 vs. 82.9%), and exhibit poorer cognitive
functioning compared to those in the higher CC quartile. They were
less likely to be active physically and socially, or take nutritional
supplements. Additionally, they had relatively low incidences of
hypertension, diabetes, dyslipidemia, heart disease, stroke, tobacco
use, and alcohol consumption.

3.2 Association between calf
circumference and cognitive function

Results of the multiple linear regressions between CC and
global cognitive performance are presented in Table 2. CC was
positively associated with global cognition in the unadjusted
model (β = 1.89, 95% CI: 1.77-2.01, P < 0.001). After adjusting
for all covariates, the positive association persisted in model 3
(β = 0.42, 95% CI: 0.3-0.54, P < 0.001). To investigate a non-
linear relationship between CC and global cognition, we converted
CC into a categorical variable by quartiles and estimated the
trends using sensitivity analyses. The effect size of CC tended
to increase before decreasing (Figure 2). In addition, compared
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FIGURE 2

Effect size trend of calf circumference. (A) Effect size trend of calf circumference in model 1. (B) Effect size trend of calf circumference in model 2.
(C) Effect size trend of calf circumference in model 3.

with participants in Q1 of CC, the adjusted β in Q2, Q3, and Q4
were 1.39 (95% CI: 1.08-1.7; P < 0.001), 1.61 (95% CI: 1.29-1.93;
P < 0.001) and 1.34 (95% CI: 0.99-1.69; P < 0.001). The smoothed
curves showed a non-linear relationship between CC and global
cognition (Figure 3).

3.3 Threshold effect analysis

We found a threshold of 31 cm for the CC (Table 3).
A positive correlation was found between global cognition and CC
measurements <31 cm (β = 0.177, 95% CI = 0.128-0.225, P< 0.001);
however, when CC was ≥ 31 cm, no significant relationship
between CC and global cognition was found (β: −0.009, 95%
CI = −0.04 to 0.023, P = 0.591).

3.4 Subgroup analysis

We investigated the stability of the association between CC
and global cognitive performance in different subgroups based on
sex, age, diabetes, hypertension, heart disease, stroke, residence,
and regular exercise (Table 4). Significant interactions were found
between sex (interaction P < 0.001), age (interaction P < 0.001),
regular exercise (interaction P < 0.001), diabetes (interaction
P = 0.043), hypertension (interaction P = 0.012), and CC. The
correlation between CC and global cognition was stronger in
females, individuals aged ≥ 85 years, and the older population who
did not exercise regularly, and weaker in those with diabetes and
hypertension. Other variables including stroke, heart disease, and
place of residence did not significantly alter the association between
CC and global cognition.

3.5 Sex differences

Baseline information stratified by sex is shown in
Supplementary Table 1. Table 5 shows the influence of CC on
global cognition after adjusting for confounding factors according
to sex stratification. Table 6 shows that in males, after adjusting
for all covariates, CC was not associated with global cognition in
model 3 (β = 0.02, 95% CI: −0.01 to 0.05, P = 0.14). Conversely,
in females, CC demonstrated a positive correlation with overall
cognitive function in Model 3 (β = 0.11, 95% CI: 0.08-0.14,
P < 0.001). Furthermore, a sex-based stratified curve-fitting
analysis was conducted (Figure 4). The stratified curve fitting
analysis revealed a non-linear relationship between CC and overall
cognitive performance in Chinese older women, while no such
relationship was observed in Chinese older men. By employing a
two-part regression model, we determined the CC threshold for
women to be 32 cm (Table 5). For CC measurements < 32 cm, a
significant positive correlation with global cognition was observed
in females (β = 0.24, 95% CI = 0.177-0.303, P < 0.001); however,
when CC was ≥ 32 cm, no significant association between CC
and global cognition was detected (β:−0.019, 95% CI = −0.066 to
0.029, P = 0.439).

4 Discussion

Our study has the largest sample size to investigate the
link between CC and overall cognitive abilities in older Chinese
population. In the entire population, the CC showed a non-linear
relationship with global cognition. CC was positively associated
with global cognition when the CC was < 31 cm. Conversely, this
relationship disappeared when the CC was > 31 cm. Furthermore,
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FIGURE 3

Association between calf circumference and MMSE score. Adjusted for sex, age, residence, education, marital status, BMI, live alone, smoke, drink,
dyslipidemia, hypertension, diabetes, heart disease, stroke, cancer, nutrient supplements, regular exercise, social events.

TABLE 3 Two-part regression model.

Calf
circumference

β (95% CI) P-value

One-line linear
regression model

0.42 (0.3∼0.54) <0.001***

Two-piecewise linear regression model

Calf circumference<31 0.177 (0.128-0.225) <0.001***

Calf circumference ≥ 31 −0.009 (−0.04 to
0.023)

0.591

Likelihood Ratio test <0.001***

Adjusted for sex, age, residence, education, marital status, BMI, live alone, smoke, drink,
dyslipidemia, hypertension, diabetes, heart disease, stroke, cancer, nutrient supplements,
regular exercise, social events. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

older women exhibited a non-linear relationship between global
cognitive function and CC, whereas older men did not show the
same correlation.

CC is positively correlated with calf muscle thickness and is
a good indicator of muscle mass (Kinoshita et al., 2022; Real
et al., 2018; Asai et al., 2019). Our results suggest that CC is
positively associated with global cognition when CC is less than
31 cm, whereas it is not related to overall cognitive function
when CC is greater than 31 cm. Several studies have reported

the relationship between CC and cognitive function. A study
of 2,322 older adults in Malaysia found that CC was associated
with improved cognitive function (Won et al., 2017). A Japanese
study of 1,192 older adults found that individuals with lower CC
exhibited poorer cognitive performance, while those with larger
CC demonstrated a reduced risk of cognitive decline (Kim et al.,
2019). Currently, most studies have found that older adults with
lower CC have poorer cognitive function, while higher CC is a
protective factor for cognitive impairment (Tai et al., 2021; Ma
et al., 2021; Liu et al., 2022; Wu et al., 2021). Most studies agree
that CC is positively associated with cognitive function, which is
consistent with the findings of our study (when CC is less than
31 cm). In contrast, a study conducted in Brazil involving 263
older adults with an average age of 78 years reported no significant
association between CC and cognitive impairment, diverging from
our research findings (Sampaio et al., 2023). The variation in the
results could stem from the diversity in age and sample size of the
study participants. In addition, these studies did not incorporate
factors such as nutritional supplements, living alone, or social
activities as covariates. In contrast, our study incorporated more
covariates and had a larger sample size with a geographically broad
study population that was more representative of the Chinese
population.

Several factors, including myokines, systemic inflammation, the
muscle-gut-brain axis, insulin resistance, and oxidative stress, are
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TABLE 4 Subgroup analysis of association between calf circumference and global cognition.

Subgroup Crude.β 95CI% Crude. P Adj.β 95CI% Adj. P P for interaction

Sex

Male 0.15 (0.12∼0.18) <0.001 0.02 (−0.01∼0.05) 0.14 <0.001

Female 0.4 (0.37∼0.43) <0.001 0.11 (0.08∼0.14) <0.001

Age

<85 0.07 (0.06∼0.09) <0.001 0.03 (0.02∼0.05) <0.001 <0.001

≥ 85 0.33 (0.29∼0.36) <0.001 0.18 (0.14∼0.22) <0.001

Residence

city 0.31 (0.29∼0.34) <0.001 0.07 (0.05∼0.1) <0.001 0.167

rural 0.35 (0.32∼0.39) <0.001 0.07 (0.04∼0.11) <0.001

Regular exercise

Yes 0.16 (0.14∼0.19) <0.001 0.04 (0.01∼0.06) 0.003 <0.001

No 0.36 (0.33∼0.39) <0.001 0.09 (0.06∼0.11) <0.001

Hypertension

Yes 0.26 (0.23∼0.29) <0.001 0.06 (0.04∼0.09) <0.001 0.012

No 0.37 (0.34∼0.4) <0.001 0.08 (0.05∼0.11) <0.001

Diabetes

Yes 0.18 (0.13∼0.23) <0.001 0.05 (0∼0.1) 0.033 0.043

No 0.35 (0.32∼0.37) <0.001 0.08 (0.05∼0.1) <0.001

Heart disease

Yes 0.25 (0.21∼0.3) <0.001 0.06 (0.02∼0.11) 0.007 0.291

No 0.35 (0.32∼0.37) <0.001 0.08 (0.05∼0.1) <0.001

Stroke

Yes 0.26 (0.2∼0.32) <0.001 0.04 (−0.02∼0.1) 0.206 0.836

No 0.34 (0.32∼0.36) <0.001 0.08 (0.06∼0.1) <0.001

crude, no covariates were adjusted. Adj: adjust for sex, age, residence, education, marital status, BMI, live alone, smoke, drink, dyslipidemia, hypertension, diabetes, heart disease, stroke, cancer,
nutrient supplements, regular exercise, social events.

TABLE 5 Association between calf circumference and cognitive function
stratified by sex.

Male Female

β (95% CI) P-value β (95% CI) P-value

Model 1 0.15 (0.12∼0.18) < 0.001*** 0.4 (0.37∼0.43) < 0.001***

Model 2 0.03 (0∼0.06)0.042 0.12 (0.09∼0.15) < 0.001***

Model 3 0.02 (−0.01∼0.05)0.14 0.11 (0.08∼0.14) < 0.001***

Model 1, no covariates were adjusted. Model 2, adjust for age, residence, education,
marital status, BMI. Model 3, adjust for Model 2 + live alone, smoke, drink, dyslipidemia,
hypertension, diabetes, heart disease, stroke, cancer, nutrient supplements, regular
exercise, social events. *p < 0.05, **p < 0.01, ***p < 0.001.

implicated in the association between cognitive function and CC
(Oudbier et al., 2022; Schlegel et al., 2019). The first mechanism
of association between CC and cognitive impairment may be
inflammation. Higher systemic markers of inflammation (e.g.,
CRP, IL-6, TNFα) are associated with lower muscle mass (Tuttle
et al., 2020; Can et al., 2017). Persistent inflammation increases
the likelihood of developing sarcopenia and dementia (Pan et al.,
2021; Xie et al., 2021). In addition, skeletal muscle atrophy may

TABLE 6 Two-part regression model in female.

Calf
circumference

β (95% CI) P-value

One-line linear
regression model

0.61 (0.43∼0.79) <0.001***

Two-piecewise linear regression model

Calf circumference<32 0.24 (0.177-0.303) <0.001***

Calf circumference ≥ 32 −0.019 (−0.066 to
0.029)

0.439

Likelihood Ratio test <0.001***

Adjusted for age, residence, education, marital status, BMI, live alone, smoke, drink,
dyslipidemia, hypertension, diabetes, heart disease, stroke, cancer, nutrient supplements,
regular exercise, social events. *p < 0.05, **p < 0.01, ***p < 0.001.

mediate neuroinflammation to affect cognitive function adversely.
For instance, muscle atrophy has been shown to impair memory
function in young mice, potentially through neuroinflammation
induced by muscle-derived hemoglobin (Nagase and Tohda,
2021). Skeletal muscle is capable of secreting various myokines,
such as BDNF and irisin, which play crucial roles in the
communication between muscle and brain. Recent evidence
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FIGURE 4

Sex differences in the association between calf circumference and
global cognition.

suggests that myokines produced and released by skeletal muscle
can modulate brain function, reducing oxidative stress and
neuroinflammation (Scisciola et al., 2021; Rai and Demontis,
2022). Irisin, a myokine released from skeletal muscle, has been
shown to enhance BDNF expression, promote synaptic plasticity,
increase neuronal survival, and confer anti-inflammatory and
antioxidant effects, ultimately enhancing cognition (Peng and Wu,
2022). However, muscle wasting causes postoperative cognitive
impairment in rats by reducing BDNF (Nemoto et al., 2022).
Moreover, oxidative stress may underlie the association between
CC and cognitive function, as evidenced by elevated oxidative stress
levels in patients with sarcopenia, which can detrimentally impact
neuronal and synaptic function, thereby contributing to cognitive
decline (Bellanti et al., 2018). Recent research has highlighted
the role of the muscle-gut-brain axis in modulating cognition,
potentially linking CC to cognitive function. Muscle factors like
irisin and BDNF influence gut microbial composition, promote the
growth of beneficial bacteria, support intestinal barrier function,
enhance neuroplasticity, mitigate neuroinflammation, and enhance
cognitive performance (Cutuli et al., 2023). Additionally, insulin
resistance may play a role in the relationship between CC and
cognitive function, as it is associated with reduced skeletal muscle
mass and represents a risk factor for cognitive decline (Merz
and Thurmond, 2020; Ekblad et al., 2017). Peripheral insulin
resistance has been implicated in stimulating tau phosphorylation,
increasing amyloid-beta toxicity, exacerbating oxidative stress,
and compromising synaptic integrity, ultimately contributing to
cognitive decline (Kellar and Craft, 2020). It is worth noting that
exercise can interfere with pathological factors related to muscle
and cognitive function. Physical activity has been shown to decrease
inflammatory markers and mitigate age-related oxidative stress (El
Assar et al., 2022; Ihalainen et al., 2018). Moreover, regular exercise
enhances muscle strength and insulin sensitivity (Grevendonk
et al., 2021). Notably, exercise-induced muscle factors facilitate
communication between the brain and muscles. For instance, the

release of Cathepsin B during exercise can traverse the blood-
brain barrier, stimulating BDNF expression in the hippocampus
and thereby enhancing spatial memory (Moon et al., 2016).
Additionally, exercise influences the gut microbiota and cognitive
function through the secretion of muscle factors. Exercise has
been proposed to synergistically enhance cognitive function by
promoting hippocampal neurogenesis through the upregulation
of irisin and BDNF, modulation of inflammation, and promotion
of beneficial bacteria and short-chain fatty acids (Schlegel et al.,
2019; Cutuli et al., 2023; Morella et al., 2023). Therefore, based on
the available evidence, it is advisable for older adults to engage in
consistent physical activity and uphold adequate calf circumference
to mitigate the likelihood of cognitive decline.

Sex differences in the association between CC and global
cognition remain understudied. Our investigation revealed notable
sex distinctions in this relationship, particularly in older women.
Unlike older men, a non-linear correlation between CC and global
cognition was observed in older women. Consistent with our
findings, a study by Bing Wu et al. found that the relationship
between CC and cognitive impairment was more robust in women
(Wu et al., 2021). However, several studies have reported opposite
results. A study of older Korean women suggests that CC is
not associated with cognitive function (Kim M. et al., 2018).
Another large epidemiological study also pointed out that there
was no correlation between decreased muscle mass and cognitive
decline in older women aged (Abellan van Kan et al., 2013). Our
findings do not align with these conclusions. These disparities
underscore the need for further well-designed prospective cohort
studies across multiple sites to elucidate this issue. The underlying
mechanism for these disparities remains unclear. However, the
observed variances may stem from fluctuations in sex hormones.
Notably, estrogen confers neuroprotective benefits to female nerves
by augmenting antioxidant capabilities and synaptic plasticity
(Bustamante-Barrientos et al., 2021). Nonetheless, the substantial
decrease in estrogen levels post-menopause among women could
heighten the susceptibility to cognitive decline (Karamitrou et al.,
2023). Moreover, a deficiency in estradiol leads to escalated
inflammation (Geraci et al., 2021), which is a contributing factor
to cognitive function deterioration. Additionally, there was a
general lack of regular exercise in women compared to men
in our study (Supplementary Table 2). Movement and exercise
are widely acknowledged as protective elements for cognitive
function, whereas lack of exercise poses a risk to cognitive
health (Northey et al., 2018; Karssemeijer et al., 2017). The lower
engagement in physical activity among women could elucidate the
sex-based contrast in CC and cognitive function. Furthermore,
persistent low-grade inflammation could underlie the sex-specific
differences in the association between CC and cognitive function.
Women typically manifest more robust immune responses and
a heightened susceptibility to autoimmune diseases compared
to men (Wilkinson et al., 2022), potentially contributing to a
higher incidence of chronic low-grade inflammation in women.
Prior research has indicated that increased levels of inflammatory
markers influence the correlation between cognitive function and
muscle mass in women but not in men (Canon and Crimmins,
2011). Muscle growth inhibitors, proteins produced and released
by skeletal muscle, have been identified as promoters of cognitive
decline in AD mice (Lin et al., 2019). Previous clinical research
revealed a notable increase in myostatin levels in older women
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compared to older men, suggesting a potential role in sex-related
variations in cognitive function and CC (Bergen et al., 2015). Future
prospective studies are warranted to confirm this sex disparity, and
additional mechanistic investigations are essential to substantiate
these findings.

A strength of our study is our study boasts the most extensive
sample size among surveys in China focusing on CC and
global cognition. Furthermore, in contrast to prior research, our
study accounted for a broader range of covariates that had not
been fully addressed in previous investigations. These covariates
include dyslipidemia, living arrangements, history of cancer, use
of nutritional supplements, engagement in social activities, and
history of stroke, thereby substantially enhancing the reliability of
our findings. Additionally, we conducted curve fitting analyses to
assess non-linear associations and performed sensitivity analyses
treating CC both as a continuous and categorical variable to bolster
the robustness of our results. On the other hand, this work has
limitations. First, due to the nature of this cross-sectional study,
we were unable to establish a causal link between CC and overall
cognitive function. Second, a short epidemiological screening tool
(MMSE) was utilized to identify cognitive impairment instead of a
comprehensive clinical evaluation. Third, certain variables in our
research, like hypertension and diabetes, relied on self-reported
information, potentially leading to memory bias. Fourth, other
unknown confounders could have affected the results; therefore,
more extensive, rigorously designed studies are still needed.

5 Conclusion

To the best of our knowledge, this is the first study to discover
a non-linear correlation between CC and global cognition. CC
showed a strong positive correlation with global cognition below
31 cm, which disappeared above 31 cm. In addition, there were
sex-related differences in the non-linear association between CC
and global functioning. It is advisable to conduct widespread
cognitive screening during routine check-ups for older adults to
identify potential cognitive decline and recommend preventative
measures early. Additionally, older women with low CC are
advised to moderately increase their CC to maintain muscle
mass and strength, potentially slowing cognitive impairment
through these pathways.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found at: https://opendata.pku.edu.cn/
dataverse/CHADS?from=timeline&#x00026;isappinstalled=0.

Ethics statement

The studies involving humans were approved by Research
Ethics Boards at Duke University and Peking University

(IRB00001052-13074). The studies were conducted in accordance
with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

YN: Writing – original draft, Formal Analysis,
Conceptualization, Methodology, Validation. CG: Data curation,
Writing – review & editing. RW: Data curation, Writing – review
& editing. FG: Visualization, Writing – review & editing. LZ:
Visualization, Writing – review & editing. YZ: Funding acquisition,
Writing – review & editing, Supervision, Resources.

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. This study
was supported by the Natural Science Foundation of Gansu
Province, China (Project No. 22JR5RA679), STI2030-Major
Projects (2021ZD0201801), the Natural Science Foundation of
Gansu Province, China (Project No. 23JRRA1290).

Acknowledgments

Gratitude was extended to the Center for Healthy Aging and
Development Studies at Peking University and the researchers
involved in this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.2025.
1473135/full#supplementary-material

Frontiers in Aging Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1473135
https://opendata.pku.edu.cn/dataverse/CHADS?from=timeline&#x00026;isappinstalled=0
https://opendata.pku.edu.cn/dataverse/CHADS?from=timeline&#x00026;isappinstalled=0
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1473135/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1473135/full#supplementary-material
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1473135 May 30, 2025 Time: 15:20 # 11

Nie et al. 10.3389/fnagi.2025.1473135

References

Abdalla, P. P., Venturini, A. C. R., Santos, A. P. D., Tasinafo, M. F. Jr., Marini,
J. A. G., Alves, T. C., et al. (2021). Normalizing calf circumference to identify low
skeletal muscle mass in older women: A cross-sectional study.Nutr. Hosp. 38, 729–735.
doi: 10.20960/nh.03572

Abellan van Kan, G., Cesari, M., Gillette-Guyonnet, S., Dupuy, C., Nourhashémi, F.,
Schott, A. M., et al. (2013). Sarcopenia and cognitive impairment in elderly women:
Results from the EPIDOS cohort. Age Ageing 42, 196–202. doi: 10.1093/ageing/afs173

Aranda, M. P., Kremer, I. N., Hinton, L., Zissimopoulos, J., Whitmer, R. A.,
Hummel, C. H., et al. (2021). Impact of dementia: Health disparities, population
trends, care interventions, and economic costs. J. Am. Geriatr. Soc. 69, 1774–1783.
doi: 10.1111/jgs.17345

Asai, C., Akao, K., Adachi, T., Iwatsu, K., Fukuyama, A., Ikeda, M., et al. (2019).
Maximal calf circumference reflects calf muscle mass measured using magnetic
resonance imaging. Arch. Gerontol. Geriatr. 83, 175–178. doi: 10.1016/j.archger.2019.
04.012

Beeri, M. S., Leugrans, S. E., Delbono, O., Bennett, D. A., and Buchman, A. S.
(2021). Sarcopenia is associated with incident Alzheimer’s dementia, mild cognitive
impairment, and cognitive decline. J. Am. Geriatr. Soc. 69, 1826–1835. doi: 10.1111/
jgs.17206

Bellanti, F., Romano, A. D., Lo Buglio, A., Castriotta, V., Guglielmi, G., Greco,
A., et al. (2018). Oxidative stress is increased in sarcopenia and associated with
cardiovascular disease risk in sarcopenic obesity. Maturitas 109, 6–12. doi: 10.1016/
j.maturitas.2017.12.002

Bergen, H. R., Farr, J. N., Vanderboom, P. M., Atkinson, E. J., White, T. A., Singh,
R. J., et al. (2015). Myostatin as a mediator of sarcopenia versus homeostatic regulator
of muscle mass: Insights using a new mass spectrometry-based assay. Skelet Muscle
5:21. doi: 10.1186/s13395-015-0047-5

Bustamante-Barrientos, F. A., Méndez-Ruette, M., Ortloff, A., Luz-Crawford, P.,
Rivera, F. J., Figueroa, C. D., et al. (2021). The impact of estrogen and estrogen-like
molecules in neurogenesis and neurodegeneration: Beneficial or harmful? Front. Cell
Neurosci. 15:636176. doi: 10.3389/fncel.2021.636176

Can, B., Kara, O., Kizilarslanoglu, M. C., Arik, G., Aycicek, G. S., Sumer, F., et al.
(2017). Serum markers of inflammation and oxidative stress in sarcopenia. Aging Clin.
Exp. Res. 29, 745–752. doi: 10.1007/s40520-016-0626-2

Canon, M. E., and Crimmins, E. M. (2011). Sex differences in the association
between muscle quality, inflammatory markers, and cognitive decline. J. Nutr. Health
Aging 15, 695–698. doi: 10.1007/s12603-011-0340-x

Chang, K. V., Hsu, T. H., Wu, W. T., Huang, K. C., and Han, D. S. (2016).
Association between sarcopenia and cognitive impairment: A systematic review and
meta-analysis. J. Am. Med. Dir. Assoc. 17, .1164.e7–1164.e15. doi: 10.1016/j.jamda.
2016.09.013

Chen, L. K., Woo, J., Assantachai, P., Auyeung, T. W., Chou, M. Y., Iijima, K., et al.
(2020). Asian working group for sarcopenia: 2019 consensus update on sarcopenia
diagnosis and treatment. J. Am. Med. Dir. Assoc. 21, 300–307.e2. doi: 10.1016/j.jamda.
2019.12.012

Chen, X., Cao, M., Liu, M., Liu, S., Zhao, Z., and Chen, H. (2022). Association
between sarcopenia and cognitive impairment in the older people: A meta-analysis.
Eur. Geriatr. Med. 13, 771–787. doi: 10.1007/s41999-022-00661-1

Chou, H. H., Lai, T. J., Yen, C. H., Chang, P. S., Pan, J. C., and Lin, P. T. (2022).
Sarcopenic obesity tendency and nutritional status is related to the risk of sarcopenia,
frailty, depression and quality of life in patients with dementia. Int. J. Environ. Res.
Public Health 19:2492. doi: 10.3390/ijerph19052492

Cutuli, D., Decandia, D., Giacovazzo, G., and Coccurello, R. (2023). Physical exercise
as disease-modifying alternative against Alzheimer’s disease: A gut-muscle-brain
partnership. Int. J. Mol. Sci. 24:14686. doi: 10.3390/ijms241914686

Ekblad, L. L., Rinne, J. O., Puukka, P., Laine, H., Ahtiluoto, S., Sulkava, R., et al.
(2017). Insulin resistance predicts cognitive decline: An 11-Year Follow-Up of a
nationally representative adult population sample. Diab. Care 40, 751–758. doi: 10.
2337/dc16-2001

El Assar, M., Álvarez-Bustos, A., Sosa, P., Angulo, J., and Rodríguez-Mañas, L.
(2022). Effect of physical activity/exercise on oxidative stress and inflammation in
muscle and vascular aging. Int. J. Mol. Sci. 23:8713. doi: 10.3390/ijms23158713

Fernández-Rodríguez, R., Álvarez-Bueno, C., Martínez-Ortega, I. A., Martínez-
Vizcaíno, V., Mesas, A. E., and Notario-Pacheco, B. (2022). Immediate effect of
high-intensity exercise on brain-derived neurotrophic factor in healthy young adults:
A systematic review and meta-analysis. J. Sport Health Sci. 11, 367–375. doi: 10.1016/j.
jshs.2021.08.004

Geraci, A., Calvani, R., Ferri, E., Marzetti, E., Arosio, B., and Cesari, M. (2021).
Sarcopenia and menopause: The role of estradiol. Front. Endocrinol. (Lausanne)
12:682012. doi: 10.3389/fendo.2021.682012

Grevendonk, L., Connell, N. J., McCrum, C., Fealy, C. E., Bilet, L., Bruls, Y. M. H.,
et al. (2021). Impact of aging and exercise on skeletal muscle mitochondrial capacity,
energy metabolism, and physical function. Nat. Commun. 12:4773. doi: 10.1038/
s41467-021-24956-2

Ihalainen, J. K., Schumann, M., Eklund, D., Hämäläinen, M., Moilanen, E., Paulsen,
G., et al. (2018). Combined aerobic and resistance training decreases inflammation
markers in healthy men. Scand. J. Med. Sci. Sports 28, 40–47. doi: 10.1111/sms.12906

Jia, J., Wei, C., Chen, S., Li, F., Tang, Y., Qin, W., et al. (2018). The cost of Alzheimer’s
disease in China and re-estimation of costs worldwide. Alzheimers Dement. 14,
483–491. doi: 10.1016/j.jalz.2017.12.006

Jia, L., Du, Y., Chu, L., Zhang, Z., Li, F., Lyu, D., et al. (2020). Prevalence, risk
factors, and management of dementia and mild cognitive impairment in adults aged
60 years or older in China: A cross-sectional study. Lancet Public Health 5, e661–e671.
doi: 10.1016/S2468-2667(20)30185-7

Karamitrou, E. K., Anagnostis, P., Vaitsi, K., Athanasiadis, L., and Goulis, D. G.
(2023). Early menopause and premature ovarian insufficiency are associated with
increased risk of dementia: A systematic review and meta-analysis of observational
studies. Maturitas 176:107792. doi: 10.1016/j.maturitas.2023.107792

Karssemeijer, E. G. A., Aaronson, J. A., Bossers, W. J., Smits, T., Olde Rikkert,
M. G. M., and Kessels, R. P. C. (2017). Positive effects of combined cognitive and
physical exercise training on cognitive function in older adults with mild cognitive
impairment or dementia: A meta-analysis. Ageing Res. Rev. 40, 75–83. doi: 10.1016/j.
arr.2017.09.003

Kawakami, R., Murakami, H., Sanada, K., Tanaka, N., Sawada, S. S., Tabata, I.,
et al. (2015). Calf circumference as a surrogate marker of muscle mass for diagnosing
sarcopenia in Japanese men and women. Geriatr. Gerontol. Int. 15, 969–976. doi:
10.1111/ggi.12377

Kellar, D., and Craft, S. (2020). Brain insulin resistance in Alzheimer’s disease
and related disorders: Mechanisms and therapeutic approaches. Lancet Neurol. 19,
758–766. doi: 10.1016/S1474-4422(20)30231-3

Kim, H., Awata, S., Watanabe, Y., Kojima, N., Osuka, Y., Motokawa, K., et al. (2019).
Cognitive frailty in community-dwelling older Japanese people: Prevalence and its
association with falls. Geriatr. Gerontol. Int. 19, 647–653. doi: 10.1111/ggi.13685

Kim, M., Jeong, M. J., Yoo, J., Song, D. Y., and Won, C. W. (2018). Calf
circumference as a screening tool for cognitive frailty in community-dwelling older
adults: The Korean Frailty and Aging Cohort Study (KFACS). J. Clin. Med. 7:332.
doi: 10.3390/jcm7100332

Kim, S., Kim, M., Lee, Y., Kim, B., Yoon, T. Y., and Won, C. W. (2018). Calf
circumference as a simple screening marker for diagnosing sarcopenia in older korean
adults: The Korean Frailty and Aging Cohort Study (KFACS). J. Korean Med. Sci.
33:e151. doi: 10.3346/jkms.2018.33.e151

Kinoshita, H., Kobayashi, M., Kajii, Y., Satonaka, A., and Suzuki, N. (2022). Calf
circumference positively correlates with calf muscle thickness and negatively correlates
with calf subcutaneous fat thickness and percent body fat in non-obese healthy young
adults. J. Sports Med. Phys. Fitness 62, 343–349. doi: 10.23736/S0022-4707.21.12152-8

Kiss, C. M., Bertschi, D., Beerli, N., Berres, M., Kressig, R. W., and Fischer, A. M.
(2024). Calf circumference as a surrogate indicator for detecting low muscle mass in
hospitalized geriatric patients. Aging Clin. Exp. Res. 36:25. doi: 10.1007/s40520-024-
02694-x

Li, J., Xu, H., Pan, W., and Wu, B. (2017). Association between tooth loss and
cognitive decline: A 13-year longitudinal study of Chinese older adults. PLoS One
12:e0171404. doi: 10.1371/journal.pone.0171404

Li, L., Chen, F., Li, X., Gao, Y., Zhu, S., Diao, X., et al. (2023). Association between
calf circumference and incontinence in Chinese elderly. BMC Public Health 23:471.
doi: 10.1186/s12889-023-15324-4

Lin, Y. S., Lin, F. Y., and Hsiao, Y. H. (2019). Myostatin is associated with cognitive
decline in an animal model of Alzheimer’s disease. Mol. Neurobiol. 56, 1984–1991.
doi: 10.1007/s12035-018-1201-y

Liu, M., He, P., Zhou, C., Zhang, Z., Zhang, Y., Li, H., et al. (2022). Association of
waist-calf circumference ratio with incident cognitive impairment in older adults. Am.
J. Clin. Nutr. 115, 1005–1012. doi: 10.1093/ajcn/nqac011

Ma, W., Zhang, H., Wu, N., Liu, Y., Han, P., Wang, F., et al. (2021). Relationship
between obesity-related anthropometric indicators and cognitive function in Chinese
suburb-dwelling older adults. PLoS One 16:e0258922. doi: 10.1371/journal.pone.
0258922

Mahalakshmi, B., Maurya, N., Lee, S. D., and Bharath Kumar, V. (2020). Possible
neuroprotective mechanisms of physical exercise in neurodegeneration. Int. J. Mol.
Sci. 21:5895. doi: 10.3390/ijms21165895

Merz, K. E., and Thurmond, D. C. (2020). Role of skeletal muscle in insulin
resistance and glucose uptake.Compr. Physiol. 10, 785–809. doi: 10.1002/cphy.c190029

Moon, H. Y., Becke, A., Berron, D., Becker, B., Sah, N., Benoni, G., et al. (2016).
Running-Induced systemic cathepsin B secretion is associated with memory function.
Cell Metab. 24, 332–340. doi: 10.1016/j.cmet.2016.05.025

Morella, I., Negro, M., Dossena, M., Brambilla, R., and D’Antona, G. (2023).
Gut-muscle-brain axis: Molecular mechanisms in neurodegenerative disorders and
potential therapeutic efficacy of probiotic supplementation coupled with exercise.
Neuropharmacology 240:109718. doi: 10.1016/j.neuropharm.2023.109718

Frontiers in Aging Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1473135
https://doi.org/10.20960/nh.03572
https://doi.org/10.1093/ageing/afs173
https://doi.org/10.1111/jgs.17345
https://doi.org/10.1016/j.archger.2019.04.012
https://doi.org/10.1016/j.archger.2019.04.012
https://doi.org/10.1111/jgs.17206
https://doi.org/10.1111/jgs.17206
https://doi.org/10.1016/j.maturitas.2017.12.002
https://doi.org/10.1016/j.maturitas.2017.12.002
https://doi.org/10.1186/s13395-015-0047-5
https://doi.org/10.3389/fncel.2021.636176
https://doi.org/10.1007/s40520-016-0626-2
https://doi.org/10.1007/s12603-011-0340-x
https://doi.org/10.1016/j.jamda.2016.09.013
https://doi.org/10.1016/j.jamda.2016.09.013
https://doi.org/10.1016/j.jamda.2019.12.012
https://doi.org/10.1016/j.jamda.2019.12.012
https://doi.org/10.1007/s41999-022-00661-1
https://doi.org/10.3390/ijerph19052492
https://doi.org/10.3390/ijms241914686
https://doi.org/10.2337/dc16-2001
https://doi.org/10.2337/dc16-2001
https://doi.org/10.3390/ijms23158713
https://doi.org/10.1016/j.jshs.2021.08.004
https://doi.org/10.1016/j.jshs.2021.08.004
https://doi.org/10.3389/fendo.2021.682012
https://doi.org/10.1038/s41467-021-24956-2
https://doi.org/10.1038/s41467-021-24956-2
https://doi.org/10.1111/sms.12906
https://doi.org/10.1016/j.jalz.2017.12.006
https://doi.org/10.1016/S2468-2667(20)30185-7
https://doi.org/10.1016/j.maturitas.2023.107792
https://doi.org/10.1016/j.arr.2017.09.003
https://doi.org/10.1016/j.arr.2017.09.003
https://doi.org/10.1111/ggi.12377
https://doi.org/10.1111/ggi.12377
https://doi.org/10.1016/S1474-4422(20)30231-3
https://doi.org/10.1111/ggi.13685
https://doi.org/10.3390/jcm7100332
https://doi.org/10.3346/jkms.2018.33.e151
https://doi.org/10.23736/S0022-4707.21.12152-8
https://doi.org/10.1007/s40520-024-02694-x
https://doi.org/10.1007/s40520-024-02694-x
https://doi.org/10.1371/journal.pone.0171404
https://doi.org/10.1186/s12889-023-15324-4
https://doi.org/10.1007/s12035-018-1201-y
https://doi.org/10.1093/ajcn/nqac011
https://doi.org/10.1371/journal.pone.0258922
https://doi.org/10.1371/journal.pone.0258922
https://doi.org/10.3390/ijms21165895
https://doi.org/10.1002/cphy.c190029
https://doi.org/10.1016/j.cmet.2016.05.025
https://doi.org/10.1016/j.neuropharm.2023.109718
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1473135 May 30, 2025 Time: 15:20 # 12

Nie et al. 10.3389/fnagi.2025.1473135

Nagase, T., and Tohda, C. (2021). Skeletal muscle atrophy-induced hemopexin
accelerates onset of cognitive impairment in Alzheimer’s disease. J. Cachexia
Sarcopenia Muscle 12, 2199–2210. doi: 10.1002/jcsm.12830

Nemoto, A., Goyagi, T., Nemoto, W., Nakagawasai, O., Tan-No, K., and Niiyama,
Y. (2022). Low skeletal muscle mass is associated with perioperative neurocognitive
disorder due to decreased neurogenesis in rats. Anesth. Analg 134, 194–203. doi:
10.1213/ANE.0000000000005681

Northey, J. M., Cherbuin, N., Pumpa, K. L., Smee, D. J., and Rattray, B. (2018).
Exercise interventions for cognitive function in adults older than 50: A systematic
review with meta-analysis. Br. J. Sports Med. 52, 154–160. doi: 10.1136/bjsports-2016-
096587

Oudbier, S. J., Goh, J., Looijaard, S. M. L. M., Reijnierse, E. M., Meskers, C. G. M.,
and Maier, A. B. (2022). Pathophysiological mechanisms explaining the association
between low skeletal muscle mass and cognitive function. J. Gerontol. Biol. Sci. Med.
Sci. 77, 1959–1968. doi: 10.1093/gerona/glac121

Pan, L., Xie, W., Fu, X., Lu, W., Jin, H., Lai, J., et al. (2021). Inflammation and
sarcopenia: A focus on circulating inflammatory cytokines. Exp. Gerontol. 154:111544.
doi: 10.1016/j.exger.2021.111544

Pedersen, B. K. (2019). Physical activity and muscle-brain crosstalk. Nat. Rev.
Endocrinol. 15, 383–392. doi: 10.1038/s41574-019-0174-x

Peng, J., and Wu, J. (2022). Effects of the FNDC5/Irisin on elderly dementia
and cognitive impairment. Front. Aging Neurosci. 14:863901. doi: 10.3389/fnagi.2022.
863901

Rai, M., and Demontis, F. (2022). Muscle-to-Brain signaling via myokines and
myometabolites. Brain Plast. 8, 43–63. doi: 10.3233/BPL-210133

Real, G. G., Frühauf, I. R., Sedrez, J. H. K., Dall’Aqua, E. J. F., and Gonzalez,
M. C. (2018). Calf circumference: A marker of muscle mass as a predictor of hospital
readmission. JPEN J. Parenter. Enteral. Nutr. 42, 1272–1279. doi: 10.1002/jpen.1170

Sampaio, R. X., Barros, R. D. S., Cera, M. L., Mendes, F. A. D. S., and Garcia, P. A.
(2023). Association of clinical parameters of sarcopenia and cognitive impairment
in older people: Cross-sectional study. Rev. Bras. Geriatria Gerontol. 26:E220181.
doi: 10.1590/1981-22562023026.220181

Schlegel, P., Novotny, M., Klimova, B., and Valis, M. (2019). “Muscle-Gut-Brain
Axis”: Can physical activity help patients with Alzheimer’s disease due to microbiome
modulation? J. Alzheimers Dis. 71, 861–878. doi: 10.3233/JAD-190460

Scisciola, L., Fontanella, R. A., Surina, Cataldo, V., Paolisso, G., and Barbieri,
M. (2021). Sarcopenia and cognitive function: Role of myokines in muscle brain
cross-talk. Life (Basel) 11:173. doi: 10.3390/life11020173

Tai, P., Yang, S., Liu, W., Wang, S., Chen, K., Jia, W., et al. (2021). Association
of anthropometric and nutrition status indicators with cognitive functions in
centenarians. Clin. Nutr. 40, 2252–2258. doi: 10.1016/j.clnu.2020.10.004

Tuttle, C. S. L., Thang, L. A. N., and Maier, A. B. (2020). Markers of inflammation
and their association with muscle strength and mass: A systematic review and meta-
analysis. Ageing Res. Rev. 64:101185. doi: 10.1016/j.arr.2020.101185

Vints, W. A. J., Levin, O., Fujiyama, H., Verbunt, J., and Masiulis, N. (2022).
Exerkines and long-term synaptic potentiation: Mechanisms of exercise-induced
neuroplasticity. Front. Neuroendocrinol. 66:100993. doi: 10.1016/j.yfrne.2022.100993

Wilkinson, N. M., Chen, H. C., Lechner, M. G., and Su, M. A. (2022). Sex
differences in immunity. Annu. Rev. Immunol. 40, 75–94. doi: 10.1146/annurev-
immunol-101320-125133

Won, H., Abdul Manaf, Z., Mat Ludin, A. F., and Shahar, S. (2017). Wide range
of body composition measures are associated with cognitive function in community-
dwelling older adults. Geriatr. Gerontol. Int. 17, 554–560. doi: 10.1111/ggi.12753

Wu, B., Lyu, Y. B., Cao, Z. J., Wei, Y., Shi, W. Y., Gao, X., et al. (2021). Associations
of sarcopenia, handgrip strength and calf circumference with cognitive impairment
among chinese older adults. Biomed. Environ. Sci. 34, 859–870. doi: 10.3967/bes2021.
119

Xie, J., Van Hoecke, L., and Vandenbroucke, R. E. (2021). the impact of systemic
inflammation on Alzheimer’s disease pathology. Front. Immunol. 12:796867. doi: 10.
3389/fimmu.2021.796867

Yang, F., Cao, J., Qian, D., and Ma, A. (2020). Stronger increases in cognitive
functions among socio-economically disadvantaged older adults in china: A
longitudinal analysis with multiple birth cohorts. Int. J. Environ. Res. Public Health
17:2418. doi: 10.3390/ijerph17072418

Yu, N., Pasha, M., and Chua, J. J. E. (2024). Redox changes and cellular
senescence in Alzheimer’s disease. Redox. Biol. 70:103048. doi: 10.1016/j.redox.2024.
103048

Zeng, Y., Vaupel, J. W., Xiao, Z., Zhang, C., and Liu, Y. (2002). Sociodemographic
and health profiles of oldest-old in China. Popul. Dev. Rev. 28, 251–273. doi: 10.1111/
j.1728-4457.2002.00251.x

Zhang, Z., Gu, D., and Hayward, M. D. (2010). Childhood nutritional deprivation
and cognitive impairment among older Chinese people. Soc. Sci. Med. 71, 941–949.
doi: 10.1016/j.socscimed.2010.05.013

Zhao, Z., Zhang, J., Wu, Y., Xie, M., Tao, S., Lv, Q., et al. (2024). Plasma IL-6 levels
and their association with brain health and dementia risk: A population-based cohort
study. Brain Behav. Immun. 120, 430–438. doi: 10.1016/j.bbi.2024.06.014

Frontiers in Aging Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1473135
https://doi.org/10.1002/jcsm.12830
https://doi.org/10.1213/ANE.0000000000005681
https://doi.org/10.1213/ANE.0000000000005681
https://doi.org/10.1136/bjsports-2016-096587
https://doi.org/10.1136/bjsports-2016-096587
https://doi.org/10.1093/gerona/glac121
https://doi.org/10.1016/j.exger.2021.111544
https://doi.org/10.1038/s41574-019-0174-x
https://doi.org/10.3389/fnagi.2022.863901
https://doi.org/10.3389/fnagi.2022.863901
https://doi.org/10.3233/BPL-210133
https://doi.org/10.1002/jpen.1170
https://doi.org/10.1590/1981-22562023026.220181
https://doi.org/10.3233/JAD-190460
https://doi.org/10.3390/life11020173
https://doi.org/10.1016/j.clnu.2020.10.004
https://doi.org/10.1016/j.arr.2020.101185
https://doi.org/10.1016/j.yfrne.2022.100993
https://doi.org/10.1146/annurev-immunol-101320-125133
https://doi.org/10.1146/annurev-immunol-101320-125133
https://doi.org/10.1111/ggi.12753
https://doi.org/10.3967/bes2021.119
https://doi.org/10.3967/bes2021.119
https://doi.org/10.3389/fimmu.2021.796867
https://doi.org/10.3389/fimmu.2021.796867
https://doi.org/10.3390/ijerph17072418
https://doi.org/10.1016/j.redox.2024.103048
https://doi.org/10.1016/j.redox.2024.103048
https://doi.org/10.1111/j.1728-4457.2002.00251.x
https://doi.org/10.1111/j.1728-4457.2002.00251.x
https://doi.org/10.1016/j.socscimed.2010.05.013
https://doi.org/10.1016/j.bbi.2024.06.014
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Non-linear relationship between calf circumference and global cognition in Chinese population: a cross-sectional study of 12,102 Chinese older adults
	1 Introduction
	2 Materials and methods
	2.1 Study design and participants
	2.2 Outcome variable
	2.3 Independent variables
	2.4 Covariates
	2.5 Statistical analysis

	3 Results
	3.1 Clinical characteristics
	3.2 Association between calf circumference and cognitive function
	3.3 Threshold effect analysis
	3.4 Subgroup analysis
	3.5 Sex differences

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


