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Editorial on the Research Topic 
Cognitive impairment and physical function in older adults


INTRODUCTION
The world’s population is growing older, bringing new and complex challenges for public health systems. This editorial synthesizes published articles in the research topic “Cognitive Impairment and Physical Function in Older Adults” which contribute to the advancement in the interplay between modifiable lifestyle factors, social determinants, and cognitive trajectories in older adults. By integrating longitudinal and cross-sectional evidence, we identify key areas for future interventions and emphasize the importance of personalized approaches to support healthy aging in public health (Figure 1).
[image: Diagram titled "Cognitive Impairment and Physical Function in Older Adults" showing a central image of two elderly figures. Surrounding icons represent factors influencing cognitive and physical health: smoking cessation, social engagement, physical activity, genetics, nutrition, and sleep hygiene.]FIGURE 1 | Factors influencing cognitive impairment and physical function in older adults. Health practitioners and professionals should prioritize modifiable lifestyle interventions—particularly physical activity, nutrition, and sleep (The Healthy Trinity) as well as social engagement, and smoking cessation—as cost-effective strategies to delay cognitive/functional decline and reduce mortality in older adults.PHYSICAL ACTIVITY AS A CORNERSTONE OF COGNITIVE AND PHYSICAL HEALTH
Regular physical exercise demonstrates robust benefits for physical and cognitive health in aging populations (Singh et al., 2025; Izquierdo et al., 2025). A longitudinal study of 10,691 Chinese older adults by Xu et al. revealed that sustained physical activity significantly improved instrumental activities of daily living (IADLs) and reduced depressive symptoms over 8 years, even after adjusting for sociodemographic confounders. However, its association with cognitive function was less definitive, suggesting domain-specific effects. Huang et al. also found both direct and indirect associations between IADL function and cognitive status. These findings align with research on modifiable health metrics by Wang et al., where physical activity emerged as a critical factor in reducing all-cause mortality among cognitively impaired older adults, potentially averting 26.6% of deaths through ideal engagement (see Table 1 for more physical activity-related articles of this research topic).
TABLE 1 | Physical activity and exercise-related articles in older adults	Article title	Study population	References
	Functionality, muscular strength and cardiorespiratory capacity in the elderly: relationships between functional and physical tests according to sex and age	171 Spanish older adults of 72.72 ± 6.05 years (108F; 63M)	Toro-Román et al.
	Physical activity improves the visual–spatial working memory of individuals with mild cognitive impairment or Alzheimer’s disease: a systematic review and network meta-analysis	34 selected articles (n = 3,074 participants in the meta-analysis)	Deng et al.
	Effectiveness of a sensorimotor exercise program on proprioception, balance, muscle strength, functional mobility and risk of falls in older people	45 Brazilian older adults of 84.6 ± 8.4 years (33F; 12M)	Freire and Seixas
	A virtually supervised exercise program improved fitness and mental wellness in healthy and comorbidity older adult individuals during the COVID-19 pandemic	44 Mexican older adults	Canton-Martínez et al.
	Move for Life an intervention for inactive adults aged 50 years and older: a cluster randomised feasibility trial	601 Irish older adults of ∼63 years (483F; 118M)	Woods et al.
	Effects of Baduanjin exercise on cognitive frailty, oxidative stress, and chronic inflammation in older adults with cognitive frailty: a randomized controlled trial	102 Chinese older adults over 60 years (63F; 39M)	Ye et al.
	Does acute aerobic exercise enhance selective attention, working memory, and problem-solving abilities in Alzheimer’s patients? A sex-based comparative study	53 Tunisian older adults of 70.54 ± 0.88 years (30F; 23M)	Ben Ayed et al.
	Machine learning approach to classifying declines of physical function and muscle strength associated with cognitive function in older women: gait characteristics based on three speeds	198 Korean older women of ≥65 years	Kim et al.
	Influence of daily life and health profile in subtle cognitive decline of women residing in Spanish religious communities: DeCo religious orders study	322 Spanish older women of ≥75 years	Lopez de Coca et al.
	Relationship between domain-specific physical activity and cognitive function in older adults – findings from NHANES 2011–2014	2924 U.S. older adults of 69.20 ± 6.65 years (1504F; 1420M)	Wu et al.
	The effect of juggling on the proprioceptive and attentional abilities among older women	20 Polish older women (69.95 ± 4.58)	Malik et al.
	Dual group-based trajectories of physical activity and cognitive function in aged over 55: a nationally representative cohort study	5,765 Chinese adults over 55 years old	Wang et al.
	Prevalence of falls and associations with family functioning among community-dwelling older adults in Guangzhou, China	2,399 Chinese older adults of >65 years (1370F; 1029M)	Sun et al.
	The examination of physical function and cognitive outcomes in middle-to-older high-risk adults: an unsupervised clustering method	215 U.S. adults of 59.7 ± 14.1 years (158F; 57M)	Gills et al.


Among older adults with cognitive impairment, adherence to ideal health metrics (e.g., ≥150 min/week of physical activity, Healthy Eating Index ≥60) reduced all-cause mortality risk by 48% and 63%, respectively, as demonstrated by Wang et al. Notably, smoking cessation was associated with an 85% reduction in cancer-related deaths, emphasizing the life-saving potential of lifestyle modifications even after cognitive decline begins. In addition, Kawabata et al. demonstrated the feasibility of a darts game intervention in older adults with mild cognitive impairment and highlighted the results of the center of gravity shift test as indicative of early cognitive function decline. Hao and Kim reported a positive association between participation in leisure activities and cognitive function, underscoring the potential cognitive benefits of leisure involvement for older adults with disabilities.
HETEROGENEITY IN COGNITIVE TRAJECTORIES AND PREDICTORS
Shen et al. examined the physical aging characteristics of the older people over 70 years old in China, highlighting declines in vital capacity, flexibility, muscle strength, cardiorrespiratory fitness, and balance as key features of the aging process. Notwithstanding, cognitive decline is not uniform across aging populations. A latent growth mixture model analysis of 983 disabled older adults by Pang et al. identified three distinct trajectories: rapid decline (32.6%), slow decline (36.1%), and stable cognition (31.2%). Key predictors of stability included younger age (45–59 years), higher education, urban residence, and social participation. Conversely, rural residency, low income, and depression were linked to rapid decline. This heterogeneity underscores the need for interventions tailored to socioeconomic and health profiles. Sex-related differences also require additional research, as Pal et al. demonstrated that being female, a previous diagnosis of atrial fibrillation, and stroke are risk factors for advanced cognitive dysfunction.
Interestingly, Huang et al. emphasized the crucial role of intergenerational family support—especially from children—in reducing loneliness among older adults. Authors adviced that governments strengthen regulations on children’s alimony support and enhance digital infrastructure to deepen and broaden family-based care for the elderly. As noted by Ai et al., there is a fundamental connection between disability and cognitive impairment in older adults, emphasizing that social relationships and depressive symptoms can directly or indirectly influence this association.
FUTURE DIRECTIONS
To translate evidence into practice, future research should prioritize.
	• Personalized interventions: develop algorithms to predict individual cognitive trajectories using biomarkers, socioeconomic data, and lifestyle factors. The diagnostic potential of alternative strategies (e.g., Traditional Chinese medicine) (Wang et al.) and genotype interactions (Li et al.) deserve further research.
	• Longitudinal mechanistic studies: Yang et al. showed a positive non-linear relationship between the albumin-to-globulin ratio and cognitive function among U.S. older adults using 2011–2014 NHANES data. Also, there is evidence that physical exercise improves vascular health, its neuroprotective effects may be mediated by inflammation reduction or neurogenesis. In fact, acute cardiorrespiratory exercise likely enhances cerebral blood flow and BDNF secretion, offering transient but actionable cognitive benefits even in diagnosed Alzheimer’s patients (Gao et al.). Clarifying the temporal mechanistic features of sarcopenia (Cannataro et al., 2021) and the relationship between physical activity, depression, social isolation, and cognitive decline is an area of ongoing research.
	• Development of integrative programs: beyond physical activity, composite health behaviors—such as diet quality, smoking cessation, and sleep hygiene—play pivotal roles in longevity. This is relevant considering the association between multimorbidity and the risk of cognitive decline (Zhang et al.). Future studies should contribute to the evaluation and standardization of combining physical activity–specially multimodal exercise (de Rondao et al., 2023), and cognitive training with nutritional strategies (e.g., high-protein diet) and optimal sleep hygiene, as seen in successful models for reducing depressive symptoms and mortality. Also, as highlighted by Bonilla et al., the power of creatine monohydrate supplementation plus resistance training should be noticed considering its robust safety profile and benefits in older populations (Xu et al., 2024; Kreider et al., 2025; EFSA Panel on Dietetic Products NaA, 2016).
	•Policy advocacy, address structural determinants (e.g., income inequality, rural healthcare deserts) through subsidies for healthy aging programs and caregiver support initiatives (Izquierdo et al., 2021). Rural populations and those with limited education face compounded risks, highlighting the need for equity-focused public health strategies (Liu et al.). Furthermore, as demonstrated by Li and Liu, better spatial accessibility to community health services may enhance the ability of older adults to perform activities of daily living. Finally, Wei et al. reported that both observational and causal evidence support the link between socioeconomic position and sensory impairments, suggesting that early detection, targeted interventions, and educational efforts (Zhang et al.) can help prevent these conditions in middle-aged and older adults.

Physical function and cognitive health in aging is shaped by a complex matrix of modifiable and non-modifiable factors. The evidence underscores the viability of lifestyle interventions—particularly physical activity, nutrition, and sleep (Bonilla et al., 2024) as well as social engagement, and smoking cessation—as cost-effective strategies to delay decline and reduce mortality. By adopting a multidimensional framework that integrates individual, community, and policy-level efforts, we can foster resilience in aging populations and alleviate the global burden of cognitive impairment.
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Background: Existing research on the association between cognitive function and physical activity in the older adults population with disabilities is limited. Additionally, there is a need to explore avenues for enhancing the longevity and quality of life among these individuals.
Objective: This study aimed to investigate the independent and joint associations between cognitive function and levels of physical activity in the older adults population with disabilities.
Methods: A total of 315 older adults adults (men = 182, women = 133), identified with disabilities based on medical evaluation, were recruited from the first survey of the Korean Longitudinal Study of Aging (KLoSA). Participants underwent assessments for cognitive function, physical activity (PA), activities of daily living (ADLs), instrumental activities of daily living (IADLs), and grip strength.
Results: ADLs (p < 0.001) and IADLs (p < 0.001) scores were significantly higher in the male normal cognitive group compared to both the male and female cognitive impairment groups. In an unadjusted model, disabled older adults individuals who did not meet the recommended PA guidelines showed an increased odds ratio for cognitive dysfunction (OR = 2.29, 95% CI = 1.32–3.97). Those participating in PA at least 1 day per week also demonstrated an elevated odds ratio (OR = 1.22, 95% CI = 1.08–1.38) for cognitive dysfunction compared to those who engaged in regular PA. A negative correlation was observed between K-MMSE scores and grip strength (r = 0.448, p < 0.001).
Conclusion: This study provides robust evidence that disabled older adults individuals who do not meet the recommended guidelines for PA or who do not participate in PA at least once a week have an increased likelihood of cognitive impairment compared to those who are regularly active.
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1 Introduction

Disability in the older adults is associated with adverse health outcomes, elevated health costs, and diminished quality of life (1). Advances in life expectancy among the older adults have been accompanied by a decrease in the duration of life lived with disability. This phenomenon, known as compressed disability, has been observed across all groups, irrespective of sex, age, and educational level, and is statistically significant (2).

A similar trend of increased prevalence has been noted for both disability and cognitive impairment (3). Cognitive function substantially influences the daily activities of older individuals, exacerbating their risk of frailty, disability, and mortality (4). Furthermore, the impact of cognitive impairment on disability is more pronounced than that of depression in this demographic (5). Additionally, low quality of life ratings for activities of daily living (ADLs) and instrumental activities of daily living (IADLs), which are used as assessments related to independent living in the older adults, had a significant impact on the prevalence of ADL and/or IADL older adults with disabilities (6). Compared to the older adults without disabilities, the older adults with disabilities were found to be at an increased risk for an increasing number of diseases. For ADL disability, the odds ratio (OR) (95% confidence interval [CI]) values for four or more diseases were 4.10–6.59, and for IADL disability, the OR (95% CI) values were 2.55–4.85 (7). Therefore, interventions are imperative for mitigating cognitive decline among the older adults with disabilities.

Various strategies exist for mitigating cognitive decline in the older adults, and increasing physical activity and physical fitness has been identified as particularly beneficial for older adults, whether they have disabilities or not. A 10-min increase in moderate to vigorous physical activity (MVPA) has been shown to correlate with lower rates of disability, indicating that higher MVPA levels can help reduce the incidence of disability in older populations (8). Individuals engaging in physical activity at a rate of 18.1 metabolic equivalent (MET)-hour/week or higher were found to have a 52% reduced risk of being classified as having a disability related to dementia or requiring care when compared to inactive individuals (9). Furthermore, older adults individuals who achieved the recommended MVPA level of 150 min per week exhibited superior cognitive function relative to those who failed to meet this standard; the latter group was 1.63 times more likely to experience cognitive decline (10). Furthermore, in both genders of the older adults, higher age, lower cognitive function, lower gait speed, and lower grip strength were predictors of difficulty living with disability (11). Over a 10-year follow-up of 1,096 participants with a mean age of 69.4 ± 5.8 years, the group with the lowest grip strength had a significantly greater decline in cognitive function compared to the group with the highest grip strength (estimate = 0.06, p = 0.039), indicating that low grip strength can predict 10 years of cognitive decline (12).

Nevertheless, the literature lacks comprehensive studies exploring the correlation between cognitive function and physical activity levels in older adults individuals with disabilities. For this demographic, physical activity has a statistically significant impact on annual medical expenditures, with inactive individuals incurring greater costs compared to their active counterparts (13). Therefore, it is crucial to provide the older adults with disabilities options for maintaining long-term health and wellness. This study aims to investigate the distinct and shared connections between cognitive function and physical activity levels in older adults individuals with disabilities.



2 Methods


2.1 Participation

The data for the present analysis were obtained from the first survey of the Korean Longitudinal Study of Aging (KLoSA). A multistage, stratified probability sampling technique was employed by the Ministry of Labor of Korea to randomly select household units based on geographical regions, including both urban and rural settings. The final survey cohort comprised 10,254 individuals, which constitutes 0.07% of the Korean population aged 45 years and above. This sample exhibited representative age and gender distributions and was geographically dispersed across 16 major metropolitan cities and provinces. For the purposes of the current study, the analysis was restricted to 315 participants (men = 182, women = 133) aged 65 years and older, who met specific criteria for medical disability (Table 1) and had available scores for the Korean version of the Mini-Mental State Examination (K-MMSE). A total of 9,939 individuals were excluded from the analysis (Figure 1).



TABLE 1 Medical determination of disability.
[image: A table displaying various health-related variables categorized by gender and cognitive status. Variables include crippled disorder, brain lesion, visual disturbance, hearing defect, dysphasia, renal disorder, cardiopathy, and mental retardation. The data are presented with counts and percentages for males and females under conditions of normality and cognitive impairment. Totals for each category are also provided.]

[image: Flowchart detailing participant selection from the Korean Longitudinal Study of Aging (KLoSA): Initially 10,254 participants. Exclusions include 6,090 under 65, 3,821 determined as non-disabled, and 28 without K-MMSE measurement. Final analytical sample has 315 participants.]

FIGURE 1
 A flowchart detailing study sample selection.


Ethical approval for the KLoSA was granted by its research ethics committee. The survey data are publicly accessible and can be downloaded from the designated employment survey website with personal identifiers removed. All participants in the study provided written informed consent for participation and for the use of their data for research objectives. The study was conducted in accordance with the ethical standards set forth in the Declaration of Helsinki.

Table 2 outlines the physical characteristics of the study participants.



TABLE 2 Characteristics of the study participants.
[image: Table showing demographic and health-related data for 315 individuals, divided by gender and cognitive status. Categories include body composition, cognitive scores, and health factors like smoking and diseases. Mean and standard deviations are provided.]



2.2 Cognitive function

For the assessment of cognitive function, we utilized panel data along with the Korean version of the Mini-Mental State Examination (K-MMSE) scores. The K-MMSE is a 30-item instrument designed to evaluate various cognitive domains including orientation, registration, attention, calculation, memory, language, and visuospatial ability. Based on a cutoff score of 24 points in the K-MMSE, study participants were categorized into two distinct groups: those with cognitive impairment (scores <24 points) and those without (scores ≥24 points).



2.3 Physical activity

Physical activity (PA) was assessed using a self-reported questionnaire that captured information in three specific domains: total PA time per week (in minutes), duration of each PA session (in minutes), and frequency of PA sessions per week (in days). Participants who answered “yes” to engaging in PA were further prompted to provide details on the frequency and duration of their weekly PA. The volume of PA was subsequently estimated by multiplying the weekly frequency by the duration of each session in minutes. Data on PA were collected by KLoSA and were classified as either sufficient (more than 150 min per week) or insufficient (less than 150 min per week), as per global recommendations (14, 15).



2.4 ADLs and IADLs

The Korean Activities of Daily Living (ADL) scale consists of seven items that assess basic daily life functions such as dressing, washing, bathing, eating, mobility, grooming, and toileting. The Instrumental Activities of Daily Living (IADL) scale evaluates the ability to perform more complex tasks such as household chores, meal preparation, laundry, short-distance travel, use of transportation, shopping, financial management, telephone use, and medication management. Each item on both scales was scored as either 1 for partial or total dependence or 0 for independence. The ADL scale ranges from 0 to 7 points and the IADL scale ranges from 0 to 10 points, with higher scores indicating lower levels of independence among the older adults population.



2.5 Grip strength

Grip strength was assessed using a hand grip dynamometer (NO6103, TANITA, Japan). Measurements were conducted with the participant’s elbows flexed at 90°, for both the right and left hands. The average grip strength was computed based on measurements from both hands. In cases where a subject was unable to complete the grip test with one hand, the value obtained from the other hand was used for analysis (16).



2.6 Statistical analysis

Results are reported as mean ± standard deviation and case percentage (%). Data analysis was conducted using SPSS version 25.0 (SPSS Inc., Chicago, IL, United States). Binary logistic regression analyses were carried out to investigate the independent and joint effects of PA time and PA frequency on cognitive function. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for these relationships. The reference group for the joint association analyses comprised individuals who met the recommended PA guidelines, namely 150 min per week and activity on at least one day. Covariates were adjusted in the analyses and included sex (male and female), body mass index (< 25 and ≥ 25), smoking status (smoker and non-smoker), and alcohol consumption (drinkers and non-drinkers). Additional analyses were conducted to identify significant differences between sexes (male and female) in terms of group categorization (normal cognitive function and cognitive impairment) and other variables (PA frequency per week, PA time per day, grip strength, ADLs, and IADLs) using a one-way ANOVA. Correlations between K-MMSE scores and grip strength were assessed using Pearson’s correlation coefficients. The statistical significance level was set at p < 0.05.




3 Results


3.1 Physical activity time and frequency, grip strength, ADLs, and IADLs

Table 3 presents the PA time and frequency, grip strength, ADLs, and IADLs.



TABLE 3 Physical activity time, grip strength, ADL, and IADL scores for each group.
[image: A table compares variables between males and females with normality and cognitive impairment. For males, variables include number of physical activities per week, physical activity time, grip strength, activities of daily living (ADL) score, and instrumental activities of daily living (IADL) score. Significant p-values indicate differences in physical activity time, grip strength, ADL, and IADL between groups. For females, similar variables are compared with significant differences observed in ADL and IADL scores. Mean, standard deviation, and sample sizes are provided for each group.]

A one-way ANOVA revealed that, among male individuals, the normal cognitive group exhibited significantly higher values for PA time (p < 0.05), grip strength (p < 0.001), ADLs (p < 0.001), and IADL (p < 0.001) compared to the cognitive impairment group. In contrast, among female individuals, ADLs (p < 0.01) and IADLs (p < 0.001) were significantly higher in the normal cognitive group compared to the cognitive impairment group. No significant differences were observed in PA frequency across both gender groups, and similarly, PA time and grip strength did not exhibit significant differences in the female groups.



3.2 Associations between physical activity and cognitive function

Tables 4, 5 show the independent associations between physical activity and cognitive function among older adults participants with disabilities.



TABLE 4 Independent associations of objectively measured physical activity time with cognitive impairment in older adults adults with disabilities.
[image: Table showing odds ratios (OR) for physical activity. Unadjusted: engaging in 150 minutes per week is 1, not engaging is 2.29 (1.32–3.97), p=0.003. Adjusted for sex, BMI, smoking, and alcohol: engaging is 1, not engaging is 2.08 (1.13–3.83), p=0.018.]



TABLE 5 Independent associations of participation in regular physical activity with cognitive impairment in older adults adults with disabilities.
[image: Table showing odds ratios (OR) and p-values for regular physical activity (PA). Unadjusted OR for not participating in regular PA is 1.22 (95% CI: 1.08–1.38) with a p-value of 0.002. Adjusted OR is 1.116 (95% CI: 1.01–1.34) with a p-value of 0.033. Adjustments include sex, body mass index, smoking, and alcohol use.]

In the unadjusted model, participants who met the recommended PA time (OR = 2.29, 95% CI = 1.32–3.97) demonstrated significantly higher levels of cognitive function compared to those who did not meet the recommended PA times. Those failing to meet the recommended PA duration were 2.29 times more likely to exhibit cognitive decline. After adjusting for covariates such as sex, body mass index, smoking status, and alcohol consumption, the association between meeting the recommended PA duration and cognitive function was attenuated (OR = 2.08, 95% CI = 1.13–3.83). Nevertheless, even after adjustment, older adults Korean adults with disabilities who did not meet the recommended PA durations remained 2.08 times more likely to experience cognitive decline (Table 4).

Similarly, in the unadjusted model, participants who engaged in PA at least one day per week (OR = 1.22, 95% CI = 1.08–1.38) were more likely to exhibit higher levels of cognitive function compared to those who did not engage in PA at least one day per week. Individuals not engaging in PA at least one day per week were 1.22 times more likely to show signs of cognitive decline. Upon adjusting for covariates (sex, body mass index, smoking status, and alcohol consumption), the strength of this association diminished slightly (OR = 1.116, 95% CI = 1.01–1.34). Even with these adjustments, older adults Korean adults with disabilities who did not engage in PA at least one day per week remained 1.116 times more likely to experience cognitive decline (Table 5).



3.3 Correlations coefficients between K-MMSE scores and grip strength

Figure 2 shows the correlation coefficients between K-MMSE scores and grip strength. A significant positive correlation was observed between K-MMSE scores and grip strength across all participants (r = 0.448, p < 0.001). In the male participant group, a significant positive correlation was also noted between K-MMSE scores and grip strength (r = 0.378, p < 0.001). Conversely, no significant correlation was found in the female participant group.

[image: Scatter plots labeled A, B, and C examine the relationship between grip strength in kilograms and K-MMSE scores. Plot A shows a positive correlation with a Pearson r of 0.448, p less than 0.001. Plot B indicates a weaker positive correlation with a Pearson r of 0.378, p less than 0.001. Plot C displays a negative correlation with a Pearson r of -0.194, p equals 0.071. Each plot features a trendline and scattered data points.]

FIGURE 2
 Pearson’s correlation coefficients between the cognitive score and grip strength. (A) all participants, (B) male participants, (C) female participants.





4 Discussion

In this study, we found that older adults Korean adults with disabilities who did not meet the recommended PA time exhibited a decline in cognitive function that was approximately 2.29 times greater compared to those who met the recommended PA time. Similarly, participants who did not engage in PA at least once a week experienced a decline in cognitive function that was approximately 1.22 times greater compared to those who did engage in PA at least once a week. A positive correlation was also found, wherein K-MMSE scores increased with greater grip strength. Furthermore, ADL and IADL scores were lower in the group with normal cognitive function compared to the group with cognitive impairment.

Approximately 1.5 billion people globally live with some form of physical, mental, sensory, or intellectual disability. These individuals are 16–62% less likely to meet established physical activity guidelines and are consequently at a higher risk of experiencing severe health issues associated with inactivity compared to those without disabilities (17). Research has shown that individuals with disabilities who do not meet recommended levels of physical activity report a significantly lower health-related quality of life than their non-disabled counterparts who are physically active. Importantly, these associations persist even after adjusting for potential confounders (18). Disabilities are often influenced by mental and neuromusculoskeletal dysfunction, factors that also contribute to lower energy expenditure during periods of physical activity. These relationships hold true even after accounting for age and environmental factors (19). Physical activity has been shown to lower the risk of disability due to all causes in both men and women. Those who engage in physical activity at sufficient volumes experience a notably reduced risk of disability (20). Physical activity is particularly crucial for older adults individuals who have chronic conditions or disabilities (21). Our study provides compelling evidence that older adults individuals with disabilities who did not meet recommended physical activity durations were 2.29 times more likely to experience cognitive decline than those who did meet these guidelines. Additionally, those who did not engage in physical activity at least once a week were 1.22 times more likely to exhibit cognitive decline. These findings underscore the importance of physical activity in maintaining and even enhancing cognitive function and neural circuitry in the older adults, especially in tasks that rely on the prefrontal cortex and hippocampus (22). Previous research has linked MVPA to dorsolateral prefrontal cortex volume. Specifically, the duration of MVPA has been correlated with preserved gray matter volume in frontal brain regions (23). Furthermore, one study found that greater walking activity at baseline, as assessed through a validated questionnaire, predicted increased total hippocampal volume after 9 years (24). Animal studies have also demonstrated increases in prefrontal cortex and hippocampus volume, suggesting that the formation of new cells is facilitated by increased nutrient supply via new vasculature (25). Activities such as running have been found to encourage the proliferation and survival of new neurons in the hippocampus (26). Regular engagement in PA, as well as increased physical activity durations, can have a significantly positive impact on improving cognitive function among the older adults with disabilities.

While numerous methods are available for studying the decline in muscle strength associated with aging, grip strength is often favored as an index due to its ease of assessment, affordability, high feasibility, and the validity of the data it provides (27). Previous research has indicated a link between muscle strength and overall cognitive function. A study involving 492 women found that both low gait speed (OR: 2.42, 95% CI: 1.72–3.40) and low handgrip strength (OR: 1.81, 95% CI: 1.33–2.46) were associated with cognitive impairment (28). Another study with 207 older adults participants aged 85 years and older revealed a significant correlation between Mini-Mental State Examination (MMSE) scores and handgrip strength, as determined by the simple regression analysis (29). Furthermore, a cross-sectional study comprising 1,396 older adults participants with a mean age of 77 years established that increased grip strength was positively correlated with performance in IADL (r = 0.28; p < 0.001) as well as Montreal Cognitive Assessment scores (r = 0.28; p < 0.001) (30). Our study is consistent with these findings, revealing a relationship between handgrip strength and cognitive function in older adults individuals with disabilities (r = 0.448, p < 0.001). Moreover, among male older adults participants with disabilities, those in the cognitively normal group exhibited significantly higher grip strength compared to those in the cognitive impairment group. This contrast was not statistically significant among female older adults participants with disabilities; however, grip strength tended to be higher in the cognitively normal group. The lack of a significant correlation between handgrip strength and cognitive function in female older adults with disabilities might be attributable to differing patterns of disability compared to their male counterparts.

Furthermore, muscle mass, an indicator of muscle strength, is correlated with dependency in ADLs and IADLs (31). In addition to muscle strength, the severity of cognitive impairment also significantly affects an individual’s ability to perform ADLs and IADLs. Specifically, individuals with mild or moderate cognitive impairments are at a higher risk of functional loss compared to those with unimpaired cognitive abilities (32). ADLs and IADLs serve as metrics for gaging an individual’s capacity for social interaction and independent living, thus functioning as critical indicators for assessing the necessary level of daily activities for familial and social life (33). In this context, a higher score in ADLs and IADLs implies an increased dependency, indicating that older adults individuals are unable to live independently and require assistance. In the present study, we observed significant differences in ADL and IADL scores between the two groups, with lower scores noted in the normal cognitive group compared to the cognitively impaired group. Previous research has shown a link between dependency in ADLs and IADLs and various factors such as length of hospital stay, frequency of hospital visits, and the presence of co-morbidities such as dementia (33). Physical activity and exercise serve as both preventive and therapeutic factors, mitigating the risk of physical and mental disabilities, thereby promoting independence in daily life (34). Regular physical activity has been shown to stave off chronic diseases by enhancing muscle activity and reducing inflammatory biomarkers in the older adults population (35). Therefore, physical activity could potentially improve ADL and IADL performance, thereby decreasing the likelihood of ADL and IADL incompetence among the older adults population (36). This protective effect of physical activity on ADL disability appears to be mediated through complex and likely multifactorial pathways (37).

The present study had some limitations that warrant attention. First, the assessment of physical activity and participant involvement relied on self-reported questionnaire data, which may introduce bias. Second, although disability classifications were determined by medical doctors, the study did not investigate the relationship between these classifications and cognitive function. Each type of disability may have its own set of movement limitations, and for this reason, the association with cognitive function may be different for different types of disabilities. Third, the study’s cross-sectional design based on a national survey limits its ability to establish causal relationships. Intervention studies are needed to determine whether decreased physical activity in older adults individuals with disabilities affects cognitive function or whether decreased cognitive function leads to decreased physical activity. Finally, frailty has been reported to have a significant impact on cognitive decline in the older adults (38). The older adults with disabilities are much more likely to be exposed to frailty than the older adults without disabilities because they have more limiting factors. Future studies should aim for more objective measures of physical activity, nuanced categorization of disorders, and the incorporation of long-term longitudinal designs.



5 Conclusion

This study highlighted the relationship between cognitive function and levels of physical activity among older adults individuals with disabilities. Our findings offer robust evidence that older adults individuals with disabilities who do not meet recommended guidelines for PA time, and who engage in PA only sporadically, face higher odds ratios for cognitive decline compared to those who are more active. A previous study indicated that older adults individuals without disabilities who fail to meet recommended PA levels are 1.63 times more likely to experience cognitive decline (10). In the population of older adults individuals with disabilities, the odds ratio is even more pronounced (OR = 2.29, 95% CI = 1.32–3.97), underscoring the importance of increased PA for this group. Additionally, we found that muscle strength is positively correlated with cognitive function, which in turn impacts activities of daily living. Therefore, we strongly advocate for enhancing both the amount and frequency of physical activity as a strategy to mitigate cognitive decline and improve daily living activities for older adults individuals with disabilities.
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Objectives: Cognitive impairment has emerged as a major contributing factor to mortality for older adults. Identifying the strong modifiable health metrics against mortality is of high priority, especially in this high-risk population.
Methods: This population-based study used data of US adults aged≥60 years old from the National Health and Nutrition Examination Survey 2011–2014 cycles. De-identified data for participants who completed cognitive function test were extracted. Mortality data was obtained by linking to the 2019 public-use linked mortality file.
Results: Participants with low global cognition had higher risk of all-cause mortality (HR = 1.46; 95%CI, 1.04–2.05). The highest prevalence of ideal level of health metrics was observed for sleep duration (54.36% vs. 62.37%), and the lowest was noted for blood pressure (12.06% vs. 21.25%) for participants with low and average to high global cognition, respectively. Ideal status of physical activity and diet quality were significantly associated with all-cause mortality among participants with low global cognition (HR = 0.48, 95%CI: 0.28–0.82; HR = 0.63, 95%CI: 0.43–0.95). The corresponding population-attributable fractions were 26.58 and 15.90%, respectively.
Conclusion: Low cognitive function was associated with increased risk of all-cause death for older adults. Attainment of healthy metrics, especially sufficient physical activity, consuming healthy diet and being never smoked, provided strong protection against death risk.

Keywords
 cognition; mortality; aged; exercise; healthy diet


Introduction

Longer life expectancy has increasing the proportion of older adults and leads to a commensurate growing prevalence of cognitive impairment worldwide (1). Cognitive impairment, characterized by subtle changes in memory and thinking, is a common phenomenon in older adults and can be seen as a prodrome of Alzheimer disease (2). Recent data suggests that the global prevalence of cognitive impairment is approximately 12%–18% for people aged more than 60 years older, causing an enormous economic burden (3).

Even at mild level, cognitive impairment is linked to an increased mortality risk in older adults (4, 5). Although vascular risk factors and comorbidities might explain the increased mortality associated with cognitive impairment to some extent, cognitive impairment itself has independent implication for mortality throughout the aging process (6). Therefore, it is important to identify the modifiable health metrics as well as the stronger protection ones against all-cause mortality for individuals with cognitive impairment. It is well documented that health behaviors, such as sufficient physical activity and healthy diet, could promote healthy aging and enhance quality of life in adults (7, 8), but the evidence among older adults with cognitive impairment is lacking. Understanding the association between modifiable health metrics and mortality in older adults with cognitive impairment will stimulate further efforts to design and implement intervention strategies.

Herein, we used a nationally representative sample of the United States (US) older adults to assess the impact of modifiable health metrics on mortality, and further estimate the prevented proportion of mortality by reaching ideal health metrics for older adults with cognitive impairment.



Materials and methods


Study design and population

The National Health and Nutrition Examination Survey (NHANES) is a continuous, national survey to estimate the prevalence of and risk factors for major diseases. The NHANES utilizes a complex, multistage, probability sampling design that provides representative samples of the non-institutionalized US resident population (9). The NHANES procedures and protocols were approved by the National Center for Health Statistics Research Ethics Review Board. All participants provided written informed consent.

This study is based on an analysis of data from two NHANES cycles (2011–2012, 2013–2014). De-identified data for participants aged ≥60 years old, who had complete data on cognitive function, were extracted. Mortality status and cause of death were identified by linking to publicly accessible mortality files (10). All-cause, cardiovascular (CV) and cancer specific mortality was ascertained based on the underlying causes of death from the International Classification of Diseases codes. The follow-up started from the interview date and ended at death or at the end of the study (December 31, 2019).



Definitions of low global cognition

Cognitive function was assessed for participants aged≥60 years old in NHANES 2011–2012 and 2013–2014 cycles using Consortium to Establish a Registry for Alzheimer’s Disease test (CERAD), animal fluency (AF) and digit-symbol substitution test (DSST).

The CERAD Word Learning test is a measure of immediate and delayed recall memory, using a list of 10 unrelated words. The immediate learning part consisted of three consecutive tests, where participants were requested to read the word list and recall as many as possible. This process was repeated three times with the order of words changed (11). In delayed recall part, participants were requested to recall the 10 words after approximately 8–10 min (12). The AF test is a measure of verbal fluency, where participants were asked to name as many animals as possible in 1 min, with the total score ranging from 0 to 40 (12). The DSST Test, a measure of processing speed, sustained attention and working memory, in which participants were asked to draw as many symbols paired with numbers as possible within 2 min, and the score is the total number of correct matches (13, 14).

The scores of each cognitive test were Z-score transformed. The overall cognitive score was calculated as the average of the standardized scores of the three cognitive tests. Because there was no well-defined standard regarding the threshold for identifying low cognitive performance, we selected participants with an overall cognitive score in the lowest quartile (the 25th percentile) to indicate low global cognition (15–17). Meanwhile, participants with an overall cognitive score higher than that at the 25th percentile were defined as having average to high global cognition.



Definitions of modifiable health metrics

In this study, modifiable health metrics included six health behaviors (physical activity, diet quality, smoking and alcohol drinking status, sleep duration, and body mass index) and three health factors (total cholesterol, blood pressure and blood glycemic index). To capture more detailed information, modifiable health metrics were first classified into multiple levels in prevalence description, then defined as dichotomized variables with ideal and no ideal status (intermediate or poor) in risk assessment.

According to the NHANES guidelines, physical activity from the household and transportation was defined as moderate activity (18). The minutes of vigorous activity were equal to the doubled minutes of moderate activity (19). In this study, the total amount of physical activity was calculated as the minutes of equivalent moderate activity per week of all domains, and further divided into 3 levels: 0, 0.1 to 149.9, 150 min/wk. or greater (20, 21). Diet quality was assessed by the Healthy Eating Index 2015 (HEI-2015), which is a measure of dietary adherence to the 2015–2020 Americans Dietary Guidelines (22, 23). The HEI-2015 score equal or greater than 60.0 was recognized as consuming healthy diet (24). Smoking status was categorized into 3 groups: never smoked (less than 100 cigarettes per lifetime), former smoker (more than 100 cigarettes per lifetime but has quit), current smoker (more than 100 cigarettes per lifetime and currently are still smoking). Alcohol drinker was defined as had at least 12 drinks of any type of alcoholic beverage in any 1 year. Sleep duration was categorized into 3 levels: less than 7, 7 to 8, more than 8 h. Body mass index was calculated as weight in kilograms divided by height in meters squared and categorized into 3 levels: 18.5 to 24.9, 25.0 to 29.9, 30.0 kg/m2 or greater.

In addition, blood pressure was categorized as ideal (untreated systolic blood pressure (SBP) < 120 mmHg, diastolic blood pressure (DBP) < 80 mmHg), intermediate (SBP 120–139 mmHg, DBP 80–89 mmHg or treated), and poor (SBP ≥ 140 mmHg, DBP ≥ 90 mmHg). Total serum cholesterol was divided into 3 levels: untreated cholesterol≤200 mg/dL, 200–239 mg/dL or treated, and ≥ 240 mg/dL. Blood glycemic index was divided by HbA1c into 3 levels: less than 5.7%, 5.7–6.4%, and 6.5% or greater.



Covariates

A set of covariates were taken into consideration. Information on age, gender, race and ethnicity, educational level, health insurance, family income, marital status, and disease history (congestive heart failure, coronary heart disease, stroke, cancer/malignancy, diabetes, metabolic syndrome) was collected. Age was divided into 5 levels: 60–64, 65–69, 70–74, 75–79, and ≥ 80. We reported gender, race and ethnicity as listed in the NHANES dataset. Education was divided into 2 groups (high school or less, some college or higher). Health insurance was categorized into 3 groups: private insurance (any private health insurance, Medi-Gap, and single-service plan), public insurance (Medicare, Medicaid, military healthcare, Indian Health Service, state-sponsored health plan, and other government insurance), and no insurance. Family income was defined by the poverty income ratio (PIR) as low (PIR ≤ 1.3), middle (PIR 1.3–3.5), and high (PIR > 3.5). Marital status was categorized into 4 groups: married, never married, living with a partner, and other. Disease history of congestive heart failure, coronary heart disease, stroke, and cancer/malignancy was defined as an affirmative response to the question, “Ever been told you have the corresponding disease?” Diabetes was defined as self-reported medical history of diabetes, using anti-diabetic medication or a fasting glucose level ≥ 126 mg/dL. Metabolic syndrome was defined based on the Adult Treatment Panel III criteria in 2005 (25).



Statistical analysis

For the description of demographic characteristics, continuous variables were represented by median with interquartile and categorical variables by unweighted counts with weighted percentage. Differences between groups were evaluated using chi-square test for categorical variables.

Cox proportional hazard model was performed to assess the association of low global cognition with mortality. According to the classification of confounding covariates, they were progressively added to 5 adjustment models in addition to the univariate analysis (model 1): model 2, adjusted for age and gender; model 3, adjusted for socio-demographic variables including age, gender, race and ethnicity, educational level, health insurance, family income, marital status and NHANES cycle; model 4, additionally adjusted for disease history including congestive heart failure, coronary heart disease, stroke, cancer/malignancy, diabetes, and metabolic syndrome; model 5, additionally adjusted for health behaviors including physical activity, diet quality, smoking and alcohol drinking status, sleep duration, and body mass index; model 6, additionally adjusted for health factors including blood pressure, total serum cholesterol, and glycemic index. Each of the above variables was entered in the Cox proportional hazard model as separate covariates. Further, hazard ratios (HRs) of each ideal health metric as well as the number of ideal health metrics on mortality stratified by cognitive status were estimated in model 5, with no ideal status being set as reference. The variance inflation factor (VIF) was calculated to test multicollinearity, with a value of 5 or more indicating the presence of multicollinearity. The proportion of mortality that would have been prevented by reaching ideal health metric was estimated by population-attributable fraction (PAF) (26).

According to NHANES analytic guidelines, complex sampling design and sampling weights were taken into account in our analyses to produce national estimates (27). Sampling weight was reweighted in using combined NHANES cycles: fasting subsample 4-year mobile examination center (MEC) weight = fasting subsample 2-year MEC weight/2. Statistical analyses were done using SAS version 9.4 (SAS Inc., Cary, NC, United States). All analyses were two-sided, with a p-value less than 0.05 as statistical significance.




Results


Characteristics of the participants

Of 3,632 participants aged ≥60 years old, 436 were excluded for not performing cognitive tests. We also excluded 262 participants with missing data in calculating the overall cognitive score and another 10 with expected survival period less than 6 months. Therefore, a total of 2,924 participants were enrolled in the present analysis.

Compared to those with average to high global cognition, participants with low global cognition tended to be older, less educated, having less private insurance, with lower annual household income, and were less likely to be married and Non-Hispanic White. Participants with low global cognition showed a higher prevalence of congestive heart failure, stroke, and diabetes (Table 1).



TABLE 1 Baseline characteristics of the study participants by cognitive status in the NHANES 2011–2014 cycles.
[image: A table comparing characteristics between groups with low global cognition (726 individuals) and average to high global cognition (2,198 individuals). Variables include age, gender, race, education, health insurance, income, marital status, and disease conditions like heart failure and diabetes. Significant differences, indicated by p-values, are noted for certain characteristics, including age, education, health insurance, income, and marital status. Data is presented as unweighted numbers and percentages, with 95% confidence intervals.]



Prevalence of modifiable health metrics

Participants with low global cognition were less engaged in physical activity, less likely to be alcohol drinkers, and had longer sleep duration as well as increased blood pressure and glycemic index. Yet, decreased total cholesterol was also observed among these participants. The highest prevalence of ideal level of health metrics was observed for regular sleep duration (54.36% vs. 62.37%), and the lowest prevalence was noted for blood pressure (12.06% vs. 21.25%) among participants with low and average to high global cognition, respectively (Table 2).



TABLE 2 Prevalence of modifiable health metrics among older adults, stratified by cognitive status.
[image: Table presenting characteristics associated with low versus average to high global cognition, including physical activity, diet quality, smoking status, alcohol consumption, sleep duration, body mass index, blood pressure, cholesterol levels, and glycemic index. Each characteristic shows counts and percentages with 95% confidence intervals for both cognition groups. The p-values indicate the statistical significance of differences between groups, with significant differences noted in most characteristics except diet quality and body mass index. Data is unweighted and weighted.]

Compared to those with average to high global cognition, participants with low global cognition tended to meet a lower number of ideal health metrics (15.49% vs. 11.14% for ≤1 ideal health metric and 16.99% vs. 22.26% for ≥5 ideal health metrics).



Impact of cognitive function on mortality

At a median follow-up of 6.58 years, 569 participants died (191 CV deaths, 145 cancer deaths). Participants with low global cognition had higher all-cause mortality than those with average to high global cognition (40.03% vs. 13.55%). When adjusting for a series of covariates, the association of cognitive function with all-cause mortality weakened but was still significant (HR = 1.46; 95% confidence interval, CI, 1.04–2.05) (Figure 1; Supplementary Table S1).

[image: Forest plot showing adjusted hazard ratios (HR) with 95% confidence intervals for all-cause, cardiovascular, and cancer deaths across six models. The HRs for all-cause and cardiovascular deaths are greater than one with significant p-values (less than 0.05), indicating increased risk. Cancer death HRs are around one with non-significant p-values, suggesting no substantial risk change.]

FIGURE 1
 Hazard ratio of cognitive status on all-cause and disease specific death among older adults. Model 1: univariate model; Model 2: adjusted for age and gender; Model 3: adjusted for socio-demographic variables (age, gender, race and ethnicity, educational level, health insurance, family income, marital status), and NHANES cycle; Model 4: adjusted for socio-demographic variables, disease history (congestive heart failure, coronary heart disease, stroke, cancer/malignancy, diabetes, metabolic syndrome), and NHANES cycle; Model 5: adjusted for socio-demographic variables, disease history, health behaviors (physical activity, diet quality, smoking and alcohol drinking status, sleep duration, and body mass index), and NHANES cycle; Model 6: adjusted for socio-demographic variables, disease history, health behaviors, health factors (blood pressure, total serum cholesterol, and glycemic index), and NHANES cycle. Abbreviation: HR, hazard ratio; CI, confidence interval.


Increased risk of CV death was revealed in participants with low global cognition (adjusted HR = 1.78; 95%CI, 1.02–3.13). However, low global cognition was not associated with cancer death in crude and fully adjusted models, with HRs and 95%CI of 1.59 (0.92–2.74) and 1.02 (0.47–2.23) respectively.



Impact of modifiable health metrics on mortality, stratified by cognitive status

After multivariable adjustment, ideal physical activity and diet quality were significantly associated with lower risk of all-cause death for participants with low global cognition (HR = 0.48, 95%CI: 0.28–0.82; HR = 0.63, 95%CI: 0.43–0.95). The adjusted PAFs indicated that 26.58 and 15.90% of all-cause deaths could be potentially averted by achieving the ideal level of physical activity and diet quality, respectively. Meanwhile, ideal smoking status and physical activity provided the significant protection against all-cause death for participants with average to high global cognition (HR = 0.64, 95%CI: 0.47–0.86; HR = 0.72, 95%CI: 0.52–1.00), with the adjusted PAFs of 22.09 and 17.14%, respectively. Further, with the number of ideal health metrics increased, reduced risk of all-cause death was observed for participants with average to high global cognition (p < 0.05). The protection was significant after achieving one ideal health metric (HR = 0.27, 95% CI: 0.09–0.85). Although protection against all-cause death was observed for participants with low global cognition, the associations were not significant (Table 3; Supplementary Table S2).



TABLE 3 Hazard ratios of modifiable health metrics on all-cause death among older adults, stratified by cognitive status.
[image: Table comparing variables related to low and average to high global cognition. It includes adjusted hazard ratios and p-values for factors like physical activity, diet quality, smoking, and more. For instance, physical activity shows a hazard ratio of 0.48 with a p-value of 0.01 for low cognition, and 0.72 with a p-value of 0.05 for average to high cognition. The table also details the number of ideal health metrics and their reference hazard ratios.]

Regardless of cognitive status, ideal physical activity was significantly associated with lower risk of CV death, with HRs of 0.49 (0.24–0.99) for low global cognition and 0.33 (0.17–0.64) for average to high global cognition. The corresponding PAFs for physical activity were 26.03 and 52.24%, respectively. Additionally, ideal smoking status significantly decreased the risk of CV death and contributed an adjusted PAF of 31.16% for participants with average to high global cognition. Generally, the risk of CV death decreased with increasing number of ideal health metrics for participants with average to high global cognition, but the associations were not observed for participants with low global cognition (Table 4; Supplementary Table S3).



TABLE 4 Hazard ratios of modifiable health metrics on cardiovascular death among older adults, stratified by cognitive status.
[image: Table comparing associations between various health metrics and cognition levels, showing adjusted hazard ratios (HR) and p-values. Metrics include physical activity, diet quality, smoking, alcohol use, sleep, BMI, blood pressure, cholesterol, and glycemic index. Each is evaluated against cognition levels, with separate columns for low and average to high cognition, detailing HR and significance values. A note clarifies methodology, stating HR adjustments for socio-demographic variables.]

Further, ideal smoking status and physical activity significantly reduced the risk of cancer death for participants with low global cognition (HR = 0.08, 95%CI: 0.01–0.49; HR = 0.12, 95%CI: 0.03–0.53). The corresponding PAFs were 84.97% and 71.19%, respectively. However, no modifiable health metric was found to be associated with cancer death among participants with average to high global cognition. Regardless of cognitive status, no association of number of ideal health metrics and risk of cancer death was observed (Table 5; Supplementary Table S4).



TABLE 5 Hazard ratios of modifiable health metrics on cancer death among older adults, stratified by cognitive status.
[image: A table displaying the association between various health metrics and global cognition levels. It compares adjusted hazard ratios (HRs) with 95% confidence intervals (CI) and p-values across two cognition categories: low global cognition and average to high global cognition. Variables analyzed include physical activity, diet quality, smoking status, alcohol drinking status, sleep duration, body mass index, blood pressure, total serum cholesterol, glycemic index, and the number of ideal health metrics. The table provides statistical details such as p-values and HRs to assess the impact of each variable on cognitive performance.]




Discussion

Our findings suggested that low cognitive function was associated with increased risk of all-cause death for participants aged ≥60 years old. Ideal levels of health metrics, especially sufficient physical activity, healthy diet and never smoked, were associated with significant reduction in death risk. For participants with low global cognition, nearly 27% of all-cause deaths, 26% of CV deaths, and 71% of cancer deaths could be preventable through the attainment of sufficient physical activity. In addition, consuming healthy diet could avert 16% of all-cause deaths and reporting never smoked could avert 85% of cancer deaths.

Some of previous studies indicated that the association of cognitive impairment and death risk is mainly due to the presence of well-established risk factors such as systemic vascular comorbidities (e.g., high blood pressure and diabetes mellitus) (6, 28). In our study, a higher vascular risk profile was indeed observed for individuals with low global cognition. Moreover, our data showed that low global cognition was associated with a 46% increased mortality risk in elders, regardless of the influence of classic vascular risk factors. Thus, monitoring cognition function regularly among older adults may help to identify populations at high risk of death for in-time intervention to improve prognosis. Additionally, the relation of cognitive function and disease-specific death (e.g., CV death and cancer death) may show different patterns, which need to be validated by more studies.

Studies addressing the impact of modifiable health metrics and cognitive function for the risk of mortality are scarce. This is particularly important in older adults given their increased risk of comorbidities and unhealthy metrics. In this study, our findings highlighted the importance of maintaining ideal level of health metrics for older adults. Regardless of cognitive status, sufficient physical activity provided protection against all-cause mortality. Our findings are consistent with previous studies. A population-based cohort of older adults in Spain revealed that cognitive frailty was more markedly associated with increased mortality in inactive older adults, and being active reduced the mortality risk among cognitively frail individuals by 36% (29). Another national sample of community-dwelling Taiwanese aged 65 years or older suggested that having a physically active lifestyle has beneficial effects on survival in older persons with either frailty/pre-frailty or cognitive impairment (30). Based on the available evidence, the association seems biologically plausible. Several studies suggested that physical activity could reduce the risk of death through several pathways, including increased antioxidant defenses and NO bioactivity, improved endothelial function, decreased systemic inflammation, and reduced psychosocial stress (31–33). Taking together, these evidences highlight the benefits of sufficient physical activity in reducing death risk even in older adults with cognitive impairment. Meanwhile, it is very important to pay attention to the possible bidirectional association between physical activity and cognitive function. That is, less physical activity can directly attribute to the decline of cognitive function, while the decrease in physical activity can also be the result of cognitive impairment (34, 35). Besides, an increasing body of evidence suggests that the presence of ideal health metrics during mid-life has an impact on later life cognition (36). In individuals with cognitive impairment, in general, at early stages of the disease, engaging in physical activity induces improvements in executive functions, memory, and cognitive tests (37). Thus, it is crucial to maintain the ideal health metrics for older adults to prevent and delay cognitive decline as well as lower death risk at the earliest stage possible.

Smoking status is another health metric worthy noticing. Data suggested that among participants with low global cognition, a healthy benefit against cancer death may be gained for reporting as never smoked. Meanwhile, smoking was also a large contributor to all-cause and CV death for participants with average to high global cognition, where approximately 22% and 31% of corresponding death events could be averted if the smoking status was ideal. Besides, particular attention should be paid to the cessation of smoking in either group. Although three health metrics (physical activity, diet quality and smoking status) were observed to significantly reduce the risk of death, our analysis did not find that the other six metrics, including alcohol drinking status, regular sleep duration, body mass index, blood pressure, total serum cholesterol, and glycemic index, significantly contributed to the reduction of mortality. Our results differed from previous studies on the protective effect of these six health metrics (38, 39). One explanation of the inconsistency is that these metrics may be correlated to the other three metrics such that if these three metrics are addressed, they may have an indirect effect on mortality. It has been reported that physical activity is associated with weight loss, lower blood glucose, and lower blood cholesterol. On the other hand, the benefit of certain health metrics might be underestimated after adjustment for a considerable set of confounders. Specifically, controlling for diabetes as part of the disease history covariate may make the estimate for glycemic index more conservative.

Further, our results indicated that among participants with average to high global cognition, the risk of all-cause and CV death decreased as the number of ideal health metrics increased. However, this protection was not significant for participants with low global cognition. One explanation for this may be the discrepant prevalence of each ideal health metrics depending on the cognitive status, and their different impact in lowering the risk of mortality. Given the potential benefits and that all components of these health metrics are modifiable via treatment and lifestyle modification; there is a need to improve these health metrics especially in subjects with low cognition function.

The strengths of this study included the contribution to the limited evidence examining the modifiable health metrics against mortality for older adults with cognitive impairment, and were the first to report PAFs of these modifiable factors for all-cause and disease-specific deaths. Besides, the NHANES includes a large, population-based, nationally representative sample of older US adults, which provided excellent extrapolation to the entire US population. Meanwhile, this study had some limitations. First, potential changes in cognitive function between initial measurement and death were not assessed. We were unable to determine the changes in cognitive function and its impact on mortality. Second, not all modifiable health metrics were analyzed due to the limitation of data. Third, there is possibility of misclassification of certain metrics as a result of being self-reported measures, and subjects with cognitive impairment may have more risk to self-report inaccurate data. Finally, the results were derived from participants aged ≥60 years old. It may not be extrapolated to the whole population.



Conclusion

Low cognitive function was associated with increased risk of all-cause death for older adults, independent of classic vascular risk factors. This study highlighted that health metrics of sufficient physical activity, healthy diet and being never smoked, provided significant protection against death risk. Interventions to reinforce the modifiable health metrics to ideal levels were necessary for older adult population.
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Introduction: The current study investigated the relationship between the characteristics of a darts game, including the throwing motion toward a target, and mild cognitive impairment (MCI). To this end, we examined the associations between cognitive function and mental health, and the shift in center of gravity while throwing darts. In a preliminary investigation, a 1-month dart game intervention was conducted among older individuals living in the community. The participants were divided into the non-MCI and MCI groups, and the relationship between center of gravity movement during throwing and the presence of dementia was examined.



Methods: The intervention lasted for 1 month and was tested on healthy older individuals (aged ≥ 65 years) recruited from the community. The Japanese version of the Montreal Cognitive Assessment and the Trail Making Test was used to assess cognitive function. Mental health was evaluated using the Kessler Psychological Distress Scale and the Subjective Well-being Inventory. The center of pressure was analyzed to determine the center of gravity shift during dart throwing.



Results: The analysis of factors influencing the determination of the MCI score during the intervention revealed a tendency for the center of gravity shift to be associated as a protective factor in the non-MCI group, although this association did not reach statistical significance (odds ratio = 0.942, p = 0.084). In the MCI group, a significant effect of age was observed in the MCI score (odds ratio = 1.539, p = 0.007).



Conclusion: The current findings suggest that conducting center of gravity shift testing could potentially provide a helpful tool for predicting early decline in cognitive function.
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mild cognitive impairment, cognitive function, mental health, gravity movement, older





1 Introduction

When humans throw an object at a target, the target is recognized by the visual cortex, temporal association cortex, parietal association cortex, and prefrontal area, enabling the coordination of somatic sensations in the body and positional information regarding the target. Decisions regarding throwing are made via processing in the prefrontal area. Based on the obtained information, the motion for the most efficient throwing movement is planned in the motor association cortex, which is then carried from the primary motor area as output information via the vertebra. The result of the throwing movement is compared between the expected and actual sensory feedback in the parietal association cortex and cerebellum to identify accidental errors (1). Motor learning then determines how the next throw should be most efficiently performed for the movement task (2). The game of darts involves a repeated throwing motion directed at a target. When throwing darts, in addition to arm swinging, a forward shift of the center of pressure (COP) is necessary. Playing darts requires limb and trunk support ability, balance capacity, spatial perception ability, and center of gravity shifting. Schleien et al. (3) investigated the effectiveness of darts skill improvement and sensory feedback in disabled adults by calculating and aiming at a target. Goto et al. (4) suggested that measuring the center of gravity shifting was potentially useful for detecting cognitive decline at an early stage. Thus, the game of darts, which involves a throwing motion aimed at a target, contains elements of dual-task training and may be related to cognitive function in older people.

The 2019 guidelines from the World Health Organization recommend engaging in physical exercise to prevent cognitive decline in individuals with normal cognitive function (5). Intervention studies using dual-task training, including physical exercise, have been reported to have benefits for individuals with mild cognitive impairment (MCI) and healthy older adults (6, 7). In addition, it may be useful to evaluate not only the movement of the body during physical exercise interventions but also the process of moving the body, such as shifts in the center of gravity. In a previous study, we used a driving simulator to elucidate delayed responses in older individuals and examine the process of moving the body (8). The associations between throwing interventions, such as aiming in a darts game, and physical activity, including changes in the center of gravity, and cognitive function, are unknown.

As a pilot study, a darts game intervention study was conducted. To test the association between dementia and the movement of the center of gravity during throwing, older people living in the community were recruited, and the participants were divided into two groups: non-MCI and MCI. The participants were examined using the Japanese version of the Montreal Cognitive Assessment (MoCA-J) (9). The cohort was then divided into two groups (non-MCI and MCI) based on their MoCA-J scores. The study investigated the relationships between cognitive function and mental health characteristics, center of gravity shifting for throwing darts, and MCI score.



2 Methods


2.1 Trial design

A darts game intervention study was conducted. The participants were categorized into two groups (non-MCI and MCI) based on pre-intervention assessments. We examined the associations between MCI scores and cognitive, mental, and physical functions before and after the intervention, recognizing the pilot nature of the study. The exclusion criteria included (1) the presence of a mental disorder, such as a diagnosis of depression or dementia; (2) the inability to respond verbally to questions due to difficulties with verbal communication; and (3) the measurements needed for the study were difficult to obtain.



2.2 Participants

The participants were healthy individuals aged 65 years or older who volunteered to participate in response to a recruitment advertisement in the M City official bulletin. This study was performed after receiving approval from the ethics committee of the Prefectural University of Hiroshima (no.: 18MH031-01), and the protocol used was in accordance with the Declaration of Helsinki. Informed consent was obtained from all individual participants included in the study. Each participant received a comprehensive explanation of the study contents and methods in advance and provided written consent. The participants were allowed to withdraw their consent at any time during the study period. Written consent was obtained from 77 individuals, 69 of whom were enrolled as participants. Six participants could not be followed up. After the intervention, we failed to obtain measurements from six participants, one participant rejected the assessment, and one participant was an outlier (Figure 1).


[image: Flowchart depicting participant enrollment and assessment in a study. Initially, 77 participants were screened, with 3 excluded for not meeting criteria. Seventy-four were assessed, 5 excluded for measurement failure or being outliers, leaving 69 participants. They were divided into non-MCI and MCI groups based on MoCA-J scores, with 26 and 43 respectively. In follow-up, 2 non-MCI and 4 MCI participants were lost. Post-intervention, the non-MCI group had 24 participants, with 2 measurement failures, and the MCI group had 39, with 6 excluded. Final analysis included 17 non-MCI and 5 MCI participants.]
FIGURE 1
Flow diagram of participants. MCI, mild cognitive impairment; MoCA-J, Japanese version of the Montreal cognitive assessment.




2.3 Interventions

For the darts game intervention experiment, an installation-type darts machine (DARTSLIVE2 EX, DARTSLIVE Co. Ltd., Tokyo, Japan) was installed at the community centers. The participants were given a 1-month communication program in which they played the game of darts. Using the program, darts matches were conducted with teams composed of three players, and the program was used for communication among the team members. The matches were played in rotation. Thus, the weekly activity time for each participant was approximately 1–1.5 h. The participants were expected to engage in darts match activities one to three times (non-MCI group: average = 2.71, min = 1, max = 4; MCI group: average = 2.73, min = 1, max = 4) per week. During the intervention period, the participants were instructed to continue with the same daily activities they engaged in before the intervention.

The intervention experiment activity was conducted for 29 days on average [standard deviation (SD): 2.08, min: 26, max: 32], from February to March 2019. Cognitive function and mental health, as well as physical characteristics while throwing darts, were measured before and 1 month after the start of the intervention. Teams were created to facilitate communication among the participants. The environment was adjusted to allow the participants to take part in the intervention program. The participants were divided into two groups (non-MCI and MCI) based on the results of the examinations conducted prior to the intervention. We analyzed the relationships between MCI score and cognitive function and mental health, as well as physical characteristics, before and after the intervention.



2.4 Outcomes

The MoCA-J and Trail Making Test were tested as cognitive functions, and the Kessler Psychological Distress Scale was measured as an assessment of mental health. The center of gravity for throwing darts and arm-swinging acceleration were measured as indicators of physical function during a game of darts.


2.4.1 Cognitive function

The MoCA-J and Trail Making Test Parts A and B (TMT-A, TMT-B) were used to assess cognitive function. The MoCA-J is a tool used for measuring MCI decline. It can evaluate multiple areas related to cognitive function, such as attention function, ability to concentrate, executive function, memory, language, visuospatial ability, conceptual thinking, calculation, and orientation within a short period (approximately 10 min). The total score is 30 points. For the Japanese version, it has been reported that the normal range is 26 points or higher (9, 10). The TMT-A is used as an index for the maintenance of attention and selective ability, and the TMT-B is used for measuring executive function. Although no standard value has been set, these tasks are useful for determining effects because they employ a sequential scale for time (11, 12).



2.4.2 Mental health

For the examination of depression and anxiety disorders, mental health was assessed prior to the intervention using the Japanese versions of the Kessler Psychological Distress Scale (K6) and the Subjective Well-being Inventory (SUBI). The K6 is a screening measure for mental illnesses, such as depression and anxiety disorders, and is widely used as an index for expressing the severity of various mental problems, including psychological stress, within a general investigation. The total score ranges from 0 to 24 points, with a higher total score indicating more severe mental problems (12). The SUBI is a questionnaire developed by the World Health Organization and is used to evaluate subjective well-being. The results are expressed as mental health and mental fatigue scores (health scores and fatigue scores, respectively) (13, 14).



2.4.3 Physical function while throwing darts

To elucidate changes in physical function during the darts game, the center of gravity for throwing darts and arm-swinging acceleration while throwing were measured prior to starting the intervention. To determine the center of gravity shift, a kinetic balance assessment system (SS-FP40AO, SPORTS SENSING Co., Ltd., Fukuoka, Japan) was used, and the center of pressure was calculated. The direction toward the darts target was designated as direction X to acquire the trajectory length, or COPx (m). The trajectory length toward both sides of the body perpendicular to COPx was measured as COPy (m). Dart throwing was repeated three times. The average of the three throws was obtained for both COPx and COPy. For measuring acceleration, a compact wireless multifunctional sensor (TSND121, ATR-Promotions Inc., Kyoto, Japan) was used, and the average maximum acceleration (G) of three throws was calculated.




2.5 Sample size

The sample size was determined according to the 6-week difference in MoCA score using G-power, based on the results of a study conducted by Park et al. (15). The comparison of VAR before and after intervention in the mild dementia group, with M1 = 17.7 (mean MoCA score before intervention), SD 1 = 3.4, M2 = −20.9 (mean MoCA score after intervention), SD 2 = 3.4, two-sided α = 0.05, and power = 90%, indicated a sample size of 21 participants per group. This was increased to 22 (the minimum sample size of the non-MCI group) to account for potential attrition, resulting in a total sample size of 55. In this study, the participants were allowed to withdraw their consent at any time during the study period.



2.6 Allocation

MoCA-J scores are considered valid for MCI screening when the total score is 25 or lower (9). For the participants in the present study, those with a MoCA-J score of 26 or higher were classified into the non-MCI group, and those with a score of 25 or lower were classified into the MCI group, as MCI was suspected. MCI scores at 1 month after starting the intervention were determined in each group using the MoCA-J (Figure 1).



2.7 Blinding

The corresponding author created a consolidated table in which the subjects were linked, anonymized, and assigned randomized numbers. The measurer knew and measured only the randomized numbers. The occupational therapists within the research group assessed cognitive function and mental health, while the engineers in the same research group analyzed the data from dart-throwing. However, the occupational therapists and engineers who conducted the measurements did not know whether each participant was in the MCI or non-MCI group. The corresponding author, who knew whether each participant was in the MCI or non-MCI group, did not participate in conducting the survey. Although this was an intervention study of all subjects, we used a double-blind method in which neither the measurer nor the subjects knew whether they were in the MCI or non-MCI group.



2.8 Statistical methods

Participants' physical characteristics, cognitive function measurements, mental health investigation results, physical function measurements while throwing darts before the intervention, and the average MoCA-J scores (SD) after the intervention were obtained. Student's t-tests were used to compare the average scores before the intervention between the non-MCI and MCI groups. In each group, the effects of risk factors were examined with binominal logistic regression analysis using the MCI score at 1 month after starting the intervention as the objective variable (dependent variable). The explanatory variables for physical characteristics included age, stature, and body mass prior to the intervention. For cognitive function measurements, the time taken to complete the TMT-A and TMT-B prior to the intervention was used as an explanatory variable. For the mental health investigation, K6 scores prior to the intervention and SUBI health/fatigue scores were used as explanatory variables. Regarding the physical function measurements while throwing, COPx, COPy, and acceleration prior to the intervention were used as explanatory variables. In the analyses of cognitive function, mental health, and physical function while throwing, data were adjusted for age before the intervention. The SPSS software package, ver. 25.0 J (IBM Japan, Ltd., Tokyo, Japan), was used for all analyses and statistical processing of measured data. Regarding the level of significance, values of 0.05 or lower were considered to indicate statistical significance.




3 Results


3.1 Verification of data reliability and validity

All study participants exhibited no physical limitations that affected the implementation of the darts game. Of the 77 participants, 22 participants obtained a predicted failure on the screening test, refused to participate, or were lost to follow-up and were therefore excluded from the analysis.



3.2 Comparisons of physical characteristics and measurements of cognitive function and mental health with physical function while throwing prior to the intervention between the non-MCI and MCI groups

Significant differences between the two groups were observed, with significantly lower age (73.5 ± 4.6 vs. 79.3 ± 5.2 years, p < 0.01), completion time of TMT-B (91.0 ± 37.0 vs. 150.7 ± 59.4 s, p < 0.01), and SUBI health score (39.1 ± 5.7 vs. 41.2 ± 7.0 points, p < 0.05) in the non-MCI group compared with those in the MCI group. COPx was significantly higher in the non-MCI group (0.19 ± 0.05 vs. 0.16 ± 0.05 m, p < 0.01) compared with that in the MCI group. No significant differences were observed for the other items (Table 1).


TABLE 1 Comparisons of physical characteristics and measurements of cognitive function and mental health with physical function while throwing before intervention between the non-MCI and MCI groups.

[image: A table compares characteristics between non-MCI and MCI groups, showing mean, standard deviation, minimum, and maximum values. Sections include physical characteristics (age, stature, body mass), cognitive function (MoCA-J, TMT-A/B times), mental health (K6, SUBI scores), and physical function (COPx, COPy, acceleration). P-values indicate statistical significance in differences, with some values below .05 for age, MoCA-J, SUBI health score, and COPx.]



3.3 Results of binominal logistic regression analysis using MCI score obtained 1 month after starting the intervention as the objective variable (dependent variable) in both groups

Table 2 shows the relationships between physical characteristics and measurements of cognitive, mental, and physical function while throwing before the intervention. It also presents the MCI scores 1 month after starting the intervention in the non-MCI group. The analysis of factors influencing the determination of the MCI score during the intervention revealed a tendency for COPx to be associated as a protective factor in the non-MCI group, although this association did not reach statistical significance (odds ratio = 0.942, p = 0.084).


TABLE 2 The results of logistic analysis of the MCI scores after 1 month of intervention in the non-MCI group.

[image: Table displaying odds ratios, 95% confidence intervals, and p-values for various characteristics. Categories include physical characteristics (age, stature, body mass), cognitive function (TMT-A, TMT-B), mental health (K6, SUBI health and fatigue scores), and physical function (COPx, COPy, acceleration). Each category shows specific values. Adjustments are made for age in some categories.]

Table 3 shows the results of the logistic analysis of the association between the presence of MCI and physical characteristics, measurements of cognitive, mental, and physical function after 1 month of intervention in the MCI group. Age was found to be significant (odds ratio = 1.539, p = 0.007).


TABLE 3 The results of logistic analysis of the MCI scores after 1 month of intervention in the MCI group.

[image: Table showing odds ratios, 95% confidence intervals, and p-values for various characteristics. Physical characteristics include age (odds ratio 1.553, p-value 0.007), stature, and body mass. Cognitive function involves TMT-A and TMT-B tests. Mental health covers K6 and SUBI scores. Physical function includes COPx, COPy, and acceleration. Confidence interval and age-adjusted note provided.]




4 Discussion

In the present study, an interventional experiment using a darts game was performed for 1 month with community-dwelling older people. The participants were divided into a non-MCI group and an MCI group based on MoCA-J results obtained before starting the intervention. The prevalence rate of MCI has been reported to be approximately 50% among community-dwelling older people in Japan (16). Among the 77 participants in the study, 43 had MCI. Therefore, the number of participants in the MCI group in this study was considered to be appropriate. We investigated the associations of cognitive, mental health, and physical function characteristics determined prior to the intervention with MCI scores after the intervention had finished. The results suggested that the present data were reliable (i.e., the prevalence rate of MCI among the elderly was 43 out of 77, or 56%). All participants received adequate training in throwing darts before the experiment started, which may have also contributed to the validity of the data.

Logistic analysis of the MCI scores 1 month after starting the intervention revealed a tendency for the center of gravity shift while throwing toward the target to be associated as a protective factor in the non-MCI group, although this association did not reach statistical significance (COPx: odds ratio = 0.942, p = 0.084). To successfully play darts, a sense of the distance between the target and the player as well as a perception of space are required. When the target is recognized, visual information is carried from the occipital lobe to the upper parietal lobule in the parietal association cortex and is then integrated with somatic sensation and converted to information regarding the target position for body coordination. That information is then carried to the dorsal premotor cortex, where the most efficient movement for throwing the dart is planned. Simultaneously, visual information is carried from the occipital lobe to the lower parietal lobule of the parietal association cortex and the ventral premotor cortex, where the most suitable hand-grip pattern for the throwing is selected and planned. This motion planning is projected from the primary motor area to the vertebra as output information. An efference copy of the reach-grip motion for this situation is converted to prediction information for movement results, to compare between predicted and actual sensory feedback in the parietal association cortex and cerebellum, and to extract any errors (1). As a result, exercise-based learning on how to efficiently perform the motor task of dart throwing occurs (2). Because movement speed is decreased in older people (17), not only arm swinging but also a forward shift of the center of gravity is needed for aiming at a distant target. With advancing age and diminishing cognitive capabilities, studies have consistently reported a decline in coordination between the hands and eyes, resulting in a deterioration of motor performance coupled with increased variability (8, 18). Furthermore, a correlation was reported between general cognitive efficiency and spatial mental transformation skills, and its influence has been observed in cognitive tasks associated with driving (19). In addition, previous research has highlighted the dynamic evolution of motor processes throughout an individual's lifespan. Thus, it may be useful to quantify the process of movement using metrics such as COPx. Considering these factors, we speculate that the non-MCI participants learned the motion involved in repeating a throwing movement three times by making use of physical function and spatial perception before the intervention started, even without any prior experience throwing darts, allowing them to plan the motion and actually throw the darts while shifting their center of gravity in the direction of the target. However, the potential influence of interest and familiarity in relation to the game of darts cannot be excluded. Such an influence may reduce the association with the center of gravity shifting. In future studies, examining participants during a darts game with a longer period of intervention will be needed.

The present results for the non-MCI group indicated that the center of gravity shift toward the target was likely to be a protective factor against cognitive functional decline. Furthermore, the center of gravity shift toward the target while throwing noted before the start of the intervention was greater in the non-MCI group compared with that in the MCI group. This notion is in accord with previous findings showing that center of gravity shift testing is a valuable tool useful for identifying cognitive function decline at an early stage (4). A shortened walking stride, slowed walking speed, and decline in dynamic balance ability have been noted in older individuals with MCI (20–22). In addition, a study of body image in older people suggested that the discrepancy with reality was affected by aging (23). The association between the center of gravity shift during dart throwing and cognitive function shown in the present study suggests the importance of maintaining physical function before MCI onset, particularly through continuous physical activity and exercise.

TMT-B completion time was significantly shorter in the non-MCI group compared with that in the MCI group. The TMT has been widely used for assessing attention function, and past studies have found that the time for completion of both the TMT-A and TMT-B increases with age (24, 25). This finding is in accord with the previous studies mentioned above, indicating that the attention function of the non-MCI group was better than that of the MCI group. Furthermore, SUBI health scores were significantly lower in the non-MCI group compared with those in the MCI group. The SUBI health score is widely used to evaluate the positive effects of the subjective sense of well-being, with higher scores indicating a more positive sense of well-being (13, 14). A previous study reported that subjective well-being tends to increase at the age of approximately 60 years and is then maintained until very old age (26). The lower SUBI health scores in the present non-MCI group are in accord with this previous finding, as the participants were younger compared with those in the MCI group.

In a logistic analysis of MCI scores at 1 month after starting the intervention, age was confirmed to be a significant risk factor for cognitive function decline in the MCI group. Furthermore, the age of the MCI group was significantly higher than that of the non-MCI group. Regarding dementia, an increased prevalence is associated with aging, with some differences based on region. In Japan, approximately 10%–15% of individuals in their early 80s, 15%–25% in their late 80s, and 30% or more of those aged 90 or older are estimated to be affected by dementia (27). Thus, aging is the greatest risk factor for developing dementia. Similar findings were obtained for the MCI group in the present study, and improvement became more difficult as the age at the time of MCI onset increased. In addition, the primary prophylaxis to prevent developing MCI itself might be more important than the secondary or tertiary prevention after onset. The present results support the importance of preventing cognitive function decline at a younger age while individuals are still healthy.


4.1 Limitations

This study involved several limitations that should be considered. First, the participant cohort comprised older people from a single city. Thus, it may be inappropriate to generalize the findings to the whole population, although the participants' stature and body mass were similar to the average values reported in a recent national survey conducted in Japan (28). In addition, the presence of only 17 (30.9%) male participants suggests a potential bias in the male-to-female ratio. Sex differences have been reported for the diagnosis of amnestic MCI (29), which may limit the generalizability of the present results. The intervention period in this study was only 1 month, and the effectiveness of the intervention for improving cognitive function is questionable. In the study conducted by Manera et al. (30), participants showed interest in the game during the 1-month validation in the MCI group. We expect that the effect can be evaluated in this study as well, although for a short period of 1 month. However, the potential effects of interest and habituation in relation to the darts game cannot be excluded. Therefore, the association with the center of gravity shift may have become smaller. In future studies, verification of the current findings using a darts game with a longer period of intervention may be useful.




5 Conclusion

A 1-month intervention study using a darts game as an exercise intervention was conducted with older people living in the community. We examined the associations between cognitive function measurements, mental health, and center of gravity shift while throwing darts before and after the intervention. The participants were divided into the non-MCI and MCI groups, based on the MoCA-J scores prior to the intervention. The results in the non-MCI group indicated that the center of gravity shift while throwing toward the target was a potential protective factor, and this finding was marginally statistically significant. In the MCI group, no significant associations were found between cognitive, mental, and physical function, except for age. These findings suggest that the results of the center of gravity shift test may be indicative of early cognitive function decline, highlighting the importance of early primary prophylaxis to prevent the onset of MCI.
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Introduction: There are several tests that provide information about physical fitness and functionality in older adults. The aims of this study were: (i) to analyze the differences between sex and age in functional, strength and cardiorespiratory tests; and (ii) to study the correlations between functional, strength and cardiorespiratory tests according to sex and age.
Methods: A total of 171 older adults (72.09 ± 13.27 kg; 1.59 ± 0.09 m; 72.72 ± 6.05 years) were divided according to sex (men: n = 63; women: n = 108) and age (≥60 <70: n = 65; ≥70 <80: n = 89; ≥80: n = 18). Anthropometry, body composition, upper limb strength (hand grip; HG), lower limb strength (countermovement jump; CMJ), cardiorespiratory capacity (6 min walking test; 6MWT), timed up and go test (TUG) and Short Physical Performance Battery (SPPB) were assessed.
Results: Men showed higher values in CMJ height, HG and expired volume (VE) (p < 0.05). There were no significant differences between sexes in TUG and SPPB. Regarding age, there were significant differences in CMJ, VE and peak oxygen uptake (VO2peak), TUG, gait speed, chair and stand test and SPPB total (p < 0.05). The test times were higher in older people. Regarding correlations, the TUG showed significant correlations in all strength and cardiorespiratory tests, regardless of sex and age. The CMJ correlated more significantly with functional tests compared to HG.
Discussion: There were sex and age differences in functional, strength, and cardiorespiratory tests. The execution of quick and low-cost tests such as the CMJ and TUG could provide information on overall physical fitness in older adults.
Keywords: elderly, assessment, physical fitness, short physical performance battery, functional test

1 INTRODUCTION
Life expectancy is increasing world-wide, and it is estimated that by 2050, adults over 60 years of age will represent 21.1% of the world population (Nied and Franklin, 2002). During the same period, life expectancy is expected to increase, reaching 83 and 75 years in the most developed and least developed countries, respectively (Chatterji et al., 2015). However, following the COVID-19 pandemic, global life expectancy from 72.8 years in 2019 to 71.0 years in 2021, with an annual decrease of 1.2% (Cao et al., 2023).
Aging is the result of the accumulation of molecular and cellular degeneration over time, causing a gradual decline in physical and mental health (World Health Organization, 2015). The World Health Organization (WHO) defined “good health” as a state of complete physical, mental, and social wellbeing and not simply the absence of disease or illness (Frangos et al., 2023). Likewise, in 2015, the WHO defined the concept of “healthy aging” as the notion of functional capacity, rather than the mere presence or absence of disease. Being functional is the ability of an individual to live, be active, and take care of themselves independently (Fried et al., 2004). Functionality can be assessed through different methods, using a physical and cognitive approach.
During aging, the body undergoes a series of structural and functional changes in the different physiological systems. In general, progressive aging is associated with biochemical and functional changes in the cells of the musculoskeletal tissue, including the loss of strength and muscle mass, especially type II fibers, and the deterioration of the muscle’s oxidative capacity (Harber et al., 2009; Konopka and Harber, 2014). In addition, changes in the cardiovascular and respiratory system result in lower cardiac output and higher blood pressure, causing significant changes in the structure and function of the heart, as well as an alteration of oxygenation and a decrease in ventilation (Lakatta and Levy, 2003; Vigorito and Giallauria, 2014; Alvis and Hughes, 2015).
Personal autonomy depends on the individual’s ability to perform basic daily life activities. Loss of physical function leads to the onset of dependency and disability (Patrizio et al., 2021). Functional capacity and physical fitness are linked. Therefore, fitness assessment is becoming increasingly common (Cruz-Jentoft et al., 2010). The ability to maintain high levels of functioning in old age has been linked to the preservation of skeletal muscle function (Abreu et al., 2023). Decreased muscle strength and aerobic capacity is associated with decreased functional capacity and independence (Cruz-Jentoft et al., 2010).
In terms of physical assessment, there are several instruments and tests that report on the physical fitness and functionality of older adults. Among the most commonly used tests are the hand grip (HG), timed up and go test (TUG) and Short Physical Performance Battery (SPPB) (Guralnik et al., 1994; Mijnarends et al., 2013). The above tests are valid and reliable (Mijnarends et al., 2013). Another test widely used in the assessment of athletic performance is the countermovement jump (CMJ). However, in the assessment of older adults it is less common. Previous research suggested that the vertical jump action was more sensitive to age-related declines in neuromuscular function compared to conventional tests (Rittweger et al., 2001; Runge et al., 2004). It has been reported that vertical jump test performance procedures do not cause injury or increases in pain (Buehring et al., 2010).
Studies analyzing relationships between physical and functional tests in an elderly population have previously been published (Singh et al., 2014; Orssatto et al., 2020; Parsons et al., 2020; Staples et al., 2020; Santos et al., 2022; Abreu et al., 2023). However, few studies differentiate between sexes and age ranges (Buehring et al., 2015; Okabe et al., 2021; Monjo et al., 2023). It has been shown that muscle mass loss is twice as fast in men compared to women (Gallagher et al., 1997). Similarly, women have lower levels of physical fitness (Danneskiold-Samsøe et al., 2009) and experience a more rapid decline in physical performance (Samson et al., 2000). The prevalence of limitations in physical functioning correlates positively with age in both men and women (Okabe et al., 2021). However, information on the influence of sex and age is still scarce. On the other hand, it is known that power and muscle strength are related to measures of muscle function assessed by test batteries such as the SPPB (Parsons et al., 2020; Abreu et al., 2023). However, these relationships might be different between sexes and ages due to differences in muscle degeneration. Therefore, the aims of the present study were: i) to analyze the differences between sex and age range in functional, strength and cardiorespiratory tests; and ii) to study the correlations between functional, strength and cardiorespiratory tests as a function of sex and age range.
2 MATERIAL AND METHODS
2.1 Participants
A total of 171 older subjects (72.09 ± 13.27 kg; 1.59 ± 0.09 m; 72.72 ± 6.05 years) divided into men (n = 63; 80.47 ± 11.27 kg; 1.68 ± 0.08 m; 72.84 ± 5.53 years) and women (n = 108; 67.34 ± 11.91 kg; 1.54 ± 0.06 m; 72.60 ± 6.36 years) participated in the present study. Similarly, participants were divided according to age: ≥60 <70 (n = 65; 73.25 ± 14.41 kg; 1.61 ± 0.09 m; 66.67 ± 2.18 years), ≥70 <80 (n = 89; 72.28 ± 12.83 kg; 1.59 ± 0.09 m; 74.84 ± 2.73 years) and ≥80 (n = 18; 67.00 ± 9.58 kg; 1.54 ± 0.10 m; 67.00 ± 9.58 kg 84.05 ± 3.57 years). Age ranges were established in line with previous authors (Milanović et al., 2013). All participants were verbally informed about the details of the study and gave written informed consent to participate in it. All procedures were approved by the university research ethics committee of TecnoCampus (Universitat Pompeu Fabra) (approval number: CEI1/2022) and were conducted in accordance with the Declaration of Helsinki.
Participants were recruited through digital channels, press and billboards in the Maresme region (Barcelona, Spain). The current sample is representative for an elderly population (over or equal to 60 years of age) in the province of Barcelona totaling 5609350 (according to data from the International Center on Aging) with a confidence level of 80% and a margin of error of 5%. To participate in the study, it was necessary to meet the following criteria: i) to reside in the Maresme region (Barcelona, Spain); ii) to have no medical contraindication for physical exercise; iii) to perform the physical fitness assessment tests without the need for assistance (personal or material); iv) to be over 60 years of age; and v) to give written consent. The study was carried out in different civic centers in Mataró.
2.2 Study design
This cross-sectional, descriptive, and quasi-experimental study lasted approximately 6 weeks, during the months of June and July 2023. Strength, cardiorespiratory and functional tests were performed. All assessments were carried out in the morning. Prior to the assessment, participants performed a 7-min warm-up that included walking at their own pace and upper and lower body joint mobility. The order of the assessments was as follows: first, anthropometry and body composition evaluations. The tests were then performed in the following order (Weakley et al., 2022): i) balance test; ii) HG; iii) CMJ; iv) gait speed; v) TUG; vi) Chair and stand test; and vii) 6 min walking test (6MWT). There was a 3-min rest period between all tests except between tests (vi) and (vii) where there was a 5-min rest period. It should be noted that the participants were not familiar with the tests performed. During the tests, three exercise professionals always supervised and monitored the safety of the study participants. Prior to the study, the raters were trained in the assessments used.
2.3 Anthropometry and body composition
Body height was assessed with a wall-mounted stadiometer (Seca 220; Hamburg, Germany). Body weight, fat-free mass and fat mass were estimated by electrical bioimpedance (Tanita, MC 780-P MA; Tokyo, Japan). Participants were assessed barefoot and with as little clothing as possible. Also, 3 days before the assessments, participants were instructed not to drink alcohol 48 h beforehand, to perform intense exercise at least 12 h beforehand and not to wear metallic objects.
2.4 Cardiorespiratory assessment
Cardiorespiratory fitness was assessed using the 6-min walking test (6MWT) (Bautmans et al., 2004). The test was performed outdoors on a hardened, flat surface following a 30 m straight line circuit. Participants were asked to try to cover as long a distance as possible in 6 minutes without running. Subjects wore comfortable clothing and footwear and were allowed to rest or stop when necessary. Participants were equipped with a portable gas analyzer (K5 COSMED; Rome, Italy) in order to assess ventilatory parameters objectively (Perez-Suarez et al., 2018). Peak oxygen uptake (VO2peak) and expired volume (VE), obtained in the 6MWT, were assessed.
2.6 Strength assessment
Upper body strength and lower body power were assessed using the manual grip test and the CMJ jump, respectively. Manual grip strength was measured with a Takei 5101 dynamometer (Takei Instruments Ltd., Tokyo, Japan). Participants performed two attempts with each hand with 30 s recovery and the best one was selected for analysis. Participants were encouraged to perform a maximal contraction while seated in a chair with the elbow flexed and the arm resting on the armrest. The grip piece of the dynamometer was adapted to the participants’ hands (Ortega et al., 2011). The CMJ test (Bosco et al., 1982) was used to assess lower body power. This type of test can be performed safely, without falls or accidents occurring during the test (Santos et al., 2022). The force platform (MuscleLab, Stathelle, Norway) was used to measure take-off height, power, and contact time (CT). Participants started the jump from an upright position, with feet shoulder-width apart and hands resting on the hips. Subjects performed a knee flexion-extension followed by a jump of maximum possible intensity. Two attempts were allowed with a 30 s rest period between jumps. The best jump was chosen for further analysis.
2.7 Functional test
The SPPB and the TUG test were used to assess the functional capacity of the study participants (Guralnik et al., 1994). A hand-held stopwatch (CASIO HS-30W-N1V, Tokyo, Japan) was used to monitor the tests. A videotape was made with detailed instructions for administering and scoring the functional tests, as well as instructions for keeping the subjects safe. Scores were assigned by the same rater. Several demonstrations were given by the rater prior to each test.
The TUG test is reliable, cost-effective, safe and efficient for assessing general functional mobility (Podsiadlo and Richardson, 1991; Kear et al., 2017). For the test, a chair with a backrest, an adhesive tape, and a cone to delimit the course were used. To perform the TUG test, subjects had to get up from the chair, walk 3 m, turn around, return to the chair, and sit down (Kear et al., 2017). Participants started the test seated, with their back against the backrest and their hands resting on their legs. The test time started with the word “go” (after a 3-s countdown) and ended when the participant was seated.
The standing balance tests were divided into three positions (de Fátima Ribeiro Silva et al., 2021):
	1. Standing with feet side to side (at the same height) for 10 s.
	2. Semi-tandem stance (one foot in front of the other foot touching, from the side, the heel of the forward foot to the big toe of the back foot) for 10 s.
	3. Tandem stance (foot fully forward, with the heel of the forward foot in contact with the toes of the back foot) for 10 s.

For position one and two, the score was 0-1 according to the time the position was held (0 points: <10 s; 1 point: ≥10 s). For position three, the score was 0-1-2 (0 points: <3 s; 1 point: >3 <10 s; 2 points: ≥10 s. The total score for this test ranged from 0 to 4 points. For each position, the rater first demonstrated the task, then supported one arm while participants placed their feet, asked if they were ready, then released the support and began timing.
To assess walking speed, the 8-m course (2 m acceleration, 4 m time trial and 2 m deceleration, to avoid early braking bias) was marked out with no obstacles. Participants were instructed to walk at their usual speed, as if they were walking in the street. The timing of the test started with the word “go” (after a 3-s countdown) and ended when the participant passed the 4-m mark. Scoring was performed according to the following classification (0 points: the subject does not perform the test; 1 point: >6.52 s; 2 points: ≥4.66 ≤6.52 s; 3 points: ≥3.62 <4.65 s; and 4 points: <3.62 s (Paineiras-Domingos et al., 2018).
To assess the ability to stand up and sit down from the chair, a straight-backed chair was placed next to a wall. Participants were asked to cross their arms over their chest and stand up and sit down on the chair five times as quickly as possible. The time from the initial sitting position to the final standing position at the end of the fifth repetition was recorded. The score depends on the time of execution (0 points: ≥60 s; 1 point: ≥16.70 s; 2 points: ≥13.70 <16.70 s; 3 points: ≥11.20 <13.70 s; and 4 points: <11.20 s (Paineiras-Domingos et al., 2018).
2.7 Statistical analysis
Data are shown as mean ± standard deviation. Data were processed with IBM SPSS 25.0 Statistics (IBM Corp., Armonk, NY, United States) and R (v4.1.2, R Foundation for Statistical Computing, Vienna, Austria). The figures were created using the R commander program (v4.1.2, R Foundation for Statistical Computing, Vienna, Austria): The normality of the distribution of the variables was analyzed using the Kolmogorov-Smirnov test and the homogeneity of variances using the Levene test. A two-way ANOVA (effect of sex and effect age) was used to show any differences in the variables studied, as well as the interaction between the two effects. For this purpose, sex was coded on the one hand and age range on the other hand in order to separate the two categories. The sex effect refers to the differences between sexes in the parameters analysed and the age effect refers to the differences between the age ranges of the variables analysed. Finally, the sex × age interaction indicates whether the effects are dependent. The Bonferroni post hoc test was used to determined differences in effect age. Effect size was calculated using partial eta-squared: ≥0.01 <0.06 was a small effect size, ≥0.06 <0.14 moderate, and ≥0.14 large (Hopkins et al., 2009). Pearson’s correlation analysis and the simple linear regression model between tests were used. The magnitude of correlation was rated as trivial (<0.1), small (≥0.1 ≤0.29), moderate (>0.29 ≤0.49), large (>0.49 ≤0.69), very large (>0.69 ≤0.89) or nearly perfect (>0.9 ≤0.99) (Hopkins, 2002). A p-value <0.05 was considered statistically significant.
3 RESULTS
The results obtained in the present study are shown below. Table 1 shows the data obtained in anthropometry and body composition. There were significant differences between sexes in height, weight, fat mass and fat free mass (p < 0.02). Men were taller, heavier and had higher fat free mass. Regarding age differences, significant differences were reported in height, fat mass and fat free mass (p < 0.02). Height and fat free mass decreased as a function of age. Large effect sizes were reported for height (sex) and moderate effect sizes for height (age), weight and fat free mass.
TABLE 1 | Anthropometry and body composition.
[image: A table presenting various health parameters across different age groups for men and women, with statistical significance noted. Parameters include height, weight, BMI, fat mass, and fat-free mass. The effects of sex, age, and their interaction on these parameters are listed with corresponding p-values. Statistical notations indicate significance levels (`p < 0.05`, `p < 0.01`) and effect sizes.]Table 2 shows the results obtained in the strength and cardiorespiratory assessment tests. There were significant differences between sexes in CMJ height, HG and VE (p < 0.05), being higher in men. With respect to age, significant differences were observed in CMJ, VE, and VO2peak, with lower values in older participants (p < 0.05).
TABLE 2 | Strength and cardiorespiratory assessment.
[image: A table displaying various health parameters for men and women across three age groups: CMJ Height, CMJ CT, CMJ (W/kg), HG Right, HG Left, VE, and VO2peak. It includes mean values with standard deviations and indicates sex effect, age effect, and interaction between sex and age. Significance levels are marked with different symbols.]Table 3 reports the results obtained in the functional tests (SPPB and TUG) evaluated in the present study. No significant differences between sexes were reported. Regarding age differences, there were significant differences in TUG, gait speed, semi-tandem stance, SPPB chair stand, SPPB gait time and total SPPB (p < 0.05). In older people, test times were higher and reported lower SPPB scores. Regarding sex × age interactions, there were significant differences in semi-tandem and tandem stance and total SPPB (p < 0.05). Finally, regarding effect sizes, there were moderate effect sizes in TUG, gait speed, SPPB chair stand test, SPPB gait speed and balance tests. In addition, the effect size in total SPPB was large in the age effect.
TABLE 3 | Functional test.
[image: A table shows physical performance data by age and sex, comparing metrics like Timed Up and Go (TUG), speed gait, chair stand, and various stand points. Columns include measures for men and women across different age ranges, with additional analysis on sex effect, age effect, and sex by age interactions. Notable values are indicated by symbols for effect size and significance levels.]The figures below show the regression lines as a function of age and sex for the different tests used. Figure 1 shows the regression lines according to sex between the conventional strength tests and the functional tests. On the other hand, Figure 2 shows the regression lines for the same tests as a function of age.
[image: Scatterplot matrix showing correlations between multiple variables. Each subplot contains either a density plot or a scatterplot with a regression line. Density plots are along the diagonal, illustrating distribution. Scatterplots show paired variable relationships in the lower left, with correlation coefficients labeled in the upper right.]FIGURE 1 | Regression lines, according to sex, between conventional strength tests and functional tests; 1 = men; 2 = women; Corr = overall correlation; *p < 0.05; **p < 0.01; ***p < 0.001 in the correlations analyzed; CMJ, countermovement jump; TUG, timed up and go; SPPB, Short Physical Performance Battery.
[image: A grid of scatter plots and density plots visualizing relationships across multiple variables. The diagonal displays density plots for individual variables with overlapping distributions. The scatter plots show pairwise variable relationships with regression lines. Correlation coefficients are noted above each plot pair, suggesting varying degrees of correlation. Different colors represent distinct data subsets.]FIGURE 2 | Regression lines, according to age, between conventional strength tests and functional tests; 1 = ≥60 <70 years; 2 = ≥70 <80 years; 3 = ≥80 years; Corr = overall correlation; *p < 0.05; **p < 0.01; ***p < 0.001 in the correlations analyzed; CMJ, countermovement jump; TUG, timed up and go; SPPB, Short Physical Performance Battery.
Overall, significant correlations (p < 0.05) were observed between all strength and functional tests except HG with the SPPB score and chair stand test. In Figure 1, TUG showed strong significant correlations in all strength tests, independent of sex. In addition, the CMJ seems to correlate more strongly with the rest of the functional tests, being higher in men compared to women. Regarding Figure 2, TUG presented very significant correlations compared to the rest of the functional tests (p < 0.05), as in Figure 1. Similarly, CMJ correlated more strongly with the functional tests compared to HG. The age group with the highest significant correlations was ≥70 <80 years.
Figures 3, 4 show the regression lines and correlations between cardiorespiratory and functional test as a function of sex (Figure 3) and age (Figure 4). In Figure 3, in general, high correlations were observed between all the tests analyzed. However, with chair stand tests the correlations were low. As in the strength tests, TUG obtained highly significant correlations with the cardiorespiratory parameters analyzed, being higher in men (p < 0.05). In terms of age differences, TUG was the test that correlated best with cardiorespiratory parameters in general and in the ages analyzed as well. However, age range ≥80 years was the group that showed the lowest correlations.
[image: A grid of scatter plots and density plots visualizing pairwise relationships between six datasets titled "Year," "Month," "Day," "Temp," "Wind," and "Solar.R." Each diagonal shows density distributions, while scatter plots with linear regression lines appear in the lower triangle, indicating correlations. Upper triangle contains correlation coefficients. The variables interact in various patterns, reflecting diverse trends and strengths of relationships among them.]FIGURE 3 | Regression lines, according to sex, between conventional endurance test and functional tests; 1 = men; 2 = women; Corr = overall correlation; *p < 0.05; **p < 0.01; ***p < 0.001 in the correlations analyzed; VE: expired volume; VO2peak: peak oxygen uptake; TUG: timed up and go; SPPB: Short Physical Performance Battery.
[image: Scatterplot matrix displaying relationships between variables, including histograms along the diagonal and scatterplots with regression lines in the lower triangle. Color differentiation indicates groupings or categories.]FIGURE 4 | Regression lines, according to age, between conventional endurance test and functional tests; 1 = ≥60 <70 years; 2 = ≥70 <80 years; 3 = ≥80 years; Corr = overall correlation; *p < 0.05; **p < 0.01; ***p < 0.001 in the correlations analyzed; VE, expired volume; VO2peak, peak oxygen uptake; TUG, timed up and go; SPPB, Short Physical Performance Battery.
Finally, Figures 5, 6 show the correlations between the strength and cardiorespiratory tests with the functional tests analyzed, according to sex (Figure 5) and age ranges (Figure 6). In Figure 5, CMJ correlated most significantly with cardiorespiratory parameters. The correlations in CMJ and HG with cardiorespiratory parameters were higher in men. In addition, HG correlated more strongly with VE compared to VO2peak. Similarly, in Figure 6 a similar trend to Figure 5 was maintained, CMJ showed a higher correlation with cardiorespiratory parameters compared to HG. The highest age range (≥80 years) showed a greater number of non-significant correlations.
[image: A grid of scatter plots and distribution curves visualizes relationships between pairs of data variables. Blue and pink hues differentiate variables. Scatter plots have trend lines and varying points, while diagonal plots feature overlaid density curves, illustrating variable distribution.]FIGURE 5 | Regression lines, according to sex, between cardiorespiratory test and conventional strength tests; 1 = men; 2 = women; Corr = overall correlation; *p < 0.05; **p < 0.01; ***p < 0.001 in the correlations analyzed; CMJ, countermovement jump; HG, hand grip; VE, expired volume; VO2peak, peak oxygen uptake.
[image: Scatter plot matrix visualizing pairwise relationships among variables. The upper triangle shows correlation coefficients with significance levels, and the diagonal contains density plots for each variable. The lower triangle contains scatter plots with trend lines, depicting individual data points and overall distribution trends.]FIGURE 6 | Regression lines, according to sex, between cardiorespiratory test and conventional strength tests; 1 = ≥60 <70 years; 2 = ≥70 <80 years; 3 = ≥80 years; Corr = overall correlation; *p < 0.05; **p < 0.01; ***p < 0.001 in the correlations analyzed; CMJ: countermovement jump; HG: hand grip; VE: expired volume; VO2peak: peak oxygen uptake.
4 DISCUSSION
The aims of the present study were: i) to analyze differences between sex and age groups in functional tests, strength tests, and cardiorespiratory tests; and ii) to examine correlations between functional tests, strength tests, and cardiorespiratory tests based on sex and age. Significant sex differences were found in CMJ height, HG, and VE (p < 0.05), with men exhibiting higher values. However, no differences were observed in the functional tests. Concerning age, significant differences were noted in all analyzed parameters of CMJ, VE, and VO2peak, TUG, walking speed, semi-tandem stand, SPPB Chair Stand, SPPB gait time, and SPPB total (p < 0.05). Test times were higher in older individuals, resulting in lower total scores in SPPB for the elderly. Regarding correlations, TUG showed strong significant correlations with all strength and cardiorespiratory tests, regardless of sex and age. On the other hand, CMJ correlated more significantly with functional tests. These findings align with those observed by other authors who reported that CMJ is a highly reproducible and safe functional test, akin to HG (Buehring et al., 2010). However, HG is an isometric exercise that evaluates only one muscle group. Conversely, TUG is one of the most popular tools for assessing functionality in older adults (Podsiadlo and Richardson, 1991). Both TUG and CMJ require coordination and safely assess an individual’s maximum effort. Hence, they may have advantages over traditional functional/muscular tests in older adults, being rapid and cost-effective with validated low-cost measurement tools (Balsalobre-Fernández et al., 2015).
Regarding functional physical assessment in aging, it is well-established that various instruments and tests not only verify the ability of older adults to perform everyday tasks but also aid in identifying vulnerabilities for the development of frailty and sarcopenia (Mijnarends et al., 2013). It is conceivable that a single execution of some of these tests could provide comprehensive information due to their interrelation with the rest of the assessments.
It is well-known that the most widely used tests for assessing functional capacity and/or mobility in older adults include the TUG, 6MWT, and the Chair Stand Test (de Fátima Ribeiro Silva et al., 2021). The SPPB is one of the most employed batteries to assess the physical functioning of older individuals. Previous studies analyze the ceiling and floor effect of SPPB. However, it appears to be less suitable for assessing fitness level in healthy older adults or discriminating performance in severely disabled older people. When a measure is used to capture change, high baseline scores and ceiling effects limit the ability to detect improvement. Therefore, assessing SPPB performance over time may be more appropriate (Bergland and Strand, 2019). Longitudinal epidemiological studies have demonstrated its ability to predict dependence and mortality states (Studenski et al., 2003; Onder et al., 2005). Furthermore, a strong association may exist between SPPB and multiple measures of functional status (Cesari et al., 2006; Cabrero-García et al., 2012). Additionally, the TUG test is simple, quickly administered, and requires minimal equipment (Kear et al., 2017). Previous studies have reported that the SPPB score decreased by approximately 0.5 (0.17 points/year) over 3 years or 0.6 points/year (Sergi et al., 2011).
Concerning strength and cardiorespiratory tests, it has been demonstrated that HG is valid for assessing overall muscular strength (Bohannon, 2001; McGrath et al., 2018) and the risk of falls (Neri et al., 2021). Reduced levels of HG are associated with premature mortality and disability (McGrath et al., 2018). Specifically, individuals with low grip strength were significantly more likely to walk at ≤0.4 m/s (odds ratio 2.77), be unable to get up from a chair (odds ratio 2.73) and do heavy housework (odds ratio 1.69) (Rantanen et al., 1999). Similarly, vertical jump tests have been used to evaluate muscle function in individuals with reduced muscle functionality (Buehring et al., 2010; Buehring et al., 2015). Additionally, vertical jump tests appear to be safe even in advanced age (Runge et al., 2004; Buehring et al., 2010). However, their assessment might pose challenges in clinical settings. On the other hand, performance in the 6MWT is highly correlated with that of the 12-min walk test from which it was derived (Bautmans et al., 2004). The 6MWT is a valid tool for evaluating the progression of functional exercise capacity in clinical settings (Bautmans et al., 2004).
Anthropometric values and body composition (Milanović et al., 2013; Soh and Won, 2021), and the results of the strength and cardiorespiratory tests (Buehring et al., 2015; Okabe et al., 2021; Monjo et al., 2023), as well as the functional tests (Cabrero-García et al., 2012; Buehring et al., 2015; Okabe et al., 2021; Monjo et al., 2023), were similar to those reported by other authors. In relation to the above, significant inverse relationships have been reported between BMI and gait speed, as well as inverse relationships between body weight and the chair and stand test (Ramírez-Vélez et al., 2020).
Regarding sex differences, the results indicated that men were taller, heavier, and had a higher lean body mass. Additionally, the CMJ height, HG strength, and VE were also higher in men (p < 0.05). Previous authors reported similar data on body composition parameters in a population over 60 years old (Milanović et al., 2013; He et al., 2018). Concerning strength and cardiorespiratory tests, previous studies have reported gradual declines in HG strength in both sexes, with the most significant decline in women (Samson et al., 2000; Huebner et al., 2022). Regarding CMJ, differences between sexes have been observed in older age, in former athletes (Alvero-Cruz et al., 2021), and healthy adults (Siglinsky et al., 2015). Regarding VE, similar results have been reported in elderly individuals (Molgat-Seon et al., 2018).
The deterioration of muscle strength and function is a consequence of the aging process and may be associated with functional limitations, the risk of falls (Fukagawa et al., 1995), and a loss of bone mineral density (Sinaki et al., 1986). The reduction in related mobility and agility is more prevalent in women (Haynes et al., 2020). It is well-known that the loss of strength and muscle mass is a multifactorial process driven by hormonal alterations, nutritional factors, inflammation, and pathological states (Cruz-Jentoft et al., 2014; Tay et al., 2015). Some circulating hormones, such as insulin-like growth factor 1 (IGF-1) and testosterone, play important roles in regulating muscle mass as they participate in muscle protein synthesis (Yarasheski, 2003) and/or satellite cell activation (Roberts et al., 2018). Additionally, the decline in estrogen concentrations after menopause partially contributes to the decrease in muscle size and strength among women (Horstman et al., 2012). Regarding muscle fibers, some studies have suggested that men have a higher proportion of type II muscle fibers (Trevino et al., 2019; Haynes et al., 2020). This difference in fiber composition could contribute to distinctive rates of strength loss with age (Trevino et al., 2019). Concerning lung function, women have smaller lungs and lower maximum expiratory flows than men (Crapo et al., 1982). Moreover, women have smaller airways than men (Molgat-Seon et al., 2018). These factors could explain the sex differences observed in the tests used.
Previous cross-sectional studies have observed a similar trend in fat mass, increasing linearly with age (Bazzocchi et al., 2013). This trend was also noted in 2-year follow-up studies (Gallagher et al., 2000; Zamboni et al., 2003). Regarding vertical jump performance, previous studies have reported declines in CMJ height, being greater in individuals of very advanced age (Runge et al., 2004; Alvero-Cruz et al., 2021). Concerning VO2peak, decreases of approximately 10% per decade have been reported (Robinson, 1938; Hawkins and Wiswell, 2003). Additionally, other authors have observed an acceleration in the decline of VO2peak, ranging from 3% to 6% every 10 years in individuals aged 20 to 30, to 20% every 10 years starting from the age of 70 (Fleg et al., 2005).
It is well-known that fat mass progressively increases in both men and women throughout the life cycle. A high level of body fat is associated with poorer physical performance in older adults, and the accumulation of fat within skeletal muscles is linked to muscular weakness and impaired muscle function (He et al., 2018). The decline in muscle strength and power related to age could be attributed to various factors. Notable among these are increased fat mass (Baumgartner et al., 1998), decrease muscle mass and the cross-sectional area (Runge et al., 2004), fiber pennation angle impairment (Narici et al., 2003) and an altered hormonal environment in combination with systemic inflammation(Merritt et al., 2013; Roberts et al., 2018) among other factors. Systemic hormones such as IGF-1, growth hormone, and testosterone decrease with age (Vitale et al., 2016). In the early stages of aging, women lose muscle mass and strength more rapidly than men due to the reduction in estrogen secretion during menopause. However, in later stages, men experience declines in IGF-1 and testosterone levels, leading to a greater rate of muscle function decline and muscle mass loss (Morley et al., 2014).
Balance capacity is associated with muscular weakness (Alonso et al., 2018) and is considered a comprehensive index of physical function. The decline in age-related physical function occurs with a reduction, among other factors, in coordination and motor control. Changes in sensory receptors and peripheral nerves associated with decreased visual acuity and vestibular function affect postural control, leading to a decline in postural balance (Okabe et al., 2021).
Regarding the decline in VO2peak during aging, there are central and peripheral factors that could explain this trend. Concerning central factors, maximum heart rate decreases by approximately 3%–5% per decade regardless of sex and training level (Hawkins and Wiswell, 2003). Similarly, stroke volume decreases, with a more pronounced effect in sedentary individuals. Consequently, cardiac output is also reduced (Hawkins and Wiswell, 2003). Additionally, it is believed that the primary change in the respiratory system related to aging is the reduction in lung elastic capacity (Molgat-Seon et al., 2018). Regarding peripheral factors, aside from changes in body composition, aging results in reductions in the arteriovenous oxygen difference, causing less oxygen utilization by skeletal muscles (Wiebe et al., 1999).
The correlation data revealed significant associations in all strength and cardiorespiratory tests in general with the TUG. When differentiating by sex, the correlations were higher in the men. On the other hand, the CMJ exhibited more significant correlations with functional and cardiorespiratory tests. Previous studies have observed significant correlations between relative power and maximum vertical jump velocity (Parsons et al., 2020; Abreu et al., 2023). Similar to the current study, previous work by Winger et al. reported that relative power in vertical jump and speed at maximum power showed associations twice as strong compared to HG strength (Winger et al., 2020). Concerning TUG, consistent with our study, it correlated significantly with squats, walking speed, SPPB, and the 30-s sit-to-stand test (Santos et al., 2022), exhibiting higher correlations compared to HG (Staples et al., 2020). Several studies emphasize that lower limb muscle power might be a more relevant marker for aging compared to HG and muscle mass (Runge et al., 2004; Parsons et al., 2020; Abreu et al., 2023). Power and speed could be more crucial factors in preventing functional loss in older individuals compared to muscle strength (Winger et al., 2020). Often, during aging, there is an observed loss of maximum strength. However, muscular power is the first component affected during the aging process (Cruz-Jentoft et al., 2010; Cruz-Jentoft et al., 2014). The age-related decline in the cross-sectional area of type II muscle fibers could explain the losses in muscle power and speed compared to strength (Winger et al., 2020).
The present study has certain limitations, including: i) the lack of consideration for medication intake, which could affect body composition and physical parameters, altering the values; ii) the absence of information on pre-existing pathologies; iii) the floor and ceiling effect was not analysed; iv) no familiarization test was performed, this could influence the results as the participant was not aware of the physical demands and the protocol; and v) the non-assessment of hydration status, which could potentially influence body composition values.
5 CONCLUSION
Differences were observed between sexes and age groups in functional, strength, and cardiorespiratory tests. Specifically, men exhibited a superior performance in cardiorespiratory and strength tests. Regarding age, scores and results in performance and functional tests decreased with increasing age of the subjects. The elderly individuals demonstrated diminished functional capacity. The CMJ and TUG tests appeared to have the strongest correlations with strength and cardiorespiratory tests, as well as functional tests, irrespective of age and sex.
Given the nature of the tests, the CMJ and TUG could provide comprehensive information about physical fitness and functionality in elderly individuals. Moreover, they are quick to administer, minimally invasive, and economically accessible for all professionals in the field of physical activity and sports sciences working with older populations.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by the TecnoCampus (Universitat Pompeu Fabra) (approval number: CEI1/2022). 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
VT-R: Formal Analysis, Writing–original draft. PF-R: Conceptualization, Data curation, Investigation, Methodology, Writing–review and editing. VI-D: Visualization, Writing–review and editing. CP-C: Visualization, Writing–review and editing. BF-V: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Supervision, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This Research was funded by TecnoCampus (Universitat Pompeu Fabra) and Generalitat de Catalunya, Projectes d’Especialització i Competitivitat Territorial (PECT), PECT Ciutats Cuidadores. OP3 Impacte de l’exercici físic en la salut de la gent gran de la comarca del Maresme (EfSaGaMar) (reference PR15-020210).
ACKNOWLEDGMENTS
We are grateful for the time and dedication of all the elderly people from the Maresme region who participated in the Territorial Competitiveness Specialization Project of Mataró-Maresme (PRE/161/2019). We also thank Dribia Data Research S.L. for its help in the analysis of the data, and Marta Torres, Guillermo Berbel, Cristian Didier and Maite Franco for their help in data collection.
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.

REFERENCES
	 Abreu F., Zymbal V., Baptista F. (2023). Musculoskeletal fitness for identifying low physical function in older women. Int. J. Environ. Res. Public Health 20, 5485. doi:10.3390/ijerph20085485
	 Alonso A. C., Ribeiro S. M., Luna N. M. S., Peterson M. D., Bocalini D. S. Serra M. M., et al. (2018). Association between handgrip strength, balance, and knee flexion/extension strength in older adults. PLoS One 13, e0198185. doi:10.1371/journal.pone.0198185
	 Alvero-Cruz J. R., Brikis M., Chilibeck P., Frings-Meuthen P., Vico Guzmán J. F. Mittag U., et al. (2021). Age-related decline in vertical jumping performance in masters track and field athletes: concomitant influence of body composition. Front. Physiol. 12, 643649. doi:10.3389/fphys.2021.643649
	 Alvis B. D., Hughes C. G. (2015). Physiology considerations in geriatric patients. Anesthesiol. Clin. 33, 447–456. doi:10.1016/j.anclin.2015.05.003
	 Balsalobre-Fernández C., Glaister M., Lockey R. A. (2015). The validity and reliability of an iPhone app for measuring vertical jump performance. J. Sports Sci. 33, 1574–1579. doi:10.1080/02640414.2014.996184
	 Baumgartner R. N., Koehler K. M., Gallagher D., Romero L., Heymstleld S. B. Ross R. R., et al. (1998). Epidemiology of sarcopenia among the elderly in New Mexico. Am. J. Epidemiol. 147, 755–763. doi:10.1093/oxfordjournals.aje.a009520
	 Bautmans I., Lambert M., Mets T. (2004). The six-minute walk test in community dwelling elderly: influence of health status. BMC Geriatr. 4, 6–9. doi:10.1186/1471-2318-4-6
	 Bazzocchi A., Diano D., Ponti F., Andreone A., Sassi C. Albisinni U., et al. (2013). Health and ageing: a cross-sectional study of body composition. Clin. Nutr. 32, 569–578. doi:10.1016/j.clnu.2012.10.004
	 Bergland A., Strand B. H. (2019). Norwegian reference values for the short physical performance battery (SPPB): the Tromsø study. BMC Geriatr. 19, 1–10. doi:10.1186/s12877-019-1234-8
	 Bohannon R. W. (2001). Dynamometer measurements of hand-grip strength predict multiple outcomes. Percept. Mot. Ski. 93, 323–328. doi:10.2466/pms.2001.93.2.323
	 Bosco C., Ito A., Komi P. V., Luhtanen P., Rahkila P. Rusko H., et al. (1982). Neuromuscular function and mechanical efficiency of human leg extensor muscles during jumping exercises. Acta Physiol. Scand. 114, 543–550. doi:10.1111/j.1748-1716.1982.tb07022.x
	 Buehring B., Krueger D., Binkley N. (2010). Jumping mechanography: a potential tool for sarcopenia evaluation in older individuals. J. Clin. Densitom. 13, 283–291. doi:10.1016/j.jocd.2010.04.002
	 Buehring B., Krueger D., Fidler E., Gangnon R., Heiderscheit B., Binkley N. (2015). Reproducibility of jumping mechanography and traditional measures of physical and muscle function in older adults. Osteoporos. Int. 26, 819–825. doi:10.1007/s00198-014-2983-z
	 Cabrero-García J., Munoz-Mendoza C. L., Cabanero-Martínez M. J., González-Llopís L., Ramos-Pichardo J. D., Reig-Ferrer A. (2012). Short Physical Performance Battery reference values for patients 70 years-old and over in primary health care. Atención Primaria 44, 540–548. doi:10.1016/j.aprim.2012.02.007
	 Cao G., Liu J., Liu M., Liang W. (2023). Effects of the COVID-19 pandemic on life expectancy at birth at the global, regional, and national levels: a joinpoint time-series analysis. J. Glob. Health 13, 06042. doi:10.7189/jogh.13.06042
	 Cesari M., Onder G., Russo A., Zamboni V., Barillaro C. Ferrucci L., et al. (2006). Comorbidity and physical function: results from the aging and longevity study in the Sirente geographic area (ilSIRENTE study). Gerontology 52, 24–32. doi:10.1159/000089822
	 Chatterji S., Byles J., Cutler D., Seeman T., Verdes E. (2015). Health, functioning, and disability in older adults—present status and future implications. Lancet 385, 563–575. doi:10.1016/S0140-6736(14)61462-8
	 Crapo R. O., Morris A. H., Clayton P. D., Nixon C. R. (1982). Lung volumes in healthy nonsmoking adults. Bull. Eur. Physiopathol. Respir. 18, 419–425.
	 Cruz-Jentoft A., Baeyens J., Bauer J., Boirie B., Cederholm T. Landi T., et al. (2010). Sarcopenia: European consensus on definition and diagnosis: report of the European working group on sarcopenia in older people. Ageing Res. Rev. 39, 412–423. doi:10.1093/ageing/afq034
	 Cruz-Jentoft A., Landi F., Schneider S., Zúñiga C., Arai H. Boirie Y., et al. (2014). Prevalence of and interventions for sarcopenia in ageing adults: a systematic review. Report of the International Sarcopenia Initiative (EWGSOP and IWGS). Age Ageing 43, 748–759. doi:10.1093/ageing/afu115
	 Danneskiold-Samsøe B., Bartels E. M., Bülow P. M., Lund H., Stockmarr A. Holm C. C., et al. (2009). Isokinetic and isometric muscle strength in a healthy population with special reference to age and gender. Acta Physiol. 197, 1–68. doi:10.1111/j.1748-1716.2009.02022.x
	 de Fátima Ribeiro Silva C., Ohara D. G., Matos A. P., Pinto A. C. P. N., Pegorari M. S. (2021). Short physical performance battery as a measure of physical performance and mortality predictor in older adults: a comprehensive literature review. Int. J. Environ. Res. Public Health 18, 10612. doi:10.3390/ijerph182010612
	 Fleg J. L., Morrell C. H., Bos A. G., Brant L. J., Talbot L. A. Wright J. G., et al. (2005). Accelerated longitudinal decline of aerobic capacity in healthy older adults. Circulation 112, 674–682. doi:10.1161/CIRCULATIONAHA.105.545459
	 Frangos E., Graf C., Samaras N. (2023). Functional aging: integrating functionality to a multidimensional assessment of healthy aging. Curr. Gerontol. Geriatr. Res. 2023, 9409918. doi:10.1155/2023/9409918
	 Fried L. P., Ferrucci L., Darer J., Williamson J. D., Anderson G. (2004). Untangling the concepts of disability, frailty, and comorbidity: implications for improved targeting and care. Journals Gerontol. Ser. A Biol. Sci. Med. Sci. 59, M255–M263. doi:10.1093/gerona/59.3.m255
	 Fukagawa N. K., Wolfson L., Judge J., Whipple R., King M. (1995). Strength is a major factor in balance, gait, and the occurrence of falls. Journals Gerontol. Ser. A Biol. Sci. Med. Sci. 50, 64–67. doi:10.1093/gerona/50a.special_issue.64
	 Gallagher D., Ruts E., Visser M., Heshka S., Baumgartner R. N. Wang J., et al. (2000). Weight stability masks sarcopenia in elderly men and women. Am. J. Physiol. Metab. 279, E366–E375. doi:10.1152/ajpendo.2000.279.2.E366
	 Gallagher D., Visser M., De Meersman R. E., Sepúlveda D., Baumgartner R. N. Pierson R. N., et al. (1997). Appendicular skeletal muscle mass: effects of age, gender, and ethnicity. J. Appl. Physiol. 83, 229–239. doi:10.1152/jappl.1997.83.1.229
	 Guralnik J. M., Simonsick E. M., Ferrucci L., Glynn R. J., Berkman L. F. Blazer D. G., et al. (1994). A short physical performance battery assessing lower extremity function: association with self-reported disability and prediction of mortality and nursing home admission. J. Gerontol. 49, M85–M94. doi:10.1093/geronj/49.2.m85
	 Harber M. P., Konopka A. R., Douglass M. D., Minchev K., Kaminsky L. A. Trappe T. A., et al. (2009). Aerobic exercise training improves whole muscle and single myofiber size and function in older women. Am. J. Physiol. - Regul. Integr. Comp. Physiol. 297, R1452–R1459. doi:10.1152/ajpregu.00354.2009
	 Hawkins S. A., Wiswell R. A. (2003). Rate and mechanism of maximal oxygen consumption decline with aging: implications for exercise training. Sport. Med. 33, 877–888. doi:10.2165/00007256-200333120-00002
	 Haynes E. M. K., Neubauer N. A., Cornett K. M. D., O’Connor B. P., Jones G. R., Jakobi J. M. (2020). Age and sex-related decline of muscle strength across the adult lifespan: a scoping review of aggregated data. Appl. Physiol. Nutr. Metab. 45, 1185–1196. doi:10.1139/apnm-2020-0081
	 He X., Li Z., Tang X., Zhang L., Wang L. He Y., et al. (2018). Age-and sex-related differences in body composition in healthy subjects aged 18 to 82 years. Med. Baltim. , 97. doi:10.1097/MD.0000000000011152
	 Hopkins W. (2002). A scale of magnitudes for effect statistics. A new view Stat. 502, 321. 
	 Hopkins W. G., Marshall S. W., Batterham A. M., Hanin J. (2009). Progressive statistics for studies in sports medicine and exercise science. Med. Sci. Sports Exerc. 41, 3–13. doi:10.1249/MSS.0b013e31818cb278
	 Horstman A. M., Dillon E. L., Urban R. J., Sheffield-Moore M. (2012). The role of androgens and estrogens on healthy aging and longevity. Journals Gerontol. Ser. A Biomed. Sci. Med. Sci. 67, 1140–1152. doi:10.1093/gerona/gls068
	 Huebner M., Lawrence F., Lusa L. (2022). Sex differences in age-associated rate of decline in grip strength when engaging in vigorous physical activity. Int. J. Environ. Res. Public Health 19, 11009. doi:10.3390/ijerph191711009
	 Kear B. M., Guck T. P., McGaha A. L. (2017). Timed up and go (TUG) test: normative reference values for ages 20 to 59 years and relationships with physical and mental health risk factors. J. Prim. Care Community Health 8, 9–13. doi:10.1177/2150131916659282
	 Konopka A. R., Harber M. P. (2014). Skeletal muscle hypertrophy after aerobic exercise training. Exerc. Sport Sci. Rev. 42, 53–61. doi:10.1249/JES.0000000000000007
	 Lakatta E. G., Levy D. (2003). Arterial and cardiac aging: major shareholders in cardiovascular disease enterprises: Part II: the aging heart in health: links to heart disease. Circulation 107, 346–354. doi:10.1161/01.cir.0000048893.62841.f7
	 McGrath R. P., Kraemer W. J., Snih S.Al, Peterson M. D. (2018). Handgrip strength and health in aging adults. Sport. Med. 48, 1993–2000. doi:10.1007/s40279-018-0952-y
	 Merritt E. K., Stec M. J., Thalacker-Mercer A., Windham S. T., Cross J. M. Shelley D. P., et al. (2013). Heightened muscle inflammation susceptibility may impair regenerative capacity in aging humans. J. Appl. Physiol. 115, 937–948. doi:10.1152/japplphysiol.00019.2013
	 Mijnarends D. M., Meijers J. M. M., Halfens R. J. G., ter Borg S., Luiking Y. C. Verlaan S., et al. (2013). Validity and reliability of tools to measure muscle mass, strength, and physical performance in community-dwelling older people: a systematic review. J. Am. Med. Dir. Assoc. 14, 170–178. doi:10.1016/j.jamda.2012.10.009
	 Milanović Z., Pantelić S., Trajković N., Sporiš G., Kostić R., James N. (2013). Age-related decrease in physical activity and functional fitness among elderly men and women. Clin. Interv. Aging 8, 549–556. doi:10.2147/CIA.S44112
	 Molgat-Seon Y., Dominelli P. B., Ramsook A. H., Schaeffer M. R., Molgat Sereacki S. Foster G. E., et al. (2018). The effects of age and sex on mechanical ventilatory constraint and dyspnea during exercise in healthy humans. J. Appl. Physiol. 124, 1092–1106. doi:10.1152/japplphysiol.00608.2017
	 Monjo H., Fukumoto Y., Taniguchi M., Yamada Y., Kimura M. (2023). Differential association of total and regional muscle mass and quality with physical performance in community-dwelling older adults. J. Med. Ultrason. 50, 221–228. doi:10.1007/s10396-022-01275-7
	 Morley J. E., Anker S. D., von Haehling S. (2014). Prevalence, incidence, and clinical impact of sarcopenia: facts, numbers, and epidemiology—update 2014. J. Cachexia. Sarcopenia Muscle 5, 253–259. doi:10.1007/s13539-014-0161-y
	 Narici M. V., Maganaris C. N., Reeves N. D., Capodaglio P. (2003). Effect of aging on human muscle architecture. J. Appl. Physiol. 95, 2229–2234. doi:10.1152/japplphysiol.00433.2003
	 Neri S. G. R., Lima R. M., Ribeiro H. S., Vainshelboim B. (2021). Poor handgrip strength determined clinically is associated with falls in older women. J. frailty, sarcopenia falls 6, 43–49. doi:10.22540/JFSF-06-043
	 Nied R. J., Franklin B. (2002). Promoting and prescribing exercise for the elderly. Am. Fam. Physician 65, 419–426.
	 Okabe T., Suzuki M., Goto H., Iso N., Cho K. Hirata K., et al. (2021). Sex differences in age-related physical changes among community-dwelling adults. J. Clin. Med. 10, 4800. doi:10.3390/jcm10204800
	 Onder G., Penninx B. W. J. H., Ferrucci L., Fried L. P., Guralnik J. M., Pahor M. (2005). Measures of physical performance and risk for progressive and catastrophic disability: results from the Women’s Health and Aging Study. Journals Gerontol. Ser. A Biol. Sci. Med. Sci. 60, 74–79. doi:10.1093/gerona/60.1.74
	 Orssatto L. B. R., Bezerra E. S., Schoenfeld B. J., Diefenthaeler F. (2020). Lean, fast and strong: determinants of functional performance in the elderly. Clin. Biomech. 78, 105073. doi:10.1016/j.clinbiomech.2020.105073
	 Ortega F. B., Artero E. G., Ruiz J. R., España-Romero V., Jiménez-Pavón D. Vicente-Rodríguez G., et al. (2011). Physical fitness levels among European adolescents: the HELENA study. Br. J. Sports Med. 45, 20–29. doi:10.1136/bjsm.2009.062679
	 Paineiras-Domingos L. L., da Cunha Sá-Caputo D., Reis A. S., Francisca Santos A., Sousa-Gonçalves C. R. Dos Anjos E. M., et al. (2018). Assessment through the short physical performance battery of the functionality in individuals with metabolic syndrome exposed to whole-body vibration exercises. Dose-Response 16, 1559325818794530. doi:10.1177/1559325818794530
	 Parsons C. M., Edwards M. H., Cooper C., Dennison E. M., Ward K. A. (2020). Are jumping mechanography assessed muscle force and power, and traditional physical capability measures associated with falls in older adults? Results from the Hertfordshire cohort study. J. Musculoskelet. Neuronal Interact. 20, 168–175.
	 Patrizio E., Calvani R., Marzetti E., Cesari M. (2021). Physical functional assessment in older adults. J. frailty aging 10, 141–149. doi:10.14283/jfa.2020.61
	 Perez-Suarez I., Martin-Rincon M., Gonzalez-Henriquez J. J., Fezzardi C., Perez-Regalado S. Galvan-Alvarez V., et al. (2018). Accuracy and precision of the COSMED K5 portable analyser. Front. Physiol. 9, 1764. doi:10.3389/fphys.2018.01764
	 Podsiadlo D., Richardson S. (1991). The timed "Up and Go": a test of basic functional mobility for frail elderly persons. J. Am. Geriatr. Soc. 39, 142–148. doi:10.1111/j.1532-5415.1991.tb01616.x
	 Ramírez-Vélez R., Pérez-Sousa M. A., Venegas-Sanabria L. C., Cano-Gutierrez C. A., Hernández-Quiñonez P. A. Rincón-Pabón D., et al. (2020). Normative values for the short physical performance battery (SPPB) and their association with anthropometric variables in older Colombian adults, the SABE study, 2015. Front. Med. 7, 52. doi:10.3389/fmed.2020.00052
	 Rantanen T., Guralnik J. M., Foley D., Masaki K., Leveille S. Curb J. D., et al. (1999). Midlife hand grip strength as a predictor of old age disability. Jama 281, 558–560. doi:10.1001/jama.281.6.558
	 Rittweger J., Schiessl H., Felsenberg D. (2001). Oxygen uptake during whole-body vibration exercise: comparison with squatting as a slow voluntary movement. Eur. J. Appl. Physiol. 86, 169–173. doi:10.1007/s004210100511
	 Roberts B. M., Lavin K. M., Many G. M., Thalacker-Mercer A., Merritt E. K. Bickel C. S., et al. (2018). Human neuromuscular aging: sex differences revealed at the myocellular level. Exp. Gerontol. 106, 116–124. doi:10.1016/j.exger.2018.02.023
	 Robinson S. (1938). Experimental studies of physical fitness in relation to age. Arbeitsphysiologie 10, 251–323. doi:10.1007/bf02011412
	 Runge M., Rittweger J., Russo C. R., Schiessl H., Felsenberg D. (2004). Is muscle power output a key factor in the age-related decline in physical performance? A comparison of muscle cross section, chair-rising test and jumping power. Clin. Physiol. Funct. Imaging 24, 335–340. doi:10.1111/j.1475-097X.2004.00567.x
	 Samson M. M., Meeuwsen I. B., Crowe A., Dessens J. A., Duursma S. A., Verhaar H. J. (2000). Relationships between physical performance measures, age, height and body weight in healthy adults. Age Ageing 29, 235–242. doi:10.1093/ageing/29.3.235
	 Santos C. A. F., Amirato G. R., Jacinto A. F., Pedrosa A. V., Caldo-Silva A. Sampaio A. R., et al. (2022). Vertical jump tests: a safe instrument to improve the accuracy of the functional capacity assessment in robust older women. Healthcare 10, 323. doi:10.3390/healthcare10020323
	 Sergi G., Sarti S., Mosele M., Ruggiero E., Imoscopi A. Miotto F., et al. (2011). Changes in healthy elderly women’s physical performance: a 3-year follow-up. Exp. Gerontol. 46, 929–933. doi:10.1016/j.exger.2011.08.008
	 Siglinsky E., Krueger D., Ward R. E., Caserotti P., Strotmeyer E. S. Harris T. B., et al. (2015). Effect of age and sex on jumping mechanography and other measures of muscle mass and function. J. Musculoskelet. Neuronal Interact. 15, 301–308.
	 Sinaki M., Mcphee M., Hodgson S., Merritt J., Offord K. (1986). Relationship between bone mineral density of spine and strength of back extensors in healthy postmenopausal women. Mayo Clin. Proc. 61, 116–122. doi:10.1016/s0025-6196(12)65197-0
	 Singh H., Kim D., Kim E., Bemben M. G., Anderson M. Seo D.-I., et al. (2014). Jump test performance and sarcopenia status in men and women, 55 to 75 years of age. J. Geriatr. Phys. Ther. 37, 76–82. doi:10.1519/JPT.0b013e3182a51b11
	 Soh Y., Won C. W. (2021). Sex differences in association between body composition and frailty or physical performance in community-dwelling older adults. Med. Baltim. 100, e24400. doi:10.1097/MD.0000000000024400
	 Staples W. H., Kays A., Richman R. (2020). Examination of the correlation between physical and psychological measures in community-dwelling older adults. Clin. Interv. Aging 2, 293–300. doi:10.2147/CIA.S239053
	 Studenski S., Perera S., Wallace D., Chandler J. M., Duncan P. W. Rooney E., et al. (2003). Physical performance measures in the clinical setting. J. Am. Geriatr. Soc. 51, 314–322. doi:10.1046/j.1532-5415.2003.51104.x
	 Tay L., Ding Y. Y., Leung B. P., Ismail N. H., Yeo A. Yew S., et al. (2015). Sex-specific differences in risk factors for sarcopenia amongst community-dwelling older adults. Age (Omaha). 37, 121–212. doi:10.1007/s11357-015-9860-3
	 Trevino M. A., Sterczala A. J., Miller J. D., Wray M. E., Dimmick H. L. Ciccone A. B., et al. (2019). Sex-related differences in muscle size explained by amplitudes of higher-threshold motor unit action potentials and muscle fibre typing. Acta Physiol. 225, e13151. doi:10.1111/apha.13151
	 Vigorito C., Giallauria F. (2014). Effects of exercise on cardiovascular performance in the elderly. Front. Physiol. 5, 51. doi:10.3389/fphys.2014.00051
	 Vitale G., Cesari M., Mari D. (2016). Aging of the endocrine system and its potential impact on sarcopenia. Eur. J. Intern. Med. 35, 10–15. doi:10.1016/j.ejim.2016.07.017
	 Weakley J., Black G., McLaren S., Scantlebury S., Suchomel T. J. McMahon E., et al. (2022). Testing and profiling athletes: recommendations for test selection, implementation, and maximizing information. Strength Cond. J. , 10–1519. doi:10.1519/SSC.0000000000000784
	 Wiebe C., Gledhill N., Jamnik V., Ferguson S. (1999). Exercise cardiac function in young through elderly endurance trained women. Med. Sci. Sports Exerc. 31, 684–691. doi:10.1097/00005768-199905000-00010
	 Winger M. E., Caserotti P., Cauley J. A., Boudreau R. M., Piva S. R. Cawthon P. M., et al. (2020). Associations between novel jump test measures, grip strength, and physical performance: the Osteoporotic Fractures in Men (MrOS) Study. Aging Clin. Exp. Res. 32, 587–595. doi:10.1007/s40520-019-01421-1
	 World Health Organization (2015). World report on ageing and health. Geneva, Switzerland: World Health Organization. 
	 Yarasheski K. E. (2003). Exercise, aging, and muscle protein metabolism. Journals Gerontol. Ser. A Biol. Sci. Med. Sci. 58, M918–M922. doi:10.1093/gerona/58.10.m918
	 Zamboni M., Zoico E., Scartezzini T., Mazzali G., Tosoni P. Zivelonghi A., et al. (2003). Body composition changes in stable-weight elderly subjects: the effect of sex. Aging Clin. Exp. Res. 15, 321–327. doi:10.1007/BF03324517

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.
Copyright © 2024 Toro-Román, Ferrer-Ramos, Illera-Domínguez, Pérez-Chirinos and Fernández-Valdés. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.






 


	
	
SYSTEMATIC REVIEW
published: 28 March 2024
doi: 10.3389/fpubh.2024.1365589








[image: image2]

Physical activity improves the visual–spatial working memory of individuals with mild cognitive impairment or Alzheimer’s disease: a systematic review and network meta-analysis

Jie Deng1, Hong Wang2, Tingting Fu1, Chong Xu3, Qiqi Zhu1, Liya Guo1 and Yu Zhu1*


1College of Physical Education, Southwest University, Chongqing, China

2College of Physical Education and Health Sciences, Chongqing Normal University, Chongqing, China

3Ministry of Sports and National Defense Education, Chongqing College of Electronic Engineering, Chongqing, China

Edited by
 Richard Kreider, Texas A&M University, United States

Reviewed by
 Omonigho Michael Bubu, New York University, United States
 Yi Sub Kwak, Dong-Eui University, Republic of Korea

*Correspondence
 Yu Zhu, zhuyu@swu.edu.cn 

Received 04 January 2024
 Accepted 08 March 2024
 Published 28 March 2024

Citation
 Deng J, Wang H, Fu T, Xu C, Zhu Q, Guo L and Zhu Y (2024) Physical activity improves the visual–spatial working memory of individuals with mild cognitive impairment or Alzheimer’s disease: a systematic review and network meta-analysis. Front. Public Health 12:1365589. doi: 10.3389/fpubh.2024.1365589
 




Objective: Our network meta-analysis aimed to ascertain the effect of physical activity on the visual–spatial working memory of individuals with mild cognitive impairment and Alzheimer’s disease as well as to propose tailored exercise interventions for each group.
Methods: Employing a frequentist approach, we performed a network meta-analysis to compare the effectiveness of different exercise interventions in improving the visual–spatial working memory of individuals with mild cognitive impairment and Alzheimer’s disease. Subsequently, we explored the moderating variables influencing the effectiveness of the exercise interventions through a subgroup analysis.
Results: We included 34 articles involving 3,074 participants in the meta-analysis, comprised of 1,537 participants from studies on mild cognitive impairment and 1,537 participants from studies on Alzheimer’s disease. The articles included exhibited an average quality score of 6.6 (score studies) and 6.75 (reaction time [RT] studies), all passing the inconsistency test (p > 0.05). In the mild cognitive impairment literature, mind–body exercise emerged as the most effective exercise intervention (SMD = 0.61, 95% CI: 0.07–1.14). In Alzheimer’s disease research, aerobic exercise was identified as the optimal exercise intervention (SMD = 0.39, 95% CI: 0.06–0.71).
Conclusion: The results of the subgroup analysis suggest that the most effective approach to enhancing the visual–spatial working memory of individuals with mild cognitive impairment entails exercising at a frequency of three or more times per week for over 60 min each time and at a moderate intensity for more than 3 months. Suitable exercise options include mind–body exercise, multicomponent exercise, resistance exercise, and aerobic exercise. For individuals with Alzheimer’s disease, we recommend moderately intense exercise twice per week for over 90 min per session and for a duration of 3 months or longer, with exercise options encompassing aerobic exercise and resistance exercise.
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1 Introduction

Baddeley and Hitch (1) have emphasized a central theoretical concept of working memory, which is that working memory is a cognitive mechanism that retains a limited amount of information during an active state to utilize the information in an ongoing task. This definition highlights the role of working memory in a wide range of behaviors and tasks (1). Baddeley has expanded upon the original three-component model proposed in 1974 by introducing an additional subsystem known as the episodic buffer, thereby proposing a comprehensive four-component model of working memory. This extended model comprises the central executive system, visual–spatial sketchpad, episodic buffer, and phonological loop. Positioned at the highest level, the central executive system orchestrates the most intricate executive functions, while the visual–spatial sketchpad, episodic buffer, and phonological loop occupy the second tier, primarily responsible for the transient manipulation of information. Notably, the four-component model underscores the interconnectedness between the phonological loop and visual–spatial sketchpad (2).

The concept of visual–spatial working memory (VSWM) has been proposed by Logie in 1995 and is an important component of working memory, involving the storage and manipulation of spatial information in short-term memory (3). VSWM consists of two elements, visual memory and spatial memory, and is mainly used to temporarily store visual–spatial information (4). VSWM memorizes figures or shapes, and spatial working memory refers to the memory of spatial orientation information and presentation order of objects (5). Simultaneously, research indicates that, compared to the phonological loop, VSWM relies more on central executive functions. This may be a significant factor in visual–spatial working memory, serving as a prominent indicator of cognitive decline.

Mild cognitive impairment (MCI) represents an initial phase of cognitive deterioration characterized by mild deviations in memory, attention, language, and executive functions. Under MCI, these deviations have not yet progressed to a severe level and do not disrupt an individual’s capacity to carry out activities of daily living (6). MCI is characterized by a higher risk of cognitive impairment compared to healthy peers and serves as a crucial early warning signal for the development of Alzheimer’s disease (AD) (6). However, the conversion rate of MCI to AD varies. Follow-up studies have shown that within two to three years, the conversion rate to AD can increase to 50% (7). In a study comparing the VSWM among individuals with MCI and AD and healthy individuals, it has been found that one-fifth of healthy older adults, one-third of individuals with MCI, and half of individuals with AD exhibited visual–spatial working memory impairments (8). They may experience slower memory, lower accuracy, and shorter durations for processing and manipulating spatial information (9). A study on the VSWM of individuals with MCI has found that they display impaired encoding and recognition functions in VSWM tasks, indicating that they may need to exert more effort to maintain their cognitive status (9). Thus, it is necessary to focus on and improve the VSWM of individuals with MCI.

AD is a progressive neurodegenerative disorder and ranks among the most prevalent causes of dementia. The main features of AD are memory loss and a progressive decline in other cognitive functions, including attention, language, spatial orientation, and executive functioning (10). VSWM is mostly associated with the brain’s dorsal pathway, which consists of three pathways that project from the parietal regions to the prefrontal cortex, premotor cortex, and medial temporal lobe regions (11). A disconnection between the ventral and dorsal pathways has been identified in individuals with AD and may potentially play a role in the observed deficits in the VSWM among these individuals (12). Impaired VSWM function resulting from AD may lead to a loss of spatial orientation, an inability to differentiate directions, and even disorientation in familiar environments. As the disease progresses, AD can lead to behavioral and personality changes that affect all aspects of daily life.

Existing research has elucidated the neurophysiological mechanisms underlying the enhancement of working memory in individuals with cognitive impairment through exercise. Specifically, the augmentation of hypothalamic volume through physical exercise has been identified as a significant contributor to memory improvement and the reversal of age-related shrinkage in hypothalamic volume (13). Moreover, physical exercise has been shown to stimulate the generation of new nerve cells, and aerobic exercise induces the expansion of brain tissue, leading to increased gray and white matter in crucial cognitive regions, such as the prefrontal cortex (14, 15). This collective evidence underscores the multifaceted impact of physical exercise on cognitive function in individuals with cognitive impairment, offering insights into its neurobiological underpinnings.

Previous research has confirmed the beneficial effects of physical exercise on the VSWM of individuals with MCI and AD (16–19). Relevant meta-analyzes and experimental studies have discussed overall cognitive function, working memory, and executive function (20, 21). These studies’ intervention programs include aerobic (22), resistance (23), multicomponent (24), and mind–body exercises (25), and different intensities (low-intensity, moderate-intensity, and high-intensity) (26) have been examined. Additionally, these studies examine the impact of exercise on the VSWM of healthy individuals (27), with particular emphasis on its effects in children (28). However, research on the effects of exercise interventions on the VSWM of individuals with different stages of cognitive impairment is limited. As an important marker of cognitive decline, VSWM needs to be monitored and improved at different stages of cognitive impairment. Does exercise produce improvements in VSWM of individuals with different stages of cognitive impairment? Which physical exercise programs offer the best improvement of VSWM in individuals with MCI and AD? These questions are the focus of our study.

Therefore, our systematic review aims to investigate the impact of exercise on VSWM in individuals with MCI and AD separately. Additionally, a comprehensive net meta-analysis will be undertaken, grounded in the initial meta-analysis, to furnish quantitative evidence regarding the enhancement of the VSWM of individuals with MCI and AD. This will be achieved by directly or succinctly contrasting various physical activity regimens through the net meta-analysis, thereby facilitating the visualization of comparative outcomes (29). Furthermore, the optimal physical activity regimen will be discerned through a systematic ranking process, contributing to a refined understanding of the potential benefits of exercise on the VSWM of individuals with MCI and AD.



2 Materials and methods

We have registered the protocol for this systematic review on PROSPERO (CRD42023459625). The network meta-analysis followed the PRISMA extension statement for systematic reviews reporting on network meta-analyzes (30).


2.1 Eligibility criteria

Two authors (JD and TTF) conducted the initial screening of studies. Our meta-analysis included studies meeting the following criteria: (1) Participants had been diagnosed with MCI or AD, regardless of age. (2) Participants had either normal vision or vision corrected through aids. (3) The intervention involved a distinct form of physical activity, satisfying two conditions: skeletal muscle movement and energy expenditure. (4) All outcomes were quantified using validated measurement tools, encompassing both voluntary physical and mental strength. (5) We exclusively considered randomized controlled trials (RCTs) due to their providing the highest level of evidence in meta-analyzes. We excluded reports that did not meet the following criteria: (1) The publication was not in English or Chinese. (2) The full text or essential data (such as means and standard deviations) were unavailable.



2.2 Information sources

We conducted a prospective search on September 15, 2023, utilizing WoS, MEDLINE, BIOSIS Previews, PubMed, the China National Knowledge Infrastructure (CNKI), and Wanfang Data (Chinese) databases to find relevant papers. Due to limited human resources, only six databases with RCTs were chosen for this review. To determine inclusion, we simultaneously reviewed all included study citations. We consulted the study’s corresponding author when needed.



2.3 Search strategy

A systematic search strategy was applied using a MeSH word search. For example, the following forms of retrieval were employed: “Mild cognitive impairment” [MeSH] (e.g., “Mild cognitive impairment” OR “Cognitive Dysfunctions” OR “Dysfunction, Cognitive” OR “Cognitive Impairments” OR “Impairment, Cognitive” OR “Cognitive Disorder” OR “Cognitive Disorders” OR “Disorder, Cognitive” OR “Disorders, Cognitive” OR “Mild Cognitive Impairment” OR “Cognitive Impairment, Mild” OR “Cognitive Impairments, Mild” OR “Impairment, Mild Cognitive” OR “Impairments, Mild Cognitive” OR “Isometric Exercises” OR “Mild Cognitive Impairments” OR “Cognitive Decline” OR “Mental Deterioration” OR “Decline, Cognitive” OR “Deterioration, Mental” OR “Deterioration, Mental” OR “Mental Deterioration”) AND “Alzheimer’s disease” [MeSH] (e.g., “Alzheimer Dementia” OR “Alzheimer Dementias” OR “Dementia, Alzheimer” OR “Alzheimer’s Disease” OR “Senile Dementia”) AND “Cognition” [MeSH] (e.g., “Cognitions” OR “Cognitive Function” OR “Cognitive Functions” OR “Function, Cognitive” OR “Functions, Cognitive”) AND “Memory, Short-Term” [MeSH] (e.g., “Memories, Short-Term” OR “Short-Term Memories” OR “Memory, Short term” OR “Memories, Short term” OR “Working Memory” OR “Working Memories” OR “Immediate Memories” OR “Immediate Memory” OR “Memories, Immediate” OR “Recalls, Immediate”).



2.4 Study selection

We loaded all main database articles into EndNote to remove duplication. JD and TTF separately retrieved research design, efficacy, and safety data using a structured spreadsheet. If the two reviewers disagreed, a third author decided after reviewing the article. To assure inter-author agreement, JD and TTF individually completed the eligibility evaluation for study inclusion in an unblinded, standardized manner in a pilot test before the official commencement. This allowed us to resolve disagreements by consensus. The main information extracted included (1) basic information, such as author(s) and the year of publication; (2) participant characteristics, such as physical condition (healthy people or those with medical conditions), the mean age or age range of the experimental and control groups, and the sample size; and (3) experimental characteristics such as study design, type of intervention, type of control, information about the intervention (duration of each intervention session and the duration, frequency, and intensity of the intervention), measurement tools, and outcome indicators. One author (TF) extracted important data from the articles’ full texts, abstracts, tables, and charts or Supplementary material. The relevant authors were contacted for missing data for analysis. Second author JD reviewed extracted data.



2.5 Risk of bias assessment

Two authors (JD and TTF) conducted independent assessments of the risk of bias within the included studies using the Physical Therapy Evidence Database (PEDro) scale (31). This scale comprises 11 items: eligibility criteria, randomization, concealed allocation, similarity at baseline, blinding of subjects, therapists and assessors, retention rate exceeding 85%, intention-to-treat analysis, between-group comparisons, point measures, and measures of variance. The total quality assessment score, derived from the scores of 10 criteria (excluding the first item, eligibility criteria), ranges from 0 to 10. Per Maher et al. (30) criteria, a score of ≥6 indicates that the assessed study is of high quality, while a score of <6 suggests low quality. Any discrepancies or disagreements between the reviewers were resolved through consultation with a third reviewer (YZ).



2.6 Statistical synthesis and analysis

A meta-analysis compared exercise programs to controls. A random-effects model which included a 95% CI and the SMD for each research computed the standardized mean difference (SMD). The I2 statistic with a 95% CI was used to quantify heterogeneity, with thresholds of 0, 25, 50, and 75% indicating absent, low, moderate, and high study inclusion.

The type of exercise and dose parameters may affect the extent of cognitive impact and the duration of these effects post-intervention (32). We explore the optimal exercise regimen based on the FITT principle, which considers frequency, intensity, time, and type (33). Subgroup analyzes were conducted on four moderating variables: exercise intervention intensity was categorized into three levels: low, moderate, and high, supported by research; changes in neurobiological factors induced by exercise may be dose-dependent on exercise intensity (34). The determination of exercise intensity followed the range Borer has proposed, where less than 50% of the maximum oxygen (V02max) consumption is considered low intensity, 50 to 75% is moderate intensity, and more than 75% is high intensity (35). If not explicitly reported in the article, intensity was determined based on principles of physiology and exercise science. The exercise intervention duration was divided into three subgroups: <60 min, 60–89 min, and ≥ 90 min. Although animal model research has suggested that exercise intervention duration influences the corresponding working memory enhancement, its applicability to MCI and AD remains inconclusive (36). Intervention duration was categorized into three groups: <90 days, 90–179 days, and ≥ 180 days. Does a prolonged exercise regimen yield superior effects on VSWM? Is there an optimal effect size? These questions require further subgroup analysis. Weekly intervention frequency was subdivided into three categories: less than twice per week, three to four times per week, and five or more times per week. Is there a correlation between weekly intervention frequency and improvements in MCI and AD through exercise? To answer these questions, an exploration of the optimal intervention frequency is warranted.

A network meta-analysis was conducted using Stata 15.1 within a frequentist framework. The network analysis incorporated the results of each study, including direct comparisons and network evidence from RCTs. We categorize exercise interventions into the following types: aerobic exercise (Walking, cycling, treadmill, etc.), mind–body exercises (combining aerobic exercise with cognitive training, Tai Chi, yoga etc.), multicomponent exercise (involving three or more types of exercise), resistance training (resistance band exercises etc.), acute exercise, and finger exercises. A network graph containing intervention measures at each node was created by comparing each intervention to a common comparator. Lines connecting nodes indicated direct RCT intervention measure comparisons. More research used direct comparisons with thicker lines. The node size indicated how many people received an intervention. Clinical and other factors can cause study heterogeneity, hence a random-effects model was adopted. This method yields conservative CIs.

To evaluate the heterogeneity between the studies, an inconsistency analysis was performed. Inconsistency test p-values above 0.05 were analyzed using a consistency model. Exercise interventions were ranked using cumulative ranking curve area (SUCRA) and mean rankings. SUCRA accurately estimates the cumulative ranking probability for top-i treatments.



2.7 Risk of publication bias

Our research assessed publication bias by assessing the standard error and its reciprocal for each article. For dispersion visualization, a funnel plot was created. Visual inspection and Egger’s test showed no publication bias because the funnel plot was symmetrical. In order to eliminate publication bias, Begg’s test, an adjusted rank correlation test, was performed.




3 Results


3.1 Description of the included studies

Initially, 382 articles were included after deleting duplicates and screening titles and abstracts. After applying inclusion and exclusion criteria, this study included 34 articles, 23 of which included MCI individuals and 11 with AD patients. The study involved a total of 3,074 participants, including 1,537 individuals with MCI and 1,537 with AD (Figure 1). Among the 23 MCI studies, there were 27 experiments in total, with eight experiments investigating the effects of aerobic exercise (AE), seven studying the effects of resistance exercise (RE), seven examining the effects of multicomponent exercise (ME), three exploring the effects of mind–body exercise (MBE), one focusing on the effects of finger exercises (FINGER), and one investigating the effects of acute exercise (ACUTE). Notably, five experiments directly compared different exercise interventions, with two employing a three-arm design. Among the 11 AD articles, there were 18 experiments in total, including five exploring the effects of AE, six assessing the effects of RE, and five studying the effects of ME. Two of these experiments directly compared different exercise interventions, both utilizing a three-arm design. Table 1 shows the articles selected for web-based meta-analysis.

[image: Flowchart illustrating the process of study selection for a meta-analysis. It includes four phases: Identification, Screening, Eligibility, and Inclusion. Initially, 18,601 records were identified via database searches and 5,282 through other sources. After duplicates were removed, 7,245 records remained. Screening excluded 2,264 records due to reviews, meta-analyses, non-English texts, etc. 996 full-text articles were assessed, and 686 were excluded for reasons like inadequate data. 310 studies were included in qualitative synthesis, and 34 in meta-analysis.]

FIGURE 1
 Selection of studios for inclusion.




TABLE 1 Characteristics of the studies included in the meta-analysis.
[image: Table showing a study on the effects of different exercise interventions on cognitive impairment. Columns include "Reference," "Country," "Individual characteristics," "Group," "Intervention type," "Control type," "Intervention characteristics," "Measuring tool," and "Outcomes measurement." Data details various studies from countries like Korea, Sweden, and China, focusing on exercise types, group details, and measurement outcomes.]



3.2 Risk of bias

The overall publication bias in the literature for both MCI and AD was evenly distributed in the funnel plot and approximately symmetrical (Figure 2A). When relevant, Begg’s and Egger’s tests were used to assess publication bias in the systematic review, which demonstrated no publication bias overall for both MCI (p = 0.769 > 0.1) and AD (p = 0.085 > 0.05). Furthermore, in the MCI section, we assessed the publication bias of the studies using scores and reaction time as the outcome measures separately; the results showed no publication bias in either the reaction time studies (p = 0.886 > 0.1) or score studies (p = 0.238 > 0.1).

[image: Three funnel plots display data with pseudo ninety-five percent confidence limits. Plot A (MCI-Score) and Plot B (MCI-RT) show symmetric distributions of study points, indicating low publication bias. Plot C (AD) displays a moderate asymmetry, suggesting some bias. Each plot has SMD on the x-axis and standard error on the y-axis.]

FIGURE 2
 Funnel plot of publication bias. (A) MCI-Score. (B) MCI-RT. (C) AD.




3.3 Methodological quality evaluation

Quality evaluation of the 34 included articles was conducted utilizing the PEDro scale (Table 2). The mean score for studies using scores as the outcome measure was 6.6, whereas the mean score for studies using reaction time as the outcome measure was 6.75. Furthermore, all articles included in the analysis had conducted “between-group statistical analyzes” and had furnished “point measures and measures of variance.” Of these articles, 30 utilized random assignment for experimental grouping, 28 detailed the process of random assignment, 32 provided information about the baseline levels of participants, 32 presented primary outcome measures for more than 85% of participants, and 32 reported a retention rate and completeness of measurements exceeding 85%.



TABLE 2 PEDro scores and sum of the included studies.
[image: A table lists articles with scores across 11 items, including eligibility criteria, randomization, blinding, and analysis methods. Each article's score is summarized in the final column. Items range from 0 to 1, with sums indicated. Mean scores are noted at the bottom: overall mean is 6.75 and reaction time (RT) studies mean is 6.6.]



3.4 Meta-analysis results


3.4.1 Heterogeneity test

Twenty-three articles report on physical activity’s effect on the VSWM of individuals with MCI, with 15 using scores as the outcome measure and 8 using reaction time. Results for heterogeneity show that the choice of outcome measures may be a source of heterogeneity: I2 = 50.6%, p < 0.001 for studies related to scores, and I2 = 0.00%, p < 0.001 for studies related to reaction time (Table 3). The heterogeneous results suggest that other outcome measures may contribute to heterogeneity; hence, independent analyzes were performed for each. Eleven articles examine physical activity’s effect on the VSWM of individuals with AD, using scores as the measure of outcome. The heterogeneity test results showed that I2 = 62.9%, p < 0.001 (Table 3).



TABLE 3 Heterogeneity analysis of exercise effects of included studies.
[image: Table comparing heterogeneity and effect sizes for mild cognitive impairment (MCI) and Alzheimer's disease (AD). For MCI reaction time, I² is 0% with a p-value of 0.492, SMD -0.442, 95% CI [-0.639, -0.245], Z 4.39, p-value 0.000. For scores in MCI, I² is 50.6%, p-value 0.009, SMD 0.331, 95% CI [0.146, 0.516], Z 3.51, p-value 0.000. For AD scores, I² is 62.9%, p-value 0.000, SMD 0.23, 95% CI [0.065, 0.394], Z 2.74, p-value 0.000.]



3.4.2 Overall effect size

As shown by the overall forest plots (Figures 3A–C), both individuals with MCI and AD benefit from physical activity in terms of VSWM. In studies on MCI, the effect size for research related to scores is SMD = 0.331, p < 0.05. For studies related to reaction time, the effect size is SMD = −0.442, p < 0.05. In AD studies, the effect size is SMD = 0.23, p < 0.05 (Table 3).

[image: Three forest plots labeled A, B, and C display metaanalyses. Plot A (MCI-Score) shows a range of studies comparing control versus experimental groups with most favoring the experiment. Plot B (MCI-RT) also compares groups, with mixed results, slightly favoring experiment. Plot C compares controls and experiments with slight favor towards control. Each plot includes study names, standardized mean differences (SMD) with confidence intervals, and weights in percentage.]

FIGURE 3
 Effect of RT and score outcome measures. (A) MCI-Score. (B) MCI-RT. (C) AD.




3.4.3 Subgroup analysis results of MCI studies

In the score group, when the intervention duration was ≥90 min (SMD = 0.875, p < 0.05), the intervention effect was slightly better than when it was 60–89 min (SMD = 0.242, p < 0.05). The intervention effect for interventions <60 min was not significant. Significant effect sizes were observed when the intervention period was 90–179 days (SMD = 0.226, p < 0.05) and ≥ 180 days (SMD = 0.517, p < 0.05). When the intervention period was ≤90 days, no significant effect was observed on the improvement of VSWM. Only moderately intense exercise (SMD = 0.455, p < 0.05) had a significant intervention effect; exercising three times per week (SMD = 0.591, p < 0.05) had a more significant intervention effect on VSWM than exercising for less than two times per week (SMD = 0.213, p < 0.05). Exercising five times per week did not produce significant results. Table 4 presents the specific values of the subgroup analysis for MCI regarding score studies.



TABLE 4 Results of MCI subgroup analysis.
[image: Table summarizing a meta-analysis of exercise interventions. It includes moderators: intervention duration, period, intensity level, and times, with subgroups. Columns show Type, SMD, 95% CI, Z, Q, df, and p-values. Statistically significant results are bold.]

In the reaction time group, an intervention duration of ≥90 min (SMD = −0.340, p < 0.05) had the most significant intervention effect, followed by 60–89 min (SMD = −0.494, p < 0.05). Significant effect sizes were observed when the intervention period was ≥180 days (SMD = −0.682, p < 0.05) and 90–179 days (SMD = −0.362, p < 0.05). No significant improvement in VSWM was observed when the intervention period was ≤90 days. Only moderately intense exercise (SMD = −0.450, p < 0.05) had a significant intervention effect. The effect of exercising five times per week (SMD = −0.682, p < 0.05) was the most significant, followed by three to five times per week (SMD = −0.362, p < 0.05), while exercising less than two times per week was not significant. Table 5 depicts the specific values of the subgroup analysis for reaction time in individuals with MCI.



TABLE 5 Results of AD subgroup analysis.
[image: Table displaying statistical data on the effects of various exercise interventions. Includes details on intervention duration, period, intensity, and session frequency, with standardized mean difference (SMD), 95% confidence interval (CI), Z-score, Q-value, degrees of freedom, and p-value. Bold values indicate statistical significance at p < 0.05. Significant findings are noted for ≥90 minutes duration, <90 days period, moderate intensity, and two sessions per week.]



3.4.4 Subgroup analysis results of AD studies

First, the effect of the intervention was found to be significant only when the duration of the intervention was greater than 90 min (SMD = 0.850, p < 0.05). Second, a significant effect size was observed only when the intervention period was ≤90 days (SMD = 0.191, p < 0.05), whereas there was no significant effect on the improvement of VSWM when the intervention period was 90–179 days or ≥ 180 days. Third, Moderate exercise intensity has an ameliorative effect on VSWM of individuals with AD (SMD = 0.31, p < 0.05). Finally, the impact of exercising three times per week (SMD = 0.293, p < 0.05) on the intervention effect regarding VSWM was significant, whereas the impact of the remaining two intervention frequencies on the intervention effect was not. Table 5 displays the specific values of the subgroup analysis for AD.




3.5 Network meta-analysis results of MCI studies

With the exception of the ACUTE intervention, all categories of exercise interventions demonstrated superior outcomes over the non-exercise control group. In the score group, the results of the inconsistency test indicated no inconsistencies among the different types of physical exercise scores (χ2 = 1.67, p = 0.893). The SUCRA ranking shows that MBE ranked the highest, with all five types of physical activity having greater impact rates than the control group; only one type had lower impact rates than the control group. Hence, the SUCRA ranking of the intervention modalities was MBE (82.9), ME (69.8), RE (67.2), AE (57.5), FINGER (42.8), CONTROL (19.0), and ACUTE (10.9), and the differences were statistically significant (p < 0.05). A comparison of the different exercise intervention groups with the control group revealed that all exercise interventions, except for FINGER and ACUTE, had a significant effect on VSWM of individuals with MCI, including MBE (SMD = 0.61, 95% CI: 0.07–1.14), ME (SMD = 0.45, 95% CI: 0.04–0.85), RE (SMD = 0.43, 95% CI: 0.07–0.78), and AE (SMD = 0.34, 95% CI: 0.00–0.68).

In the reaction time group, the results of the inconsistency test demonstrated no inconsistencies among different types of physical exercise scores (χ2 = 1.25, p = 0.264). The SUCRA ranking (Figure 4B) shows that RE (94.5) ranked the highest, followed by ME (58.1), AE (47.2), and finally CONTROL (0.3). The differences were statistically significant (p < 0.05). A comparison of the different exercise intervention groups and the control group revealed that all exercise interventions had a significant effect on VSWM of individuals with MCI, including RE (SMD = -36.91, 95% CI: −64.53 – -9.29), ME (SMD = -12.07, 95% CI: −14.62 – −9.52), and AE (SMD = -14.60, 95% CI: −22.94 – –6.25). The network plots are presented in Figures 4A,B. All exercise intervention groups displayed in the comparative form were directly compared with the non-exercise control group (Figures 5A,B). Table 6 presents the SUCRA results.

[image: Three network graphs labeled A, B, and C illustrate different analyses. A (MCI-Score) shows a triangular connection among nodes ME, MBE, RE, and CON with varied line thicknesses. B (MCI-RT) presents a complex web with multiple nodes like Acute, Finger, AE, and others connected to CON. C (AD) resembles a Y shape linking CON with ME, RE, and AE. Line thickness indicates relationship strength.]

FIGURE 4
 Network meta-analysis of the comparison for different types of exercise interventions. (A) MCI-Score. (B) MCI-RT. (C) AD. Each node represents one intervention, and the connecting lines between the two nodes represent one or more RCTS in which the two interventions are directly compared. The size of each node is proportional to the number of participants randomly assigned, and the thickness of the lines connecting the two nodes is weighted according to the number of RCTS among the interventions that directly compare their connections.


[image: Three panels of line graphs display cumulative probabilities versus rank for different treatments. Panel A, titled "MCI-Score," includes seven subgraphs: AE, Acute, CON, Finger, MBE, ME, and RE, each showing varied trends in cumulative probabilities across ranks one to seven. Panel B, titled "MCI-RT," contains four subgraphs: CON, MBE, ME, and RE, showing different cumulative probability trends across ranks one to four. Panel C, titled "AD," includes four subgraphs: AE, CON, ME, and RE, also showing varied cumulative probability trends across ranks one to four.]

FIGURE 5
 Results of the SUCRA. (A) MCI-Score. (B) MCI-RT. (C) AD. AE, aerobic exercise; ACUTE, acute exercise; CON, control group; FINGER, finger exercises; MBE, mind–body exercises; ME, multicomponent exercise; RE, resistance exercise.




TABLE 6 Results of the SUCRA.
[image: The table compares different treatments across three metrics: SUCRA, PrBest, and MeanRank for three conditions—MCI-Score, MCI-RT, and AD. MBE scores highest in SUCRA and PrBest for MCI-Score, while RE leads in MCI-RT. For AD, AE has the highest ratings. MeanRank favors diets that reduce cognitive decline. Treatments include mind-body exercises, multicomponent exercises, and resistance exercises. Definitions are provided for terms like SUCRA and condition abbreviations.]



3.6 Network meta-analysis results of AD studies

All types of exercise interventions produced superior outcomes to the non-exercise control group. The results of the inconsistency test showed no inconsistencies between the scores of the different types of physical activity (χ2 = 3.40, p = 0. 182). The SUCRA ranking indicated that AE ranked best compared to the control group, with all three exercise interventions having higher impact effects than the control group; AE (84.1), RE (74.0), and ME (30.7) were higher than the CONTROL (11.2), and the differences were statistically significant (p < 0.05). The network plot is shown in Figure 4C. A comparison of the different exercise intervention groups with the control group demonstrated that all exercise interventions, except for ME, had a significant effect on the VSWM of individuals with MCI, including AE (SMD = 0.39, 95% CI: 0.06–0.71) and RE (SMD = 0.32, 95% CI: 0.02–0.61). The network plot is depicted in Figure 4C. All exercise intervention groups presented in the comparative form were directly compared with the non-exercise control group (Figure 5C).




4 Discussion


4.1 Summary of the evidence

This network meta-analysis explored how exercise therapies affected MCI and AD patients’ VSWM. Previous research only included traditional meta-analyzes comparing exercise regimens on healthy individuals’ VSWM, omitting ME.No publication bias was seen in MCI or AD research. In scores-based studies of MCI patients, MBE had the best results, followed by ME and RE. In reaction time experiments, ME, RE, and MBE were the most effective interventions. AD trials showed AE was most effective, followed by RE (Figure 6).

[image: Tables present scores for MCI, RT-MCI, and AD, comparing control groups (CON) against variables such as Fnger, AE, ME, MBE, RE, and Acute. Each column shows numerical values, including ranges in parentheses.]

FIGURE 6
 Comparative effectiveness results for MCI-Score (A), MCI-RT (B), and AD (C). Each cell showed a 95%CI SMD. Important results are shown in bold. CI, confidence interval; AE, aerobic exercise; MBE, mind–body exercise; ME, multicomponent exercise; RE, resistance exercise; SMD, standardized mean difference.


MBE, ME, RE, and AE were each found to enhance the VSWM of individuals with MCI. MBE incorporates a combination of physical exercise and various forms of cognitive training, such as social interaction or mental function exercises. AE is a component of MBE, and there is a connection between sustained AE and increased volume in both the left and right hippocampi of older adults (70). This suggests a correlation between AE and VSWM (71). The hippocampus is a brain region that is strongly associated with learning and memory; a larger hippocampal volume implies a greater number of neurons and synaptic connections that can effectively process and integrate VSWM information (72). Interventions that involve MBE and ME may have a stronger impact on the VSWM of individuals with MCI compared to singular forms such as AE and RE. This aligns with the viewpoint that an enriched cognitive environment may safeguard cognitive function in individuals with MCI (73). In an environment rich in multisensory feedback, this rich sensory stimulation facilitates greater neuronal signal transmission and synaptic plasticity (74).

Viewing reaction time as an outcome measure, MBE, RE, and ME improved the speed of individuals with MCI performing VSWM tasks. The impact of RE on the VSWM of individuals with MCI aligns with previous research showing that RE can strengthen connectivity in the networks of the temporal–parietal junction in the right hemisphere, the ventrolateral prefrontal cortex, and the dorsolateral prefrontal cortex, all of which are associated with response speed during cognitive tasks, in individuals with MCI (75). The improvement in the speed of VSWM tasks through ME and MBE in the MCI group is consistent with the results of a previous intervention study that focused on the working memory of women with MCI (76). Both ME and MBE emphasize integration between different components, mobilizing cognitive resources, and maintaining a focus on body awareness and action planning during the intervention process, ultimately leading to improved speed in VSWM tasks for individuals with MCI (77). Long-term engagement in MBE and ME provides a wide range of cognitive stimuli that contribute to the accumulation of greater cognitive reserve in individuals with MCI. These findings align with the cognitive reserve hypothesis (78).

AD research has mostly used scores to assess the effects of exercise therapy on VSWM tasks. I2 = 62.9% showed moderate heterogeneity in AD studies with no publication bias. Inconsistency tests revealed no substantial inconsistencies. Both AE and RE had significant intervention effects on the VSWM of individuals with AD, demonstrating the efficacy of AE and RE across different stages of cognitive impairment. However, ME did not improve the VSWM of individuals with AD, which is consistent with prior meta-analytic results (79). This could be attributed to the fact that ME interventions typically involve two or more types of exercises and multiple exercise tasks, potentially limiting the physical and cognitive abilities of individuals with AD and making it more challenging to achieve the optimal effects of a single-mode exercise intervention.

The impact of AE on the VSWM of individuals with AD can be explained as follows: AE can enhance neuronal activity and maintain normal functioning of the hippocampus. In addition, AE has the potential to reduce the rate of hippocampal atrophy in individuals with AD (80). The improvement in VSWM of individuals with AD achieved through RE may be associated with fat-free mass (FFM) of the limbs. A cross-sectional study involving 70 patients with AD who underwent magnetic resonance imaging scans found that the FFM of their limbs was positively correlated with their whole-brain volume (81). Additionally, in a study comparing FFM among individuals, those with lower FFM had a 1.43-fold higher probability of developing cognitive impairment than those with higher FFM (82). These findings suggest that strengthening FFM through RE can positively affect cognitive function. Our study also supports the feasibility of RE; however, further RCTs are required to elucidate the specific mechanisms underlying AD.

While APOE-4 was not specifically examined as a subgroup in our meta-analysis, it is important to highlight that there is a correlation between APOE and the efficacy of exercise intervention. APOE-4 is a significant genetic risk for Alzheimer’s disease (83). A research of 70-year-olds showed that individuals without APOE-4 benefit from physical activity in terms of protection against the disease, whereas those with APOE-4 do not (84). In a different cohort study with an average age of 50 years, carriers of the APOE-4 allele exhibited more robust protective effects from exercise compared to non-carriers (85). Neural damage accumulating in individuals with the APOE ε4 gene variant may be too severe to benefit from the therapeutic effects of physical exercise. Despite the presence of the APOE ε4 gene, individuals should still be encouraged to engage in physical activity due to its significant physical health advantages.

This subgroup analysis will help discover heterogeneity and allow for tailored exercise recommendations by comparing effect sizes across subgroups. A selective effect of single-mode intervention time, duration, intensity, and weekly frequency was found. Subgroup analysis of single-session intervention time in MCI trials showed no statistically significant effect size for interventions under 60 min. A significant impact size was usually detected when the intervention lasted beyond 60 min. The effect magnitude was greatest when the intervention lasted over 90 min (SMD = 0.875, 95% CI: 0.349–1.407). The study indicates that moderate exercise intensity significantly enhances VSWM in patients with MCI and AD. A recent study found that moderate to high-intensity exercise has similar beneficial effects on cognitive function in patients with cognitive impairment (86). A small number of high-intensity intervention experiments were used in our study, and all of the subjects were over 70 years old. This may be why the effect size of high-intensity exercise was not statistically significant. In AD research, an effective response is only evident when the intervention duration reaches 90 min or longer. Conversely, previous meta-analytic studies on the VSWM of healthy individuals have found that interventions lasting less than 60 min were effective (87). Our findings thus raise an intriguing question: Does greater cognitive impairment necessitate longer interventions to yield significant effects? This question warrants further investigation.

In addition to providing scientifically based exercise intervention programs, the willingness of cognitively impaired patients to participate is also crucial. Research has shown that exercise support from caregivers and social interaction with peers of similar cognitive levels can increase the exercise participation willingness of cognitively impaired patients (88). Additionally, the community environment can influence the exercise willingness of cognitively impaired patients. For instance, whether the community offers cognitively disabled patients exercise facilities, equipment, and specialist instruction and assistance.

Future research should expand this focus by investigating the VSWM of individuals with MCI across different age groups and by conducting long-term intervention studies on AD. These studies should involve continuous follow-up and provide detailed intervention protocols, including single-session intervention duration as well as intervention components, duration, and intensity. Comparing the differences between specific exercise programs is also highly necessary. Exploring the effects of more exercise programs on individuals with MCI and AD can help provide more effective and diverse exercise regimes. This study performed direct comparisons between the various intervention components. Although we gathered data from four direct comparisons, the number of intervention components was limited. Current research on VSWM is also fairly limited, with most studies failing to separately analyze data related to VSWM, instead incorporating working memory assessments. This approach is potentially problematic as it may yield inaccurate outcomes.



4.2 Limitations

This study has five limitations. Owing to the limited direct comparisons between different exercise interventions, our results are subject to increased uncertainty, and caution is warranted in interpreting the findings. Second, ME interventions do not have a standardized composition, with variations in the duration and intensity of each component. Hence, different ME regimens may have different effects. Future research may benefit from defining the specific components of multi-modal exercises and exploring the effect sizes associated with different multi-modal exercise approaches. Third, a wide variety of tools are available for assessing VSWM, with different measurement instruments exhibiting varying levels of reliability and validity. Due to the lack of race and gender comparisons in the previous literature, we did not conduct an analysis. However, there are certain racial disparities in cognitive impairment, and it is worth noting that there were more female participants in our sample. Therefore, discussing gender and race as variables is essential. These differences may lead to variations in effect sizes, necessitating careful consideration when selecting and interpreting the pooled effect sizes. Finally, this review primarily focused on older adults. As such, our conclusions are mostly applicable to older adults with MCI and AD. Future studies should include participants from different age groups to identify more comprehensive intervention strategies.




5 Conclusion

Our meta-analysis supports the notion that long-term physical exercise has a moderately beneficial effect on VSWM in individuals with MCI and AD, and it identifies optimal exercise intervention strategies applicable to these populations. Integrating the results of subgroup and network meta-analyzes, we recommend the following exercise regimens:

For individuals with MCI: Engage in moderate-intensity exercise(VO2max 50–75%) three to four times per week; interventions should exceed 60 min in duration and extend over a period of at least 3 months or longer; exercise modalities include MBE (e.g., Tai Chi, yoga), ME, RE (e.g., resistance band exercises, half squats, heel raises), and AE (e.g., indoor/outdoor walking, treadmill exercise, cycling training, stepping exercises). When opting for ME, we recommend incorporating aerobic exercise, resistance training, and balance training, while considering the individual’s physical condition. For individuals with AD: Engage in moderate-intensity exercise twice a week (VO2max 50–75%); interventions should exceed 90 min in duration and extend over a period of at least 3 months or longer; exercise modalities include AE and RE (same as mentioned in MCI). We also recommend that individuals with MCI and AD participate in exercise groups to enhance social interaction and increase motivation for exercise participation, thereby fostering adherence to long-term exercise.

Healthcare professionals selecting exercise programs should consider factors such as cost-effectiveness, safety, and the physical and social accessibility of required exercise facilities. Additionally, an assessment of individual physical condition and consideration of weather-related factors should be conducted in advance. In conclusion, our meta-analysis underscores the positive impact of exercise interventions on VSWM in individuals with MCI and AD.
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Objective: Loneliness is a key social and public health issue, mainly affecting the mental health of older adults. The article aimed to explore the influence of intergenerational support from children on loneliness among older adults. Meanwhile, the article also analyzed the moderating effects of internet usage and intergenerational distance in this process.
Methods: Based on the data received from 2018 China Longitudinal Aging Social Survey (CLASS), the ordinary least square (OLS) regression model was used to analyze the influence of intergenerational support from children on loneliness among older adults. Furthermore, the Bootstrap method was used to test the moderating effect of internet usage and intergenerational distance on the relationship between intergenerational support from children on loneliness among older adults.
Results: Baseline regression showed that economic support (β = −0.059, p < 0.001), caregiving support (β = −0.070, p < 0.001), and emotional support (β = −0.108, p < 0.001) from children can positively influence loneliness among older adults. Meanwhile, the results of the moderated effects analysis showed that internet usage and intergenerational distance moderates the relationship between caregiving support, emotional support from children and loneliness among older adults.
Conclusion: The article demonstrates that family support, particularly intergenerational support from children plays a pivotal role in alleviating loneliness among older adults, so the government should further regulate the behavior of children’s alimony support, improve the digital infrastructure, these measures help to reduce loneliness among older adults and expand the depth and breadth of family care of older adults.
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1 Introduction

Weiss (1) first described loneliness as an adverse emotional experience that occurs when there is a gap between expected and actual social relationships. Loneliness is a serious public health problem widely associated with aging and declining physical functioning. Surkalim et al. (2) showed that loneliness is common among older people. The prevalence of loneliness among older people from the Nordic countries to Eastern Europe is about 5.2 to 21.3%. The China 2019 Longitudinal Aging Social Survey also found that about 24.78% of older adults experience loneliness. Cacioppo et al. (3) showed that loneliness can lead to changes in the physiological, psychological, and social state of older adults, seriously affecting the physical and mental health of older adults and reducing their quality of life. For example, lonely older adults are more likely to develop depression and have a higher risk of developing cardiovascular disease (130% higher than those who are not lonely) (4).

Many studies have explored the relationship between social support and loneliness (5, 6). Social support is believed to come from different groups, such as friends, neighbors, and families. The intergenerational family support, especially from children, significantly impact the older adult’s physical and mental health due to the imperfect social security system of China’s society for old-age pension (7). Intergenerational support refers to the mutual support between parents and children, which involves reciprocity and transformation between children and parents (8). However, this research is limited to upward intergenerational support from children to their parents. Antonucci et al. (9) found that social support from their adult children significantly improves the psychological well-being and quality of life of older adults. Many scholars have also shown that loneliness is a predictive outcome of weak relationships between parents and adult children, such as lack of contact and support from adult children (10), and greater intergenerational conflict (11). However, some studies, such as Dean et al. (12), Adams et al. (13) have shown that receiving excessive intergenerational support from children can make older people aware of their aging and loss of control over their lives, thus raising loneliness (14). In china, the aging of the demographic structure may lead to smaller social networks and fewer young people who cannot meet the needs of older adults (15). Therefore, the impact of intergenerational support from children on loneliness among older adults may provide great academic and practical value in the new scenario.

Although many studies have assessed the relationship between intergenerational relationships and loneliness among older adults (16, 17), only a few studies have evaluated the extent of the relationship and the factors that influence the relationship. China has a differential pattern, where children play an important role in the lives of older adults. In addition, intergenerational relationship characteristics and structures have multidimensional attributes, including intergenerational contacts and interactions, affinity and distance, and intergenerational conflicts. However, it is unclear whether multidimensional intergenerational support is strongly associated with loneliness among older adults in the Chinese scenario. This study aimed to: (1) identify the relationship between different dimensions of children’s intergenerational support and loneliness among older adults; (2) analyse the heterogeneity of children’s intergenerational support across age groups, residential location, and marital status; (3) explore the mechanisms by which children’s intergenerational support affects loneliness among older adults.



2 Theoretical framework and assumptions


2.1 Social support theory

Raschke proposed that social support refers to the care and support that people feel from others. Social support is an interpersonal interaction that reduces the adverse effects of negative events on the individual and increases their self-confidence and sense of control over their lives. Dunér et al. (18) classified social support as formal support provided by governmental or non-governmental organizations and informal support provided by relatives, friends, neighbors, etc. Berkman et al. (19) explained the content of social support based on the following dimensions; instrumental support, informational support, and emotional support. Instrumental support is practical or tangible support (personal care, household chores, and financial support), while informational support refers to the transfer of information, including advice and recommendations. Emotional support is the sharing of happiness and sadness or the expression of care and concern. At the same time, studies have also assessed the relationship between social support and individual health. The main effect model has suggested that social support can improve mental health, regardless of whether an individual is stressed or not. Intergenerational support from children within the family validates this model. Specifically, Wu et al. (20) measured social support using financial and in-kind support for older adults from non-cohabiting children and found that higher financial support is significantly associated with lower loneliness among middle-aged and older parents, validating the main effects model. Guo et al. (21) also showed that children can reciprocate their parenting and express their care and regard to older adults through financial and caregiving support, which may reduce loneliness among older adults. They also showed that older adults get emotional exchange and communication through meeting and contacting their children to gain spiritual comfort, thus improving their mental health status. (22). The following hypothesis were proposed based on the social support theory and previous research results:


H1: Children’s comprehensive intergenerational support has a significant negative effect on loneliness among older adults. In this study, regression analyses were conducted based on three dimensions of intergenerational support, including financial support, caregiving support, and emotional support, to further develop three sub-hypotheses:
H1a: Children’s financial support will significantly diminish loneliness in older adults;
H1b: Children’s caregiving support will significantly diminish loneliness in older adults;
H1c: Children’s emotional support will significantly diminish loneliness in older adults;



However, the above effects may vary depending on older adult groups, such as different age groups, different residential locations, and different marital status. As a result, the following hypotheses were proposed:


H2: Intergenerational support has a significant heterogeneous effect on loneliness among different groups of older adults.
 



2.2 Internet usage, intergenerational distance, and loneliness in older adults

Some studies have assessed the mechanism by which intergenerational support from children affects loneliness in older adults from various perspectives, such as internet usage and intergenerational distance. Research in Israel found that internet usage improves socialization, thereby reducing loneliness (23). Moreover, a study in the United States also suggested that internet usage can reduce loneliness by keeping older people connected to their children and the community (24). Furthermore, studies conducted in the United States, Europe, and Asia-Pacific have found that social media use can effectively address social isolation and reduce depressive symptoms in older adults (25). Meanwhile, several studies have suggested that children’s residential distance from their parents and older adults’ residential patterns may directly or indirectly affect older adults’ loneliness and mental health. Besides, some studies have suggested that older people living with their children reduce their risk of getting lonely since their children take care of them. For example, Courtin and Avendano (26) showed that older people living with their children in Europe receive more life care and emotional support, thus reducing the risk of loneliness. Ten et al. (27) showed that low satisfaction of older people with their children and the absence of adult co-residing children are associated with more loneliness. Ekoh et al. (28) also indicated that epidemics limit rural older people’s proximity to their loved ones, leading to increased loneliness due to their dependence on intergenerational support.

Therefore, internet usage and intergenerational distance from children affect the relationship between intergenerational distance support from children and loneliness among older adults. As a result, the following hypotheses were proposed:


H3: Internet usage moderates the relationship between intergenerational support from children and loneliness among older adults.

H4: Intergenerational distance moderates the relationship between intergenerational support from children and loneliness among older adults.
 




3 Data and methods


3.1 Design study

The article is an original research study that explores the relationship between intergenerational support from children and loneliness among older adults, the design of this article includes the following components: (1) introduction; (2) research hypothesis; (3) data and methods; (4) results; (5) discussion; (6) conclusions and limitations. The data for this paper come from the China Longitudinal Aging Social Survey (CLASS) database, CLASS is designed by the Institute of gerontology and implemented by the china survey and data centre of Renmin University of China. During the fieldwork, each respondent who agreed to participate in the survey was asked to sign the informed consent, ethical approval for all the CLASS waves was granted from the institutional review board at Renmin University of China.



3.2 Data sources

Data were obtained from the 2018 China Longitudinal Aging Social Survey (CLASS). CLASS is a large-scale nationwide tracking survey, which aims to comprehensively understand the basic profile and socio-economic situation of older people in China (60 years old and above) to provide important references for the formulation of high-quality aging policies. A total of 11,418 individual questionnaires were obtained from 462 villages (residences) in 134 counties (districts) across China through stratified multi-stage probability sampling. Firstly, the samples without living children were deleted since this study focuses on the impact of intergenerational support of children on loneliness among the older adult. Secondly, the measurement of loneliness of older adults in the explanatory variables is based on the three loneliness measurement questions, accurate answers to the three questions are the basis for determining the loneliness of older adults, so respondents who did not answer the three questions accurately were excluded. Finally, a valid sample of 9,721 was obtained, See Figure 1.

[image: Flowchart displaying the exclusion process in a sample study. Starts with 11,419 total samples. 301 excluded for no surviving children or missing values, leaving 11,118. Next, 765 excluded for feeling no one to be with, resulting in 10,353. Then, 344 excluded for feeling neglected by others, leaving 10,009. Finally, 288 excluded for feeling isolated, resulting in 9,721 remaining samples.]

FIGURE 1
 Flow chart of study samples.




3.3 Definition of variables

Assignments defines the core variables in this study, which include four main categories: explained variables, explanatory variables, control variables, and moderating variables.


3.3.1 Explained variables

The explanatory variable of interest was loneliness among older adults. Loneliness was measured based on a three-item loneliness scale designed by Hughes, using the following questions: In the past week, did you feel that you have no one to be with? In the past week did you feel neglected by others? In the past week, did you feel isolated from others? The choices for each question were 1 = No, 2 = Sometimes, 3 = Often. The total loneliness score was obtained by adding the score of the answers to the three questions (total score ranged from 3 to 9), with higher scores indicating greater loneliness.



3.3.2 Main explanatory variables

The scores of each entry of the explanatory variables were averaged by the number of children (after summing up the scores of all children) based on Buber’s categorization and calculation of intergenerational support (29). The economic support (children’s financial help to parents) was measured by whether the child has given the parent money, food, or gifts in the past 12 months (with a point rule ranging from 1 to 9). Caregiving support (life care, food, and clothing supply) was measured by how often the child has helped the parent with household chores in the past 12 months (with a point rule ranging from 1 to 5). Emotional support (children’s care and companionship to parents) was measured by how often the parent has met the child in the past 12 months (point scale ranging from 1 to 5).



3.3.3 Control variables

The controls for demographic variables (gender, marital status, and educational level), social characteristics variables (household, income, and pension status), and health status variables (hypertension, self-assessed health status) were assessed as previously described.



3.3.4 Moderating variables

The Pew Research Center (Pew Research Center) survey showed that the penetration rate of smartphones in China has reached 58%, with about 99.8% of the people using mobile phones to access the internet. In this study, use of smartphones was evaluated as previously described (30), using the following question; Have you used or not used a smartphone? (0 = No; 1 = Yes). The intergenerational distance was measured based on the nearest children’s usual place of residence to the older adults to examine the moderating role of intergenerational distance between intergenerational support and loneliness among older adults. The number of samples was noted for statistical purposes. Moreover, the eight options of children’s usual residence were divided into three categories, where the combination of this household and this village/neighborhood committee was regarded as living together (score; 1); the combination of this street/township and this district/county was regarded as living close to each other (score; 2), and the other place of residence was regarded as living far from each other (score; 3) (Table 1).



TABLE 1 Variable settings and assignments.
[image: A table displaying variables related to elderly care. It includes dimensions: explanatory variable (e.g., Loneliness), explained variable (e.g., Financial support), control variable (e.g., Gender, Marital status), and moderator variable (e.g., Residential distance). Each variable is defined and assigned a scoring scale. Mean and standard deviation (SD) are listed for each.]




3.4 Research methodology

Loneliness of older adults was introduced into the model as the main explanatory variable during the model construction process since this study aimed to assess the impact of intergenerational support from children on the loneliness of the older adult and its mechanism of action. Notably, the OLS linear regression was used to measure loneliness in older adults (continuous variable), as shown in Eq.1:

[image: Equation showing a linear model: \(Y_i = \alpha_0 + \alpha_1 N_1 + \alpha_2 N_2 + \alpha_3 N_3 + \beta_i X_i + \mu_i(1)\).]

𝑌𝑖, 𝑁1,2, and 𝑁3 represent the loneliness, financial support, caregiving support, and emotional support, respectively. Xi represents the control variable. This study focused on the coefficients α1, α2, andα3, reflecting the effect of intergenerational support on loneliness in older adults. α0, βi, and 𝑢i represent the intercept term, coefficient of the control variable, and random perturbation term, respectively.




4 Results


4.1 Descriptive analysis

From the sample data, it can be found that the mean value of the gender for the survey respondents is 0.49, the standard deviation is not large, showing that the ratio of men to women is basically the same, the mean value of the marital status is 0.70, indicating that the majority of the survey respondents have spouses; in terms of the level of education, the mean value is 2.91, the standard deviation is relatively small, we know that the educational level of survey respondents is not high, and concentrated in primary and lower secondary schools; the mean value of the household is 0.56, the proportion of agricultural households is higher than that of non-agricultural households.



4.2 Baseline regression analysis

In this paper, the changes in the coefficients of intergenerational support variables under different scenarios were explored based on multiple nested models to accurately measure the impact of children’s intergenerational support on loneliness among older adults in China’s special family relationship scenarios. Moreover, the four models established were tested for multiple linear relationships using multiple linear regression. The results showed that the variance inflation factor (VIF) of the four models was less than 10, indicating that the models established did not have multiple linear relationships and could be subjected to multiple linear regression models (I). The results after regression without adding any control variables showed that the coefficients of three forms of support were negative and significant at p < 0.001, indicating that children’s intergenerational support diminish loneliness among older adults, confirming hypothesis H1. The regression results of model (II) after demographic variables were added based on model (I) showed that: the intergenerational support, including children’s economic, caregiving, and emotional dimensions diminish loneliness in older adults. Compared with before the addition of control variables, the coefficients were slightly different, indicating the robustness of the regression results. For demographic variables, gender was not significantly associated with loneliness (β = 0.039, p > 0.05), inconsistent with other studies. For instance, Losada et al. (31) showed that loneliness is common among females than males due to the physiological disadvantages. However, marital status and educational level were significantly associated with loneliness. Low literacy levels and lack of spousal emotional support are associated with loneliness since such older people cannot have normal social life abilities. Moreover, such people can easily have psychological problems, such as loneliness (7, 32).

In models (III) and (IV), where social characteristics variables and health status variables were added, the coefficients were not significantly reduced, indicating that there is no significant linear relationship between the control variables and the independent variables, further confirming hypotheses H1a, H1b, and H1c. The insignificant effect of income on loneliness in older adults shows that income level cannot significantly influence loneliness and mental health of older adults, inconsistent with most studies (32). Table 2 shows the full study results.



TABLE 2 OLS estimates of the effect of intergenerational support on loneliness in older adults.
[image: Table showing regression coefficients and standard errors for various variables across four models, labeled (I) to (IV). Significant variables include financial, caregiving, and emotional support, gender, marital status, educational level, pension situation, and self-rated health. Significance levels are indicated as p<0.001, p<0.01, and p<0.05. Observed count is 9,721 in each model, with R² adjustments ranging from 0.011 to 0.031.]



4.3 Heterogeneity analysis

In this paper, the heterogeneity of older adults with different ages, places of residence, and different marital statuses were analyzed through the OLS regression model to further validate the relationship between intergenerational support from children and loneliness of older adults and further improve the robustness of the regression model, Table 3 shows the full study results.



TABLE 3 Heterogeneity test table.
[image: Table displaying regression coefficients and standard errors for variables: financial, caregiving, and emotional support across categories like age, residence, and marital status. Significance levels are marked with asterisks, indicating varying degrees of statistical significance. Constants, observed values, and R-squared adjustments are provided, with data split into sections labeled I, II, and III.]


4.3.1 Age

In this study, 60–75 years (excluding 75 years) and those older than 75 years were referred to as young old and oldest old based on the academic classification of the age stage of older adults. The regression results showed that intergenerational support had a different effect on loneliness in different age groups. Specifically, children’s emotional support significantly reduced loneliness in the younger seniors (β = −0.112, p < 0.001), while children’s caregiving significantly reduced loneliness in the older seniors (β = −0.087, p < 0.001).



4.3.2 Residence (urban–rural)

Herein, those living in rural areas, towns outside county cities, and urban and rural assemblages were considered to be living in rural areas (score; 1). Moreover, those living in the central and marginal urban areas of cities and county cities were considered to be living in cities (score; 0). Grouped regressions showed that older people who live in the towns and villages (β = −0.131, p < 0.01) significantly rely on children’s emotional support than those in the urban areas. Furthermore, children’s caregiving support (β = −0.070, p < 0.001) significantly reduced loneliness among those living in urban regions compared with other regions (β = −0.058, p < 0.01).



4.3.3 Marital status

Older adults with spouses were scored as 1, while those without spouses (widowed and divorced) were scored as 0. Subgroup regression showed that for older people without a spouse, the higher the demand for child support to achieve a decline in loneliness, especially caregiving support, whose coefficient was almost thrice that of the spousal older adults (β = −0.122, p < 0.001). However, child financial support was not significantly related to loneliness in older adults without spouses (β = −0.033, p > 0.05).




4.4 Endogeneity test

There were two main sources of endogeneity in the model (measurement error and selective bias). Certain factors may be related to both loneliness in old age and intergenerational support from children, such as relocation, which cannot be observed by the questionnaire. Therefore, the following should be conducted to avoid endogeneity.


4.4.1 Replacement of the dependent variable

In this study, the dependent variable was replaced to further verify the robustness of the model, using the question “Do you feel lonely in the last week?“from the Glass database as a proxy indicator for loneliness. Ordered logistic regression results showed that although the estimated coefficients of children’s economic support, caregiving support, and emotional support changed, the direction and significance of the coefficients did not significantly change much, further verifying the robustness of the model, see Table 4 for details.



TABLE 4 Robustness test results based on variable substitution method.
[image: Table displaying statistical analysis results for variables: financial support, caregiving support, and emotional support. Each has estimated values, standard errors, Wald values, and p-values. Financial support: -0.044, 0.012, 14.530, 0.000. Caregiving support: -0.036, 0.017, 4.503, 0.034. Emotional support: -0.117, 0.032, 13.126, 0.000. A control variable was managed, and overall fit significance is 0.000. Significance levels: ***p<0.001, **p<0.01, *p<0.05.]



4.4.2 The propensity score matching (PSM) method

In this paper, Propensity Score Matching (PSM) 1:2 nearest neighbor matching method was used to control the bias caused by confounding factors on the model estimation and data results for testing the robustness of the results of OLS analysis. The results of the balance test after group matching according to children’s financial support (high or low) are shown in Table 5.The matching effect was detected by observing the error reduction value and t-test. The results showed that the standard deviation of all variables (except for the health self-assessment variable) was significantly reduced after re-matching (88.7–99.9%). Besides, the p-values of all variables were not significant after matching. Furthermore, the differences between the treatment group and the control group were substantially reduced, and the matching effect was better. In addition, the results of matching with caregiving support and emotional support also passed the balance test (results not shown).



TABLE 5 Error reduction before and after variable matching.
[image: Table displaying variables comparing pre/post match data for process and control groups. Includes educational level, marital status, census register, self-rated health, hypertension status, and pension situation. Columns show process group, control group, standard deviation, deviation reduction, T value, and p value. Notable figures include a 98.3% deviation reduction for educational level and 99.9% for census register. Significant T values observed in educational level (15.02) and census register (17.51), both with p values of 0.00, indicating statistical significance.]

The results of the ATT on the effect of intergenerational support from children on loneliness in old age under the nearest neighbor matching method are shown in Table 6. The coefficients of the impact of children’s financial support, caregiving support, and emotional support on loneliness in old age were 0.54, 0.59, and 0.43, respectively. The T-values were significant at the 5% significance level. Overall, the coefficients of the PSM regression results and the OLS regression results showed the same influence with slight differences. In conclusion, intergenerational support from children diminish loneliness in old age.



TABLE 6 Results of ATT estimation of intergenerational support on loneliness among older adults.
[image: Table showing variables with their estimated coefficient of ATT, standard deviation, and T value. Financial support: coefficient -0.54, standard deviation 0.12, T value -4.52. Caregiving support: coefficient -0.59, standard deviation 0.12, T value -5.13. Emotional support: coefficient -0.43, standard deviation 0.22, T value -1.97. Significance levels indicated by asterisks.]




4.5 Analysis of impact mechanisms

We use the Bootstrap method to test the moderating effect of internet usage, children’s intergenerational residential distance on the relationship between children’s intergenerational support and loneliness of older adults, in Process plug-in with a 95% confidence interval, 5,000 as the sample size, and the model sequence number was chosen as Model 1. Initially, the independent variables including children’s economic support, caregiving support, and emotional support, along with the moderating variables concerning the Internet usage of older adults and the intergenerational residential distance of children, were centered. Subsequently, hierarchical regression analyses were employed. This process involved controlling for covariates such as gender, education level, income, and physical health status. The subsequent steps entailed the gradual addition of intergenerational support, Internet usage by older adults, children’s intergenerational residential distance, and their respective interaction terms with children’s intergenerational support. The aim was to monitor the changes in significance for each variable, see Table 7 for details.



TABLE 7 Analysis of the moderating effects of Internet usage and intergenerational residential distance in the impact of intergenerational support on loneliness among older adults.
[image: Table displaying regression results for three models (I, II, III) with variables: financial support, caregiving support, and emotional support. Significant interactions with Internet usage and intergenerational distance are shown. Significance levels: ***p<0.001, **p<0.01, *p<0.05. Control variables are accounted for in each model.]

Model (I) refers to the regression result that does not include any interaction term, and model (II) puts in the interaction term of children’s intergenerational support and Internet usage. Analysis of the regression results indicated that the moderating effect of Internet usage of older adults on the relationship between children’s economic support and loneliness of older adults is not significant (β = 3.825, p > 0.05). However, it has a moderating effect on the relationship between children’s emotional support and loneliness of older adults (β = 3.920, p < 0.05), indicating that the emotional support provide by children for older adults with high Internet usage can reduce loneliness among older adults. Results showed that the moderating effect for the relationship between children’s caregiving support and loneliness among older adults was significant (β = 3.801, p < 0.001). The addition of the Internet usage variable, weakened the negative effect of child care support and loneliness of older adults. Its impact on older people with low internet usage became more pronounced when there was a reduction in the caregiving support from children.

Model (II) was put into the interaction term between child intergenerational support and child intergenerational residential distance, and the regression results revealed that the moderating effect of child intergenerational residential distance on the relationship between child financial support and loneliness among older adults was not significant (β = 3.865, p > 0.05), but the moderating effect of child intergenerational residential distance on the relationship between child care support and loneliness among older adults was highly significant (β = 3.872, p < 0.001), indicating that the addition of the intergenerational residential distance variable weakened the negative effect of the influence of children’s caregiving support and loneliness of older adults. This was indicated by the fact that when children’s caregiving support increased, older people living with their children or in close proximity to them exhibited a significant decrease in loneliness The moderating effect of children’s intergenerational residential distance on the relationship between children’s emotional support and loneliness of older adults was significant (β = 4.013, p < 0.05). Given that children’s emotional support and loneliness of older adults showed a negative correlation, the moderating effect of the children’s residential distance had a significant inhibitory effect on the relationship between emotional support and loneliness. To further validate the moderating effect of Internet usage and children’s residential distance on the relationship between children’s intergenerational support and loneliness of older adults, we developed a simple slope analysis graph (Figures 2, 3) with one standard deviation above and one standard deviation below. The varying slopes of the curves depict the extent and direction of the moderating influences of internet usage and intergenerational distance on the correlation between economic support, caregiving support, emotional support, and the loneliness experienced by older adults.

[image: Three line graphs compare loneliness levels for low and high Internet usage against different types of support: financial, caregiving, and emotional. Loneliness decreases with high support and Internet usage across all types.]

FIGURE 2
 Moderating role of internet usage between intergenerational support and loneliness among the older adult.


[image: Three line graphs depict hostility levels in relation to financial, caregiving, and emotional support. Each graph compares "near range" with "long range." Hostility decreases as support increases across all types, with the "long range" consistently lower than the "near range."]

FIGURE 3
 Moderating role of intergenerational distance between intergenerational support and loneliness among the older adult.





5 Discussion

Intergenerational support from children can positively reduce loneliness among older people. Although some scholars, Guo et al. (21) and Djundeva et al. (33), have argued that excessive financial and care may lead to older parents becoming dependent on their adult children, which can be detrimental to mental health and require them to bear the stigma of being a “burden” to their children. Nonetheless, our findings align with the consensus among scholars, affirming the positive impact of children’s financial, caregiving, and emotional support on alleviating the loneliness experienced by older adults. This is underscored by the consistently negative estimated coefficients, all of which yield a p-value below 0.05. However, it is worth noting that there is a significant variability in the impact of the three dimensions of children’s intergenerational support on the loneliness of older adults. Sun et al. (34) argued that compared to financial support and caregiving support, emotional support can potentially promote the mental health of older adults. In this analysis, we showed that without adding any control variables, children’s emotional support has the highest importance among the three dimensions (β = −0.108), implying that each level of children’s emotional support for older adults can reduce the loneliness score of older adults by 0.108. Regarding its role and value is almost double that of financial support (β = −0.059). The regression results after adding control variables still indicate that the estimated coefficient of children’s emotional support exceeds that of the other two. This result may be explained by Liu et al. (35), who have argued that the improvement of pension insurance, medical insurance and other security systems implemented by the Chinese government in recent years has had a “crowding out” effect on intergenerational financial support, the majority of older adults people in China can rely on their own incomes to satisfy their basic daily needs. In addition, they found that the importance of emotional communication between children and their parents has gradually been highlighted, Children’s multi-frequency communication and comfort with parents through various means can effectively alleviate the loneliness experienced by older adults due to widowhood, illness and other reasons. This further confirms the conclusion that in-person interactions with non-resident children reduce loneliness among older individuals.

The relationship between intergenerational support for children and loneliness among Chinese older adults varies among different groups. Jiang et al. (36) observed a significant decline in the physical and physiological functions of older adults, As a result, they are susceptible to the risk of incapacitation and rely more on their children’s intergenerational support, resulting in more substantial caregiving support from their children. This conclusion is confirmed by the results of the textual study, which found that emotional support from children was more important for the young old and caregiving support was more important for the oldest old.

Residential environment (rural, small town vs. urban) is associated with loneliness, and the regression results in this paper demonstrate that high frequency of contact from children improves physical and mental health of rural older adults (β = −0.131, p = 0.000), but has a smaller relative effect on urban older adults (β = −0.077, p = 0.024), which is fully consistent with the findings of Chinese scholars (37). Paúl et al. (38) postulated that people living in urban environments have higher levels of loneliness than those in rural areas. However, in this paper, we found that older people living in rural areas have a decreased sense of loneliness and need more intergenerational support from their children. The disparity mentioned above primarily stems from the persisting urban–rural divide in China. The majority of rural areas continue to lag significantly behind urban areas in terms of infrastructure, healthcare facilities, recreational amenities, and more. This situation imposes considerable inconvenience on the lives of older individuals, especially those with compromised physical conditions, so they are in critical need of enhanced care and emotional support from their children to alleviate the feelings of helplessness and the sense of loss resulting from the challenges of daily life. Marital status has a significant effect on the relationship between intergenerational support for children and loneliness among older adults. This may be ascribed to the fact that the presence or absence of a spouse affects loneliness among older adults; those who have a spouse having lower levels of loneliness compared to others (39). Zhang et al. (40) also revealed that among family members, spouses are the preferred recipients of help, followed by children. For older adults who live alone without a spouse or whose spouses have died, their children become the most important part of their daily life. This finding underscores the importance of children providing increased care and emotional support to older adults who live alone without a spouse, as it proves to be particularly effective in alleviating loneliness in this demographic.

The moderating effect of Internet usage on the association between children’s financial support and loneliness among older people is not significant, and the relationship between caregiving support and loneliness among older people is highly significant. The core explanation for this may be due to the fact that for child financial support, the value of its effect on the reduction of loneliness in older people is strongly related to the level of children’s income, and the importance that older individuals place on money. Financial payments from children to their parents can also be made in kind, in cash, by transfer, and through other forms. None of this has much to do with whether older people use the internet or not.

In the current context of widespread smartphone usage in China, older adults are now able to independently engage in activities such as shopping, seeking medical treatment, and traveling through the use of smartphones. The present results show that the use of the Internet provides convenience to older adults and significantly improves their subjective sense of well-being, the use of the Internet allows older adults to avoid relying entirely on their children for care in their daily lives, thus weakening the value of children’s care support in the process of reducing loneliness. The Internet provides a degree of independence for older adults, reducing their reliance on in-person care from their children. This, in turn, moderates the impact of child caregiving support on alleviating loneliness among the older adult, with the level of the older adult’s Internet usage playing a significant role. Although some scholars believe that Internet usage can reduce loneliness by increasing intergenerational interactions between older adults and their families, our findings suggest that Internet usage is currently not an effective substitute for the emotional support provided by children for older adults, and that it is not a protective factor against loneliness in older adults. For this point, some scholars have also obtained similar results. Fang et al. (41) investigated 738 older adults aged 60 and above in Hong Kong, China, showed that the higher the frequency of Internet usage, the higher the psychological stress and the higher the level of loneliness among older adults. Baker and Algorta (42) argued that negative interactions and social comparisons on the Internet may exacerbate the Rebellion of certain Internet users against mainstream social values, exacerbate loneliness and alienation, cause Internet addiction, apathy and fear. In summary, while Internet use by older adults provides certain conveniences, it cannot substitute the essential emotional and spiritual support derived from interactions with their children. On the contrary, the potential drawbacks of excessive Internet use in this demographic should be mitigated through regular phone conversations, frequent visits, and the provision of ample care and comfort by their children.

The moderating effect of intergenerational residential distance of children on the relationship between intergenerational support for children and loneliness among older adults exhibits high variability. Given that the current financial support of children to older adults can be implemented through various channels and forms, it is not dependent on children living with older adults or living in close proximity, therefore the intergenerational residential distance is not effective in moderating the relationship between children’s financial support and loneliness in older adults. Gruijters (43) found that children residing with or in close proximity to older adults find it more convenient to provide them with essential care like food, household chores, and nursing. This paper’s findings further validate the substantial impact of intergenerational residential distance on the correlation between children’s caregiving support and the loneliness experienced by older adults. In contrast to children living nearby, those residing in other provinces or abroad may encounter challenges in regularly attending to their parents, especially when they are in declining health. This can hinder their ability to meet their parents’ caregiving needs effectively. Connelly et al. (44) argues that the frequency of meeting and contact between older adults and their children will be higher under the conditions of proximity living, which reduces the feeling of loneliness among older adults., Even though the children living in close proximity do not frequently meet older adults due to their work, family and other reasons, they can quickly and timely reach them when older adults suffer from illnesses and other emergencies affecting their lives, which may improve the quality of life of older adults by improving the accessibility of healthcare services and other channels. Therefore, it can enhance their health (45, 46). The present findings better support the above conclusion.



6 Conclusions and limitations

The article draws a series of conclusions that may be valuable for future research. Intergenerational support from children plays a pivotal role in alleviating loneliness among older adults, in this process the moderating effect of internet usage and intergenerational residential distance between intergenerational support for children and loneliness among older adults exhibits high variability. While there are some limitations in this study, for example the data included in this paper are cross-sectional data rather than panel data, and hence it may not accurately reflect the dynamic changes of loneliness in older adults and children support. The quantification standard of loneliness in old age may be simple and not sufficiently comprehensive, more longitudinal studies should be conducted in future to explore changes in the experience of loneliness and related determinants of loneliness among older adults over time.

Finally, we suggest that the government need to further regulate the behavior of children’s alimony support for their parents through publicity and education, laws and regulations. In addition, the government should develop policy measures to address the loneliness of older adults in the rural areas, older adults in the older age groups, and older adults who are widowed. The study also shows that Internet usage and intergenerational living distance play a moderating role in the relationship between intergenerational support for children and loneliness among older adults. In this way, the government can help older adults to use the Internet appropriately and reasonably by improving the digital infrastructure and establishing a good feedback mechanism. In future, we will expand and strengthen the county economy and promote the revitalization of the countryside to increase the number of young and middle-aged people in towns and villages where they can live and work locally. This would facilitate more effective intergenerational support for children, ultimately leading to a reduction in the sense of loneliness experienced by older adults.
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Background: The importance of healthy aging is growing in China as it has the largest number of older adults in the world and is one of the fastest-aging countries. This study aimed to examine the predictive value of regular physical exercise in relation to the physical, emotional, and cognitive health among samples of adults aged ≥60 years in China during an 8-year period.
Methods: A total of 10,691 older adults were extracted from two waves of national data from the China Family Panel Studies in 2010 and 2018. To minimize the impact of selection bias on the findings, a longitudinal propensity score matching (LPSM) method was used to examine the relationships between regular physical exercise and emotional health (depression), between regular physical exercise and physical health (instrumental activities of daily living), and between regular physical exercise and cognitive health (cognitive ability) of older adults. After LPSM, 856 older adults were included in the study. In the regular physical exercise group, the average age of participants at baseline year was 65.67 years, with an average age of 65.90 years for 238 men and 65.45 years for 190 women, and in the non-physical exercise group, their average age at baseline year was 65.70 years, with an average age of 65.45 years for 253 men and 65.98 years for 175 women.
Results: LPSM indicated that regular physical exercise has been found to be effective in improving physical function and reducing depressive symptoms in old adults, even after controlling for background differences. However, the sensitivity analysis suggests that the positive association between regular physical exercise and cognitive function may not be sufficiently valid.
Conclusion: The findings of this study indicate that engaging in long-term structured and repetitive physical exercise can have a significant positive effect on reducing depressive symptoms and improving the physical function of older adults. As a result, incorporating regular physical exercise into the lifestyle of older adults is recognized as an effective strategy for promoting healthy aging and reducing the strain on public health resources.
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1 Introduction

Population aging is considered a significant achievement for humanity, but it also presents significant challenges. China, with the largest number of older adults in the world, is one of the fastest-aging countries (1). By 2021, China had approximately 267 million people aged 60 years and above. However, like many other nations facing the fast-growing aging population for the first time in history, the gap in the literature regarding the promotion of sustainable good health-related quality of life in aging populations is hindering the advancement of China toward healthy aging, an important global issue that warrants immediate investigation (2).

Aging is a progressive process that leads to the deterioration of various physiological functions in organisms (3). One of the significant declines observed from midlife to old age is the gradual decrease in physical health (4–6). This decline can result in the loss of physical independence, an increased risk of falls, and a diminished quality of life (7–9). Mental health problems are also common among older adults (10, 11). It is estimated that at least one in four older adults experience mental disorders such as depression, anxiety, or dementia, and this number is expected to double by 2030 (12–14). In addition, cognitive decline is a common health issue among older adults. According to a CDC report in the United States, adults aged over 64 years have a higher prevalence of subjective cognitive decline (11.7%) than adults aged 45–64 years (10.8%) (15). A systematic review published in 2021 found that the prevalence of mild cognitive impairment (MCI) among Chinese community-dwelling populations over 55 years old was 12.2%, and it increased with age (16). In conclusion, there is a pressing need to identify effective strategies that can support healthy aging and maintain or enhance physical, emotional, and cognitive health in older adults.

Regular physical exercise is a major contributor to healthy aging, offering a low-cost, low-risk, and effective strategy for addressing deteriorating health conditions in older adults (17–19). Numerous epidemiological studies have consistently demonstrated the positive effects of regular physical exercise on the human body. These effects include reducing frailty, improving muscle strength and endurance, lowering body mass index (BMI), and decreasing the risk of major mortality factors. Regular physical exercise has also been found to extend life expectancy in patients with arterial hypertension (20), diabetes mellitus type 2 (21), dyslipidemia (22), coronary heart disease (23), stroke (24), or cancer (25). Additionally, research consistently indicates that regular physical exercise has positive effects on emotional health (26, 27), with a particular focus on reducing depressive symptoms (28, 29) and preventing the occurrence of depression (30, 31). Exercise plays a role in regulating neurotransmitter levels, such as serotonin and dopamine, which are essential for mood regulation (32). It also promotes neurogenesis and neuroplasticity, enhancing mood stability (33). In addition, exercise has anti-inflammatory effects and reduces stress hormones, which contribute to alleviating depression (34). The release of endorphins during exercise acts as a natural mood elevator. Furthermore, cognitive distraction and social interaction during physical activity also play roles in improving mental wellbeing (35). Overall, scientific evidence highlights that exercise provides a holistic approach to mitigating depressive symptoms and enhancing mental health. Inconsistent findings also have been reported regarding the associations between regular physical exercise and cognitive functions (36). However, some studies have shown a positive correlation between regular physical exercise and the maintenance or enhancement of cognitive function (37, 38). Other studies have reported a dose–response relationship (39–41) or found no significant correlation (42).

While there are numerous benefits of regular physical exercise on the emotional, physical, and cognitive health of older adults, several important challenges still persist.

The first significant challenge is that many studies examining the impact of regular physical exercise on emotional, physical, and cognitive health in older adults have small sample sizes, which limits their ability to demonstrate strong effects. For instance, a systematic review of 14 randomized controlled trials focused on the impact of exercise on cognitive outcomes in adults with mild cognitive impairment. The review revealed that most of the trials had small sample sizes (n < 200), which restricted their ability to detect small effects. Only 8% of the cognitive outcomes were statistically significant. These findings suggest a lack of strong and consistent evidence supporting significant and robust cognitive improvement through exercise in individuals at risk of dementia (43). Second, regular physical exercise recommendations for health are generally based on studies with a cross-sectional design or a short-term longitudinal design using young or middle-aged adults or clinical populations. Finally, selection bias is a significant concern in studies on regular physical exercise. It is widely recognized as one of the most substantial biases that can impact the findings of empirical studies (44). The existing literature suggests that various demographic and socioeconomic variables are associated with the health of older adults (45, 46). These variables include gender, age, education level, marital status, household registration, income, interpersonal relationships, chronicity, and the number of children. For instance, men and women exhibit physiological and cultural differences that contribute to disparities in health outcomes (46, 47). Age also plays a significant role, as the immune system weakens with age, resulting in a decline in both physical and mental health (45, 46). Higher education levels and being married are protective factors for health. Moreover, urban older adults in China generally experience better health than their rural counterparts (48–51). Having a higher income or good interpersonal relationships also promotes better health (52, 53). Chronic illnesses can directly harm an individual’s physical health and lead to negative emotions (54). Finally, the number of children can influence the economic and social behavior of parents, which subsequently affects the health of older adults (55). Therefore, these natural differences between older adults who do regular physical exercise and those who do not will affect the external validity of the analysis and lead to unreliable research outcomes.

To address these challenges, the present study aimed to further examine the predictive value of regular physical exercise in relation to physical, emotional, and cognitive health. To address confounding factors and selection bias, we conducted a longitudinal propensity score matching analysis (LPSM). The selection of suitable confounding variables is the basis for applying LPSM. Based on the literature review, we identified more than 10 confounding variables between regular physical exercise and physical, emotional, and cognitive health in older adults. To generate national results, we focused on older adults aged ≥60 years using data from the China Family Panel Studies (CFPS), which is a comprehensive, longitudinal social survey covering a wide range of social phenomena in contemporary China (56). Finally, we analyzed the long-term longitudinal effect of regular physical exercise using matched data from the 2010–2018 waves of CFPS.

This study utilized CFPS data to assess the impact of regular physical exercise on the physical, emotional, and cognitive health of older adults aged ≥60 years in China over an 8-year period. The longitudinal propensity score matching analysis (LPSM) method was employed to minimize the influence of potential confounding factors.



2 Method


2.1 Participants

The data used for this study was gathered from the CFPS of the years 2010 and 2018. The CFPS is a longitudinal research project administered by the Institute of Social Science Survey (ISSS) at Peking University, China. A multi-stage probability-proportional-to-size (PPS) strategy with implicit stratification was performed in the sampling process that comprises three stages: the county level as the primary sampling unit, a community or village for the second-stage sampling unit, and household as the final sampling unit. CFPS surveyed respondents in sampling units in 25 provinces and consisted of a rich set of socioeconomic questions and information on the levels of individual, family, and community. Details of the original study have been reported elsewhere (56, 57). The Peking University Biomedical Ethics Review Committee provided ethical approval of the survey (approval number: IRB00001052-14,010). Respondents were given a statement explaining the purpose of the study, and all study participants signed a written informed consent prior to being investigated. All methods will be carried out in accordance with relevant guidelines and regulations of the Declaration of Helsinki.

Following an initial baseline survey wave in 2010, ISSS conducted four follow-up survey waves in 2012, 2014, 2016, and 2018. For the purposes of the survey, first, we selected 7,040 older adults who were at or over 60 years of age from the 2010 data of CFPS and 3,651 older adults who were 68 years old or older from the 2018 data of CFPS. In total, 3,170 subjects remained by matching ID in 2010 and 2018, and subjects with missing data on relevant variables in this study were deleted. As a result, 1,927 subjects were left. Second, among them, 761 older adults were with regular physical exercise, 1,030 older adults were without physical exercise, and 135 older adults with non-regular physical exercise were not included in this study. Third, by the method of LPSM, 761 older adults in the regular physical exercise group and 1,031 older adults in the non-physical exercise group were matched on 12 covariates, and 428 subjects remained in each group finally (see Figure 1 for the sample selection).

[image: Flowchart showing participant selection from two time points, 2010 (7040 adults aged 60 and over) and 2018 (3651 adults aged 68 and over). Matched by ID, resulting in 3170 individuals. Cases with missing data were deleted, leaving 1927 individuals. They were categorized into three groups: 761 with regular exercise, 1031 without exercise, and 135 with non-regular exercise. Matched by LPSM, resulting in 428 in the regular exercise group and 428 in the non-exercise group.]

FIGURE 1
 Construction of panel data. Source: CFPS (65). China Family Panel Studies (CFPS) is a nationally representative, biannual longitudinal survey of Chinese communities, families, and individuals launched in 2010 by the Institute of Social Science Survey (ISSS) of Peking University, China. CFPS (65) means 2 waves of the China Family Panel Studies data in 2010 and 2018.




2.2 Eligibility criteria

Participants meeting the following inclusion criteria were included in this study: (a) individuals aged 60 years or above in 2010; (b) individuals who participated in both the 2010 and 2018 waves; and (c) individuals with no missing data on relevant variables. In the 2010 CFPS data, there were 7,040 older adults aged 60 years and above, who would be 68 years and above in 2018. In the 2018 CFPS data, there were 3,650 older adults aged 68 years and above, of which 3,170 had also participated in the 2010 CFPS. After excluding cases with missing data in any relevant variable, a total of 1,927 subjects remained. Among them, 761 older adults were in the regular physical exercise group, 1,031 older adults were in the non-physical exercise group, and 135 older adults with non-regular physical exercise were not included in this study. Using the LPSM method, 761 older adults in the regular physical exercise group and 1,031 older adults in the non-physical activity group were matched on 12 covariates, resulting in 428 subjects remaining in each group (see Figure 1 for the sample selection).



2.3 Procedures and measures


2.3.1 Physical health

The physical health of older adults was evaluated by the instrumental activities of daily living (IADLs), which were confirmed to be a core set of essential activities for individuals to live independently and the key measures of physical health for older adults in the existing studies (58–60) IADLs in CFPS were measured by a modified version of the Lawton IADLs Scale (61). Respondents were asked whether they could perform these seven tasks without assistance: (a) outdoor activities (e.g., walking 300 m); (b) kitchen chores (e.g., preparing meals and washing dishes); (c) shopping for groceries; (d) having meals; (e) managing transportation; (f) housekeeping (cleaning); and (g) doing laundry. A binary variable was constructed for IADLs, with 0 representing difficulty with any of the seven IADLs and 1 representing “no” difficulty with any of the seven IADLs. Previous research has demonstrated that the Chinese version of the IADLs scale exhibits strong internal consistency (coefficient alpha = 0.86) and good test–retest reliability (r = 0.90) (62). The IADLs Scale in CFPS has proven to be a valid measure of the daily performance of older adults (63, 64). Measurement of IADLs functions is essential as it serves as an early sign of functional decline in old age. These measurements are also predictors of the need for alternative living arrangements, the utilization of paid home care, and admission to nursing homes (64). In the current sample, the IADLs Scale shows good internal consistency (coefficient alpha = 0.83).



2.3.2 Cognitive health

The cognitive health of older adults was evaluated by cognitive ability tests in CFPS (56). The theoretical basis of the CFPS cognitive ability tests was the design of the Guttman Scale in psychometry, which showed good reliability and validity (66). Cognitive ability tests in CFPS applied both vocabulary and mathematics tests as measurement tools to measure and represent “crystallized intelligence,” which is referred to as acquired knowledge through learning, experience, and education (56, 67). Previous research has shown that the vocabulary and mathematics tests in CFPS have strong internal consistency (coefficient alpha = 0.85–0.96) and criterion validity (r = 0.80–0.86) (68). These tests have been widely used and validated for measuring cognitive ability in Chinese adults and adolescents in previous studies (66, 69–72).

The vocabulary test consists of 34 word-recognition questions, which measure one’s vocabulary by how difficult of a character he or she can recognize and are sorted in ascending order of difficulty. The respondents were asked to recognize the increasingly difficult characters one by one until they failed to recognize three consecutive characters. The final test score was based on the rank order of the last character recognized by each respondent, ranging from 0 (lowest) to 34 (highest).

The mathematics test consists of 24 mathematical questions. The procedures for the mathematics test were similar to those mentioned above. The test score was assigned using the same rank-order rule as that in the vocabulary test and recorded on a scale from 0 (lowest) to 24 (highest).



2.3.3 Emotional health

Depression, one of the most prevalent emotional problems among older adults, serves as an indicator of emotional health. In the 2010 and 2018 CFPS, depression was evaluated by the simplified version of the Centre for Epidemiologic Studies Depression Scale (CESD) (73): Six questions measure depressive mood: (a) I felt depressed; (b) I felt it was very hard to do anything; (c) My sleep was restless; (d) I felt lonely; (e) I felt sad; and (f) I felt that life could not continue; and two questions measure positive mood: (g) I was happy and (h) I enjoyed life. These items have four answer options: almost none (less than 1 day), sometimes (1–2 days), often (3–4 days), and most of the time (5–7 days). The corresponding score of each option is 1, 2, 3, and 4. The higher the total score is, the more severely depressed the subjects feel. CESD-8 is a widely used measure for screening depression in large-scale surveys among older people (74). It offers several advantages, including brevity, accessibility, and ease of use by non-mental health professionals in non-clinical settings. Additionally, it has demonstrated reliability and validity compared to longer scales (74). In the Chinese context, the CESD-8 has been extensively utilized and validated as a valuable and dependable tool for identifying the risk of depression among the older population, aiding in further diagnosis (75–77). Cronbach’s alpha of the study for the CESD-8 was found to be 0.85 and 0.81 for the 2010 and 2018 data, respectively.



2.3.4 Regular physical exercise

According to the previous study (78–80), regular physical exercise was defined as planned, structured, and repetitive physical activity with the ultimate or intermediate goal of improving or maintaining physical fitness, and the frequency and duration of exercise were usually chosen to reflect the physical activity status of the population.

In the CFPS, physical exercise includes walking, long-distance running, jogging, and hiking; martial arts such as taijiquan and qigong exercises; and indoor and outdoor activities such as dancing, aerobics, gymnastics, and yoga, as well as ball sports with small and large balls, water sports such as swimming, diving, boating, and sailing, winter ice and snow sports, and contact sports such as wrestling, judo, and boxing. The following two questions were used in the CFPS to determine whether older adults do regular physical exercise (56): (a) Regarding the frequency of physical exercise, respondents were asked, “How often do you participate in physical exercise?” Responses were categorized into the following seven levels: never; less than 1 time per month on average; more than 1 time per month on average, but less than 1 time per week; 1–2 times per week on average; 3–4 times per week on average; 5 or more times per week on average; and 1 time a day; and (b) regarding the duration of physical exercise, respondents were asked, “In the past 12 months, how many minutes did you exercise at a time?” As such, this variable is also a continuous variable. With reference to previous studies on the division of regular physical exercise and the answers to the above two questions, we divided the participants into two groups: (a) regular physical exercise group (participants engaged in physical exercise “at least three times a week” and at least 30 min per time in two waves of CFPS surveys in 2010 and 2018) and (b) non-physical exercise group (participants who indicated that they “never” do any physical exercise in two waves of CFPS surveys in 2010 and 2018).



2.3.5 Covariates

Based on the previous studies (46, 47, 51, 81, 82) and information in the 2010 and 2018 CFPS, this study initially identified 12 potential confounding covariates: gender, age, number of children, educational status, household registration, marital status, income level, chronic diseases, interpersonal relationships, physical (2010), depression (2010), and cognitive (2010) health. Educational status included the following: 1—illiteracy, 2—elementary school, 3—junior high school, 4—high school/vocational high school, 5—junior college, 6—university undergraduate, 7—master, and 8—doctorate; household registration included the following: 0—rural and 1—urban; marital status included the following: 0—having no spouse and 1—having a spouse; income level was measured by one question: How do you perceive your income level in local locations? (1—very low, 5—very high); chronic disease included the following: 0—having no chronic disease and 1—having at least one chronic disease; and interpersonal relationships were measured by one question: How do you perceive your interpersonal relationships? (0—worst; 10—best).




2.4 Statistical analysis

In this study, LPSM is the key statistical technique used to effectively eliminate sample-selection bias and mixed bias by matching the individuals in the treatment group with the comparable objects in the control group (83, 84). LPSM analyses are generally divided into two steps (83): The first analysis is used to calculate the propensity score and match subjects according to the propensity score. The propensity score estimated by the logit regression model was employed to match each subject between the regular physical exercise and non-physical exercise groups in similar conditions, and it is estimated as follows:

[image: Probability equation for a binary outcome model. P equals the probability of D equals one given x, represented as one divided by one plus e to the power of negative beta zero minus the sum of beta i times x i.]

Where P represents the probability of subjects participating in regular physical exercise, D = 1 represents subjects in the regular physical exercise group, and x refers to 12 covariates.

The second analysis is used to estimate the average treatment effect on the treated (ATT) by the following model, which reflects the effect of regular physical exercise on the emotional, physical, and cognitive health of older adults. The significance of ATT is tested by a paired t-test (85).

[image: Equation depicting the Average Treatment Effect on the Treated (ATT): \( ATT = E(Y_1 | D=1) - E(Y_0 | D=1) = E(Y_1 | D=1, P) - E(Y_0 | D=0, P) \).]

Where Y1 and Y0 are the dependent variables of the matched samples in the regular physical exercise and non-physical exercise groups, respectively, P is the propensity value, D = 0 indicates the subjects without PE, and D = 1 indicates subjects with the regular physical exercise. As Y0|D = 1 cannot be directly observed, the establishment of the above model must satisfy the “unconfoundedness assumption,” which requires control factors associated with the participation of older adults in regular physical exercise. Finally, a boundary sensitivity analysis was conducted to explore to what extent the hidden selection bias can change the results of the treatment effectiveness obtained (84).

Covariate screening was conducted using the correlation analysis. To compare differences between the regular physical exercise group and the non-physical exercise group, the independent-sample t-test and the chi-squared test were employed. The significance level for all tests was set at 0.05. PSMATCH2 and NNMATCH in Stata 14.0 were performed to conduct the statistical analysis.




3 Results


3.1 Covariate screening

Covariates in LPSM should include factors that are related to both independent and dependent variables in order to obtain a net estimate of the effect of independent variables on dependent variables (83, 86). To screen out the covariates that are related to regular physical exercise, physical health, emotional health, and cognitive health (2018), the correlation coefficients were calculated, respectively. The results are presented in Supplementary Table S1. The level of regular physical exercise was found to be significantly related to 10 covariates, except for marital status (p = 0.16) and chronic disease (p = 0.07). However, these two covariates are significantly related to physical (p < 0.01), emotional (p < 0.01), and cognitive health (p < 0.01). Therefore, to investigate the association between regular physical exercise of older adults and the three health factors using the LPSM method, all of the aforementioned covariates should be included.



3.2 Descriptive statistics

Descriptive analyses were conducted in this study to examine two different types of samples and compare differences between two groups of samples. The study included 761 older adults who engaged in regular physical exercise and 1,031 older adults who did not engage in physical exercise. Supplementary Table S2 shows that there were significant differences in 12 covariates, except for marital status, between the two groups. Compared to the non-physical exercise group, the regular physical exercise group had a higher education status, a higher income level, more number of children, better interpersonal relationships, and other factors. These significant differences should be taken into account when evaluating the relationships between regular physical exercise and the emotional, physical, and cognitive health of older adults.



3.3 Propensity score matching analysis

A logistic regression model was conducted to analyze the relationship between regular physical exercise and 12 covariates. The results of the regression showed that the model had a strong overall explanatory power. Among the covariates, age (p = 0.02), household registration (p < 0.01), income level (p < 0.01), interpersonal relationships (p < 0.01), IADLs in the 2010 year (p = 0.03), depression in the 2010 year (p < 0.01), and cognitive ability in the 2010 year (p < 0.01) were found to be significant predictors of regular physical exercise among older adults (refer to Table 1). The regression results would be used to build a prediction model to calculate the propensity of an older adult participating in the regular physical exercise. The higher the propensity, the more likely the older adults do the regular physical exercise.



TABLE 1 Logistic regression estimates of regular physical exercise among older adults (N = 1792).
[image: A table showing logistic regression results with variables such as gender, age, educational status, and more along with their odds ratio (OR), standard error, Z-value, P-value, and 95% confidence interval. Pseudo R² is 0.307, and ROC is 0.833. The variables related to health are based on 2010 data; others use 2018 data.]



3.4 Matching and balanced tests

The calculated propensity was used to match 761 older adults with regular physical exercise and 1,031 older adults without PE. The nearest-neighbor matching method (1:1) was used, and finally, a total of 428 pairs of samples were successfully matched. As shown in Supplementary Table S3, the independent-sample t-test of each covariate between the control group and the treatment group was no longer significant (p > 0.05) after matching, which met the relevant recommended indicators.

In addition, to specifically demonstrate how the covariate balance between the two groups was improved by propensity score matching, the absolute values of the standardized differences before matching and after matching are displayed in Figure 2. The standard deviations (Figure 2, triangles) of all covariates after matching were improved substantially, and the absolute values of the standard deviation of all covariates were below 0.1, indicating that the assumption of the covariate balance is satisfied.

[image: Dot plot showing absolute values of standard bias for various factors before and after matching. Factors include gender, age, education status, household registration, and more. Black circles represent data before matching, while triangles indicate data after matching. Circles generally show higher bias levels, notably in education status and cognitive health, while triangles are closer to zero across all categories.]

FIGURE 2
 Changes in the absolute value of the standard deviation of the covariates before and after matching 12 covariates.




3.5 Average treatment effect on the treated

In this study, the bootstrap method was used to estimate the average treatment effect on the treated (ATT) and empirical standard error after propensity score matching. The estimated results show that older adults with regular physical exercise (treatment group) showed significantly lower depression levels (p < 0.01), higher physical health (p < 0.01), and higher cognitive health (p < 0.01) than older adults without PE (control group) after the bias of confounding factors was eliminated by LPSM. The depression level was significantly reduced by 0.187, and physical health and cognitive health were significantly improved by 0.542 and 1.032, respectively (see Table 2). In general, compared with the non-PE group, the physical health and cognitive health of older adults in the regular physical exercise group can be improved by 8.963 and 5.029%, respectively, and the depression level was reduced by 10.47%.



TABLE 2 ATT of regular physical exercise on health of older adults.
[image: Table comparing health outcomes between regular physical exercise and non-physical exercise groups. Measures include physical, emotional, and cognitive health with respective average treatment effects (ATT), bootstrap standard errors, Z-scores, and p-values. Significant improvements are shown in physical and cognitive health for the exercise group. Statistical significance is indicated by p-values and Z-scores (*p<0.05, **p<0.01, ***p<0.001).]



3.6 Sensitivity analysis

To further explore to what extent the hidden selection bias can change the results of the treatment effectiveness obtained, a sensitivity analysis with Rosenbaum bounds was used to assess the robustness of the estimates. Rosenbaum’s method of sensitivity analysis relies on the sensitivity parameter gamma, which was defined as log odds of differential assignment due to unobserved confounders (84). The higher the gamma, the lower the sensitivity. Generally, if the gamma is greater than or equal to 2 and the p-value is significant, the results are insensitive to hidden bias (87).

As shown in Table 3, when gamma = 2, the treatment effects of regular physical exercise on physical health still is significant (p < 0.01). This finding indicated that this result was absolutely insensitive to hidden bias; when gamma = 1.8, the treatment effects of regular physical exercise on depression would no longer be significant (p = 0.08), which indicated that this result was possibly insensitive to hidden bias; and when gamma = 1.4, the treatment effects of regular physical exercise on cognitive health would no longer be significant (p = 0.97), which indicated that the result of the positive impact of regular physical exercise on cognitive health is not reliable.



TABLE 3 The results of the sensitivity analysis.
[image: Table displaying significance levels for physical, emotional, and cognitive health across gamma values from 1.0 to 2.0. Values under Sig⁺ and Sig⁻ reflect significance limits from a Wilcoxon signed-rank test. Physical health values are consistently 0.000, while emotional and cognitive health show variations, increasing notably at higher gamma values.]




4 Discussion

This longitudinal study is the first attempt to investigate the relationship between regular physical exercise among older adults and their emotional, physical, and cognitive health. The study applies the LPSM approach and utilizes data from two waves of the CFPS in 2010 and 2018. The present study aimed to address the significant public health concern of healthy aging, which has garnered increased attention globally.

Several specific findings emerged. The first major finding is that regular physical exercise among older adults was significantly associated with their physical health. Specifically, the scores of IADLs for older adults in the regular physical exercise group were 8.963% higher than those in the non-regular physical exercise group. This finding is in alignment with the findings from previous large-scale epidemiological studies, randomized controlled trials, and meta-analytic reviews (88–91), which demonstrated that regular physical exercise had a significant, beneficial association with the physical ability of older adults to carry out IADLs. Expanding and consolidating past research, this study was able to provide an accurate and compelling evidence for the positive role of regular physical exercise on physical function measures of IADLs by effectively eliminating sample-selection bias and mixed bias with the method of LPSM.

Second, in line with the previous studies (92–94), another key and consistent finding from this study was that, compared to older adults without physical exercise, older adults with regular physical exercise could be expected to have a lower level of depression. This finding is supported by the theory of social interaction (95). Based on this theory, social interactions that may facilitate relationships tends to bolster social relationships and thereby can be beneficial for reducing the level of depressive symptoms among older adults. As regular physical exercise in daily life could be a great relationship builder for older adults, it can also help promote their interpersonal communication skill and opportunity; consequently, these harmonious interpersonal relationships undoubtedly help old adults to relieve their depressive symptoms. On the other hand, long-term regular physical exercise may affect physiological health, which is conducive to improve depressive symptoms, such as an increasing level of monoamine transmitters, thereby restoring normal function of the hypothalamus–pituitary–adrenal axis (96, 97). Therefore, there is a need to encourage older adults with prior depressive illness, or at high risk of developing depressive illness, to participate in daily life physical exercise.

Third, although a statistically significant association was observed between regular physical exercise treatment and the cognitive health of older adults, the sensitivity analysis revealed that these results were sensitive to unobservable variables. This finding indicates that the potential positive association between regular physical exercise in later life and cognitive health may not be sufficient or valid. This result could explain the inconsistency across previous studies (98–100). For example, a review on physical exercise benefiting cognitive health during late periods of the lifespan found that 26 studies reported a positive correlation between physical exercise and maintenance or enhancement of cognitive health, five studies reported a dose–response relationship between physical activity and cognition, and one study showed a non-significant correlation (101). However, the majority of the evidence included in this review was of medium quality, and the overall risk of bias in the studies used in this review is moderately high (101). In future research, it is crucial to identify unobserved variables as potential confounding factors in order to improve the reliability of research conclusions.

Several limitations in this study need to be acknowledged in order to propose new directions for future investigations. First, the data used in this study are derived from the CFPS, which are second-hand survey data. These types of data have inherent limitations in terms of variable selection. Therefore, it is recommended that future research should develop specific research tools for assessing regular physical exercise, as well as physical, emotional, and cognitive health. Second, the covariates employed in this study may not encompass all the important potential confounding factors that could influence the relationship between regular physical exercise of older adults and their physical, emotional, and cognitive health. Factors such as drug use, life satisfaction, and intelligence level of older adults were not included in the analysis. Therefore, it is suggested that future research should investigate these factors as they could provide valuable insights. Third, although this study found a significant effect between regular physical exercise of older adults and their physical, emotional, and cognitive health, the sensitivity analysis revealed that the positive impact of regular physical exercise on cognitive health may not be entirely reliable. Consequently, future research should delve deeper into exploring the underlying mechanisms that link regular physical exercise with cognitive health. Fourth, it is important to note that regular physical exercise among older adults is a complex concept. This study only differentiated between older adults with regular physical exercise and sedentary older adults. Therefore, it did not investigate the specific types, frequencies, or intensities of regular physical exercise that may be most beneficial for self-care function, depression, and cognitive health of older adults. Future research should address this knowledge gap and provide more detailed insights into the optimal characteristics of regular physical exercise for older adults’ overall wellbeing.

The major empirical findings discussed above have important implications. First, policymakers should focus on creating effective and appropriate policies that promote enjoyable and lifelong physical exercise among older adults. These policies can provide formal and informal guidelines for communities to plan, implement, and evaluate physical exercise programs for older adults. Second, communities should offer a variety of age-appropriate sports and recreation programs that are appealing to older adults. It is also important to ensure that the spaces and facilities meet or exceed the recommended safety standards. Third, older adults need to recognize that they are more likely to engage in sedentary behavior, which can have negative health outcomes. Therefore, it is crucial for older adults to promote and participate in suitable physical activities to reduce sedentary time. Additionally, it is worth noting that physical activity levels tend to decline with age, and older adults often struggle to meet recommended guidelines. However, small interventions that encourage replacing sedentary activities with active ones can be effective. For example, incorporating more active travel, such as walking to nearby shops for small purchases, can be a feasible approach.



5 Conclusion

In conclusion, our study suggests that regular physical exercise may have a significant impact on reducing depressive symptoms and improving the physical function of older adults. However, we did not find sufficient evidence to suggest that it affects cognitive function, even when considering various confounding factors. These findings emphasize the importance of promoting regular physical exercise among older adults as part of active aging strategies, aiming to lessen the burden on public health.
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Background: This study delves into the complex interaction between leisure activities and cognitive function in older people with disabilities, with a particular emphasis on the moderating influence of depression. Despite the well-documented cognitive benefits of leisure activities among the older people, the intricate relationship between depression and the association between leisure activities and cognitive function in this specific demographic has been rarely reported.
Methods: Drawing on data from the 2017–2018 Chinese Longitudinal Healthy Longevity Survey (CLHLS), this study meticulously examined a cohort of 713 participants aged 65–89 years. We constructed a moderation model to examine the impact of leisure activity on cognitive function in older people with disabilities, with depression levels as a moderating variable.
Results: We found a positive association between engagement in leisure activities and cognitive function, highlighting the potential cognitive advantages associated with leisure engagement among disabled older people. However, the present analysis also reveals a significant moderation effect of depression on this relationship, shedding light on the nuanced nature of this association. Specifically, elevated levels of depression emerge as a critical moderator, attenuating the otherwise favorable impact of leisure activities on cognitive function among older people contending with disabilities.
Conclusion: In conclusion, the findings provide a compelling rationale for tailored interventions that comprehensively target both leisure activity engagement and concurrent depression management, effectively fostering improvements in cognitive function among the cohort of disabled older people.

Keywords
 leisure activity; cognitive function; depression; disabled older people; moderation model


1 Introduction

Cognitive function of older people plays a pivotal role in their overall well-being and quality of life (1, 2). Cognitive decline, a common phenomenon in aging, can significantly impact an individual’s ability to perform daily activities and maintain independence (3–5). This decline is even more pronounced among disabled older people, who may already face additional challenges in their daily lives (6, 7), indicating the necessity of understanding factors that can influence cognitive function in this population.

Leisure activities can be defined as activities people engage in during their free time (8), which have long been recognized as beneficial for cognitive health in older adults (9–11). Engaging in intellectually stimulating and socially engaging leisure activities, such as reading, puzzles, and social interactions, has been associated with a reduced risk of loneliness and an improved cognitive function (12–14). These activities provide opportunities for mental stimulation, maintaining cognitive abilities and promoting brain health. However, the relationship between leisure activities and cognitive function may be effected by other factors such as depression (15, 16). Depression is a prevalent mental health condition among older people, known to have detrimental effects on cognitive function. Meanwhile, depression can impair attention, memory, and executive functions, thereby exacerbating cognitive decline in older adults (17). Moreover, depressed individuals may experience reduced motivation and interest in leisure activities, further compromising their cognitive abilities (16).

Despite the recognized benefits of leisure activities on cognitive function and the negative impact of depression, the interaction between these factors among disabled older people has been rarely examined. Investigating the potential interaction between leisure activities and cognitive function, particularly in the context of depression among this vulnerable population, is of paramount importance. Such understanding can serve as a valuable foundation for designing interventions and strategies aimed at enhancing cognitive health and overall quality of life for disabled older people.


1.1 Leisure activity and cognitive function

Engagement in leisure activities has emerged as a salient determinant impacting cognitive function among older adults (18–20). Extensive academic efforts have been devoted to exploring the intricate association between participation in leisure activities and cognitive function. For instance, a systematic review and meta-analysis conducted by Yates et al. (21) examined the impact of leisure activities on cognitive function in older adults, and revealed the association between participating in leisure activities and improvements in various cognitive domains, such as attention, memory, executive function, and processing speed. Moreover, engaging in leisure activities appeared to be related to structural changes in the brain and a deceleration in cognitive decline among older individuals. Further supporting these findings, Chapman et al. (22) conducted a comparative study focusing on physical exercise and cognitive function in older adults, and found that regular physical exercise was linked to better cognitive performance. Additionally, cultural and social leisure activities have been associated with cognitive benefits in older adults. Engagement in activities such as reading, writing, art, learning new skills has shown positive effects on cognitive function (23–26). For instance, in a longitudinal study conducted by Yates et al. (21), it was discovered that consistent engagement in intellectually stimulating leisure activities was linked to the sustained maintenance of cognitive function over the long term in older adults. Additionally, the recent LANCET Dementia Commission has identified social isolation as one of the modifiable risk factors for dementia (27). Social isolation can have a significant impact on the cognitive function of disabled older adults. The influence of biological factors is also very important when studying cognitive impairment, for example, how comorbidities such as vascular and neuroinflammatory conditions can trigger the amyloid cascade that leads to cognitive impairment and dementia (28). Secondly, another important aspect is that all these biological factors contribute to the condition of ‘frailty’ (29). This adds to the overall burden on patients, caregivers and the health system, and patients need more attention from medical and healthcare professionals.

Collectively, previous studies have highlighted the positive relationship between leisure activity and cognitive function in older adults (30–32). Engaging in a variety of leisure activities, including physical exercise, cultural pursuits, and social interactions, appears to promote cognitive health and potentially slow down cognitive decline (23–26). However, previous research has been constrained by two primary limitations: Firstly, there has been a paucity of studies focusing on leisure activity and its impact on cognitive function specifically in disabled older people. Secondly, most studies have solely addressed the influence of leisure activities on cognitive function in older adults, disregarding the potential underlying mechanisms of this relationship. To this end, this study was conducted to examine the effects of leisure activity on cognitive function in disabled older people and explore the potential underlying mechanisms of the impact of leisure activities on cognitive function.



1.2 Leisure activity, depression and cognitive function

The association between depression and cognitive function has been extensively investigated, revealing a complex interplay between these two constructs (33–35). Research consistently demonstrates that individuals with depression often exhibit cognitive impairments, including deficits in attention, memory, executive function, and processing speed (36, 37). These cognitive deficits and depression may significantly impact daily functioning and quality of life (38). On the other hand, engaging in leisure activities has been shown to have positive effects on mood and cognitive function in older adults, including those suffering from depression (39). Participation in enjoyable and meaningful leisure activities could serve as a potential protective factor against cognitive decline and may alleviate some depression symptoms (9, 40, 41).

Social Engagement Theory (SET) focuses on the impact of individual participation in social interactions on their cognitive and emotional development. According to SET leisure activities may influence depression and cognitive function in disabled older adults (42). In terms of the relationship between leisure activities, depression, and cognitive function, the potential moderating effect of depression should be clearly acknowledged. Depression can influence engagement in leisure activities, as individuals with depression may experience reduced motivation, interest, and pleasure in participating in activities they once enjoyed. Such decreased engagement in leisure activities may further contribute to cognitive decline or exacerbate existing cognitive impairments in individuals with depression.

In summary, depression is correlated with cognitive impairments, which may affect one’s involvement in leisure activities and subsequently have an impact on cognitive function. While engagement in leisure activities has demonstrated positive effects on cognitive function, depression may potentially moderate this relationship. In this case, further research should be carried out to better understand the complex interrelationships between depression, leisure activities, and cognitive function, ultimately informing interventions and strategies to promote cognitive well-being in individuals with depression.



1.3 The current study

Herein, the study was conducted mainly to examine the influence of leisure activity on cognitive function in disabled older people while investigating the potential moderating role of depression in this relationship. The level of engagement in leisure activities was assessed, cognitive function was evaluated using various measures, and the presence and severity of depression symptoms among disabled older people were identified. The contribution of this study lies in exploring the interactive effects between leisure activities and cognitive function in a specific population of older people with disabilities. Previous studies have mainly focused on the impact of leisure activities on cognitive function in older people, with little attention paid to the role of depression and this particular group of older adults with disabilities. This study addresses the following two research questions. (1) Is there a significant association between leisure activity and cognitive function among disabled older people? (2) What is the moderating effect of depression on the relationship between leisure activity and cognitive function among disabled older people? Our hypotheses were (1) that higher levels of engagement in leisure activities among disabled older individuals are positively associated with better cognitive function, and (2) that depression moderates the relationship between leisure activity and cognitive function in disabled older individuals, such that a higher level of depression weakens the association between leisure activity and cognitive function. The innovation of this study lies in its focus on the relationship among leisure activity, cognitive function, and depression in disabled older people. This research is significant for understanding the mental health and cognitive function of disabled older individuals. By investigating the moderating role of depression in the association between leisure activity and cognitive function, we can gain a more comprehensive understanding of the complex relationships among these factors.




2 Materials and methods


2.1 Data and study population

The data utilized in this study were obtained from the Chinese Longitudinal Healthy Longevity Survey (CLHLS 2017–2018), i.e., a longitudinal survey of the older people population in China, conducted by the Center for Healthy Aging and Development Studies (CHADS) of Peking University, which was initially carried out in 1998. From 1998 to 2018, the CLHLS has conducted eight waves, with a gap of 2–3 years. At the same time, the study population consisted of older people aged 65 years and older, as well as their adult children aged 35–64 years, residing in 23 Chinese provinces (32). The CLHLS is an open, nationally representative cohort study that has included >20,000 individuals from 22 provinces in mainland China, with sampling areas covering >85% of the Chinese population. To ensure representative and reliable sample data, CLHLS utilized a multi-stage disproportionate and targeted random sampling method in its sampling design. Participants or proxy respondents (usually a spouse or close family member) were asked to self-report information on sociodemographic factors, including sex, ethnicity, lifestyle, disease history, etc. Proxy interviews were conducted for respondents who were too impaired to directly participate in study interviews. Very few participants had full proxy interviews in any given wave (<1% of those <90 years of age, ≈1.5% of those 90 to 99 years of age, <5% of those 100–105 years of age). Prior research has ruled out substantial bias due to proxy interviews in the CLHLS (43, 44). Furthermore, additional information regarding the CLHLS survey was available in other studies (45), and its data quality was recognized by scholars both domestically and internationally. In the most recent survey, CLHLS sampled 15,874 older people and collected data on their cognitive function, psychological status, and leisure activities. As the focus of the present study was on the older people population aged between 65–89 years, individuals under the age of 65 and age over 89 years were excluded (46). Moreover, the Activities of Daily Living (ADL) scale was utilized to assess the functional limitations of the older people population, and those with an ADL score of 0 were excluded (47). Consequently, the final sample size of the disabled older people population was 713.



2.2 Measurements


2.2.1 Cognitive function

Herein, the Chinese version of the Mini-Mental State Examination (MMSE), a widely used assessment tool for testing cognitive status, was used to assess the global cognitive functioning of older adults with disabilities (48). The MMSE consists of 30 items in six domains including Orientation, Registration, Attention, Language, Memory, and Spatial organization. The total score on the MMSE ranges from 0 to 30, with higher scores indicating better cognitive function. Cognitive impairment was hereby defined as a low MMSE score of 18 or less (49).



2.2.2 Leisure activity

Self-reported information for the leisure activity data was collected through in-home interviews. During the survey, participants were queried about eight different categories of leisure activities, including the frequency of their engagement in tai chi, square dancing, socializing with friends, watching TV or listening to the radio, playing cards or mahjong, reading newspapers or books, raising livestock or pets, gardening, and religious activities. Participants reported how often they engaged in each activity as “almost every day,” “at least once a week,” “at least once a month,” “sometimes,” or “never.” For potential hierarchical analyses, the frequency of the activity was redefined and categorized as “1 = never,” “2 = sometimes,” “3 = at least once a month,” “4 = at least once a week,” and “5 = almost every day,” with values of the 5 options ranging from 1 to 5 successively, and the total score from 0 to 40.



2.2.3 Depression

Depression was evaluated by the Center for Epidemiologic Studies Depression Scale (CES-D-10) in this study. The CES-D-10 includes ten items using a four-point metric, ranging from 0 = “Rarely” to 3 = “Most of the time.” The total scores of CES-D-10 range from 0 to 30 with higher scores suggesting more symptoms of depression. An individual is suggested to have depressive symptoms if he/she scores more than 10 in the CES-D-10. Previous research has used CES-D-10 in Chinese people and reported its good validity and reliability (50).



2.2.4 Covariates

Control variables included the demographic variables age, gender, region, marital status, household income, and perceived social stratification. Perceived social stratification was measured by a single sentence, that is, “How would you rate your economic status compared to other people in your neighborhood?” All answers were assigned a score from 1 to 5, ranging from “very rich” to “very poor” (51–53).




2.3 Statistical analysis

The present study was primarily carried out to investigate the effect of leisure activities on cognitive function in disabled older people, and the potential moderating role of depression was also explored. To accomplish this, statistical analysis was conducted using STATA 17 software. Specifically, a three-step analytical approach was employed. Firstly, descriptive analysis was performed to illustrate the general characteristics of the study population, generating a summary of the relevant demographic and clinical variables, such as age, gender, region, and marital status. Secondly, correlation analysis was utilized to examine the relationships between the key study variables, namely leisure activities, depression, and cognitive function, so as to assess the strength and direction of these relationships, and to identify any potential confounding factors that might affect the main study outcomes. Finally, regression analysis was employed to investigate the impact of interaction terms (i.e., moderating effects) on cognitive function, while controlling for potential confounding factors identified during the correlation analysis stage, for which, a series of regression models were constructed to examine the main and interactive effects of leisure activities, depression, and other relevant covariates on cognitive function. Overall, this analytical approach allowed for a thorough examination of the research questions, and provided valuable insights into the role of leisure activities and depression in cognitive functioning among disabled older people. The research model is shown in Figure 1.

[image: Flowchart showing "Leisure activity" leading directly to "Cognitive function" and indirectly through "Depression." Arrows indicate the relationship paths.]

FIGURE 1
 Research model.





3 Results


3.1 Characteristics of the study population

Table 1 reveals distinct differences between the “65–74” and “75–89” age groups across various aspects. In the realm of health and well-being measures, notable distinctions emerge between the “65–74” and “75–89” age groups. Specifically, the “65–74” age cohort exhibits a higher mean cognitive function score (25.55) compared to the “75–89” age group (22.13), implying superior cognitive abilities within the former group. Additionally, the “65–74” age group presents a greater degree of engagement in leisure activities (mean: 2.15) relative to the “75–89” age group (mean: 1.52). Conversely, in terms of levels of depression, the “65–74” age group reports a slightly higher mean score (7.33) compared to the “75–89” age group (6.62). In summary, the study population is predominantly composed of individuals in the “75–89” age group, accounting for 85.97% of the total, while the “65–74” age group represents 14.03%. While no significant gender differences are observed in perceived social stratification within each age group, the “75–89” age group demonstrates a slightly higher mean score compared to the “65–74” age group. Socio-economically, the “65–74” age group has a higher proportion of rural residents (68%) compared to the “75–89” age group, where there is a higher concentration of urban residents (32%). Additionally, the mean household income is higher in the “75–89” age group, indicating a relatively higher income level in the older age group.



TABLE 1 Characteristics of the study population (N = 713).
[image: A table comparing demographic and statistical data between two age groups: 65-74 and 75-89. Categories include gender, age, region, marital status, household income, perceived social stratification, cognitive function, leisure activity, and depression. Each category lists frequency and percentage values for both age groups, along with mean and standard deviation (SD) for specific measures.]



3.2 Characteristics of the main variables

Table 2 provides insights into the distribution and central tendency of the variables measured in the study. Cognitive function scores range from 0 to 30, with an average score of 22.60 and a standard deviation of 7.43. The distribution is negatively skewed and leptokurtic. Leisure activity scores range from 0 to 40, featuring an average value of 13.09 and a standard deviation of 5.80. The distribution is positively skewed and platykurtic. Depression scores range from 0 to 25, with an average score of 6.72 and a standard deviation of 4.36. The distribution is positively skewed and leptokurtic. Overall, the skewness and kurtosis values are within acceptable ranges, indicating normal distributions for data analysis.



TABLE 2 Characteristics of the main variables (N = 713).
[image: Table showing statistics for three variables: Cognitive function, Leisure activity, and Depression. Ranges are 0-30, 0-40, and 0-25, respectively. Means are 22.60, 13.09, and 6.72. Standard deviations are 7.43, 4.63, and 4.36. Skewness: -1.26, 1.07, 0.96. Kurtosis: 4.03, 5.80, 4.06.]

Table 3 presents the associations between cognitive function, engagement in leisure activities, and the onset of depressive symptoms. A cutoff score ≥ 10 was hereby used to identify the respondents exhibiting significant depressive symptoms (54). In terms of leisure activities, compared to their counterparts with depressive symptoms (M = 12.311, SD = 0.392), individuals without depressive symptoms displayed a higher mean score (M = 13.317, SD = 0.192). The corresponding p-value of 0.007 demonstrated a statistically significant association between engagement in leisure activities and the onset of depressive symptoms. These findings imply that engagement in leisure activities is linked to the development of depressive symptoms, while there exists no significant association in relation to cognitive function.



TABLE 3 Association between cognitive function, leisure activity and depressive symptom onset.
[image: Table comparing cognitive function and leisure activity between groups with and without depressive symptoms. For cognitive function, means are 22.739 (no symptoms) and 22.149 (symptoms), with standard deviations of 0.329 and 0.498, p-value is 0.188. For leisure activity, means are 13.317 (no symptoms) and 12.311 (symptoms), with standard deviations of 0.192 and 0.392, p-value is 0.007.]



3.3 Correlation analysis

Herein, a correlation analysis was conducted to examine the relationships among the variables, as shown in Table 4. The results revealed important insights into the associations between cognitive function, leisure activity, depression, and gender. First, in the context of leisure activities, a statistically significant moderate positive correlation coefficient of 0.361 (p < 0.001) was observed in relation to cognitive function, suggesting the association between increased engagement in leisure activities and improved cognitive function. The observed correlation coefficient evidences the potential positive impact of leisure activities on cognitive abilities. Next, in terms of investigations into depression, a weak positive correlation coefficient of 0.048 was observed with gender. However, this correlation was not statistically significant (p > 0.5), indicating that gender might not exert a substantial influence on depression in this particular study. Overall, these results suggest that other factors may play a more prominent role in determining depression levels, and that gender may not be a significant predictor. In summary, the correlation analysis highlights a significant positive association between cognitive function and leisure activity, supporting the notion that greater participation in leisure activities may contribute to enhanced cognitive abilities. Conversely, the lack of a statistically significant correlation between depression and gender indicates that gender may not necessarily affect the depression levels in this study. These findings offer valuable academic insights into the interrelationships among these variables, emphasizing the potential impact of leisure activity on cognitive function.



TABLE 4 Correlation analysis.
[image: A correlation matrix displaying relationships among nine variables, including cognitive function, gender, age, urban versus rural living, solitary versus cohabitation, household income, socio-economic status, depression, and leisure activity. Correlation coefficients are shown with levels of significance indicated by asterisks: one asterisk for p < 0.05, two for p < 0.01, and three for p < 0.001. The strongest correlations include a positive correlation between cognitive function and leisure activity, and a negative correlation between age and depression.]



3.4 The moderating effects of depression

Table 5 shows the moderation models, suggesting a moderating role of depression in the relationship between leisure activity and cognitive function. Model 1 controls for age, gender, region, marital status, household income, and perceived social stratification, and the results suggest insignificant effect of depression level on the cognitive function of the impaired older people in this study. With the independent variable leisure activities added, Model 2 explains 19.0% of the dependent variable’s variance (R2 = 0.190), with an improvement due to the independent variable (ΔR2 = 0.074), and the overall model is statistically significant (F = 20.64, p < 0.001). The results indicate that the independent variable of leisure activity has a statistically significant positive effect (β = 0.341, p < 0.001) on the cognitive function of the impaired older people, suggesting that increased engagement in leisure activities is associated with higher values of the cognitive function. Furthermore, Model 3 includes an interaction term between leisure activity and depression, which exhibits a statistically significant negative effect (β = −0.039, p < 0.001), suggesting that the relationship between leisure activity and cognitive function is moderated by depression. Specifically, depression moderates the positive relationship between leisure activity and cognitive function among disabled older people (Figure 2).



TABLE 5 The moderating effects of depression.
[image: A table showing results from three statistical models with variables like gender, age, urban living, and income. Each model displays B and beta coefficients along with significance levels denoted by asterisks. The table includes constant values and measures of model fit, such as R², adjusted R², and F values, with significant interactions highlighted.]

[image: Line graph showing the relationship between leisure activity and cognitive function with three lines representing different levels of depression: Mean - 1 SD, Mean, and Mean + 1 SD. Higher leisure activity is associated with increased cognitive function across all depression levels.]

FIGURE 2
 Effects of leisure activity on cognitive function at different depression levels.





4 Discussion

The primary objective of this study was to examine the impact of leisure activity on cognitive function within the disabled older people, with a particular focus on the moderation effect of depression. The results illuminate the intricate interplay among leisure activities, cognitive function, and depression within this vulnerable population.

Consistent with previous research, the present results evidence the positive association between leisure activity and cognitive function in disabled older people (18, 55, 56). Engaging in leisure activities is associated with better cognitive function, suggesting the crucial role of these activities in maintaining cognitive abilities in this population. These findings support the notion that intellectually stimulating, and socially engaging leisure activities can provide cognitive benefits by promoting mental stimulation and brain health. However, this study also reveals the important moderating role of depression in the relationship between leisure activity and cognitive function among disabled older people. Specifically, the beneficial effects of leisure activities on cognitive function are diminished among individuals with higher levels of depression, suggesting the possible role of depression as a barrier that hinders the potential cognitive benefits of leisure activities. The research findings, as described, contribute to the Social Engagement Theory by providing evidence that supports the positive association between leisure activity and cognitive function in disabled older people. The results highlight the importance of engaging in intellectually stimulating and socially engaging leisure activities for maintaining cognitive abilities in this population.

Several explanations can be put forth to understand this moderation effect. First, depression is known to have detrimental effects on cognitive function, including impairments in attention, memory, and executive functions. These cognitive deficits associated with depression may overshadow the positive effects of leisure activities, leading to a reduced impact on cognitive function among depressed individuals (39). Second, depressed individuals may experience reduced motivation and interest in getting involved in leisure activities, thereby terribly limiting their exposure to cognitive stimulation and social interactions, further compromising cognitive function (16). Finally, leisure activities can contribute to the maintenance and improvement of cognitive function in older adults by providing cognitive stimulation, promoting neuroplasticity, and protecting brain health (57). Depression could potentially modulate the influence of leisure activities on cognitive function by affecting brain health.

The present findings have important implications for interventions and strategies aimed at improving cognitive health among disabled older people and indicate the necessity of addressing depression as a potential barrier to the cognitive benefits of leisure activities. Interventions should take into consideration incorporating strategies, such as cognitive-behavioral therapy, integrate mental health and disabled older people care services, or other evidence-based approaches, so as to effectively manage and treat depression. Collaboration between mental health services and older people care providers should be enhanced to ensure a holistic approach in addressing the mental health needs of disabled older people. Coordinated efforts can lead to comprehensive care that considers both cognitive and emotional aspects, thereby improving overall quality of life. By addressing depression, individuals may experience improved cognitive function and better engage in leisure activities, thus creating a positive feedback loop. Additionally, the findings highlight the need for personalized approaches in promoting leisure activities for disabled older people (58). After recognizing the impact of depression, interventions should be tailored to address the unique challenges faced by individuals with high levels of depression. Besides, providing support, encouragement, and creating a supportive social environment may be beneficial in motivating depressed individuals to engage in leisure activities and reap the cognitive benefits (59).

Meanwhile, the present study is also subject to certain limitations. First, the cross-sectional design limits the establishment of causal relationships between leisure activities, depression, and cognitive function. Future longitudinal studies are thus needed to examine the long-term effects and potential bidirectional relationships between these variables. Second, the study relies on self-reported measures, subject to recall bias and social desirability bias. Incorporating objective measures of cognitive function and activity levels should be considered in future research to provide a more comprehensive understanding of the relationship between leisure activities and cognitive function. Lastly, this study is a cross-sectional study, and it is challenging to diagnose cognitive impairment at a specific moment solely based on the 24-point MMSE screening scale. Further analysis is needed. In future research, it is imperative to address the identified limitations by conducting longitudinal studies to explore the long-term effects and bidirectional relationships between leisure activities, depression, and cognitive function. Moreover, incorporating objective measures of cognitive function and activity levels can mitigate recall bias and social desirability bias. Additionally, utilizing more precise diagnostic tools beyond the 24-point MMSE screening scale would enhance the accuracy of diagnosing cognitive impairment at specific moments. By pursuing these avenues, future studies can offer a more comprehensive understanding of the intricate interplay between leisure activities and cognitive function, paving the way for more insightful research in this field.

In conclusion, this study contributes considerably to the growing body of literature on the role of leisure activities in promoting cognitive function among disabled older people. The findings highlight the importance of considering depression as a moderator in this relationship. Addressing depression and designing personalized interventions are crucial steps toward optimizing cognitive health and improving the quality of life for disabled older people. The underlying mechanisms and potential interventions that can effectively promote cognitive function in this population should be continuously explored in future research.



5 Conclusion

In conclusion, with a specific focus on the potential moderation effect of depression, the relationship between leisure activity and cognitive function among disabled older people was hereby investigated. The findings provide valuable insights into the complex interplay between leisure activity, cognitive function, and depression in this vulnerable population.

The study results support the notion that leisure activity holds significant potential for promoting cognitive function in disabled older people. Engaging in leisure activities has been shown to have positive effects on cognitive abilities, including memory, attention, and executive function. These activities provide mental stimulation, social interaction, and opportunities for physical exercise, all functioning as important factors contributing to cognitive well-being. Importantly, the study reveals the moderating role of depression in the relationship between leisure activity and cognitive function in disabled older people. The presence of depression symptoms can potentially weaken the beneficial effects of leisure activity on cognitive outcomes, indicating that addressing and managing depression symptoms should be considered an essential component when designing interventions aimed at enhancing cognitive function in this population. Tailored interventions that target both leisure activity engagement and depression management may be necessarily important to optimize cognitive outcomes in disabled older people.

The detailed discussion of the research results can significantly impact future policy-making and practical implementation in several ways. Firstly, the findings emphasize the critical role of addressing depression in disabled older individuals to enhance cognitive function through leisure activities. The proportion of leisure activities in service facilities for disabled older people needs to be increased compared to the current situation. Secondly, the research highlights the need for tailored interventions that consider the moderating effect of depression on the relationship between leisure activity and cognitive function. Policy initiatives can focus on promoting accessible and diverse leisure opportunities that cater to the mental health needs of disabled older people. Service facilities for disabled older people need to pay more attention to investment in mental health programs for older people. Lastly, the study underscores the importance of holistic approaches that address both mental well-being and cognitive health in the care and support services provided to disabled older individuals. By incorporating these research insights into policy development and practical implementation, policymakers can better support the mental and cognitive well-being of disabled older people.

Overall, these findings have important implications for clinical practice and public health interventions. Healthcare professionals and caregivers should recognize the potential benefits of leisure activity in promoting cognitive function among disabled older people. Additionally, depression symptoms should be assessed and addressed as part of comprehensive care plans for this population. Encouraging and facilitating participation in meaningful leisure activities tailored to individual abilities and interests may not only improve cognitive function but also enhance their overall well-being and quality of life.
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Objective: Many previous studies have found that disability leads to cognitive impairment, and in order to better understand the underlying mechanisms between disability and cognitive impairment, the present study aimed to investigate the moderating role of social relationships, including their role as mediators between disability and cognitive impairment in depressive symptoms.
Study design: This is a cross-sectional study.
Methods: A total of 5,699 Chinese older adults from the 2018 China Longitudinal Healthy Longevity Survey (CLHLS) were included in this study, and PROCESS macro was used to perform simple mediator and moderator mediator analyses, which were used to analyze the relationship between depressive symptoms and social relationships between disability and cognitive impairment.
Results: The results of this study showed significant correlations between disability, cognitive impairment, depressive symptoms, and social relationships, and that depressive symptoms mediated the relationship between disability and cognitive functioning [B = −0.232; 95% CI: (−0.304, −0.164)], and that social relationships mediated disability and cognitive functioning through pathway a (Disability-Depressive Symptoms) [B = 0.190; 95% CI: (0.020, 0.036)], path b (depressive symptoms-cognitive impairment) [B = 0.029; 95% CI: (0.015, 0.042)], and path c’ (incapacitation-cognitive impairment) [B = 0.492; 95% CI: (0.298, 0.685)] to modulate the effect of incapacitation on cognitive impairment. In addition, social activities and social networks moderated the mediation model directly or indirectly, whereas social support moderated only the direct effect.
Conclusion: This study explains the intrinsic link between incapacitation and cognitive impairment in Chinese older adults, and that social relationships and depressive symptoms can directly or indirectly modulate the effects between them. This provides a basis for healthcare professionals to be able to better develop interventions that can be used to improve the level of cognitive functioning and mental health of older adults.
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Introduction

Our country is faced with a severe situation of population aging. According to the latest national census data, the proportion of older adults in China has reached 14 percent, making it one of the countries with the largest older adults in the world (1). According to the global population data, by 2050, the global older adults will reach 2 billion, and society will usher in a stage of deep aging. At that time, the proportion of China’s older adults will rise to 34.1% (2). In addition, with the aging of the population, the disability of older adults in China has also attracted wide attention. According to the sample survey data in 2016 (3), there were about 40.63 million disabled and semi-disabled older adults in China, accounting for 18.3% of the total older adults. Studies show that if nothing is done, this proportion will increase to 70% of the older adults by 2050 (4). Older adults face a higher risk of cognitive impairment due to limited activity and reduced physical function. Dementia will further increase the degree of disability in older adults. In recent years, a growing number of studies have shown that disability is an essential predictor of cognitive impairment (5, 6). According to a report by the World Health Organization, the number of people with cognitive impairment will double every 20 years, with most of them concentrated in developing countries (7). According to statistics, there are more than 50 million people with cognitive impairment in China, and the prevalence of mild cognitive impairment in older adults in China is 20.8%, which is four times the prevalence of dementia. Every year, 10–15% of patients with cognitive impairment will gradually progress to dementia, which will affect their daily lives to varying degrees and may even be life-threatening in severe cases (8–10). Cognitive impairment refers to the impairment of one or more functions in sensory, learning and memory, speech, attention, and executive function, and is a common symptom of nervous system diseases. Any factor that causes functional and structural abnormalities in the cerebral cortex can lead to cognitive impairment (11). In addition, studies have shown that by analyzing the development trend of population aging in the past 70 years since the founding of the People’s Republic of China, we can see that the aging trend in older adults in China has increased significantly (12). With the increase in life expectancy, the risk of cognitive impairment in older adults will also increase (13). It has been reported that early identification and intervention can effectively delay the deterioration of cognitive function, thereby significantly improving patients’ quality of life and life expectancy (14, 15). In a cohort study conducted in Chile, frailty in older adults was strongly associated with the development of cognitive impairment, and frailty was associated with a higher risk of death. Underlying cognitive impairment is a critical factor in the increased risk of death (16).

The incidence of depression is high in older adults. According to the statistics of the World Health Organization (17), the proportion of patients with depression in the total older adults is about 7–10%. In foreign countries, the prevalence of depression in older adults over 65 years old is usually 5–15%, while in China, the prevalence of depression in older adults is 6–33.5%. Especially when older adults have physical diseases, the incidence of depression can even be as high as 50% (18). Depression not only affects the quality of life of millions of older people but also imposes a long-term medical and care burden on families and society, causing significant stress (19). The proportion of depressive symptoms in the disabled older adults is relatively high in geriatric depression, which may be due to the limitation of daily activities, poor independent ability, and heavy disease burden. However, under the traditional family care model in China, the psychological status of the disabled older adults at home is often not paid enough attention, which may affect their health status and increase their degree of disability (20–22). In addition, Torres et al. conducted a 15-year follow-up study of 1,014 older adults aged 60 years and older. They showed that older adults with depressive symptoms were more likely to be at risk of disability (23). Some studies have suggested that there may be a bidirectional relationship between depression and disability (24). In addition, some studies have confirmed that depression is common in patients with cognitive impairment, and several studies have demonstrated the correlation between depression and cognitive frailty (25–27). Second, there are important studies demonstrating that frailty and the presence of many comorbidities in older adults are also associated with depression and cognitive impairment (28, 29).

Social relations, like defenders, provide help and support for individuals at different stages of life, escort life, enable individuals to successfully overcome difficulties and pressures, and promote personal physical and mental health (30). Good social relations can also promote the generation of positive emotions and improve the quality of life and happiness of life in older adults (31). Studies have shown that social relationships affect the cognitive function of older adults through different pathways. Still, the effects on the cognitive function of older adults may differ under different social and cultural backgrounds (32). Richer social relationships are associated with milder depressive symptoms and better cognitive function in older adults. Kelly et al. (32) summarized the effects of social activities, social networks, and social support on the cognitive function of older adults and defined the three as social relations. Social network refers to the structure of social relationships maintained by individuals, including close relationships with family and friends and formal relationships with other individuals and groups (33). Many previous studies have found that the more extensive the social network of older adults, the better their cognitive function (34, 35). Chinese researcher Li Feng et al. also found that older adults who lived alone, did not frequently communicate with friends and neighbors and lacked trusted friends had a significantly higher risk of dementia than other older adults (36). However, some studies have pointed out that despite the association between social networks and cognitive impairment, after a 10-year longitudinal survey, older adults reported that social networks did not alleviate cognitive impairment (37). Even the cross-sectional study by Krueger et al. (38) found no evidence that social networks were associated with cognitive conditions. In addition, social activities are also a form of social participation, which refers to the degree to which individuals participate in a wide range of social roles and relationships (39). Regular participation in cognitive and physical activities can improve cognitive function in older adults (40, 41). In addition, some studies have shown that social activities have a protective effect on cognitive function and cognitive impairment (42), but the relevant intervention studies are insufficient. Social support was divided into emotional support and instrumental support (43). Emotional support included “who to chat with at ordinary times” and “who to share with when you are worried. “A decrease in instrumental support measures, including “who to go to when you are in trouble, ““who will take care of you when you are ill, “and “whether children give you cash, “was found to predict cognitive decline 1 year later, mainly in speech, working memory, and executive function (44). We also found that previous studies have explored the relationship between frailty and cognitive function in Chinese older adults and the mediating role of depression and social relationships in the relationship between frailty and cognitive function (45). Frailty usually refers to physical weakness, inadequacy, and mental exhaustion. Disability has also been shown to be a significant predictor of cognitive impairment (5, 6). Disability refers to a physical or intellectual deficit, impairment, or disorder that limits or impairs the ability of an individual to perform major activities of daily living. In addition to their different definitions, the evaluation methods are also different. In contrast, disability is a more serious physical problem and may have a greater impact on cognitive function in older adults. Therefore, this study will further investigate the relationship between disability and cognitive function, which is of great practical significance.

Therefore, the aims of this study were first to investigate whether depressive symptoms mediate the relationship between disability and cognitive impairment in older adults and, in addition, to examine whether social relationships (including the components of social relationships) directly or indirectly mediate the effect of disability on cognitive impairment. Based on the literature review, the following hypotheses and hypothesis models were proposed, as shown in Figure 1:


Hypothesis 1: Depressive symptoms mediate the association between disability and cognitive impairment.
Hypothesis 2: The direct and indirect associations between disability and cognitive impairment are moderated by social relationships and mediated by depressive symptoms.
Hypothesis 3: The direct and indirect associations between disability and cognitive impairment will be moderated by social activities, social networks, and social support, with depressive symptoms acting as a mediator.



[image: Flowchart illustrating the relationships between four factors: Disability, Depressive symptoms, Cognitive function, and Social relationship. Arrows indicate connections, such as Disability to Depressive symptoms (a), Depressive symptoms to Cognitive function (b), and direct links between Disability and Social relationship (c') and Cognitive function.]

FIGURE 1
 Moderation of the social relationship model as a mediating model of depression between disability and cognitive function (Andrew Hayes’ moderate-mediation model 59).




Materials and methods


Participants

The data used in this study were from the Chinese Longitudinal Healthy Longevity Survey (CLHLS) in 2018. The program began in 1998 and was followed up every 3–4 years. The survey covered 23 provinces in China, and older adults aged 65 years and above were surveyed by face-to-face interviews. Eight surveys have been conducted since 1998, with the most recent follow-up completed in 2017–2018. All respondents who participated in the survey volunteered and signed informed consent during the survey. For older adults who could not sign, the family members signed the informed consent form (46). The study was approved by the Biomedical Ethics Committee of Peking University (IRB00001052-13074). In addition, our team has applied for and obtained the right to use the data through the Open Research Data Platform of Peking University. To reflect the current situation of older people, we used data from the 2018 CLHLS project involving 15,874 participants. During data screening, we excluded participants who did not complete the Mini-Mental State Examination (MMSE) and those with missing data on depression, disability, or social relationships. At the same time, we excluded some participants due to missing data on relevant covariates and finally determined 5577older adults as the sample size. The specific screening process is shown in Figure 2.

[image: Flowchart showing the selection process for a study. Starting with 15,874 participants, those under sixty-five years old (n=95) and with missing age data (n=8) are removed. Also excluded are participants with missing or incomplete data on disability (n=761), depression (n=3,152), cognitive functioning (n=1,790), social relationships (n=3,172), and other variables (n=1,319). The final inclusion is 5,577 participants.]

FIGURE 2
 Flow chart of the selection of study participants.




Dependent variables


Cognitive function

The Mini-Mental State Examination (MMSE) was used to measure cognitive function in CLHLS (47). The scale consists of 24 questions covering five domains: general ability, responsiveness, attention and calculation, recall, language comprehension, and self-coordination. Participants received 1 point if they answered correctly or 0 points if they did not. Among them, the sixth question is “Name the amount of food in 1 min,” and the highest score is 7 points. Total scores range from 0 to 30, with higher scores indicating better cognitive function in older adults. According to previous studies, participants with MMSE scores less than 24 were defined as having cognitive impairment (48, 49). The MMSE has been widely used in many studies and has shown good reliability (50). In this study, the Cronbach’s α coefficient of the MMSE was 0.91, for more details on the Chinese version of the MMSE, please refer to Supplementary Table S1.




Independent variables


Definition of disability

Disability refers to the limitation or loss of an individual’s ability to perform significant activities in daily life (51). The activities of daily living (ADL) (52) ability assessment scale was used to determine whether older adults were disabled. ADL disability was defined as needing assistance in one or more of the five essential activities (dressing, bathing, transferring, eating, toileting) or incontinence. Many previous studies have applied the scale to assess the activities of daily living in older adults (53, 54), and the validity and reliability of the scale are higher than 0.90 (53).




Mediators


Assessment of depressive symptoms

CLHLS uses the CES-D10 scale to assess depressive symptoms in older adults, which was revised by Andresen et al. (55) and showed good reliability and validity in the Chinese older adults, with Cronbach’s α coefficient between 0.78 and 0.81. The scale consisted of 10 items and was divided into five grades. Negative items were assigned a value according to “always =3, often =2, sometimes =1, rarely or never =0,” while positive items were given the reverse value. Please refer to the following table for specific assignments. The higher the total score, the higher the degree of depression. When the total score ≥ 10, the presence of depressive symptoms was judged (55).




Moderator


Assessment of social relations

According to previous studies, the score of social relations ranged from 0 to 13, which was divided into three parts: social activities (0 to 3), social networks (0 to 4) and social support (0 to 6, 32, 45, 56). The specific variables were assigned in Supplementary Table S2.

The definition of social ties was proposed by Berkman et al. (56) because many terms are used and interchanged more loosely when researchers discuss the impact of social ties on health. Berkman et al. proposed a unified definition to explain social relationships to clarify concepts and provide a consistent framework. According to their definition, social relationships include social networks, social activities, and social support (56). Social networks are defined as the network of social relationships surrounding an individual and the characteristics of those connections (56). Therefore, in this study, older adults-centered network was mainly considered, including four contents: the marital status of older adults, the living arrangement, the presence or absence of sibling visits, and the presence or absence of children visits. Social networks were scored on a scale of 0–4. Social support is usually divided into the following sub-types: emotional support, instrumental support, evaluative support, and informational support (57). Emotional support involves “love or care, compassion or understanding, and respect or value received from others.” (58) It is mainly provided by close people close to you, but less close people can also offer this support under limited conditions. In the theoretical framework proposed by Berkman (56), instrumental support refers to help with tangible needs, such as shopping, keeping appointments, making phone calls, cooking, cleaning, or paying bills. In contrast, House (59) defines instrumental support as help in kind, money, or labor. Evaluation support is associated with deciding which course of action to take. Informational support involves support that provides advice or information for specific needs. Therefore, in this study, six aspects of social support were included: whether older adults had someone to talk to, someone to share ideas with, someone to ask for help, someone to care for when sick, and financial support from sons and daughters. Scores ranged from 0 to 6. Social activities, also known as social participation, include meeting with friends, attending social events, taking on social roles, participating in group recreational activities, and attending religious services. In this study, social participation covered the following three dimensions: participation in playing cards or mahjong, participation in organized activities, and experiences of participation in various types of activities. Scores range from 0 to 3.




Covariates

Covariates included sociodemographic, psychological, behavioral, and disease characteristics. Socio-demographic characteristics include age (years), gender (0 = female 1 = male), marriage (0 = unmarried 1 = married), education (0 = no education 1 = educated), exercise (0 = no exercise 1 = exercise), place of residence (1 = city 2 = town or rural), and financial support (0 = not enough 1 = enough). Psychological characteristics include anxiety, and the GAD-7 scale was applied in the CLHLS to assess anxiety in older adults. The GAD-7 scale has been validated for use in Chinese populations (60), and the scale has seven entries divided into four levels, all negative, according to the following scale: “none = 0, a few days = 1, more than half the time = 2, almost every day = 3,” with total scores assigned to “no = 0, some days = 1, more than half the time = 2, and almost every day = 3.” “The higher the total score, the more severe the anxiety symptoms. Behavioral characteristics included exercise (0 = No 1 = Yes), length of sleep (hours) and frailty. Frailty was defined by studying the Osteoporotic Fracture (SOF) index (61, 62), which consists of 3 components in the CLHLS (63), including (1) underweight (body mass index <18.5 kg/m?); (2) muscle strength (standing up from a chair without the aid of an arm); (3) low energy (to “Have you limited your activities in the past 6 months because of health problems?”). The disease data included whether older adults had other comorbidities, and 24 diseases were included in the clhls.



Statistical analysis

In this study, the mean and standard deviation were used to describe the continuous variables, and the proportion and frequency were used to represent the categorical variables. For the difference test of continuous variables, the t-test was used. The chi-square test was used to test the difference between categorical variables. Correlations between disability, depressive symptoms, social relationships, and cognitive impairment were then analyzed. Finally, PROCESS macro (64) was used to analyze the mediation and moderated mediation models, including model 4 (to analyze the mediation), model 59 (to analyze the direct or indirect path in the mediation mediated by one variable), and model 76 (to analyze the direct or indirect path in the mediation mediated by two variables). These models are all based on the framework constructed by regression (65).

Firstly, Model 4 was used to examine whether depression mediates the relationship between disability and cognitive function. In addition, some covariates such as age, sex, marriage, residence, education, exercise, money, sleep duration, frailty, comorbidity, and anxiety were included in the mediation model. The mediation model was considered valid when the 95%CI of the indirect effect (a*b) did not include zero. Next, Model 59 was used to analyze whether social relationships played a moderating role in mediation. Mediation was divided into direct pathway (c’: disability—cognitive function) and indirect pathway (a: disability—depression, b: depression—cognitive impairment). Finally, Model 76 was used to analyze whether social networks, social activities, and social support played a moderating role in mediation. Except for marriage, financial support, and sleep duration for comorbidities, other variables were included in the mediating adjustment model. All analyses were performed in SPSS 27, and a p-value of less than 0.05 was used as the standard level of significance (two-sided tests).




Results


Characteristics of the participants

Based on the results in Table 1, 5,577 participants were included in this study, 2,588 (46.4%) men and 2,989 (53.6%) women. Among the participants with cognitive impairment, 288 (27.9%) were males and 746 (72.1%) were females. Therefore, it can be seen that older women are more likely to have cognitive impairment. In addition, living in urban or rural areas, being uneducated, having disability, depression, frailty, having other comorbidities, less social activities, and lack of exercise (p < 0.05) were more likely to have cognitive impairment. In addition, older age, longer sleep duration, and more severe anxiety and depression symptoms (p < 0.05) were also more likely to have cognitive impairment.



TABLE 1 Characteristics of study participants stratified by cognitive status.
[image: Table displaying characteristics of study participants divided into total, normal cognition, and cognitive impairment groups. It includes columns for gender, marriage status, place of residence, education, exercise, financial support, disability, depressive symptoms, frailty, comorbidity, age, length of sleep, GAD-7 score, CES-D-10 score, MMSE score, social relationships, social activities, social networks, and social support, with corresponding statistics and p-values.]



Correlation of disability, depressive symptoms, social relationships, and cognitive functioning

According to the results in Table 2, there were significant associations between disability, depressive symptoms, social relationships, and cognitive function (p < 0.05), but the relational component social support was not significantly associated with disability, cognitive function, social activities, and social networks (p < 0.05).



TABLE 2 Correlations for the main variables.
[image: Correlation matrix table showing relationships among seven variables: disability, cognitive function, depressive symptoms, social activity, social networks, social support, and social relationships. Significant correlations include disability with cognitive function (0.341**), depressive symptoms with social activity (-0.166**), and social networks with social relationships (0.711**). Significance levels are indicated by asterisks: *p<0.05, **p<0.01, ***p<0.001.]



The relationship between disability and cognitive functioning

According to the results in Table 3, Model 1 analyzed the effect of disability on cognitive function, and the results showed that disability was negatively correlated with cognitive function (B = -4.695, p = 0.000 < 0.05). In model 2, we incorporated age, sex, marital status, place of residence, education level, exercise, financial support, sleep duration, frailty, comorbidity, and anxiety level to examine the effects of disability on cognitive function. The results showed that disability (B = −3.459, p = 0.000), age (B = −0.130, p = 0.000), place of residence (B = −0.440, p = 0.002), frailty (B = −0.841, p = 0.000), and anxiety (B = -0.109, p = 0.000) were negatively correlated with cognitive function, gender (B = 0.537, p = 0.000), education (B = 1.735, p = 0.000), exercise (B = 0.481, p = 0.000) and financial support (B = 0.354, p = 0.032) were positively correlated with cognitive function. Financial support, marital status, comorbidity and sleep duration were not significantly associated with cognitive function (p < 0.05).



TABLE 3 The association between disability and cognitive function.
[image: A table displaying two statistical models comparing various factors. Model 1 shows disability with B = -4.695, SE = 0.171, p = 0.000, LLCI = -5.031, ULCI = -4.359. Model 2 shows disability with B = -3.459, SE = 0.395, p = 0.000, LLCI = -4.233, ULCI = -2.686. Other factors in Model 2 include age, gender, marriage, place of residence, education, exercise, financial support, length of sleep, anxiety, frailty, and comorbidity, with corresponding B, SE, p, LLCI, and ULCI values.]



Mediating effect of depressive symptoms between disability on cognitive functioning

Based on the results in Table 4, we used Model 4 to analyze the mediating effect of depressive symptoms on the relationship between disability and cognitive function. The results showed that the 95%CI of all paths did not include 0, indicating that these paths were significant. Specifically, disability and depression were positively correlated [B = 1.272, 95%CI = (0.953–1.591)] and negatively associated with depression and cognitive function [B = −0.186, 95%CI = (−0.213–−0.158)]. Disability was negatively correlated with cognitive function [B = −4.444, 95%CI = (−4.780–−4.109)]. In addition, a significant indirect effect of depression on the relationship between disability and cognitive function was found [B = −0.236, 95%CI = (−0.308–−0.165)].



TABLE 4 Testing the mediating effect of disability on cognitive function.
[image: Table showing the effects of disability on cognitive function through depressive symptoms in Model 4. Total effect: B = -4.680, SE = 0.173, LLCI = -5.018, ULCI = -4.342. Direct effects include paths from disability to depressive symptoms (B = 1.272, SE = 0.163) and depressive symptoms to cognitive function (B = -0.186, SE = 0.014). Disability to cognitive function shows B = -4.444, SE = 0.171. Indirect effect through depressive symptoms shows B = -0.236, SE = 0.036.]



Moderating mediating effects of disability on cognitive function

According to the results in Supplementary Table S3, Model 59 was used to analyze the moderating mediation model of disability on cognitive function. The results showed that the interaction between disability and social relations was positively correlated with cognitive function (B = 0.517, p = 0.000). It was also positively correlated with the interaction between depression and social relations (B = 0.030, p = 0.000). Thus, in paths a, b, and c ‘of this model, social relationships mediate the direct and indirect effects of disability on cognitive function. For details, please refer to Figure 3.

[image: Flowchart illustrating relationships between four variables: Disability, Depressive Symptoms, Cognitive Function, and Social Relationships. Arrows show influence and path coefficients: Disability affects Depressive Symptoms (0.551), which impacts Cognitive Function (-0.091) and Social Relationships (-1.944). Disability also influences Social Relationships (0.517), which then affects Cognitive Function (0.030). Path coefficients indicate significance, with asterisks denoting levels.]

FIGURE 3
 The final moderated mediation model: social relationships as moderator of the mediation model of depression between disability and cognitive function (Andrew Hayes’s mediation-moderation Model 15, *p < 0.05; **p < 0.01; ***p < 0.001). The moderated mediation model was controlled for covariates (age, gender, education, place of residence, exercise, financial support).


According to the results in Supplementary Table S4, Model 76 was used to analyze the moderating effects of social activities and social networks on mediation. Results showed that social activities mediated the impact of disability on cognitive function through path b (social activities * disability, B = 1.381, p = 0.000) and path c’ (social activities * depression, B = 0.052, p = 0.003). Social network mediated the effect of disability on cognitive function through path a (social network * disability, B = 0.307, p = 0.038), path b (social network * depression, B = 0.038, p = 0.001), and path c’ (social network * depression, B = 0.374, p = 0.026). The specific model is shown in Figure 4. In addition, the moderating effect of social support on cognitive function was analyzed according to the results of Model59, and the results are shown in Supplementary Table S5. Social support only moderated the direct path (disability—cognitive function).

[image: Diagram showing relationships between disability, depressive symptoms, cognitive function, social activities, and social networks. Arrows indicate directional influence, with values and significance levels: 0.554, 0.089, -1.750, 1.381, 0.052, 0.307, 0.374, and 0.038, marked with stars denoting significance.]

FIGURE 4
 The final moderated mediation model: social activities and social networks as moderators of the mediation model of depression between disability and cognitive function (Andrew Hayes’s mediation-moderation Model 76, *p < 0.05; **p < 0.01; ***p < 0.001). The moderated mediation model was controlled for covariates (age, gender, education, place of residence, exercise, financial support).


Table 5 shows that social relationships moderated the effect of disability on cognitive function to any extent, and as shown in Supplementary Table S6, social activities and social networks also moderated the impact of disability on cognitive function. In addition, the simple slope indicated that the cognitive function of the non-disabled older adults was always higher than that of the disabled older adults when social relationships were one standard deviation below (B = −4.548 p = 0.000) or one standard deviation above (B = −3.170 p = 0.000). Similarly, when social relationships were lower than one standard deviation (B = −0.190 p = 0.000) or higher than one standard deviation (B = −0.108 p = 0.000), cognitive function declined with the increase of depressive symptoms. In addition, according to Figure 5, cognitive function was worse when lower levels of social networks and social activities were associated with increased depressive symptoms. Figure 6 shows that more social activities were associated with fewer depressive symptoms. Cognitive function was worse when social activities and social networks were low and associated with disability.



TABLE 5 Conditional indirect effects of disability on social relationships.
[image: Table displaying regression analysis results for social relationships with columns: B, SE, LLCI, and ULCI. Values for −1 SD: B = −0.064, SE = 0.028, LLCI = −0.115, ULCI = −0.015; Mean: B = −0.046, SE = 0.017, LLCI = −0.083, ULCI = −0.015; +1 SD: B = −0.032, SE = 0.018, LLCI = −0.074, ULCI = −0.001.]

[image: Panel A shows a line graph with cognitive function on the y-axis and social relationships on the x-axis, divided by disability levels, where disability level 0 increases more steeply than level 1. Panel B presents a line graph with cognitive function on the y-axis and depressive symptoms on the x-axis, differentiated by social relationship levels. Increased depressive symptoms correlate with a decrease in cognitive function across social relationship levels.]

FIGURE 5
 The simple plot of path (A,B) indicating the relationship between disability (0 = non-disabled,1 = disabled), depressive symptoms, and cognitive impairment among different levels of social relationships.


[image: Graph showing relationships between variables across three panels (A, B, C). Panel A depicts cognitive function versus depressive symptoms by social activities levels (-1SD, mean, +1SD). Panel B displays cognitive function versus social activities by disability status (1, 0). Panel C shows depressive symptoms versus social activities by disability status (1, 0). Each panel is divided into three sections, indicating different levels of social networks (-1SD, mean, +1SD). Trend lines illustrate variable interactions across these levels.]

FIGURE 6
 The simple plot of path (A–C) indicating the relationship between disability (0 = non-disabled,1 = disabled), depressive symptoms, and cognitive impairment among different levels of social activities and social networks group.





Discussion

The results of this study show that depressive symptoms play a mediating role in the effect of disability on cognitive function. In addition, any degree of social relations will have a negative moderating role in the impact of disability on cognitive function. The higher the level of social relations, the stronger the negative moderating effect of disability on cognitive function. Social activities and social networks also played a negative moderating role in the impact of disability on cognitive function. Social activities and regulation moderated the direct and indirect effects of disability on cognitive function, while social support only moderated the immediate impact of disability on cognitive function.

This study found that the incidence of cognitive impairment in older adults was 18.6%, and the prevalence of cognitive impairment in women was higher than that in men, which was consistent with the results of previous studies (66). In addition, multiple influencing factors of cognitive impairment were explored, including age, gender, marital status, residence, education level, exercise, financial support, disability, sleep duration, frailty, comorbidity, and anxiety. These factors have also been validated in previous studies (67). Meanwhile, the prevalence of disability was 14.7% in older adults. Previous studies have shown that disabled older adults are more prone to depressive symptoms (68), possibly because disability can lead to a sense of physiological helplessness that increases the risk of depressed mood and cognitive deficits. However, no studies have investigated the mediating role of depressive symptoms in the effect of disability on cognitive impairment. To fill this research gap, older adults aged 65 years or older were selected because they are more likely to have disability, cognitive impairment, and depressive symptoms (69). Our findings support our hypothesis that depressive symptoms mediate the effect of disability on cognitive impairment. In addition, some studies have confirmed the moderating effect of social support on the relationship between disability and depressive symptoms (70, 71). Still, the moderating effect of social support on the relationship between disability and cognitive impairment has not been explored. To examine the moderating effect of social support more comprehensively, this study extended it to social relations, including social activities, social networks, and social support. This concept has been applied in previous studies (45, 72).


Depressive symptoms mediate the link between disability and cognitive impairment

Based on the findings of the first model, depressive symptoms were found to mediate the relationship between disability and cognitive impairment. Specifically, higher levels of disability in older adults were associated with higher levels of cognitive impairment, suggesting a direct effect of disability on cognitive function. Depressive symptoms played an indirect role in the relationship between disability and cognitive impairment. A similar study conducted in China also found bidirectional associations among disability, cognitive impairment, and depressive symptoms (73). This mediating relationship can be divided into three paths: the first is the effect of disability on depressive symptoms. The results showed that the more disabled older adults were, the more severe the depressive symptoms were. This may be due to reduced contact with the outside world caused by restricted mobility, which induces feelings of helplessness and then induces depressive symptoms (74). In addition, other studies on activities of daily living (ADL) and depressive symptoms in older adults have also found that ADL impairment positively predicts depressive symptoms because older adults who need help may reduce self-confidence and self-worth and produce anxiety and depression (75, 76). Shimada et al. (77). in Japan found significant differences in daily activity function among older adults with different depressive symptoms. Together, these findings reveal a complex mechanism linking disability, cognitive impairment, and depressive symptoms.

The second path is the effect of depressive symptoms on cognitive impairment. The results of this study suggest that depressive symptoms in older adults can lead to cognitive impairment, which is because having depressive symptoms in older adults can reduce mental flexibility and their ability to consolidate and retrieve memories, thereby affecting the overall cognitive function of older adults (78). Previous studies have also confirmed that depression can seriously affect the occurrence of cognitive impairment (77, 79, 80). In addition, some studies have pointed out that the pathogenesis of cognitive impairment involves leukoaraiosis and non-pathological brain aging, which are related to the pathogenesis of depression, and there is an interaction between the two because they have similar pathological mechanisms (81, 82). Italian researchers Solfrizzi et al. surveyed 2,150 older adults. They found that there was a significant difference in the prevalence of cognitive frailty among older adults with different depressive symptoms, suggesting that cognitive impairment is related to the mental health of older adults.

The third pathway is the effect of disability on cognitive impairment. The results of this study suggest that disability can directly affect cognitive impairment and indirectly affect cognitive impairment through depressive symptoms. The direct impact of cognitive impairment is due to the increased risk of cognitive impairment in disabled older adults, such as limited physical function, decreased appetite, and malnutrition (79). The indirect effect of cognitive impairment is due to the decline of bodily function, activities, and social function in older adults, which leads to depression, which further reduces the frequency and time of social activities in older adults and ultimately increases the risk of cognitive impairment (82). Many studies have shown that cognitive impairment is closely related to activities of daily living in older adults, and the risk of disability is significantly increased in older adults with cognitive impairment (77, 83–86). In addition, a cross-sectional study involving 594 community-dwelling older adults in Italy showed that there was an interaction effect between cognitive impairment and disability in older adults, and older adults with cognitive frailty had a significantly higher level of disability than those without (83).



The moderating role of social relations

For the second model of this study, social relationships were hypothesized as the moderating effect of the mediation model. The results suggest that social relations have a moderating impact on the three pathways of this mediation process. In other words, for disabled older adults with poor social relationships, having depression may lead to more significant cognitive impairment. Fan et al. (87) pointed out that family relationships significantly impact the cognitive function of older Chinese adults due to the influence of traditional Chinese culture. Harvard University professor Bond H (88), who has studied social relationships for 76 years, believes that good relationships can reduce disease incidence, improve negative emotions, and increase happiness. Previous studies have shown that Schroedl et al. (89), when studying the social participation ability of older adults, found that the impairment of the daily living ability of older adults can limit their social activities and thus reduce their social participation ability. In addition, studies have also found that the depressive state of older adults is affected by social participation (90), that is, social participation is related to depression. Most older adults believe that active social participation can prevent and relieve depression in older adults and help improve physical and mental health. In addition, structural equation modeling studies have validated the mediating effects of social interaction, depressive state, and lifestyle on the association between cognitive function and disability (91), suggesting that healthcare professionals should actively promote the social participation of disabled older people to improve their psychological status while providing daily care.

This study also found that social activities and social networks played a moderating role in the mediation model. The results showed that social activities moderated the direct effect of disability on cognitive impairment and the impact of depression on cognitive impairment. Social activities and disability negatively modulate the cognitive impairment pathway; in other words, older adults with fewer social activities have more severe cognitive impairment, similar to the results of Evans et al. (92). Carlson et al. (93) used experimental methods to find that participation in social activities such as voluntary service of particular intensity and requiring specific cognitive ability can delay the cognitive decline of older adults. In addition, social activities can not only delay the onset of Alzheimer’s disease in older adults but also help alleviate and improve mild cognitive impairment (94). In addition, the LANCET Commission on Dementia identified social isolation as one of the modifiable risk factors for dementia (95), and the results of a systematic review and meta-analysis of 51 longitudinal cohort studies on social isolation and cognition showed that aspects of social isolation were associated with cognitive function in later life (92).

Social activities and depression positively regulate the pathway of cognitive impairment. That is, the more social activities older adults have, the better their cognitive function. Relevant studies generally believe that older adults’ participation in volunteer and other social activities can mobilize their enthusiasm. While constantly meeting their social needs, they will realize their self-worth, and their demands for respect and recognition will be met accordingly. Finally, their cognitive ability will be improved (94). In addition, when older adults participate in social activities or make many friends, they obtain more social resources and higher social prestige to enhance the sense of social participation of older adults (96). Social infection theory believes that involvement in social activities can help older adults establish new social roles, improve their life satisfaction, and thus affect their mental health. It emphasizes that social participation prevents older adults from being isolated from society and can simultaneously adapt to changes in the social environment to reduce their social exclusion and loneliness. It has an impact on the mental health of older adults. Finally, the cognitive level of older adults was improved (97, 98).

Social networks moderated the indirect effect of disability on cognitive impairment in our study. Both pathways were positive regulation. That is, the more social networks, the lower the degree of depression and the better the cognitive function of older adults. The social network refers to the size of the contact population, the relationship with the subject, and the frequency of contact (99). Social support theory believes that social interaction can strengthen people’s social relationship networks and social resources to meet their development. Social participation is the primary way of social interaction for older adults, especially group communication social participation, which further strengthens the social network of older adults, especially the friend network, meets their psychological dependence needs and affects their mental health (100, 101). Studies have found that a rich social network positively affects the physical and mental health of older adults, and the more extensive the social network, the better the health of older adults and the fewer depressive symptoms (102). According to kinship, social networks can be divided into family and friend networks (103). In Western countries, scholars generally believe that friend networks play a greater role in supporting older adults and bringing more significant benefits to their physical and mental health (104, 105). However, in Chinese culture, the family network is a more important social network for older adults. Therefore, improving family support is more helpful to promote the physical and mental health of older adults and reduce loneliness and depression (106). Previous studies have shown that people with larger and more frequent social networks have higher cognitive scores. In contrast, people with less social networks are more likely to have mild cognitive impairment (107). The study by Rohr et al. (108) also showed that individuals with more extensive social network sizes had better cognitive function. In addition, it has been suggested that the effect of social networks on cognition may be because having a good social network (109) may be associated with a lower rate of depression and a larger brain and gray matter volume (110).

In conclusion, the results of this study suggest that social relationships must be optimized to prevent cognitive impairment in older adults. First of all, it is necessary to strengthen the interpersonal communication of older adults, not only supporting the visit of siblings and children but also strengthening the community communication activities to expand the social scope of older adults, which can not only promote the mental health of older adults but also improve their cognitive function. Second, the community should hold more activities and enrich the content of the activities, such as some activities to enhance the intelligence of older adults. Third, government departments should further improve the policies related to the activities of older adults in the community, such as carrying out some community activities, optimizing the allocation of resources in the community, etc., to improve the enthusiasm of older adults.




Conclusion

This model provides a more visible picture of the factors that influence disabling cognitive impairment in older adults and offers an opportunity for healthcare professionals to detect, intervene, and monitor cognitive impairment early. In addition, the findings suggest that healthcare professionals should consider the interaction between social relationships and psychological effects in the causes of cognitive impairment to benefit older families, the healthcare system, and society at large.



Limitations

There are some limitations of this study that are worth exploring. First, a 2018 cross-sectional study of the CLHLS database was used because the required data was missing for some years. Therefore, this study did not consider the chronological order of cognitive impairment, disability, depressive symptoms, and social relationships in older adults. It could not analyze the causal relationship between variables; only correlations were shown. In the future, longitudinal designs can be used to explore the causal relationship between disability and cognitive impairment and more accurate moderate-mediation relationships. Second, self-reported measures are prone to inaccuracies, and in-depth visits and behavioral observations should be conducted. Finally, the MMSE used in this study is only a screening tool and does not diagnose cognitive impairment. This measurement tool alone does not identify cognitive impairment at a particular moment.
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Introduction: Sensory systems provide the necessary information for a motor response to be provided. In this sense, the objective of this study is to evaluate the effectiveness of a sensorimotor exercise program on proprioceptive acuity, balance, muscle strength, functional mobility and risk of falls in institutionalized elderly.Methodology: 56 participants (84.6 ± 8.4 years) were randomly distributed between the control (CG, n = 28) and intervention groups (IG, n = 28). The CG performed a protocol based on warm-up, muscle strengthening and warm down and the IG performed the same intervention, with the addition of sensorimotor exercises. Joint Position Sensation (JPS) was evaluated in both limbs at angles of 20° and 45°, balance, functional mobility, fear of falling in the elderly and muscle strength of quadriceps, hamstrings, adductors and abductors in both limbs, before and after the 12 weeks of intervention.Results: Both groups showed gains in muscle strength. When analyzing functionality through Timed Up and Go (TUG), before and after for each group separately, both showed a significant difference (CG p = 0.002; IG p < 0.001). For the Short Physical Performance Battery (SPPB) variable, there were significant differences in IG in balance (p < 0.001), gait speed time (s) (p = 0.004) and sit-to-stand (p = 0.002). In JPS, significant differences were recorded for Absolute Error 45° Non-Dominant (p = 0.045) and Relative Error 45° Non-Dominant (p = 0.045) in the CG and Relative Error 45° Non-Dominant for IG (p = 0.018). In the Falls Efficacy Scale International (FES-I) variable there were significant improvements in the CG (p = 0.006) and in the GI (p = 0.002). However, only IG showed significant improvements (p = 0.013) for Activities-Specific Balance Confident (ABC) in a comparison between before and after the 12-week research period. When comparing the differences verified with the intervention between CG and IG, only balance SPPB (p < 0.001) and sit-to-stand SPPB (p = 0.022) showed significant values.Conclusion: He effectiveness of sensorimotor exercises provides balance gain in the elderly (p < 0.001) and positively impacts their confidence (p = 0.013) when performing their duties. It is concluded that the protocol presented in its different levels of difficulty is effective and important for the quality of life of the institutionalized sedentary elderly.Keywords: balance, elderly, sensorimotor exercises, risk of fall, quality of life
INTRODUCTION
Aging has been described as a process, or set of processes, inherent to all living beings and which is expressed by the loss of adaptability and the decrease in functionality (Spirduso, 2005).
Tinetti (2003) demonstrated that approximately 30% of individuals over 65 years of age fall at least once a year and that, in 50% of them, the episode is recurrent, with falls being the main cause of physical damage in the elderly. Half of the cases, that is, 50%, occur due to Tripping due to obstacles that arise during walking is responsible for about 50% of the falls (Berg et al., 1997; Rubenstein and Josephson, 2002).
Conditions related to physiological systems, psychological condition and the use of polypharmacy are considered intrinsic risk factors for falls (Wang and Wollin, 2004; Marin et al., 2007; Sousa L. M. et al., 2017; Kim et al., 2020), as well as lack of physical activity (Basta et al., 2022). The influence of the external environment (objects and furniture placed in risky places, utensils that cause instability, improper lighting or accessibility) and socioeconomic condition are considered extrinsic factors (Lovallo et al., 2010; Chianca et al., 2013; Sousa N. et al., 2017; Kim et al., 2020).
Considering the sensorimotor demands of daily tasks, detecting obstacles, sending information to the nervous system, processing them and choosing the best motor response are skills that the elderly need to constantly develop (Gauchard et al., 2003). For this, the synergistic action of the sensorimotor, vestibular and visual systems, is essential to maintain dynamic stability, static stability, and balance, reducing of the risk of falls in the elderly (Gauchard et al., 2003).
Recent research associates the study of sensorimotor exercises in association with some particular diseases like Parkinson’s, showing positive results in gait and postural control, Fil-Balkan et al. (2018); Calabrò et al. (2019), or Diabetes, with significance results in balance and proprioception. Ahmad et al. (2019); Ahmad et al. (2020). Others, such as Cabo et al. (2023), carried out research with an approach directed at the elderly public without predetermined pathologies. However, the superficial analysis of the results does not take into account the behavior of the variables between the groups, between before and after the intervention and between the differences verified with the intervention. The importance of more research focused on the diseases mentioned must be invested because of the relevance of these pathologies.
In this sense, the objective of this study is to evaluate the effectiveness of a sensorimotor exercise program on proprioceptive acuity, balance, muscular strength, functional mobility and risk of falls in institutionalized elderly people with detailed analysis of the data obtained. In addition to presenting the evolution of exercises in four phases with low production costs. This is an economical and accessible alternative to increase the ability of this sensoriomotor system in elderly.
METHODS
Study design
A single-blind randomized controlled study was implemented in two Long Stay Institutions in the city of RJ, Brazil.
The study was approved by Plataforma Brasil—National Platform of the Ethics Committee for Research and Human Beings, according to CAAE registration: 27657220.9.0000.8066. All volunteers signed an informed consent form to participate in the study and anonymity and confidentiality were ensured, in agreement with the Declaration of Helsinki. It has been registered at Brazilian Registry of Clinical Trials (ReBEC) by number RBR—6q5299j.
Participants
Male and female institutionalized elderly from 70 years of age who were under regular medical follow-up, with physical autonomy when leaving bed and who were not performing regular physical activity were included.
Elderly people with physical independence restricted to bed, wheelchair users or who did not have the physical condition to walk, with cognitive impairment, hemodynamic instability, severe heart disease or uncontrolled systemic arterial hypertension verified by the physician were excluded.
Fifty-six participants were recruited and randomly distributed (https://www.randomizer.org/) in two groups: control and intervention.
Over the weeks there were 11 dropouts. Therefore, 21 participants in the intervention group and 24 participants in the control group completed the intervention. The reasons for dropping out were due to lack of interest, aversion to physiotherapy or difficulty adapting to a new routine, despite respect for individual rest, food and medication schedules.
The participants in the control and intervention group were similar at baseline regarding gender, lower limb dominance, fall risk, and age (Table 1).
TABLE 1 | General characterization of the sample and study groups. Data from nominal variables presented as n (%) and continuous variables presented as mean ± standard deviation.
[image: Table comparing characteristics of a total sample (n=45), control group (CG, n=24), and intervention group (IG, n=21). It includes data on gender, dominance side, fall risk with FES-I and ABC, and age. Percentages are provided for male and female participants, dominance, and fall risk measures. Age is presented with mean and standard deviation. P-values indicate statistical significance across groups for each characteristic.]It is observed that the majority of participants for both CG and IG are female (75% and 71.42%, respectively) and presented the dominant side as the right [21 participants (87.5%) and 17 participants (80.95%), respectively]. Moreover, in Figure 1, it is possible to analyze the age distribution between the two groups, indicating normality in the distribution of data.
[image: Scatter plot comparing the age distribution between control and intervention groups. Age is on the y-axis from 70 to 100. Red markers indicate mean and standard deviation, with both groups showing similar ranges.]FIGURE 1 | Age distribution of participants in the two groups under study.
Statistical analysis
For the statistical analysis of the study data, SPSS software (version 26 for Windows) was used, and a significance level of 5% was considered. After analyzing the distribution of the variables under study, using the ShapiroWilk normality test, it was found that the variables age and variables related to the strength of the participants (muscular strength of the quadriceps, hamstrings, adductors and hip abductors) followed a normal distribution. In this sense, the t-test for independent samples was used to compare the average values of these variables between the groups under study, and the t-test for paired samples to verify the existence of significant differences between the average values of the variables before and after the intervention. The remaining variables were analyzed using non-parametric tests, specifically the Mann-Whitney test to compare the medians of the variables between the groups under study and the Wilcoxon test to verify the existence of significant differences between the medians of the variables before and after the intervention.
The association between nominal variables was assessed using the Chi-Square test and, whenever necessary, Fisher’s exact test.
Joint position sense assessment
The assessment of the knee JPS was performed in a sitting position, in an open kinetic chain, with the participant blindfolded, in a silent environment, and active reposition method (Baker et al., 2002; Ribeiro and Oliveira, 2010; Salgado et al., 2015). From the starting positioning (knee flexed at 90°) the participants’ leg was passively moved to extension to one of the test ranges 20° or 45° of knee flexion defined by a goniometer (Baker et al., 2002; Dieling et al., 2014). Participants were instructed to actively sustain the test position for 5s and to return to the starting position. Immediately after, they were instructed to actively reposition the knee to the target position and sustain it for 5 s. Both test ranges in both lower limbs were assessed 3 times and the order of the assessments was randomized (https://www.randomizer.org/).
The knee JPS assessment was recorded using a video camera mounted on a tripod, located at a distance of 2-3 m from the participant. Four markers were fixed to the skin with double-sided hypoallergenic adhesive tape in the following locations: greater trochanter; in the iliotibial tract, level with the posterior crease of the knee when it was flexed at 80°; at the head of the fibula; and in the lateral malleolus (Bennell et al., 2005). Video analysis was carried out in Kinovea Software (version 0.8.15) in which 3 frames from the last 3 s of each positioning/repositioning were analyzed. After calculating the average obtained in the 3 repositioning attempts, 3 errors were calculated: absolute angular error, relative angular error, and variable angular error (Vuolo, 1992). Analyzing the errors, the Microsoft Excel program for Microsoft 365 MSO (Version 2,208 Build 16.0.15601.20148) 64 bits was used.
Short physical performance battery (SPPB)
When performing the balance test, the participant had to remain for 10 s in each of the following positions: side-by-side, semi-tandem stand and tandem stand and the score was between 0 and 4 points (Guralnik et al., 2000; McDermott et al., 2012).
For the gait speed test, a distance of 4 meters was used, the time in which the participant performed the test was observed and recorded: score 0: test not completed; score 1: time greater than 8.7 s; score 2: time between 6.21 and 8.70 s; score 3: time between 4.82 and 6.20 s and score 4, time less than 4.82 s to complete the test (Guralnik et al., 2000).
The last test to be carried out using the SPPB tool was the 5-time sit-to-stand test, in which five repetitions were performed and the time was recorded, the score was understood between 0–4 (Guralnik et al., 2000).
The total sum of the three tests comprised the final SPPB score comprised between 0 (worst performance) and 12 points (best performance), according to Guralnik et al. (1995), Ferrucci et al. (2000) and Penninx et al. (2000).
A recently carried out study, realized by Welch et al. (2021) presents the usefulness of this tool to be applied among older adults.
Timed up and go (TUG)
The execution of the TUG test was carried out following the author (Podsiadlo and Richardson, 1991), in which a chair with a seat height of approximately 46 cm was used. The participant was instructed to get up, to cover a distance of 3 meters at a comfortable and safe speed, to turn around and returned to the seat. The time to perform the test was recorded. Before that, the examiner demonstrated the execution of the test and the participant did it experimentally for the first time.
Studies associated with “Frailty syndrome and risk of falling in community-dwelling elderly people,” carried out by Taguchi et al. (2022), used TUG to search for information related to functionality and dynamic balance.
Falls efficacy scale-international (FES-I)
The instrument includes sixteen statements related to daily life activities and the participants had to indicate their concern about falling when performing them. The scale was applied in the form of an interview. Scores were obtained according to their response: score 1 “not at all concerned,” score 2 “a little concerned,” score 3 “very concerned” and score 4 “extremely concerned” (Camargos et al., 2010).
Zak et al. (2022) showed in their study that the tool FES-I can be an effective assessment tool for addressing the fear of falling issue among older adults. Besides, it can support specialists such as physicians, physiotherapists, psychologists, or psychiatrists in their work.
Activities-specific balance confidence scale (ABC scale)
The participants indicted their confidence performing sixteen actions, choosing a percentage between 0 (no confidence) and 100 (total confidence). According to Myers et al. (1998), scores above 80% indicate a high level of physical functionality; between 50%–80% represent a moderate level of physical functionality and scores below 50% represent low level of physical functionality.
The choice of this tool can also be supported by current studies, such as that carried out by Elboim-Gabyzon et al. (2019), which states that this scale is a popular, theoretically based, reliable and valid tool designed to assess issues associated with the risk of falls in older people.
Maximum strength assessment
Strength was assessed with an adapted sphygmomanometer (Bohannon, 1988), which is a common and adequate method to assess muscle strength (Souza et al., 2013). The Modified Sphygmomanometer Test is a promising method because it is low-cost and provides objective measures, according to Souza et al. (2014). The inflatable part was removed, folded into three equal parts and wrapped in a cotton fabric bag. The equipment was previously inflated to 20 mmHg (Perossa et al., 1998). Before measurements, all participants trained the procedure for familiarization.
Dominant and non-dominant quadriceps, hamstring, adductor and abductor were randomly evaluated. When evaluating the quadriceps and hamstring muscle groups, the participant was seated, with their knee and hip joints flexed at 90°, with manual stability from the examiner only in the proximal knee. The adapted sphygmomanometer was positioned in the distal segment of the lower limb for measurement (Bohannon, 1986; Bohannon and Andrews, 1995). On the anterior side, the quadriceps muscles were measured and on the posterior side, the hamstrings.
The participant was positioned in lateral decubitus to measure the abductor muscles. The upper limb in contact with the surface was under the head and the contralateral upper limb in a comfortable position (Perossa et al., 1998). The elderly person was instructed to raise their leg. As for the adductor muscles, the participant in supine position, while the contralateral lower limb was elevated, the adductor muscles of the lower limb to be evaluated tried to cross the midline.
The participant was encouraged through verbal stimuli to perform the maximum force for each muscle three times, lasting 5 s each attempt and resting for 30 s between them (Brown and Weir, 2001). Having performed the arithmetic mean between the values obtained.
The pattern of the script for the application of the instruments followed the following order: firstly, the FES-I and ABC Scale scales were carried out, followed by measuring the maximum muscular strength of the lower limbs with the adapted sphygmomanometer, evaluation of the sense of joint position with the device of the videocamera system and finishing with the SPPB and TUG tests.
The estimated time for using all the instruments described with the participant was 60 min, regardless of the group the participant was in, having seen the similarity of the evaluation methods for both control group and intervention group. The first assessment was carried out before the start of the protocols in both groups.
Intervention
The study intervention design is summarized in Figure 1. The control group first performed a warm-up corresponding to a 6-min safe walk (Zheng et al., 2013). After that, the protocol was focused on muscle strengthening in which the following exercises were performed (3 sets of 10 repetitions, 2 min rest between sets): 1) patient in dorsal decubitus position with support in the thoracocervical region on the surface, performed the abduction and adduction of the lower limb, with the contralateral lower limb at rest in the position of semiflexion of the knee with unipodal leaning on the bed. The exercise was performed on both limbs. 2) in a sitting position, the patient performed extension (concentric contraction) and flexion (eccentric contraction) of the knee, in an open kinetic chain to strengthen the knee extensor muscles; 3) in a standing position, with the upper limbs on a fixed surface, the participants simultaneously raised both heels from the floor to strengthen the calf muscles; 4) in a standing position, with the upper limbs on a fixed surface, the patient performed unilateral knee flexion (concentric contraction) and extension (eccentric contraction). The estimated initial load, in the elderly participant, was 40% RM with gradual increments until the final load estimated at 80%RM (Rebelo-Marques et al., 2018). Obtaining and modulating the %RM, the Holten Diagram was used, in which, through mathematical calculations, the desired values in %RM were discovered (40%RM, for example), by observing the relationship between the number of repetitions performed by the participant and the percentage that this load represented. Shin guards with multiple values of 0.5 kg were used for this progress (from 40%RM to 80%RM) during the 12-week intervention period.
In the intervention group, all participants performed the same protocol as the control group, with the addition of sensorimotor exercises. The sensorimotor exercises comprised 4 exercises with 4 levels of difficulty:
	- “Adhesive Star”: on a soft non-slip Kapazi mat, a star figure made up of up to eight points with adhesive tape, each point measuring up to 40 cm. The participant located in the center of the star would follow the verbal commands by sliding his foot to the requested number. Difficulty levels: i) equal-sized four-pointed star (40 cm); ii) four-pointed star of different sizes (anterior point: 40 cm, posterior point: 30 cm, right point: 40 cm and left point: 30 cm); iii) eight-pointed star of equal sizes (40 cm); iv) eight-pointed star of different sizes (anterior point: 40 cm, posterior point: 30 cm, right point: 40 cm, left point: 30 cm, antero-right diagonal point: 40 cm, postero-right diagonal point: 30 cm, front-left diagonal tip: 30 cm, postero-left diagonal tip: 40 cm).
	- “Colored Path”: on a soft non-slip Kapazi mat with 7 Gy paper squares and seven blue paper squares were attached. The squares measuring 15 × 15 cm were arranged in a “zigzag” format. The progressions for this activity were: i) the participant followed the path and came back stepping on the squares of the same color; ii) followed the path of the same color and returned to another color; iii) the participant followed and returned the path alternating colors; iv) the elderly followed and returned the path stepping on the colors to be requested by the researcher at the time of the walk.
	- “Rubber Step”: Participant on top of the step to try to balance. The progressions for this exercise were: i) the initial height of the step was 5 cm and the participant threw a light ball with a diameter and circumference of, approximately, 22 cm and 68 cm, respectively, towards the researcher according to her verbal command; ii) the participant had to go up and down the step and after that throw the ball towards the researcher; iii) and iv) respectively repeated commands, with a new step height of 10 cm.
	- “Obstacles on the Path”: The participant walked on the Kapazi non-slip soft mat over a 3.6 m route and when faced with obstacles had to perform a triple flexion of the lower limb (dorsiflexion, hip flexion and knee flexion). The evolution for this exercise followed the following order: i) three obstacles with 5 cm in height, 8 cm in width and 40 cm in length placed randomly along the path; ii) three obstacles with new dimensions, each: 10 cm high, 8 cm wide and 40 cm long; iii) presence of three cones (colors: blue, green and white) with a height of 20 cm, each, randomly arranged along the route; iv) mix of obstacles: alternation between all the objects already mentioned.

Figure 2 shows a summary of the steps of each sensorimotor exercise applied in the study.
[image: Sensorimotor exercises with four levels each, illustrating different activities:  1. "Rubber Step": Four images show progressively complex step patterns. 2. "Obstacles on the Path": Four images with increasing obstacle numbers on a path. 3. "Colored Path": Four images with varying colors on paths, requiring navigation. 4. "Rubber Step" (separate section): Two levels, showing a stopped versus moving participant with circular patterns.  Each exercise varies in complexity across levels.]FIGURE 2 | Diagram of steps for each sensorimotor exercise.
The interventions were implemented 3 times/week, according to Rugbeer et al. (2017), during 12 weeks of physiotherapeutic care (Cadore et al., 2013).
Figure 3 presents the summary of the entire interventional strategy implemented in the study.
[image: Flowchart comparing Control and Intervention groups over 12 weeks. Both groups participate 3 times a week in muscle-strengthening for 60 minutes, starting at 40% RM and targeting 80% RM. Control includes only muscle stretching, while Intervention adds a 30-minute sensorimotor exercise, adjusting according to difficulty. Both have a 6-minute warm-up walk and muscle stretching for cool down.]FIGURE 3 | Protocol scheme stipulated for Control and Intervention Groups.
The protocols described were based on studies previously carried out and published by Cadore et al. (2013), Bierbaum et al. (2013) and Zheng et al. (2013).
The participant in this intervention group performed the four types of sensorimotor exercises and the progression was according to their level of safety and confidence when performing them. Estimated time for each modality: 6 min. Rest time between modalities: 2 min. Time to perform sensorimotor exercises: 30 min. Total time of the physiotherapeutic session in the intervention group: 90 min.
If any accident, injury or fall occurred to the participant during the research, the local nursing team would be called, as would the responsible doctor, to intervene immediately, through local assessment and care.
If there was a need to travel with the participant to a hospital unit, this would be done to the Institution’s usual unit, providing the researcher with the deserved assistance and monitoring of the case.
If necessary, the Institution’s own emergency protocol should be followed. Considering that the Institution already presented its action measures, it committed to providing the necessary infrastructure to guarantee the safety and wellbeing of everyone involved in the project. The participants read and signed the Letter of Consent. They could give up whenever they wanted. The participant’s family would be informed immediately in the event of any complications, via call notification.
RESULTS
Muscle strength
In Table 2, it is possible to note that before intervention the groups were similar in respect to muscle strength. After interventions, significant between-group difference were only noted in the dominant quadriceps muscle strength.
TABLE 2 | Between-group differences, before and after the intervention for muscle strength (mmHg) [mean ± SD].
[image: Table showing muscle group measurements for CG and IG before and after an intervention. Groups include QuadDom, QuadnDom, HAMDom, HAMnDom, AddDom, AddnDom, AbdDom, and AbdnDom. Each group's mean and standard deviation are listed. The p-values indicate statistical significance, with a notable significance for QuadDom after the intervention at \( p = 0.05 \).]When assessing the within-group differences, it is possible to note in Table 3 that improvements in strength of all assessed muscle groups were verified.
TABLE 3 | Within-group differences in muscle strength, before and after the intervention, in both groups (mmHg) [mean ± SD].
[image: Table comparing data for CG and IG groups before and after an intervention. Variables include QuadDom, QuadsnDom, HAMDom, HAMnDom, AddDom, AddnDom, AbdDom, AbdnDom. Values are given as mean ± standard deviation. Significant p-values (p ≤ 0.05) are marked with an asterisk.]Considering that both groups improved in muscle strength, a new variable reflecting the differences in muscle strength (final assessment - initial assessment) was computed for both groups and the results of between-group comparisons is shown in Table 4. No significant differences in muscle strength improvements was found between groups.
TABLE 4 | Between-group comparison in muscle strength improvements (mmHg) [mean ± SD].
[image: Table comparing two groups, CG and IG, for various muscle measurements. Each row lists a different measurement: DifQuadDom, DifQuadnDom, DifHAMDom, DifHAMnDom, DifAddDom, DifAddnDom, DifAbdDom, and DifAbdnDom. Values for CG and IG are provided, along with a p-value indicating statistical significance for each measurement.]TUG
Similar results were found for the TUG test with absence of significant differences in between-group comparison, in both before and after intervention assessments (Table 5), and statistically significant differences in within group comparison (Table 6) in both groups (CG p = 0.002; IG p < 0.001). The improvements in TUG test were similar in both groups (Table 7).
TABLE 5 | Confrontation of groups with each other, before and after the intervention for TUG(s) [median (AIQ)].
[image: Table showing TUG scores for control group (CG) and intervention group (IG) before and after. Before: CG 33.93 (33.47), IG 32.40 (130.79), p-value 0.785. After: CG 22.87 (60.80), IG 22.96 (75.38), p-value 0.873.]TABLE 6 | Related analysis between before and after intervention in both groups for TUG(s) [median (AIQ)].
[image: Table comparing TUG scores for CG and IG groups before and after intervention. CG scores: 33.93 before, 22.87 after, with p-value 0.002. IG scores: 32.40 before, 22.96 after, with p-value less than 0.001. Statistical significance noted.]TABLE 7 | Comparison of the differences verified with the intervention between the two groups for TUG(s) [median (AIQ)].
[image: Table presenting data for DifTUG. The control group (CG) has a value of -1.66 with a standard deviation of 13.71. The intervention group (IG) has a value of -6.31 with a standard deviation of 80.91. The p-value is 0.439.]SPPB
The SPPB variable was analyzed in the following aspects: balance, gait speed, gait speed time (s) and sit-to-stand. According to Table 8, balance was significantly different (p = 0.003) when compared between groups after 12 weeks, but not before the intervention No significant differences were found for other variables (gait speed, gait speed time (s) and sit-stand).
TABLE 8 | Statistical results related to the CG and IG groups, before and after intervention for SPPB [median (AIQ)].
[image: Table comparing SPPB scores before and after an intervention between control group (CG) and intervention group (IG). Metrics include Balance, Gait Speed, Gait Speed Time, and Sit-Stand. IG shows significant improvement in Balance with p = 0.003. Other metrics show no significant changes (p > 0.05).]Table 9 shows the comparison between the before and after for both groups, CG and IG, showing p ≤ 0.05 for balance (p < 0.001), gait speed time (s) (p = 0.004) and Sit-Stand (p = 0.002) to the participants involved in the IG. When analyzing the data difference between the period after the 12 weeks of intervention and the initial period between the two groups, the significance can be proven in the variables DifBal (p < 0.001) and DifSitStand (p = 0.022), as showed by Table 10.
TABLE 9 | Analysis of the relationship before and after intervention in both groups for SPPB [median (AIQ)].
[image: Table comparing CG and IG groups on SPPB measures before and after intervention. Measures include Balance, Gait Speed, Gait Speed Time, and Sit-Stand. Significant improvements in IG are noted in Balance (p < 0.001), Gait Speed Time (p = 0.004), and Sit-Stand (p = 0.002) post-intervention.]TABLE 10 | Statistical analysis of the differences observed with the intervention between the two groups for SPPB [median (AIQ)].
[image: Table comparing two groups, CG and IG, for DifBalance, DifGaitSpeed, DifTGaitSpeed, and DifSitStand. For DifBalance, CG has 0.00 (0.75) and IG 1.00 (1.50) with p < 0.001, significant. DifGaitSpeed and DifTGaitSpeed have similar values and non-significant p-values. DifSitStand shows CG with 0.00 (0.00) and IG 1.00 (1.00) with p = 0.022, significant. A note indicates significance at p ≤ 0.05.]JPS
With regard to the variable Joint Positions Sense (JPS) it can be observed, in Table 11, that when comparing the groups among themselves, in the circumstances before and after the interventions, only the 20° variable errors showed a significant difference with the dominant limb for after the intervention (p = 0.029) and non-dominant limb before the intervention (p = 0.007). When comparing the before and after for the groups in particular, it is already possible to verify significant values for the Absolute Error 45° Non-Dom (p = 0.045) and Relative Error 45° Non-Dom (p = 0.045) in CG and Relative Error 45° Non-Dom for IG (p = 0.018), as shown in Table 12. When the differences in periods between CG and IG were analyzed, no variable showed significant values (see Table 13).
TABLE 11 | Evaluation of difference between themselves, before and after intervention for JPS [median (AIQ)].
[image: Table comparing measurement errors before and after for CG and IG groups. Metrics include Absolute Error, Relative Error, and Variable Error at angles 45° and 20°, with standard deviations. Significance indicated by p-values; some marked with asterisks for p ≤ 0.05.]TABLE 12 | Statistical analysis before and after the intervention in both groups for JPS [median (AIQ)].
[image: Comparison table showing errors before and after for CG and IG groups. Includes absolute, relative, and variable errors at angles 45° and 20°, Dom and Não Dom. Significant results (p ≤ 0.05) are marked with an asterisk.]TABLE 13 | Data related to the comparison of the differences verified with the intervention between the two groups for JPS [median (AIQ)].
[image: A table comparing data between two groups, CG and IG, with associated p-values. Each row lists different variables with corresponding mean values and standard deviations for each group. For example, Dif_AE45D shows CG with -0.01 and IG with -3.00, and a p-value of 0.363. The table includes similar entries for other variables, with p-values ranging from 0.059 to 0.759.]FES
In Table 14, the FES variable did not show significant importance between the groups for the instant before and after the intervention. However, Table 15 shows p = 0.006 for the comparison between before and after for CG and p = 0.002 for the same correlation in IG. When this before and after difference (DifFES) are again compared between groups, the value obtained is above p ≤ 0.005 (p = 0.569), in Table 16.
TABLE 14 | Contrast of groups among themselves, before and after the intervention for FES [median (AIQ)].
[image: Table comparing functional exercise scores (FES) for control group (CG) and intervention group (IG) before and after treatment. Before treatment, CG scored 36.00 (26.00) and IG 35.00 (31.00), with a p-value of 0.927. After treatment, CG scored 29.00 (19.00) and IG 27.00 (14.00), with a p-value of 0.855.]TABLE 15 | Comparison results between before and after the intervention in both groups for FES [median (AIQ)].
[image: Table comparing FES scores before and after an intervention for two groups: CG and IG. CG scores decreased from 36.00 (26.00) to 29.00 (19.00) with p equals 0.006. IG scores decreased from 35.00 (31.00) to 27.00 (14.00) with p equals 0.002. Significance level is p less than or equal to 0.05.]TABLE 16 | Analysis of data related to verified differences in the intervention between two groups for FES [median (AIQ)].
[image: Table showing data comparison between groups. Under "Groups," CG has a value of -2.50 (10.50), and IG has -5.00 (15.00). The corresponding p-value is 0.569.]ABC
Tables 17–19 show the existing comparative relationships between the variables associated with the ABC scale. In Table 17, the comparison between the CG and IG for each period, do not show significant differences, regardless of the presence of sensorimotor exercises stipulated in the intervention group.
TABLE 17 | Statistical understanding between CG e IG, before and after the intervention for ABC [median (AIQ)].
[image: Table comparing ABC scores for control (CG) and intervention groups (IG) before and after an event. Before: CG 51.56 (55.78), IG 56.87 (42.81), p-value 0.767. After: CG 73.12 (40.47), IG 72.50 (28.13), p-value 0.716.]TABLE 18 | Comparison between before and after the intervention in both groups for ABC [median (AIQ)].
[image: Table showing ABC measurements for two groups, CG and IG, before and after an event. CG shows 51.56 (55.78) before and 73.12 (40.47) after, with p-value 0.095. IG shows 56.87 (42.81) before and 72.50 (28.13) after, with a significant p-value of 0.013 (p ≤ 0.05).]TABLE 19 | Analysis of data related to the ABC difference variable between groups CG and IG [median (AIQ)].
[image: Table comparing two groups, CG and IG, for DifABC values. CG has a mean of 1.56 with a standard deviation of 18.75. IG shows a mean of 5.62 with a standard deviation of 26.52. The p-value is 0.356.]Only in Table 18 is the significant value evident for the comparison between before and after for IG (p = 0.013), however the difference in values between groups in Table 19 did not show significant differences when comparing CG and IG with each other.
DISCUSSION
The main findings of the present study indicate that a correct interpretation of them, in accordance with previously published trials, can be considered to apply this knowledge to clinical practice.
Joint position sense
In this study, the intervention programs of both groups do not seem to have caused consistent changes in proprioceptive acuity. However, in the CG there were significant differences in the absolute error at 45° in the non-dominant limb and a significant decrease in the relative error at 45° in the non-dominant limb in both groups. These findings may suggest an increase in proprioceptive acuity at 45° for the non-dominant limb in both groups, which does not seem to be a result of specific sensorimotor exercises, but rather an improvement resulting from the exercise in a global way. In other words, physical activity can be considered as an important factor in maintaining proprioceptive acuity. It is supported by the study carried out by Ribeiro and Oliveira (2010) when referring to the importance of muscle action and muscle spindles as a source of sensory information (from 40° to 60°).
Accordingly, a study published by Liu et al. (2021) states that external stimuli (vibratory movement in the ankle, in the cited article) improved the proprioceptive performance of muscles in the non-dominant limb for a low performance group. The authors argued that the “stochastic resonance” concept, in which the brain manages to improve its responses to weak sensory stimuli as long as there is a certain intensity of noise (provocations that are captured by the sensory system), may have been responsible for the changes.
Additionally, the same authors argue that the existing laterality between the two cerebral hemispheres presents a difference in function and proprioceptive command between the right and left hemispheres depending on whether the limb is dominant or non-dominant. The non-dominant limb would be more related to position control, while the dominant limb would be more related to the movement trajectory, according to research also carried out by Wang and Sainburg (2006). They investigated the transfer pattern between the upper limbs following the adaptation to 30° visuomotor rotations in left and right handers. They concluded, therefore, that there is an asymmetry in the transfer between the dependent limbs related to the cerebral hemisphere. It is likely that in the current study, given the nature of the interventions in the experimental group, support and position control activities (non-dominant limb) were implemented.
On the other hand, Carzoli et al. (2022) reported in their study that nine training sessions for the hip abductors or ankle dorsiflexors in the non-dominant leg in elderly people were carried out. Participants revealed no changes in postural sway before and after any training intervention, as well as in Sit-To-Stand test, Timed Up-and-Go test or maximal voluntary contraction (MVC) torque.
Regarding the fact that the most consistent changes were verified in the evaluation at 45°, it is important to mention that the muscle receptors responsible for proprioceptive acuity in the knee are, according to Olsson et al. (2004), more active between 40° and 60° of flexion (intermediate ranges), while joint receptors are more active close to the range of motion limit (extreme ranges). Considering that strengthening exercises and sensorimotor exercises, due to their nature, may stimulate mainly muscle receptors, which may help understanding the present results.
Muscle strength
In the present study strength improved in both groups, which was expected considering that both groups included a strengthening program.
Due to the choice of exercise protocol aimed at muscle strengthening in both the control and intervention groups, it was noticed that there was a significant gain in strength in both. Orssatto et al. (2020) states that power training is effective for gaining functional capacity, strength and muscular power in older people.
The data from this study is also in agreement with the systematic review and meta-analysis published by Grgic et al. (2020), in which training using resistance is effective in improving muscle strength in the elderly, including those over 80 years old, in addition to gaining hypertrophy for many participants.
A meta-analysis and systematic review carried out by Carneiro et al. (2021) analyzed elderly people over 65 years of age hospitalized. They carrying out resistance protocols for possible gains in muscular strength, power and functional capacity in contrast to behaviors imposed by the medical team. These are: physiotherapy focused on walking recommended by doctors (Ortiz-Alonso et al., 2020; Sáez de Asteasu et al., 2020; Martínez-Velilla et al., 2021), breathing and stretching exercises (McCullagh et al., 2020), medical support and related professionals (Morton et al., 2007). It can be seen that resistant exercises were considered promising for strength, power and functional capacity in acutely hospitalized elderly people.
Lopez et al. (2018), confirms that despite a great heterogeneity in muscle strengthening protocols aimed at resistive training (frequency, sessions per week, number of repetitions, intensity, number of sets, among others) and their combinations with other multimodal exercises or not, it represents an effective intervention for the weaknesses present in the elderly.
Another study carried out by Amato et al. (2022) in elderly people with Parkinson’s disease when performing resistance training obtained significant results in manual dexterity, static and dynamic balance, reaction time, cervical range of movement, and reduction in bone loss. Considering that more research related to neurodegenerative diseases must be studied and published.
Although muscle strength training was bilateral, in our study, the results show that the dominant quadriceps was the only muscle group that presented significant between-group differences after the 12-week intervention. Considering the absence of significant differences in the improvements in muscle strength in both groups, we are not able to argue that the results in between-group comparisons after the intervention are a consequence of the intervention and further studies are needed to clarify this aspect.
Falls risk
The intervention group evidenced significant improvements in confidence to practice their daily activities and in the fear of falling. According to Yardley and Smith, (2002) these two conditions (fear of falling and loss of confidence) are important factors for the loss of physical function and social interactions, negatively impacting the elderly’s live.
The study of Sherrington et al. (2019) supports our findings, stating that the choice of exercise related to balance and functional exercises reduces the risk of falls by 24%. Nevertheless when resistance exercises were included, the reduction in the risk of falls improved by 34%. In agreement, Thomas et al. (2019) states that both muscle strength and balance training are effective methods for reducing the risk of falls in the elderly.
On the other hand, a study carried out by Wang et al. (2017) states that only muscle strengthening training with maximum loads, few repetitions in concentric contraction performed in elderly people, increases the efficiency of type II fibers (increase in size and percentage) for better physical functionality and prevention of falls, even without knowing the impact on muscle morphology.
Functionality
Regarding functionality, our findings are in agreement with the research of Carvalho et al. (2015) which reported significant differences for the TUG test, with worse results in elderly women with fall history. This is a widely used tool to assess the functional conditions of elderly people as risk of falls (Ortega-Bastidas et al., 2023). However, results for the SPPB test battery were not significantly different between groups.
Study carried out by Vieira de Moraes filho et al. (2020) on individuals with Parkinson’s disease (DP), between 50–80 years old, during 9 weeks, showed a reduction in bradykinesia and improved functional performance in patients with mild to moderate PD when it was applied a progressive resistance training (PRT). Significant time was noted by the group interaction for all functional tests (TUG, thirty-second chair stand test, and Ten Meters Walk Test; all p < 0.01) and Bradykinesia subscale (p < 0.01).
Moreover, Sousa and Sampaio (2005) reported a significant relationship between muscle strength improvements in lower limbs and the performance in TUG/Functional Reach tests, with the intervention group evidencing improvements in functional activities and prevention of falls, when compared to the control group. Moreover, the authors argue that both resistance and multifactorial training were effective in preventing falls, improving TUG and Functional Reach Test outcomes. Similar results were obtained in studies investigating the effects creative dance (CD) and Tai Chi Chuan as sensory inputs (Zhuang et al., 2014; Joung and Lee, 2019).
In contrast, Gschwind et al. (2015) analyzing video game technology as a sensorimotor stimulus for functional performance but have not reported significant differences resulting from interventions and between the intervention and control groups.
A great variety of exercises targeting the sensorimotor system can be found in the literature. However, clinical and methodological heterogeneity between protocols does not allow to establish a recommended exercise protocol.
Balance
Some studies on exergames (Nintendo Wii based on biofeedback, for example) have not been effective to increase balance in older adults (Jørgensen, 2014) but reported a high level of motivation and enthusiasm on the part of the participants in carrying out such an intervention. In their study, Torre and Temprado (2022) concluded that despite a high potential to improve cognition and the brain, more systematic studies on the subject are needed. Chu et al. (2022) report that despite being a very promising activity, more robust studies are needed to determine the effects of exergaming on physical health, as well as cognitive and quality of life outcomes. However, Janhunen et al. (2022) and Cikajlo et al. (2020) showed significant results about the importance of exergames for our physical health, included related to balance.
Treml et al. (2013), when analyzing the effectiveness of conventional proprioceptive training in the control group (trampoline, skateboard, board, swing and twist disc) and modified proprioceptive training (adapted and differentiated exercises) associated with the Nintendo Wii in the interventional group, have not reported significant changes in fear of falling (FES-I), and balance in the intervention group. Nevertheless, Ditchburn et al. (2020) support the potential of exergaming to alleviate pain and improve balance in older people with chronic musculoskeletal pain (range and standard deviation of Centre of Pressure -CoP- displacements in the anterior-posterior (AP) and medio-lateral (ML) directions).
In addition, Nascimento et al. (2012) reported that proprioceptive exercises improved balance in the elderly. Also supporting the benefits of proprioceptive exercises in older people are the results of Zheng et al. (2013), evidencing an improvement in balance and proprioception. Thomas et al. (2019) support the idea that balance is a multifactorial quality and should be stimulated by different types of physical activities after analysing eight articles in the quantitative synthesis in their systematic review.
Chittrakul et al. (2020) aimed to determine the effectiveness of a Multi-system Physical Exercise (MPE) for fall prevention and Health-Related Quality of Life in elderly people. The MPE program significantly increased muscle strength and improved proprioception, reaction time, and postural sway to prevent risk of falls. Considering that, according to them, the first cause of falls is usually balance impairment it is crucial to include balance and flexibility training, a resistance exercise strengthening program, and endurance training to improve physical fitness and reducing falls in the community-dwelling elderly (Hosseini et al., 2018; Pillatt et al., 2019).
In the same viewpoint, Donath et al. (2015), states that when muscle strength, resistance, balance and functionality are approached independently, improvements in sensorimotor, neuromuscular and cardiovascular systems are harder to achieve. Therefore, the importance of a multifocal intervention seems to be very promising for improving the quality of life of the elderly, reducing the risks of falls.
Some limitations must be considered when analyzing and interpreting the data. The study was carried out during the COVID-19 pandemic, in which circumstances associated with difficulties in accessing authorized locations for carrying out the research may have had a negative impact. The adaptation of the sphygmomanometer for measuring muscle strength, although commonly used in the literature, had a maximum measurement of 300 mmHg, which has limited strength measurements in few participants. Moreover, sample size, although not small, may have limited the robustness of the study results.
CONCLUSION
After presenting and discussing the results, it is possible to conclude that the sensorimotor exercise program in sedentary institutionalized elderly people improved balance (p < 0.001), positively impacting the confidence while performing daily activities (p = 0.013). Therefore, our findings suggest that sensorimotor exercises should be included in clinical practice. The protocol is easy to apply, low cost for preparing the whole circuit and this study prioritizes a complete program (considering time, frequency, relaxing time and a sequence of exercises. Besides, their respective steps). This will benefit both the applying professional and the elderly person in seeking results.
Additional well-designed studies with more robust samples and follow-up period are required to verify these results and to understand if, after the end of the intervention, the improvements are maintained in time.
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Aims: To investigate the association between socioeconomic position (SEP) and sensory impairments (SIs).
Methods: We used data from the China Health and Retirement Longitudinal Study (CHARLS) (2015). Logistic regressions estimated the odds ratio for associations of SEP with SIs. In addition, Mendelian randomization (MR) analysis was conducted to assess the causal relationship between them with the inverse variance weighting (IVW) estimator. MR-Egger, simple median, weighted median, maximum likelihood, and robust adjusted profile score were employed for sensitivity analyses.
Results: In the observational survey, we enrolled 19,690 individuals aged 45 and above. SEP was negatively associated with SIs. Adjusted odds of vision impairment were higher for illiterate (1.50; 95%CI: 1.19, 1.91), less than elementary school diploma (1.76; 95%CI: 1.39, 2.25), middle school diploma (1.53; 95%CI: 1.21, 1.93) and lower income (all p < 0.001). The odds of hearing impairment were significantly higher for people with less than a high school diploma than those with a college degree or higher diploma, for agricultural workers than non-agricultural workers, and for people in low-income families (p < 0.01). The MR analysis also showed that occupation was associated with HI (1.04, 95%CI: 1.01, 1.09, p < 0.05) using IVW.
Conclusion: We found that both observational and causal evidence supports the theory that SEP can result in SIs and that timely discovery, targeted management, and education can prevent SIs among middle-aged and older adults.

Keywords
 Mendelian randomization study; visual impairment; socioeconomic position; hearing impairment; sensory impairment


Introduction

Sensory impairments (SIs), including vision impairment (VI) and hearing impairment (HI), are chronic functional impairments associated with aging (1). In the world, more than one-third of all people over 65 suffer from HI, and approximately 80% of people suffering from HI or more than mild VI are over 50 (2). There is a severe problem of aging society in China. The incidence of SI there has grown faster than in other G20 countries (3). From 19.65 million in 1999 to 45.92 million in 2019, Chinese adults with moderate VI have doubled. It is estimated that 68.62% of older adults with a mean age of 69 had moderate or severe hearing loss, according to a hearing survey conducted in China in 2019 (4). The prevalence of VI in urban and rural areas was 0.58 and 1.15%, respectively, with significant statistical differences (5). About 16 ~ 24% of HI can be attributed to occupation-related factors (6). SIs are essential public health problems in China, with substantial regional and occupational variations in prevalence (7).

The relationship between health and socioeconomic position (SEP) has been observed in many countries (8). An individual’s SEP is determined by their education level, occupation tier, personal income and wealth, and household income and wealth. Indeed, the lower the SEP of an individual, the poorer their health across global society (9). Increasing pieces of evidence from Western countries have indicated that low SEP significantly increases the risk of onset of SIs (10–15). Only a few observational studies have been conducted on SIs in China (16–19), and they identified that SIs are linked to poverty and geographic location. Since existing literature consists only of cross-sectional and regional studies with no indication of directionality (16), the relationship between SEP and SIs is not thoroughly investigated.

It remains to be determined if SEP plays a role in the differential prevalence of SIs in different provinces and even countries. Due to logistical issues and costs, conducting randomized controlled trials can take time and effort. In addition, traditional observational studies can make it difficult to quantify causal effects due to residual confounding and reverse causality (20). Mendelian randomization (MR) is an alternative means of determining causality. MR employs genetic variants to explore association and causation, which can overcome some of the limitations of observational studies and establish a causal relationship between SEP and SI risk (21). The genetic variants used as instrumental variables (IV) confirm the credibility of the MR study (22). The genetic variants, also named single nucleotide polymorphisms (SNPs), were used as IVs for exposures of interest. In this approach, alleles are randomly assigned, so reverse causality and unmeasured confounding factors are less likely to influence the results (23). In general, the results of MR studies are consistent with the results of randomized clinical trials (24). Further, using summary statistics from a genome-wide association study (GWAS), MR designs increase causality inference’s statistical power (25). To our knowledge, no MR Studies have evaluated the association between SEP and SI.

Therefore, considering the limited evidence on this topic among the middle-aged and older Chinese population and the complex relationship between SI and SEP, a national representative dataset from the China Health and Retirement Longitudinal Study (CHARLS) in 2015 was used to expand the currently available literature. MR methods were used to extend observational association to causal association to address previous research limitations and prevention strategies.



Materials and methods


Study design and data sources

Data from the China Health and Retirement Longitudinal Study (CHARLS) were drawn from 28 provinces in mainland China, based on multistage probability sampling and face-to-face interviews. It focuses on socioeconomic status, health, and community activities (26). A baseline survey of approximately 17,000 respondents was conducted between 2011 and 2012, followed by three follow-up interviews in 2013, 2015, and 2018. In this study, we utilized data from the third wave of the 2015 survey, which had a sample size 21,095. After excluding respondents with critical missing information, 19,703 respondents were included in the cross-sectional analysis (Figure 1). The ethics approval number was IRB00001052-11015, and all participants provided written informed consent for CHARLS.
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FIGURE 1
 Forest plot of Mendelian randomization for the relationship between occupational attainment and hearing impairment. The random effects inverse-variance weighted (IVW) method was utilized in the main MR analyses. MR-Egger regression, the weighted median, simple mode, and weighted mode were performed as complementary analyses.




Sensory impairment

In CHARLS, a single question was used to assess HI: “Is your hearing excellent, very good, good, fair, or poor?” (with a hearing aid if you usually use it and without if you do not).” HI was categorized as having fair or poor responses to this question. Two questions were used to evaluate VI (1): “How good is your vision for seeing things at a distance (with glasses or corrective lenses), like recognizing a friend from across the street?” (2) “How good is your vision for seeing things up close (with glasses or corrective lenses), like reading ordinary newspaper print?” If the respondent reported fair or poor vision (far or near vision), we classified them as VI.



Socioeconomic position

We use the most traditional indicators of SEP, including occupation status, education level, and annual per capita household expenditure, which have proved very useful in describing and evaluating health inequalities (27). The occupation was operationalized as a dichotomous variable. Rather than categorizing people based on their current employment status (given that some people were retired), it was done based on their lifetime profession: People who have exclusively performed agricultural work (without any nonagricultural work for >10 days) throughout their lives were categorized as being involved in agricultural work; Individuals who have worked non-agricultural jobs for more than 10 days (regardless of whether they have worked agricultural work as well) were classified as non-agricultural workers. Education attainment in this study was measured as an interval variable ranging from 1 to 5. The education level is 1 (illiterate), 2 (sishu/home school and below), 3 (elementary school), 4 (middle school), and 5 (high school or above) (28); A higher score was indicative of higher education attainment (29). The net post-tax income for each household was calculated based on the household income (shared by the sample individuals in the same household). Households’ total annual income includes wages, bonus incomes, or pensions from household members, as well as income from agricultural, self-employed activities, public transfer, and other types of transferred sources (such as parents, children, and relatives). We calculated household per capita income by dividing total household income by the number of members in the household (28).



Potential covariates

Age (continuous variable), sex (male or female), marital status, smoking status, drink status, and self-reported history of chronic diseases were selected as covariates. Marital status represented whether respondents lived alone or were accompanied. Respondents who were separated, divorced, widowed, or never married were classified as “living alone,” while those who were married or cohabitated were classified as “living with a partner.” Depending on the category of smoking, participants may be current or former smokers, while the category of drinking indicates how often they drink alcohol: none, less than once a month, or more than once a month.



Two-sample MR analysis

In the study, 3 phenotypes were grouped into SEP, including occupational attainment, educational attainment (years of education), and total household income (average total household income before tax). The genetic instruments for the 3 phenotypes were obtained from publicly available summary-level data. The education-related and income-related phenotypes were obtained from the IEU OpenGWAS database,1 a database of 245,322,865,636 genetic associations from 42,335 GWAS summary datasets, for querying or download. The phenotypes of occupational attainment were obtained from the GWAS Catalog database.2 Hence, the final datasets included 248,847 individuals for occupational attainment (9,566,222 SNPs), 461,457 individuals for educational attainment (11,972,619 SNPs), and 397,751 individuals for household income (9,851,867 SNPs) (30). Summary statistics for VI (visual impairment including blindness: binocular or monocular) and HI (age-related hearing impairment) were also obtained from the IEU OpenGWAS database. GWAS datasets obtained in our study included 16,380,453 SNPs for VI from 211,769 individuals (903 cases and 210,866 controls) and 10,858,770 SNPs for HI from 330,759 individuals (31). A valid instrumental variable satisfies three assumptions: (1) relevance assumption: it should be strongly associated with the outcome (sensory impairment); (2) exchangeability assumption: it should not share common causes with the outcome (sensory impairment); and (3) exclusion restriction: it influences the outcome only via its effect on the exposure.

We acquired independent genetic variants strongly associated with SEP (p < 5 × 10–8) by clumping SNPs with linkage disequilibrium (LD) r2 > 0.001 at a window size of 10,000 kb. Following this, SNPs were filtered according to the following procedures: (a) Multiple phenotypic SNPs were discarded to avoid the pleiotropic effect; (b) After extracting the SNPs from the GWAS data for outcomes (VI, HI). Following that, we performed SNP filtering according to a series of steps: (a) SNPs associated with more than one phenotype were discarded, and (b) we extracted SNPs from GWAS datasets (VI, HI). After removing all SNPs associated with outcomes at genome-wide significance. (c) We homogenized exposure-outcome datasets to remove strand-ambiguous SNPs with intermediate allele frequencies (AF > 0.42). (d) The MR-pleiotropy residual sum was utilized to detect and eliminate SNPs with potential pleiotropy at the threshold of p < 0.05. No proxy SNPs were used as IVs in MR analysis. The random effects inverse-variance weighted (IVW) method was used to estimate causal effects. We performed MR-Egger regression as complementary analyses, the weighted median, simple mode, and weighted mode. Specific methods can provide valid evidence for different circumstances. For sensitivity analysis, heterogeneity test (Cochran Q test), pleiotropy test (MR-Egger intercept test), and leave-one-out analysis were performed to evaluate the stability of these genetic variants on occupation-related traits.



Statistical analysis

Baseline data was presented as mean ± standard deviation for continuous variables and number for categorical variables. The differences in baseline characteristics between groups were compared using χ2 analysis for categorical variables and analysis of variance or Mann–Whitney U tests for continuous variables. Logistic regression was applied to analyze the association of SEP and SIs. The results are presented as a multivariable-adjusted odds ratio (OR) and 95% confidence interval (CI). Potential covariates included in the multivariable-adjusted model were age, gender, marital status, smoking, drink status, and chronic diseases. Statistical analyses were conducted using SPSS software (V.26.0), and p < 0.05 was considered statistically significant. The MR study was conducted in R version 4.1.2 (R Development Core Team, Vienna, Austria) using the “Two-Sample MR” R package version 0.5.6.




Results


Observational analysis

Table 1 shows the baseline characteristics of participants in 2015 according to different sensory statuses, including VI and HI. The mean age of participants was 59.16 (SD = 10.21) years, and 52.6% of the participants were female. About 68.4% reported VI, and 63.2% reported HI. HI and VI were more common among older, female, less educated, less income, engaging in non-agricultural work, and living in rural areas. People who have sensory impairments also have less alcohol and tobacco consumption. And they are more likely to suffer from multiple diseases.



TABLE 1 Baseline characteristics of study respondents.
[image: A table presents data on demographic, health, and socioeconomic characteristics for total, NHI/HI, and NVI/VI groups. Categories include age, gender, marital status, smoking and drinking habits, education, occupation, and income, with associated percentages and p-values indicating statistical significance.]

Table 2 shows the regression analyses. It showed that some SEP indicators were associated with VI, including education attainment and income; even after adjustment for all covariates. For example, people with VI were poorer (all p < 0.001). The prevalence of VI was higher among illiterate people (OR = 1.923, 95%CI: 1.535–2.409, p < 0.001), elementary school graduates (OR = 2.098, 95%CI: 1.664–2.645, p < 0.001), middle school graduates (OR = 1.683, 95%CI: 1.337–2.119, p < 0.001) and high/vocational school graduates (OR = 1.354, 95%CI: 1.063–1.725, p < 0.001). But the association was no longer significant between people with high/vocational school education and college graduates after further adjustment for health covariates. In addition, the prevalence of VI was not statistically obvious among different occupation.



TABLE 2 Logistic regression model was used to describe the correlation between sensory impairment and socioeconomic position.
[image: A table showing socioeconomic position (SEP) indicators with odds ratios (OR) and confidence intervals (CI) across different models (Model 1 to Model 3) for education attainment and occupation. Education levels range from illiterate to college and above, and occupation categories are agricultural and non-agricultural work, along with income. Significant values are marked with asterisks, indicating different levels of statistical significance. The table notes the adjustments made in each model for demographic and health factors.]

The regression analyses also shows that all SEP indicators were associated with HI, even after being adjusted for multiple confounders (Table 2). HI was more prevalence among people from poor, low-education and agricultural work. For example, agricultural workers had significantly higher odds than non-agricultural workers (OR = 1.099, 95%CI: 1.024–1.179, p < 0.01). Odds of HI were significantly higher among people who were high/vocational school graduates (OR = 1.457, 95%CI: 1.144–1.855, p < 0.01), middle school graduates (OR = 1.958, 95%CI: 1.555–2.465, p < 0.001), those only with elementary school education (OR = 2.687; 95%CI: 2.121–3.388, p < 0.001) and those who were illiterate (OR = 2.782; 95%CI: 2.219–3.488, p < 0.001) than among college graduates. Respondents from poor households had significantly higher rates of hearing impairment than those from high-income families (p < 0.001). Adjustment for all covariates did not alter the results for education attainment, income, and occupation, which remained significant.



Two-sample MR analysis

Among three phenotypic studies we conducted (e.g., educational attainment, average total household income before tax, occupational attainment), a modest causal relationship was found between occupational attainment and HI (OR = 1.04, 95%CI: 1.01, 1.09, p = 0.025) (Figure 1). Supplementary Figures S1, S2 show the scatter plot and the funnel plot. A total of 1,319 SNPs that are strongly associated with occupational attainment at the threshold of statistical significance (p < 5*10−8) were selected to be IVs. We used a clumping process with the European population to remove bias from LD (R2 < 0.001, kb = 10,000). Seven SNPs with intermediate allele frequencies palindromes were also removed.

We finally left 29 SNPs for the analysis of occupational attainment and HI (Supplementary Table S1). The Cochran’s Q test for sensitivity analysis demonstrated no significant heterogeneity for the causal effect of occupational attainment on HI (Q-pval >0.05). We found no influence of pleiotropy on our results (p = 0.26). Finally, the leave-one-out sensitivity analysis verified the stability of the causal inference (Figure 2). The relationship between education and average total household income before tax with HI was not observed, however. No causal relationship was found between the three SEP phenotypes with VI.

[image: A leave-one-out sensitivity analysis plot for age-related hearing impairment, displaying single nucleotide polymorphisms (SNPs) such as rs2806047 and rs7787596 on the y-axis, with corresponding effect estimates on the x-axis. Each SNP is represented by a point with a horizontal line indicating the confidence interval. The overall analysis result is depicted by a red line at the bottom.]

FIGURE 2
 Leave-one-out plot of the effect of occupational attainment on hearing impairment in an MR analysis.





Discussion

As far as we know, this is the first study to provide explicit evidence of the association between SEP and SI in a middle-aged and older Chinese population based on a nationally representative survey and MR analysis. In observational analyses, we found that more than one-half of Chinese individuals who were over 45 years old suffer from SI. HI was associated with household income, educational attainment, and occupation even after being adjusted for all covariates. Household income and educational attainment were consistently related to VI after adjustment. No correlation was found between occupation and VI.


Educational attainment

Our results showed that educational attainment was inversely associated with VI and HI after adjustment of all related confounders. Lots of cross-sectional studies from different countries indicated a strong, inverse association between education and VI even after adjustment for demographic and behavioral factors (32–34). For example, a study from China showed that a higher educational level was significantly associated with a lower prevalence of VI (35). The negative association was more significant in patients with diabetes from a study in the western Asian region (36). For HI, studies that extracted audiometric measurements from the National Health Interview Surveys 2007 to 2010 waves demonstrated an inverse association between education and HI (10).

A study of the US population found that respondents with more than a high school education have a 70% lower chance of bilateral hearing loss, a 40% lower chance of unilateral hearing loss, and a 50% lower chance of high-frequency hearing loss than respondents without after adjustment (37). The reason for this association may be that the lower the educational attainment, the lower the self-consciousness of VI and HI. Consequently, it is hard to perform timely intervention of SI at an early stage. We found, based on the present study, that the Chinese population, the lower the education level, the greater the risk of SIs.



Household income

According to our observational analyses, household income was inversely associated with VI and HI. Such associations remained robust even after being adjusted for various confounders. These findings were consistent with two nationally representative studies among American people and Korean adults (10, 38). A strong negative association was found in 190 countries between prevalence rates of VI and national socioeconomic level of development which is measured by gross domestic product per capita (39). We also noticed another related study from Japan which reported medium, but not high, household income may be associated with a lower prevalence of HI only in men (40). The prevalence rate of HI is higher in rural areas of China than in economically developed cities (3). However, in another Chinese cross-sectional study of 25,860 working-aged adults (12,804 men and 13,056 women) aged 25–59 years, income was not related to HI (41). The possible reason for such a situation might lay in the fact that the higher-income population would avoid the risk of VI through regular eye examinations, the use of assistive devices such as glasses and portable magnifiers, and surgical procedures (11). On the contrary, interventions such as wearing hearing aids to improve hearing could result in difficulties in manipulating, and poor sense of use which might result in a lower use of hearing aids than expected among the Chinese population (41–43). Therefore, these subjective factors might also need to be taken into account.



Occupation

We found that occupation has a negative association with HI, which was consistent with other studies among American people and Chinese adults (10, 41, 43). Some studies have mainly attributed this association to occupational noise exposure (45), but others have found that noise exposure was not associated with the 10-year incidence or progression of HI (46). They suggest this may be due to the potential protective effects of variable noise exposure typical in most occupations and the detrimental effects of loud occupational noise exposure. So, longitudinal studies of younger adults may be necessary to elucidate this issue.

We did not find that occupation is related to VI. We firmly believe that our results are correct. The possible explanation is that the mode of Chinese agricultural production has been changing from manual to mechanized production with the rapid economic development and industrialization, which reduced farmers’ exposure to some environmental risks, such as weather, chemicals, plants, and crops that can result in eye injuries (47). Besides, some people are the breadwinners in their families who bear the main economic burden and may have several jobs at once in China. There is a portion of blue-collar workers among non-agricultural workers who are also exposed to some risk factors of VI. The occupational status of the Chinese older adult population may be more complex than in Western countries. There are still few relevant studies in China, and we are the first to explore the association between occupation and VI, waiting for other studies to verify us in the future.



Mendelian randomization study

The associations found by observational epidemiological studies are insufficient to support causal relationships, as confounding or other forms of bias can cause them (48). Therefore, we conducted MR analysis to comprehend the impact of exposure on outcomes by analyzing genetic variants closely related to exposure. Due to genetic variation being inherited randomly by parents, many factors that might interfere with exposure-outcome relationships cannot affect genetic variation. As genetic variants are generally unaffected by outcomes, reverse causation is not an issue. MR thus offers an opportunity to study the relationship between exposures and outcomes while reducing the potential bias caused by confounding and reverse causation (49). Population-averaged estimates from our genetic analyses suggest that occupation and HI had a causal relationship. Previous studies indicated that harmful occupational exposures, such as high levels of noise, can lead to HI in farmers and construction workers (50, 51). The association between HI and occupation persisted even after adjusting for various confounding factors in the first part of the observation study. The relationship is further strongly demonstrated in MR analysis which needs us to be cogitative. In contrast to some observational studies, we found no causal relationship between other SEP indicators and SIs. Perhaps the disparity is due to the uncontrolled confounding factors in the first part. No causality in the MR may be the low statistical power resulting from the low phenotypic variance from the genetic variants.



Strengths and limitations

The study has several strengths. First, it is a national study with a large sample size, which means that its findings may be generalizable to the whole country. Second, with data from a national representative investigation in China and MR analyses, this is the first study to explicitly demonstrate an association between SEP and SI among middle-aged and older Chinese populations. Although we carried out comprehensive approaches to profile the relationship between the SEP and SIs, there are still several limitations. Firstly, even though self-reports of SIs have been used in numerous population-based studies (52), a potential bias might result if respondents were misclassified as having SIs or not. It was not assessed whether participants’ assistive devices (e.g., hearing aids, glasses, portable magnifiers) were sufficient to correct their vision or hearing. Despite this, the questionnaire reflects their real-world subjective assessments of their vision or hearing status. Secondly, there are fewer instruments for the MR study, which may introduce weaker instrumental bias and lower statistical power. Lastly, MR results were based on GWAS in participants of European descent, so it is unclear if they apply to other populations as well.




Conclusion

In summary, the present study provides explicit genetic evidence that occupation has a causal relationship with HI which further substantiates the results of the observational study. Our results have implications for the interpretation of epidemiological causes and possible etiological understanding of SIs, and potential disease prevention strategies.
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A virtually supervised exercise program improved fitness and mental wellness in healthy and comorbidity older adult individuals during the COVID-19 pandemic
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Background: The COVID-19 pandemic affected older adults worldwide. Sedentary older adults experienced more severe adverse health effects due to their shelter-in-place. Physical activity was strongly recommended during periods of social distancing. The present study evaluated the impact of a virtually supervised exercise program on the physical fitness and mental health of Mexican older adults during the pandemic’s lockdown.
Methods: Participants were 44 older adults who were assigned to one of four physical fitness groups: a healthy control group (Ctrl-H, n = 15), a comorbidity control group (Ctrl-COM, n = 9), an exercise group without comorbidities (Exe-H, n = 11), and an exercise group with comorbidities (Exe-COM, n = 9). The participants engaged in a 60-min, virtually-supervised concurrent exercise session three times/week for 12 weeks. Fitness was measured using the online Senior Fitness Tests and the 4-m Gait Speed Test. Mental health was evaluated through virtual interviews using the Hamilton Depression Rating Scale, the Geriatric Depression Scale, and the Connor-Davidson Resilience Scale. Within-subject pre vs. post-intervention comparisons tested for significant differences, between-groups and over time.
Results: Significant interactions were found in the scores of the Geriatric Depression Scale (p ≤ 0.0001; ηp2 = 0.35), the Hamilton Depression Scale (p ≤ 0.0001; ηp2 = 0.35), resilience scores (p ≤ 0.0001; ηp2 = 0.46), lower-body strength (p ≤ 0.0001; ηp2 = 0.32), timed up-and-go test (p = 0.018; ηp2 = 0.18), the 6MWT distance scores (p ≤ 0.0001; ηp2 = 0.39), and the 4-m gait speed test scores (p = 0.011; ηp2 = 0.20).
Conclusion: A long-term virtually-supervised exercise program conducted during the COVID-19 lockdown period led to marked improvements in both the fitness and mental health of older Mexican adults. Comorbidities did not diminish these benefits. These findings provide empirical support for online exercise programs in the daily routines of older adults to make clinically meaningful improvements in both physical and mental well-being.
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Introduction

SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus-2) spread worldwide quickly (1–3), with more severe SARS-CoV-2 cases reported more frequently in older adults and people with chronic diseases (hypertension, type 2 diabetes, cardiovascular diseases, and comorbidity patients) (4).

COVID-19 was a whole-body infection that affected the brain, heart, insulin regulation, and other organs, thus exacerbating chronic disease (5, 6). Health systems around the world implemented preventive medicine strategies that included widespread shelter-in-place commands, quarantine, and limiting participation in outdoor activities, including sports, and exercise. Public gatherings and travel were severely curtailed. During that time, many public health officials highlighted that social distancing and isolation would also induce an inactive and sedentary behavior lifestyle, thus having deleterious downstream effects on physical fitness and mental health (2, 7, 8). Moreover, it is well known that the social distancing impact negatively on the life quality (including emotional health), in older adults with comorbidities (9, 10, 11), additionally authors have previously identified and suggested bidirectional association among diabetes, and cardiovascular diseases with mood disorders in adults and older adults (12, 13). On the other hand, in older adults, the sedentary behavior facilitates body weight gain, harms the function of the cardiovascular system, impairs the immune system responses, and increases the risk of suffering psychological and mental disorders (e.g., depression, psychological stress, and anxiety) and low resilience (14–16). Likewise, authors have previously identified that the sedentary behavior is a strong independent risk factor to suffer cardiovascular diseases in older adults with diabetes (17). The previous information emphasizes the need to practice physical activity in healthy and commorbidiy older adults, this kind of intervention was widely recommended throughout social distancing (9, 18–23), the recommendations included practice aerobic exercise (e.g., walking) complemented by balance and strength exercises (21, 23). Despite the widespread implementation of these recommendations, there is scant empirical data on the long-term impact of PE sessions using virtual supervision.

The current study assessed the impact of a virtually-supervised exercise training program during COVID-19 quarantine. We collected outcomes data change in physical fitness and mental health in healthy Mexican older adult controls compared to matched patients with comorbidity chronic disease. We hypothesized that a home-based exercise program, supported by virtual supervision, would induce positive physical fitness and mental health outcomes in all individuals; however, older adults with comorbid chronic disease would benefit most.



Methods


Study design and sample size

The current project followed a pragmatic clinical trial (non-random assignment) performed using virtual tools such as Facebook, WhatsApp, and Google Meet. The sample size comprised 44 older adults. First, the researchers advertised the project through a Facebook social media message. The interested people attended a video virtual meeting (Google Meet) to receive detailed information about the procedures and the aim of the study. Second, all interested individuals signed an informed consent (Google Forms). We assigned older adults to a control group (total sample = 24) subdivided into two groups: Healthy control (Ctrl-H, n = 15) individuals with no reported disease, and a Comorbidity control (Ctrl-COM, n = 9) group that included participants with self-reported hypertension, diabetes, or hypertension/diabetes. Both groups did not attend the training program; they were allowed to practice PE according to their lifestyle. Third, a training group (total sample = 20), included two groups: Exercise-Healthy (Exe-H, n = 11) individuals (no self-reported comorbid disease) and Exercise comorbidity (Exe-COM, n = 9) who reported hypertension, diabetes, or hypertension/diabetes. The exercise groups attended a combined concurrent exercise training program (12 weeks, three times per week) with virtual supervision. The study was completed between February and April 2021 and the protocol was approved by the Research Ethics Committee of the Facultad de Medicina y Psicología Campus Tijuana de la Universidad Autónoma de Baja California, México. The protocol was registered under the code 889/2020–2.



Cognitive testing, depression and resilience measurements

Questionnaire completion was supported by staff trained in Google Forms. The depression and anxiety symptom inventories completed by the individuals were the Hamilton Depression Scale of 17 items (HDRS) (24). The HDRS was previously identified as a tool with good internal consistency (Cronbach’s alpha = 0.789) (25), and the Geriatric Depression Scale 15 items (GDS-15) (26, 27), the GDS is a valid method to assessing depressive symptoms in Hispanic and Latin American population, having cutoff of 4 to define a depressive condition in the individuals (28). The global cognition was assessed by the Mini-Mental State Examination [MMSE; Cronbach alpha for Mexican-American (Spanish Interview) = 0.83] (29). The HDRS, GDS, and MMSE are neuropsychological tools used in Mexican older adults (30). Finally, resilience was measured by the Connor Davidson Resilience Scale (CD-RISC) (31), an instrument used in the exercise training intervention (32), and validated in Spanish language (Cronbach’s alpha = 0.79) (33, 34). The cut off score for CD-RISC has not been established yet, however, it is well known that a higher CD-RISC score reflects a high resilience level (31). Each questionnaire was supported by staff trained in Google Forms. During the questionnaire design, the researchers team made several trials about the hyperlink of neuropsychological testing, and answered those, checking if the collected information was saved in a particular database (Excel file). Once revised that hyperlink of neuropsychological testing, and the data base was correctly, the researchers shared the questionnaire to the participants who were supervised by trained staff using a synchronous virtual meeting strategy. The study’s design is presented in Figure 1.

[image: Flowchart of a randomized study with 66 participants assessed for eligibility, 12 excluded. Fifty-four randomized into four groups: Control-Healthy (15), Control-Comorbidity (9), Exercise-Healthy (14), Exercise-Comorbidity (14). Follow-up shows no loss or discontinuation in control groups. Exercise groups had loss due to no internet connection or lack of interest. Analysis included all participants, with no exclusions.]

FIGURE 1
 Flow diagram. Ctrl-H, Control Healthy Group; Ctrl-COM, Control Comorbidity Group; Exe-H, Exercise-Healthy Group; Exe-COM, Exercise Comorbidity Group; HDRS, Hamilton Depression Scale; GDS, Geriatric Depression Scale; MMSE, Mini Mental State Exam; CD-RISC, Connor Davidson Resilience Scale, YPAS, Yale Physical Activity Survey (h·wk. − 1).




Physical fitness assessment

Remote assessments (through Google Meet) physical fitness was assessed with the Senior Fitness Test (SFT) (35), for this, we followed the methodology previously published for online testing (36–38). In brief, the webcam was positioned in front of each participant during the test. The SFT battery was demonstrated by a licensed instructor in practice, and the participants were asked to repeat the exercises. In order for the exercises to be perfectly performed, the corrections were performed by the instructor when necessary. The physical fitness tests were performed following this order:

The 30-s chair test consisted of performing the maximum number of standing movements for 30 s from and sitting in a chair of 45 cm height approximately to measure lower-body strength. The Curl Up Test: Consisted in perform the maximum number of biceps curl-ups using a water bottle (2.25 kg for women and 2.0 kg for men) during 30 s to measure upper-body strength. The 8-foot timed up-and-go Test (TUG): was used to measure dynamic balance the participants were seated in a chair. A bottle of water was placed 2.44 m in front of the front edge of the chair. The participant walked as soon as possible through the bottle of water to get back to the chair and the time was recorded. The timed 4-meter Gait Speed Test: was recorded is a test considered a good measure of disability and a predictor of poor clinical outcomes in older adults, the static 4 meter test was performed in the backyard or front yard, or on the sidewalk to have the space necessary to perform (39, 40). To carry out the test, a flat route free of obstacles was identified, and 4 m were marked with adhesive tape. The participant stood with his toes touching the starting line. Subsequently standardized instructions were given: “walk to the line marked by the adhesive tape, walk in your usual gait speed and come to a sudden stop when yo have reached the cone ready … start.” Stopwatch timing began when the participant began to move. Timing stopped when the first participant’s foot completely crossed the 4 m line (41, 42). Members of the research team (name’s initials will be disclosed following peer review) supervised and trained staff using a synchronous virtual meeting strategy. Additionally, at the begin of the study, the Yale Physical Activity Survey (YPAS) was used to determine the physical activity levels in the participants. The YPAS is a questionnaire validated in Spanish language (43).



Exercise protocol

All virtual exercise sessions were supervised by researchers and trained staff through Google Meet video calls. Each session lasted 60 min and consisted of a warming-up (10 min), a main workout (40 min), and a cool-down (10 min). During warm-up, passive stretching, and mobility exercises were performed. The main workout included basic aerobic exercises such as walking inside the house twice (5 min walk and 1 min rest), five times high knees (30 s and 30-s rest), five times side steps (30 s and 30-s rest), and five times leg curl (30 s and 30-s rest).

The strength exercises involved a chair stand, biceps curls, one-arm row, and triceps extensions using water bottles (1–2 L), wall push-ups, leg extensions, standing heel raises, standing kickbacks, and abdominal crunches. For the cool-down, passive stretching exercises were performed. All the exercises were performed at moderate intensity (i.e., Borg’s rating of perceived exertion Scale from 6 to 20) where the participants had to reach an intensity between 12 and 14 points (44), for the last, the researchers made adjustment in the number of repetitions.



Statistical analysis

Descriptive statistics are presented as the mean and standard deviation (M ± SD) unless otherwise noted. The intention-to-treat analysis approach was used in this study, given the drop-out of participants in the exercise groups (3 in the healthy and 7 in the comorbidity group). According to Little (45), we determined that missing data were generated completely at random (MCAR). Thus, we first used the mean imputation method, where the dependent variable of interest’s arithmetic mean in the post-test scores recorded was imputed to the post-test participant’s missing values (46). Then, we computed inferential statistics, including 4 × 2 mixed ANOVA tests (4 groups x 2 measurements) for physical and cognitive variables. Third, we conducted a sensitivity analysis using the median imputation method to assess the robustness and reliability of the results. The Least Difference Significant (LSD) post hoc test followed significant ANOVA interactions, and the 95% confidence intervals (CI95%) for the mean differences are presented. Finally, the effect size (ES) was estimated by partial ηp2 and Cohen’s d. The ηp2 ES was interpreted as trivial (0.01–0.059), medium (0.06–0.139), and large (≥ 0.14), and Cohen’s d as trivial (< 0.2–0.49), medium (0.5–0.75), and large (≥ 0.80) (47). The overall statistical significance was set a priori at p < 0.05. Statistical analyses were performed with the IBM-SPSS program (IBM Corp., Armonk, NY, United States), version 26.0.




Results


Baseline characteristics

Descriptive statistics for the participants using two methods of imputation for the intention-to-treat analysis are sown in Table 1. The sensitivity analysis is shown by using different imputation scenarios and ANOVA interactions to assess the robustness of results. ANOVA interaction p-values were similar in all but one variable (i.e., upper-body strength) when using the mean and the median imputation.



TABLE 1 Descriptive statistics using two methods of imputation for the intention-to-treat analysis.
[image: A table presenting data on various physical and psychological measurements in four groups: Comorbid control, Healthy control, Comorbid experimental, and Healthy experimental. The table includes pre-test and post-test results for lower-body strength, upper-body strength, trunk flexibility, arm flexibility, timed up-and-go, 6MWT (six-minute walk test), four-meter gait speed, geriatric depression scale, Hamilton depression scale, and resilience. Results are shown with means and standard deviations. Two imputation methods are used: arithmetic mean and median, with p-values for interaction between measurements and groups, measurements pre-test vs. post-test, and group comparisons.]



Psychological profile

No significant statistical group by measurements interaction was found the Mini-Mental State Examination (p = 0.162; ηp2 = 0.10). A statistically significant group by measurements interaction was found in the scores of the Geriatric Depression Scale-GDS score (p ≤ 0.0001; ηp2 = 0.35). Follow-up analysis showed a reduction in depression scores in the Exe-COM group (p ≤ 0.0001, CI95% = −1.72, −3.97 pts.), and the Exe-H group (p ≤ 0.0001, CI95% = −2.14, −3.98 pts.). There were significant mean differences in the post-test scores between the Ctrl-COM and the Exe-COM group (p ≤ 0.0001, CI95% = 2.04, 4.65 pts.), the Ctrl-COM, and the Exe-H group (p ≤ 0.0001, CI95% = 1.46, 3.87 pts.), the Ctrl-H and Exe-COM group (p ≤ 0.0001, CI95% = 2.22, 4.62 pts.), and the Ctrl-H and Exe-H group (p ≤ 0.0001, CI95% = 1.77, 3.83 pts.; Figure 2A). A statistically significant group by measurements interaction was found in the scores of the Hamilton Depression Scale (p ≤ 0.0001; ηp2 = 0.35). Follow-up analysis showed a reduction in depression scores in the Exe-H group (p ≤ 0.0001, CI95% = −2.53, −4.94 pts.). There were significant mean differences in the post-test scores between the Ctrl-COM and the Ctrl-H group (p = 0.027, CI95% = 0.31, 4.72 pts.), Ctrl-COM and the Exe-COM group (p = 0.001, CI95% = 1.90, 6.52 pts.), the Ctrl-COM and the Exe-H group (p ≤ 0.0001, CI95% = 3.26, 7.54 pts.), and the Ctrl-H and Exe-H group (p = 0.003, CI95% = 1.06, 4.72 pts.; Figure 2B). A statistically significant group by measurements interaction was found in the resilience scores (p ≤ 0.0001; ηp2 = 0.46). Follow-up analysis showed an increased resilience in the Exe-COM group (p ≤ 0.0001, CI95% = 2.49, 6.75 pts.) and the Exe-H group (p ≤ 0.0001, CI95% = 5.61, 9.08 pts.). There were significant mean differences in the post-test scores between the Ctrl-COM and the Exe-COM group (p ≤ 0.0001, CI95% = −4.32, −9.91 pts.), the Ctrl-COM and the Exe-H group (p ≤ 0.0001, CI95% = −5.37, −10.54 pts.), the Ctrl-H and Exe-COM group (p ≤ 0.0001, CI95% = −2.73, −7.64 pts.), and the Ctrl-H and Exe-H group (p ≤ 0.0001, CI95% = −3.81, −8.24 pts.; Figure 2C).

[image: Bar charts labeled A, B, and C compare different groups: Comorbid control, Healthy control, Comorbid Experimental, and Healthy Experimental. Chart A shows HDRS scores, chart B depicts GDS scores, and chart C displays CD-RISC scores. P-values indicate significant differences between groups, where lower scores are noted in experimental groups for HDRS and GDS, and higher scores in CD-RISC. Error bars represent variability.]

FIGURE 2
 Mental health results for all groups. (A) Hamilton Depression Scale (HDRS) score of 17 items. (B) Geriatric Depression Scale (GDS) score. (C) Connor Davidson Resilience Scale (CD-RISC) score. Data are presented as mean. Error bars are the 95% confidence interval.




Physical parameters

No significant statistical group by measurements interaction was found on upper-body strength (p = 0.099; ηp2 = 0.12), trunk flexibility (p = 0.454, ηp2 = 0.05), and arm flexibility (p = 0.121, ηp2 = 0.11). A statistically significant group by measurements interaction was found on lower-body strength (p ≤ 0.0001; ηp2 = 0.32). Follow-up analysis showed an increase in lower-body strength only in the Exe-H group (p ≤ 0.0001, CI95% = 1.90, 5.08 reps.). There were significant mean differences in the post-test scores between the Ctrl-COM and the Exe-COM participants (p = 0.005, CI95% = −1.32, −7.10 reps.), the Ctrl-COM and the Exe-H participants (p ≤ 0.0001, CI95% = −3.48, −8.83 reps.), the Ctrl-H and Exe-COM participants (p = 0.020, CI95% = −0.50, −5.57 reps.), the Ctrl-H and Exe-H participants (p ≤ 0.0001, CI95% = − 2.69, −7.27 reps.; Figure 3A).

[image: Bar graphs labeled A, B, C show exercise performance comparisons among groups: Comorbid control, Healthy control, Comorbid Experimental, and Healthy Experimental. Graph A measures squats in reps, B measures time-up-and-go in seconds, and C measures time in seconds. Significant p-values indicate group differences, affecting performance.]

FIGURE 3
 Fitness results throughout the program for all groups. (A) Squat repetitions in 30  sec. (B) Timed-Up-and-Go (TUG) in sec. (C) 4-meter gait speed test in sec. Data are presented as mean. Error bars are the 95% confidence interval.


A statistically significant group by measurements interaction was found on the timed up-and-go test (p = 0.018; ηp2 = 0.18). Follow-up analysis showed a reduction in time in the comorbid control (p = 0.047, CI95% = −0.01, −1.91 s) and Exe-H (p = 0.030, CI95% = −0.07, −1.42 s) groups. There were significant mean differences in the post-test scores between the Ctrl-COM and the Exe-COM participants (p = 0.031, CI95% = 0.17, 3.40 s), the Ctrl-COM and the Exe-H participants (p = 0.011, CI95% = 0.48, 3.47 s), the Ctrl-H and Exe-COM participants (p = 0.004, CI95% = 0.74, 3.58 s), and the Ctrl-H and Exe-H participants (p = 0.001, CI95% = 1.07, 3.63 s; Figure 3B). A statistically significant group by measurement interaction was found on the 4-m gait speed test scores (p = 0.011; ηp2 = 0.20). Follow-up analysis showed faster speed times in the Exe-COM (p = 0.017, CI95% = −0.18, −1.72 s) and Exe-H (p = 0.009, CI95% = −0.22, −1.48 s) groups. There were significant mean differences in the post-test scores between the comorbid control and the Exe-COM participants (p = 0.005, CI95% = 0.57, 3.13 s), and the Ctrl-H and Exe-COM participants (p = 0.047, CI95% = 0.02, 2.26 s; Figure 3C).




Discussion

The current study assessed the utility of a home-based training program to improve fitness and mental health in two groups of Mexican older adults (with and without comorbid conditions). Repeated measures of the SFT and depression symptom inventories indicated that 36 exercise sessions improved both fitness and well-being in older adults with comorbid conditions and those without. Our virtual exercise program increased the strength of the lower body, agility, and gait speed, and reduced depressive symptoms. A home-based exercise training with individual virtual supervision is a feasible intervention to reduce depressive symptoms and increase physical activity despite the pandemic’s far-reaching shelter-in-place orders. These data converge with the substantial review articles and perspectives about the recommendations to practice physical exercise during the COVID-19 lockdown to improve mental wellness (9).

Depression is prevalent in older adulthood (48, 49) and is a complex and persistent syndrome in old age (50, 51). A score above 4 points on the GDS instrument for Mexican older adults is considered the cut-off point to flag participants as potentially depressed (28, 30). In regard with it, the Exe-COM, and EXE-H groups showed a reduction in the GDS score, reporting lower than 4 (no depressive symptoms), additionally, the EXE-H showed in the HDRS17 a reduction of 4 points, considering it a modest but clinically meaningful (52), those data indicate that the exercise performed at home reduces significantly the depressive symptoms in older adults, a response that was more consistently observed in EXE-H group. Salguero et al. (48) reported similar results where depressive symptoms were reported significantly less often in more physically active participants. That was true for both community-dwelling and older adults in assisted living. The finding converges with many other studies that show that virtual supervised exercise programs reduce depression (32). Notably, we could not measure neurobiological mechanisms of the improvement of depressive symptoms as a function of increased PE. Low circulating BDNF is linked to increased depressive symptoms in older adults, especially those with low activity levels and clinical conditions (53). Further, elevated PE is associated with increased circulating BDNF levels (53–55); however, the association is not well-established, and future studies should focus on measuring BDNF signaling.

Resilience, defined as the ability to successfully respond to acute stress, trauma, or adversities (56–58), was also enhanced by our exercise program, regardless of health status (Figure 2C). Resilience is another complex index of mental health (57, 59) that involves the hypothalamic–pituitary–adrenal (HPA) axis activity. In highly-stressed individuals (i.e., low-resilience), HPA activity is significantly higher than in people who report moderate low stress (56). Chronic over-activation of HPA suppresses the immune system (60), leaving individuals more susceptible to chronic disease. Moreover, there is a consistent association between low resilience levels and a high prevalence of mental disorders of all types (58). Our results are compelling and important because simple exercise virtual exercise regimens could be an easy-to-implement and effective treatment to improve resilience levels in older adults who need the most help (15, 32, 61). Further, this repeated measures experimental design was stronger than the cross-sectional reports in the literature currently (15, 61, 62).

In the present study, lower-body strength was improved by the supervised exercise program, regardless of health status (Table 1). In older adults, leg muscle mass (22) and chair stand (36) improve following a remote virtually-supervised exercise program. Better lower-limb strength reduces fall risk (35) and preserves functional autonomy (22, 63). Thus, morphological adaptations elicited by the training sessions could explain the increased lower-body strength, especially the increased muscle mass (64) and hypertrophic responses (65). Concurrent training induces neuromuscular adaptations to improve muscle quality, resulting in significant improvements in the rate of force production (66). Convergent with this, chair stand test data, gait speed, and the TUG test also improved significantly after the exercise intervention. The gait speed has been previously considered a the “sixth vital sign” (39), this variable was identified as one independent risk factor for disability, cognitive impairment, falls, and depression (67, 68), consequently, authors have mentioned that a slow gait speed reflect micro-cerebrovascular disease, pathology of both cochlear and vestibular sense organs, white matter hyperintensities (WMHs) particularly involving the frontal lobe, and peripheral neuropathy (67–69). The previous data emphasize the usefulness of virtual exercise training aimed at improving the lower-body variables associated with functional autonomy, and potentially the preservation of the functions at specific brain functions in older adults, one adaptations that was not attenuated by chronic diseases such as hypertension and type 2 diabetes.

Despite promising findings linked with the functional autonomy, the current study has some limitations; first, we acknowledge that our sample size was small, and the participants’ sex was uneven among groups. Sex is a relevant factor in response to exercise training (70, 71) and could have been controlled for in exercise assignments instead of post hoc statistical controls that were used. Second, the remote approach used in this work, did not provide other specific information about the potential morphophysiological adaptations (body composition analysis, surface electromyography, and so on). to induce better physical performance in the lower body. Third, metabolic variables were not collected, which prevented us from identifying if biological variables like blood glucose levels, diabetes, blood pressure, and circulating BDNF were also changing with physical fitness and self-reported mental health after a remote supervised exercise program.



Conclusion

The present study demonstrated that virtual home-based individual supervised physical activity is an effective strategy to improve fitness (lower-body strength), and mental wellness in older individuals with or without comorbidities. Supervised online physical activity tailored for older adults is a convenient and effective strategy that induces clinically meaningful change in fitness and mental health. By replacing standard exercise equipment with items commonly found at home, we were able to implement an exercise program for the homebound.
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Background: Inflammation and liver function are associated with cognitive decline and dementia. Little is known about the serum albumin-to-globulin ratio on cognitive function.
Objective: The objective of this study was to investigate the association between albumin-to-globulin ratio and cognitive function among the American older people.
Methods: The public data available on the US National Health and Nutrition Examination Survey (NHANES) from 2011 to 2014 was used for this cross-sectional study. Participants aged ≥60 years completed the cognitive function assessments, including word learning and recall modules from the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD), the animal fluency (AF) test, and the digit symbol substitution test (DSST). A composite cognition score was calculated to evaluate global cognition. The univariate and multivariate linear regression analysis, curve fitting, a threshold effect, along with a subgroup analysis and interaction tests were conducted.
Results: Serum albumin-to-globulin ratio (per 0.1 unit) was positively associated DSST score (β = 0.36, 95% CI: 0.21, 0.51), AF score (β = 0.1, 95% CI: 0.04, 0.16) and global cognition score (β = 0.05, 95% CI: 0.02, 0.07), after being fully adjusted, while albumin-to-globulin ratio was not related to CERAD score (β = 0.05, 95% CI: −0.02, 0.12). A non-linear was observed in the dose–response relationship between albumin-to-globulin ratio and global cognition (P for non-linearity < 0.001). The subgroup analysis was overall stable, yet the interaction test was significant for age on global cognition (P for interaction = 0.036).
Conclusion: The findings of this cross-sectional study suggested a positive and non-linear association between albumin-to-globulin ratio and cognitive function in the American older people. Maintaining albumin-to-globulin ratio with an appropriate range may be one of the therapeutic strategies to limit the progression of cognitive decline for the older people.
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Introduction

With the development of a hyper-aging society, the number of the older people with age-related cognitive decline increases, and the incidence of Alzheimer’s disease (AD) and Alzheimer’s disease-related dementia (ADRD) increases further, which almost doubles every 5 years after the age of 65 (1). The global prevalence of mild cognitive impairment (MCI) among individuals aged ≥65 is approximately 10–20% (2). MCI is characterized by a decline in cognition without significant impact on daily independent living, which represents a pre-stage on the continuum of cognitive decline between “normal aging” and dementia (3). Conservatively estimated, around 5–7% of individuals with MCI progress to dementia each year (4). While dementia progression is commonly viewed as irreversible, community-based studies suggested a reversion rate of approximately 25% for MCI (5). Dementia imposes a substantial burden on individuals, families, healthcare systems, and society at large. However, the therapeutic strategies for dementia are limited. Therefore, the proactive identification of pre-stage dementia and its associated factors, followed by primary interventions, is crucial in practice.

Research indicates that genetics, aging, nutrition, microbial exposure, infections, chronic inflammatory states, vascular risk, depression, and other factors are all associated with the etiology, development, and progression of cognitive impairment and dementia (6, 7). Current studies on cognitive impairment and dementia are focused on immunity and inflammation. Cells of the central nervous system are sensitive to peripheral inflammations and immune infiltration (8). The adaptive immunity decreases with aging, making older individuals more susceptible to infections and resulting in a chronic, low-degree inflammation, which is believed to be associated with cognition decline and dementia (9). Serum albumin is the most abundant protein in peripheral blood plasma and is associated with systemic inflammation. An elevated inflammatory index is an independent risk factor for hypoalbuminemia (10). The albumin could act as a chaperone to bind 90–95% of the β-amyloid protein (Aβ) in blood plasma, reducing the Aβ deposition in the brain (11). Shojai et al. reported an association between hypoalbuminemia and cognitive decline in the older people, as well as an adverse prognosis for other neurodegenerative diseases (12). The long-term chronic inflammation is often accompanied by an elevation in serum globulin levels, indicating excessive activity of the immune system, commonly observed in diseases such as chronic hepatitis, rheumatoid arthritis and cancer (13, 14). Both protein and globulin are synthesized by the liver, and many studies have increasingly focused on the significant role of liver in the development and progression of AD (15). The inflammatory response and immunization necessitate a comprehensive consideration of albumin and globulin levels, referred to as the albumin-to-globulin ratio (AGR) (16). There is emerging evidence that the lower AGR plays a significant role in the prognosis of cancers (16), heart failure (17), and infectious diseases (18).

At present, the evidence regarding the relationship between AGR and cognitive function is inadequate. Two studies conducted in Japan revealed a positive association between AGR and cognitive function (19, 20). The routine laboratory variables, albumin and globulin respectively, could predict cognitive decline through a machine learning algorithm study for those aged ≥75 years (21). Unfortunately, this study did not consider the ratio between the two. There is growing interest in identifying individuals with high risks of developing dementia. Therefore, more high-quality cohort studies are needed to explore the relationship between AGR and cognitive decline, AD, and ADRD, along with the underlying mechanisms.

In this study, we investigated the correlation between serum AGR and cognitive function among the American older people. In addition, we aimed to examine whether the association between AGR and cognition follows a linear pattern.



Materials and methods


Study population

NHANES began in the early 1960s and has been a major and continuous program conducted by the National Center for Health Statistics (NCHS). NHANES was designed in a stratified, multistage probability sampling survey to assess the health and nutritional statistics (22). Moreover, NHANES has a primary role in collecting extensive examinations for the US older people to increase the knowledge of the aging population. The National Center for Health Statistics (NCHS) Ethics Review Board subsequently approved the NHANES protocol (23). All participants provided written informed consent before participating. The public data and survey design are available at the NHANES website.1

This study used data from two NHANES cycles (2011–2012 and 2013–2014). SEQN stands for the respondent sequence number and is a unique identifier for each participant in NHANES, so that there are no duplicate subjects in these two cycles. A total of 2,765 participants with complete cognitive functioning assessment and AGR data were extracted from a data pool of 19,931 participants. The flowchart for participant enrollment is presented in (Supplementary Figure S1).

Serum albumin (g/dL) and globulin (g/dL) concentrations were measured by the DcX800 system as a biochromatic digital endpoint method. The albumin-to-globulin ratio (AGR) was calculated as the albumin divided by the globulin.



Cognitive assessment

Participants aged ≥60 years are eligible for a series of cognitive assessments in NHANES (2011–2014), including word learning and recall modules from the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD), the Animal Fluency test (AF) and the Digit Symbol Substitution test (DSST).

The CERAD Word Learning subtest, a major memory sub-domain to evaluate the immediate and delayed learning ability for new verbal information, includes three consecutive learning trials and a delayed recall. Every participant was instructed to read 10 unrelated words and was suggested to recall them immediately as many as possible for each trial. The delayed word recall occurred after completing AF and DSST. The maximum score for CERAD is 40.

The AF test was employed to evaluate the executive function by asking participants to name as many animals as possible in 1 min. The AF score is the total number of each named animal.

The DSST was a module from the Wechsler Adult Intelligence Scale (WAIS III) to assess processing speed, sustained attention, and working memory. Participants were asked to match the 133 corresponding symbols into the boxes next to the numbers in 2 min, with 133 being the highest score for DSST.

Additionally, a composite cognition score was created to represent global cognition and limit the uneven differences in individuals and the floor and ceiling effects (24), which was the summary of each standardized z-score of CERAD, AF, and DSST. The z-score was calculated as z = (x-m)/σ, where x shows the value of each individual, m presents the mean score of each test and σ is the standard deviation.



Covariates

The possible potential confounding factors were assessed, including sociodemographic [age, gender, race and ethnicity, education level, marital status and poverty-to-income ratios (PIR)], lifestyle [smoking habit, drinking habit, physical activity, body mass index (BMI)], and comorbidities (history of hypertension, diabetes, coronary heart disease, stroke, and depression).

Ages were classified as 60–69 years, 70–79 years, and ≥80 years. Gender included male and female. Race and ethnicity included five groups: Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, and other races. Education was classified as <9, 9–12, and >12 years. Marital status was divided into two groups: married or living with a partner and living alone. The PIR was classified as low (<1.3), medium (1.3–3.5) and high (≥3.5).

Lifestyle consisted of smoking habit (at least 100 cigarettes in life), alcohol drinking habit (at least 12 alcoholic drinks per year), and physical activity (at least 10 min moderate-intensity). BMI was divided into normal (<25 kg/m2), overweight (25–30 kg/m2) and obese (≥30 kg/m2).

The comorbidities of hypertension, diabetes, coronary heart disease, and stroke were diagnosed by self-reported physician diagnosis. Depression was defined as ≥10 scores according to the Patient Health Questionnaire (PHQ-9).

For covariates with missing data, such as PIR (missing 8.25%), drinking habit (missing 1.70%), PHQ-9 (missing 1.99%), BMI (missing 1.45%), coronary heart disease (missing 0.54%), hypertension (missing 0.18%), stroke (missing 0.1%), physical activity (missing 0.11%), diabetes (missing 0.07%), marital status (missing 0.07%), smoke habit (0.07%) and education level (missing 0.07%), we used multiple imputation, based on 5 replications and a chained equation approach method in the R mice procedure, as described in Van Buuren and Groothuis-Oudshoorn (25).



Statistical analysis

No a priori calculation of statistical power was performed because the sample size was based on the available data from NHANES. All analyses were performed by R software (version 4.2.3; R Foundation for Statistical Computing)2 and Free Statistics software (version 1.9; Beijing Free Clinical Medical Technology Co., Ltd.). In all analyses, a two-sided p-value < 0.05 indicated statistical significance.

Firstly, the Kolmogorov–Smirnov test was used to determine the normality of continuous variables. Normally distributed variables were presented as mean (standard deviation), while skewed variables were presented as median (interquartile range, 25–75%). Categorical variables were represented by percentage (%). Statistical tests such as ANOVA, Kruskal–Wallis, and chi-squared tests were applied to compare differences across groups.

Then, the univariate and multivariate linear regression models were also used to examine the association of ARG and cognitive function in different dimensions. We converted AGR into a categorical variable according to the quartile and calculated the P for trend to verify the results of AGR as the continuous variable. Three models were adjusted based on clinical interest, previous scientific literature, or their associations with the outcomes of interest or a change in effect estimate of more than 10%. Model 1 was non-adjusted; Model 2 was adjusted for age, gender, race and ethnicity, education, marital status, and PIR; Model 3 was further adjusted for health habits (smoking, drinking, physical activity, and BMI) and comorbidities (hypertension, diabetes, coronary heart disease, stroke, depression).

We conducted a restricted cubic spline (RCS) with four knots (5th, 35th, 65th, and 95th) to explore the dose–response relationship between ARG and global cognition, modified by the cofounders consistent with model 3. We further developed a three-piecewise linear regression model of the relationship between AGR and global cognition. The subgroup analyses were also performed based on age, gender, race and ethnicity, PIR, BMI, and depression categories for interactions.

Finally, in the sensitivity analysis, we excluded individuals with missing covariate data and conducted multivariate linear regression and RCS to assess consistency with trends in individuals with complete data.




Results


Study population and baseline characteristics

A total number of 2,765 participants aged ≥60 years were included in the analysis. Table 1 shows the general characteristics of the participants according to AGR quartiles. Of those, the mean age was 69.5 (6.8) years, and 1,365 (49%) were male. Compared with other groups, group 4 (AGR ≥ 1.70) was more likely to be 60–69 years, male, Hispanic white, high education level, not living alone, and high level in PIR and a lower BMI. The higher AGR (≥1.70) was also associated with engagement in moderate physical activity, and a low incidence of diabetes and depression. In addition, participants had higher scores in all cognitive performance, including DSST, AF, CERAD, and global cognition. The basic characteristics of the excluded (AGR data missing) and included (AGR data completed) participants are shown in the Supplementary Table S1. Overall, the baseline data were stable, yet we cannot rule out the potential impact of non-random missing data on the results.



TABLE 1 Baseline characteristics of participants in NHANES, 2011–2014.
[image: Table displaying characteristics of participants across albumin-to-globulin ratio quartiles, including age, gender, race, education, marital status, income ratio, health habits, BMI, hypertension, diabetes, other health conditions, and cognitive scores. Includes total participants per quartile and p-values.]



The association between AGR and cognitive function

The univariate analysis indicated that age, race and ethnicity, education level, marital status, PIR, drinking, moderate physical activity, hypertension, diabetes, coronary heart disease, stroke and depression were correlated with cognitive function (Supplementary Table S2).

Table 2 presents the results of the multivariable linear regression analysis examining the association between AGR and DSST, AF, CERAD and global cognition. AGR (per 0.1 unit) was positively associated with DSST score (β = 0.36, 95% CI: 0.21, 0.51), AF score (β = 0.1, 95% CI: 0.04, 0.16) and global cognition (β = 0.05, 95% CI: 0.02, 0.07), after being fully adjusted. When comparing the individuals in the lowest quartile of AGR (Q1 ≤ 1.31), the fully adjusted effect β (95% CI) for DSST in Q4 (≥1.70) was 3.45 (95% CI: 2.04, 4.85); for AF, 1.1 (95% CI: 0.54, 1.65); for global cognition, 0.51 (95% CI: 0.3, 0.72). In addition, the results also indicated a similar trend for DSST, AF, and global cognition (P for trend < 0.001).



TABLE 2 Multivariable linear regression to assess the association of AGR with DSST, AF, CERAD, and global cognition.
[image: Table showing the association between albumin-to-globulin ratio (AGR) and various cognitive scores: DSST, AF, CERAD, and global cognition. It presents β-coefficients and p-values across three models, adjusting for variables like age, gender, education, and lifestyle factors. Different AGR quartiles correlate with varied effects on cognitive scores, with significance levels noted.]

However, AGR entered as a continuous variable was not related to the CERAD score (β = 0.05, 95% CI: −0.02, 0.12) in model 3. Interestingly, compared to the participants in Q1 (AGR ≤ 1.31), Q4 (AGR ≥ 1.70) (β = 0.69, 95% CI: 0.03, 1.35) had a higher score of CERAD in the fully adjusted model 3. The trend test also indicated a similar trend for CERAD (P for trend = 0.023).



Analysis of the non-linear relationship between AGR and cognition

The relationship between AGR and global cognition was found to be nonlinear rather than linear (P for nonlinearity = 0.017, Figure 1A). Additionally, the association between AGR and CERAD was also observed (P for non-linearity = 0.019, Figure 1B). However, linear relationships were observed between AGR and AF (P for non-linearity = 0.053, Figure 1C), and DSST (P for non-linearity = 0.322, Figure 1D). The non-linearity relationship between AGR and global cognition indicated an S-shaped pattern. Using a three-piecewise linear regression model with all cofounders being adjusted, the global cognition score remained relatively flat but inverse until AGR was 1.22; subsequently, it started to increase by 0.1 (β = 0.10, 95% CI: 0.05, 0.16) for every 0.1-unit increase when AGR was in the range of 1.22 to 1.8; when AGR was beyond 1.81, the global cognition did not increase significantly (Table 3).

[image: Four-panel graph showing the relationship between AGR and various scores. Each panel (A, B, C, D) includes blue histograms representing AGR distribution, with red curves indicating score trends and shaded areas representing confidence intervals. Reference points are marked at AGR 1.3 or 1.4. Non-linearity significance is noted as 0.017, 0.019, 0.053, and 0.322 for each panel, respectively.]

FIGURE 1
 Non-linear relationship between AGR and global cognition, CERAD, AF, DSST (n = 2,765). AGR, albumin-to-globulin ratio; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; AF, Animal Fluency; DSST, Digit Symbol Substitution Test. (A) Relationship between AGR and global cognition; (B) relationship between AGR and CERAD; (C) relationship between AGR and AF; (D) relationship between AGR and DSST. Solid and dashed lines represent the predicted value and 95% confidence intervals. They were adjusted for age, gender, race, education, marital status, poverty-to-income ratio, body mass index, drinking, smoking, physical activity, hypertension, diabetes, coronary heart disease, stroke, and depression. Only 97.5% of the data is presented.




TABLE 3 Threshold analysis of AGR and global cognition.
[image: A table presents a three-piecewise linear regression model for global cognition with adjusted model coefficients and p-values. For AGR less than 1.22, the coefficient is 0.05 (95% CI: -0.15, 0.25) with a p-value of 0.635. For AGR between 1.22 and 1.81, the coefficient is 0.10 (95% CI: 0.05, 0.16) with a p-value less than 0.001. For AGR 1.81 or greater, the coefficient is -0.17 (95% CI: -0.35, 0.02) with a p-value of 0.823. The likelihood ratio test p-value is 0.019. Adjustments were made for various factors; 97.5% of the data is presented.]



Stratified and sensitivity analysis

We further performed stratified analyses of the relationship between AGR and global cognition, AF, CERAD and DSST (Figure 2). The effect (β) of global cognition, CERAD, AF, and DSST, in subgroups was stable overall. Yet, the interaction test was significant for age based on global cognition (P for interaction = 0.036).

[image: Four forest plots (A, B, C, D) display analysis of subgroups categorized by age, gender, race and ethnicity, education level, BMI, and depression. Each plot shows effect sizes (β) with 95% confidence intervals and p-values for interaction. Plots compare crude and adjusted models with overall results and subgroup variations, emphasizing differences and similarities across demographics.]

FIGURE 2
 Effect size of AGR on global cognition, CERAD, AF, DSST in subgroups (n = 2,765). AGR, albumin-to-globulin ratio; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; AF, Animal Fluency; DSST, Digit Symbol Substitution Test. (A) Effect size of AGR on global cognition; (B) effect size of AGR on CERAD; (C) effect size of AGR on AF; (D) effect size of AGR on DSST. Adjusted for age, gender, race, education, marital status, poverty-to-income ratio, body mass index, drinking, smoking, physical activity, hypertension, diabetes, coronary heart disease, stroke, and depression.


During the sensitivity analysis, we compared differences between groups in the imputed variables (Supplementary Table S3), as the five datasets were generated after performing multiple imputations. The results indicated no statistically significant differences were found among the five datasets (p > 0.05). The results all suggested a non-linear relationship between AGR and Global cognition and CERAD (P for non-linearity < 0.05) for these five datasets. Similar results were observed when we conducted a multivariable linear regression and RCS (excluding the missing data of covariates, n = 2418) (Supplementary Table S4, Supplementary Figure S2).




Discussion

This population-based cross-sectional study found a positive relationship between AGR and cognitive function among 2,765 American older people. Moreover, we identified a non-linear relationship between AGR and global cognition. The global cognition started to increase by 0.1 for every 0.1-unit increase in AGR when it reached 1.22 (P for nonlinearity < 0.001).

Our findings are in line with several recent studies. A large prospective cohort study conducted in China observed the ratio of AGR was significantly decreased in both the pathological and clinical progression of AD, in which AGR is significantly associated with cerebrospinal fluid β-amyloid1–42 (Aβ1–42) (β = 0.182, pFDR < 0.001) (26). The positive association between AGR and cognitive function was observed in a case–control study and cross-sectional study in Japan, where the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) were applied to assess cognitive function, respectively (19, 20). Chen et al. reported a higher AGR was associated with increased gray matter volume in the olfactory cortex and parahippocampal gyrus in young adults (27). Higher AGR means higher albumin and lower globulin (28). An elevated serum concentration of γ-globulin is an independent hematologic marker associated with cognitive decline in the dementia population (29). Therefore, it is reasonable to find out that AGR may serve as a protective factor and a potential indicator of cognitive performance.

A cross-sectional NHANES study detected a non-linear relationship between serum globulin and both AF and CERAD (30). The serum albumin presented a significant non-linear relationship with the risk of all-cause dementia (ACD) (31). Our study also detected a non-linear relationship between serum AGR and cognitive function which had never been reported before. Despite the clinical normal range of AGR being 1.0–2.0, there might be a possibility of cognitive decline associated with AGR even within this normal range. Therefore, we encourage maintaining AGR at an appropriate higher level. This is consistent with the finding of a prospective study conducted in Korea, indicating even within the normal range of serum albumin, individuals with albumin below 4.4 g/dL have an approximately three times higher risk of pathologic Aβ deposition (32). Our finding still needs further confirmation, but it indicated that poor nutrition or high inflammation in the older people may be linked to cognitive decline.

Additionally, our results showed a significant correlation between AGR and cognitive processing speed, sustained attention, and executive function (DSST, AF). However, there is no significant association with the immediate and delayed learning abilities related to the memory sub-domain (CERAD). This is largely consistent with several other cognitive studies based on the NHANES database (24, 30). A neuroimaging study identified an association between elevated AGR and the olfactory cortex and parahippocampal gyrus (27), which is involved in episodic memory and visuospatial processing (33). One explanation for this study may suggest the ability of execution and processing is more likely to be related to AGR. However, the underlying mechanism of AGR and cognitive dimensions needs further studies.

Increasing evidence suggests that inflammation is the leading culprit to dementia in the interaction between the down-regulated immune components, increased inflammation, and decreased neurogenesis (34). The amyloid cascade-inflammatory hypothesis has been proposed that Aβ peptide induces an inflammatory response that is enhanced by the presence of tau proteins, triggering the inflammatory activity of microglia, resulting in increased levels of inflammatory cytokines [tumor necrosis factor α, Interleukin 6, C-reactive protein (CRP)] (35). One meta-analysis investigated that chronic inflammatory diseases, elevated CRP, and other inflammatory factors increase vascular permeability, penetrate the blood–brain barrier, and infiltrate the brain, potentially developing dementia (36). The imbalance of AGR may reflect infection, malnutrition, chronic systematic inflammation, hepatic functional impairment, and autoimmunity (14, 37). AGR is related to cognition via reflection of homeostatic (non-high-density protein, high-CRP) (19). As the medium to long-term inflammatory, AGR was more sensitively related to the cognitive assessment than levels of CRP (20). Moreover, AGR has been demonstrated to be a valuable index for systemic inflammation in various diseases such as sepsis, systemic lupus erythematosus and rheumatoid arthritis (13, 38, 39).

New research is suggesting the role of the liver-brain axis for cognitive function as they might have potential communication pathways (27). Nho and colleagues highlighted the role of the liver in the involvement of metabolic disturbances in the progression of AD (40). The liver is the origin of brain Aβ deposits and is involved in the peripheral clearance of plasma Aβ through enzymes, albumin and lipid metabolism (15). There is a significant correlation between liver dysfunction and the volumes of the cognitive-related brain structures (hippocampus, thalamus, and amygdala regions) according to a prospective cohort study of 431,699 adults (31). The low AGR has been reported to be sensitively associated with liver malignancies (41). Besides the liver enzymes, albumin, globulin and the ratio of these two, play an active role in liver disease recovery (42).

There are some strengths of our study. The relationship between AGR and cognitive function was first investigated based on a national health and nutrition survey. Additionally, we considered a wide range of cofounders in this study. Further, a non-linear relationship between AGR and cognitive function was detected, suggesting a suitable range of AGR for better cognitive function. Although the mechanisms are not fully understood, our findings may have the potential to identify individuals at high risk of cognitive decline or dementia.

Our study also has limitations. First, all participants were Americans aged ≥60 years and the findings may not be generalizable to younger or populations of other races. Second, the cognitive assessments were DSST, AF, and CERAD, instead of the commonly used MMSE, MoCA, and the golden standard (European Consortium Criteria) for screening cognitive decline or mild cognitive impairment (43). Considering the reliability and validity of these cognitive assessments were compromised, we created a composite cognition z-score based on each test, assessing the global cognition domain (processing speed, sustained attention, working memory, executive function, and immediate and delayed memory). Moreover, our study was to investigate the relationship between AGR and cognitive performance, not MCI, AD, or ADRD. Thirdly, some residual confounders may exist, such as diet, medication interference, and other blood biomarkers. Finally, we could not make any causal inferences due to the cross-sectional study design. Future, prospective cohort studies are necessary to explore the cause-and-effect relationship between AGR and cognitive function.



Conclusion

The findings of this cross-sectional study suggested a positive and non-linear association between AGR and cognitive function in American older people. Maintaining AGR with an appropriate range (we suggested over 1.22) may be one of the therapeutic strategies to limit the progression of cognitive decline for the older people.
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Objective: This study aimed to develop and validate a serial multiple mediation model to investigate the association between instrumental activities of daily living (IADL) function and cognitive status among older adults while exploring the underlying mechanisms.
Methods: This cross-sectional study involved 3,665 individuals aged 60 years and older who participated in the China Health and Retirement Longitudinal Survey (CHARLS). A serial multiple mediation model was utilized to explore the direct and indirect relationship between IADL function and cognitive status and whether sleep duration, social engagement, and depressive symptoms mediated this relationship.
Results: Decreased IADL function was associated with worse cognitive status [effect = −0.620, 95% CI: (−0.692, −0.540)]. Sleep duration, social participation (SP), and depressive symptoms all acted as mediators in the relationship between IADL function and cognitive status.
Conclusion: This study found both direct and indirect associations between IADL function and cognitive status, providing new insights into the effective prevention and intervention of cognitive decline among older adults.
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1 Introduction

The issue of health problems among older adults has gained increasing attention due to the acceleration of global aging. Cognitive decline is a prevalent health issue in this population, which can result in loss of wellbeing, dementia, and functional limitations (1–3). This imposes a significant burden of long-term care on families and society. Previous studies have mainly focused on the impact of older adults cognitive status on functional ability (4, 5). However, there is a paucity of research on functional ability as a predictor of cognitive status, especially when it involves the mediating role of some specific variables. Functional ability is usually assessed by basic activities of daily living (BADL) and instrumental activities of daily living (IADL). IADL covers more advanced skills for independent living compared to BADL (6), and a decline in IADL function often occurs earlier in people with declining physical functioning (7). This may mean that IADL function is an earlier predictor of cognitive decline in older people. Therefore, it is meaningful to further study the relationship between IADL function and cognitive status. The present study aimed to investigate how IADL function affects cognitive status by examining the mediating associations between sleep duration, social engagement, and depressive symptoms.


1.1 Adverse psychological and health outcomes of declining IADL functioning

Previous studies have shown that a decline in IADL function may be associated with some adverse health outcomes, such as depression and cognitive impairment (8–10). However, the underlying mechanisms are not well understood. According to the stress process theory (11), stress can impact an individual’s psychological outcomes either directly or indirectly by depleting some of the individual’s resources. In line with the theory’s indirect coping mechanisms of stress, sleep and social activity participation may be affected when older adults face the stressor of declining IADLs. This may be related to psychological issues such as depression, which can result in impaired cognitive status. A cross-sectional study revealed that IADL restriction was significantly associated with depression in older adults (12).



1.2 The mediating effect of sleep duration

The limitations of IADL function have been identified as risk factors for sleep disorders in older adults (13), which in turn may be linked to psychological and cognitive problems. Sleep disorders may impair cognitive functions by hindering neurodevelopment, emotion regulation, processing speed, and impeding memory consolidation and learning processes (13). Empirical studies have indicated that sleep duration is a significant risk factor for depressive symptoms and cognitive impairment (14–16). Moreover, moderate sleep duration may help prevent cognitive decline in older adults (17).



1.3 The mediating effect of social participation

Previous research has shown that functional ability is a crucial factor that impacts social participation (SP) among older adults (18). SP, in turn, has a significant effect on the emotions and cognition of older individuals. Based on the aging activity theory (19) and the buffering model (20, 21), the social interaction and social support obtained by older people in SP will help them eliminate negative emotions and maintain good mental health. A cohort study conducted in China found that a lack of SP predicted a higher risk of depression 4 years later (22). The results of another experiment also showed that active social engagement can effectively improve depression in older adults (23). In addition, a qualitative study revealed that the SP of Chinese older adults has a positive impact on their cognitive function (24).



1.4 Depressive symptoms as an emotional predictor of cognitive status

Depression, one of the most common mental health problems in older individuals, has been confirmed by many studies to be related to cognition. Persistent or worsening depressive symptoms may accelerate cognitive decline (25, 26). Based on these findings, we hypothesize that depressive symptoms may mediate the relationships between sleep duration/SP and cognitive status among older adults.



1.5 The present study

This study aimed to investigate the underlying mediating mechanisms between IADL function and cognitive status among Chinese older adults. Drawing on existing theoretical frameworks and empirical findings, we propose a serial multiple mediation model. Specifically, we hypothesized that IADL functioning in older adults may be directly or indirectly associated with cognitive status, while hypothesizing that indirect pathways may be mediated through sleep duration, social engagement, and depressive symptoms. Additionally, this model suggested that both sleep duration and social engagement have an impact on depressive symptoms, which in turn affect cognitive status.




2 Materials and methods


2.1 Sample

This is a cross-sectional study, and the data analyzed in this study came from the second-wave national survey (2013) of the China Health and Retirement Longitudinal Survey (CHARLS). The CHARLS is an ongoing nationwide longitudinal survey, first conducted in 2011, with participants followed up every 2 to 3 years (27). The survey involves residents aged 45 and older and their spouses in 150 counties and 450 villages in China; their information was obtained through face-to-face interviews. The second-wave national baseline survey was conducted from July 2013 to August 2013, involving 18,245 respondents. According to the United Nations definition of the older population in developing countries, we used 60 years as the cutoff age for inclusion in the sample (28). Participants without complete core information or other covariates were excluded from this study, and 3,665 participants aged 60 years and older were ultimately included in this study for analysis. In addition, the data collection of this study was approved by the institutional review board of Peking University.



2.2 Measures


2.2.1 IADL

In CHARLS, IADL was measured by asking respondents if they had difficulty doing the following activities: doing household chores, cooking, shopping, managing finances, and taking medications. The answers were scored as follows: No, I do not have any difficulty = 1, I have difficulty but can still do it = 2, yes, I have difficulty and need help = 3, and I cannot do it = 4. The higher the total score corresponding to the answer, the worse the respondent’s IADL functioning was (29). Cronbach’s α was 0.85, and the value of KMO was 0.80, indicating that the scale used in this study was reliable.



2.2.2 Sleep duration

Sleep duration was derived by self-report in a face-to-face interview. Respondents were asked to respond to the following two questions: (1) In the past month, how many hours of sleep did you get per night on average? (2) In the past month, how long was your average nap after lunch? Finally, the answers to these two questions were added together to get the sleep duration (30).



2.2.3 Social participation

In the CHARLS, SP was measured by asking respondents whether they had participated in the following activities in the past month: interacting with friends; playing mahjong, chess, cards, or participating in community club activities; providing help to family, friends, or neighbors who do not live with you and who did not pay you for the help; attending sport, social, or other kinds of clubs; taking part in a community-related organization; doing voluntary or charity work; caring for a sick or disabled adult who does not live with you and who did not pay you for the help; attending an educational or training course; stocking investment; using the internet; and others. Each activity’s participation was scored as 1 point, and non-participation as 0 points (31), with the total score ranging from 1 to 11.



2.2.4 Depressive symptoms

A 10-item Center for Epidemiological Studies Depression (CESD-10) Scale was used to identify the depressive symptoms of the participants over the last week. The CESD-10 scale consists of ten items, eight of which are negatively oriented and two of which are positively oriented. The items are all scored on a 4-point Likert scale (1 = indicating rarely or none of the time, 2 = indicating some or a little of the time, 3 = indicating occasionally or a moderate amount of the time, and 4 = indicating most or all of the time) (32). Higher scores on negatively oriented items indicate more severe depressive symptoms, while the opposite is true for positively oriented items. Therefore, we inverted the scores for the two positively oriented items in order to standardize the meaning of the scores for all the items, and then summed the scores for the 10 items to obtain the total score. The total score for the 10 items ranges from 10 to 40, with a higher score indicating increased severity. The CESD-10 showed high internal consistency in this study, with a Cronbach’s α of 0.81. The validity analysis showed that the KMO value was 0.88, indicating great validity.



2.2.5 Cognitive status

Cognitive status was comprehensively assessed using the Telephone Interview for Cognitive Status (TICS-10), word memory, and graph drawing on four dimensions: orientation, attention, episodic memory, and visuospatial ability (33). Orientation and attention were measured using the TICS-10 through 10 questions about dates (year, month, and day), days of the week, seasons, and consecutive 5 times 100 minus 7 questions. The greater the number of correct answers, the higher the TICS-10 score, ranging from 0 to 10. The episodic memory score is the average of the immediate and delayed word recall scores and ranges from 0 to 10. Immediate recall was assessed by the number of words that respondents could recall immediately after the interviewer read out 10 Chinese nouns. Delayed recall was assessed by asking participants to recall as many words as possible after 4 to 10 min. Visuospatial ability was assessed by showing the respondents a picture and then scoring them based on whether they could draw a similar figure. A score of 1 was given to respondents who could draw a similar figure, and a score of 0 was given to respondents who could not. The sum of these cognitive scores represents the cognitive status of the respondents, with higher scores indicating better cognitive status.




2.3 Statistical analysis

We used t-tests and one-way ANOVA to compare the cognitive scores of respondents with different socio-demographic characteristics. Pearson’s correlation analyses were conducted to check correlations across all variables (IADL, sleep duration, SP, depressive symptoms, and cognitive status). The PROCESS macro for SPSS 26.0 was utilized to demonstrate this multiple serial mediation model (PROCESS Model 80). We controlled for age, marital status, hukou, sex, and education level as covariates when examining the serial mediation model. The bias-corrected 95% confidence interval (CI) was calculated using 5,000 bootstrapping resamples, and a two-tailed p-value of <0.05 was considered statistically significant in this study.

To test the hypothesized serial multiple mediation model, we conducted path analysis using the online analysis and visualization software SPSSAU (version 24.0).1 The chi-square statistic (χ2), the comparative fit index (CFI), the Tucker–Lewis index (TLI), and the root mean square error of approximation (RMSEA) with its 90% CI were used to assess the model fit. CFI and TLI values greater than 0.95 and RMSEA values less than 0.06 indicate goodness of fit (34). An absence of zero in the 90% CI indicates a significant indirect effect.




3 Results


3.1 Preliminary analyses

Table 1 shows the demographic information of the participants, whose ages ranged from 60 to 102 years (Mage = 68.68, SD = 7.26) with 1,824 female (49.8%) and 1,841 male participants (50.2%). Most respondents in the study were married (79.2%), reported to be illiterate (55.5%), and were not non-agricultural hukou (74.5%). We found that these socio-demographic factors were not statistically significant by comparing the means using independent t-test and ANOVA. Table 2 presents the means, standard deviations, and correlations of the main variables. Among the participants, the IADL scores ranged from 5 to 20 (MIADL = 5.52, SD = 1.66), SP scores ranged from 1 to 7 (Msp = 1.48, SD = 0.82), cognitive function scores ranged from 1 to 21 (Mcog = 11.8, SD = 4.11), sleep duration ranged from 0.5 to 15 h (Msd = 7.04, SD = 2.02), and depression scores ranged from 10 to 40 (Mdep = 17.58, SD = 6.06).



TABLE 1 The characteristics of 3,665 participants and the results for comparing cognitive scores across categories of each variable.
[image: Statistical table comparing variables like age, marital status, Hukou, sex, and education level. Columns include count, percentage, mean, standard deviation, F/t, and p-values. Comparisons use t-tests and ANOVA.]



TABLE 2 A correlation analysis of study variables.
[image: Correlation matrix table showing relationships among variables, including IADL score, sleep duration, social participation, depressive symptoms, and cognitive status. Significant correlations are marked with asterisks indicating p-values: **p < 0.01 and *p < 0.05. Means and standard deviations for each variable are listed at the bottom. Sample size is 3,665.]



3.2 Correlation analyses of the study variables

We used the total score of IADL to analyze the relationship with other variables in this study. As shown in Table 2, IADL was negatively associated with sleep duration, SP, and cognitive status and positively associated with depressive symptoms. Sleep duration was positively correlated with SP and cognitive status and negatively correlated with depressive symptoms. Moreover, SP was positively associated with cognitive status, and they were both negatively associated with depressive symptoms.



3.3 Path analysis

The hypothesized model showed good model fit, χ2 = 2.914, p = 0.088, CFI = 0.999, TLI = 0.986, RMSEA = 0.023, 95% CI [0.020, 0.055]. The final model and coefficients for each pathway are shown in Figure 1 and Table 3, respectively. The total effect [effect = −0.620, 95% CI: (−0.692, −0.540)], the direct effect [effect = −0.426, 95% CI: (−0.502, −0.350)], and the total indirect effect [effect = −0.193, 95% CI: (−0.230, −0.160)] of IADL on cognitive status were all significant. All indirect associations were statistically significant except for sleep duration, which did not directly mediate the relationship between IADL function and cognitive status. In addition, in Figure 1, the direct effect between IADL and cognitive status was more pronounced than any indirect effect. Among statistically significant indirect pathways from IADL function to cognitive status, the effect of Path 1 (IADL→depression→cognitive status) was the most pronounced [effect = −0.127, 95% CI: (−0.158, −0.100)]. This was followed, in descending order of impact, by Path 5 (IADL→sp.→cognitive status) [effect = −0.041, 95% CI: (−0.054, −0.028)], Path 3 (IADL→sleep duration→depression→cognitive status) [effect = −0.014, 95% CI: (−0.022, −0.006)], and Path 4 (IADL→sp.→depression→cognitive status) [effect = −0.006, 95% CI: (−0.008, −0.003)]. As shown in Figure 1, more severe IADL dependence was associated with poorer cognitive status (β = −0.43, p < 0.001), more severe depressive symptoms (β = 0.85, p < 0.001), shorter sleep duration (β = −0.10, p < 0.001), and less SP (β = −0.04, p < 0.001); both of the latter two were associated with more severe depressive symptoms (β = −0.87 and −0.85, both p < 0.001), which in turn were associated with poor cognitive status (β = −0.15, p < 0.001). Moreover, reduced SP resulting from decreased IADL function was associated with worse cognitive status (β = 0.96, p < 0.001).

[image: Diagram showing the relationships between variables: IADL, sleep duration, social participation, depressive symptoms, and cognitive status. Arrows indicate influence, with values such as -0.10, 0.85, and 0.96. Solid lines represent significant paths, while a dashed line represents a nonsignificant path from sleep duration to cognitive status.]

FIGURE 1
 The serial mediation model. Solid lines indicate significant paths. Dashed lines indicate non-significant paths (***p < 0.001).




TABLE 3 The results of serial mediation model analysis.
[image: Table displaying a serial mediation model with paths related to IADL, depression, sleep duration, cognitive status, and sp. Total, direct, and indirect effects are shown with their respective effect sizes, bootstrapped standard errors, and 95% confidence intervals. Statistically significant paths at the p < 0.05 level are highlighted in bold.]




4 Discussion

The current study elucidated the relationship between IADL function and cognitive status among older Chinese adults. It formulated a serial multiple mediation model to examine the hypothetical underlying mechanisms. The findings validated the hypotheses that IADL function can be directly or indirectly associated with cognitive status, and that the relationship is mediated by sleep duration, social engagement, and depressive symptoms.

Our results confirmed that worse IADL function was associated with lower cognitive status. This is consistent with previous studies that found impairment in IADL function may occur at the stage of MCI and can be an early marker of cognitive decline (6, 35). The International Working Group on MCI has also recommended the inclusion of “preservation of basic ADLs, with some minimal impairment of complex instrumental functioning” in the diagnostic criteria (36). However, it has been suggested that some older adults with mild cognitive impairment have never experienced significant IADL decline (37).

The present study reached conclusions similar to those of a previous longitudinal study in Chinese adults, suggesting that IADL limitations are associated with failure to achieve optimal sleep duration (12). Influenced by Chinese Confucianism and Taoism, older Chinese people may view functional limitations as punishment. This perception may not only affect their image as wise elders and leaders in the family and society but also increase the burden of care for family members. Consequently, these long-term negative psychological implications may adversely impact their sleep (38, 39). Our findings align with the stress process theory that the decline of IADL function as a stressor may be associated with the depletion of self-resources, such as sleep disorders, resulting in negative emotions such as depressive symptoms (11). However, our study indicated that sleep duration did not directly mediate the relationship between IADL function and cognitive status in this particular model. Inconsistent with our study, most current studies have concluded that there is an inverted U-shaped relationship between sleep duration and cognitive function in older adults, where optimal sleep duration is associated with better cognitive performance (17, 40). The reasons for these different conclusions may lie in variations in the measurement of variables and the reporting of results. The sleep-cognition association may be linked to changes in the brain’s cortical structure and gray matter volume caused by inflammatory markers such as white blood cells (41, 42).

Our findings also offered support for previous theoretical and qualitative research indicating that functional decline in older adults impacts their SP (19), which in turn affects mental health and cognition (24, 25). The underlying physiological mechanism may be explained by the fact that reduced SP often predicts increased psychological stress. This increase in stress elevates catecholamines and glucocorticoids, leading to a series of physiological reactions such as the loss of dendritic spines and neuronal cell death, which can impair cognitive function (43).

Our study found that depressive symptoms significantly mediated the relationship between sleep duration/SP and cognitive status. These findings align with previous findings that inadequate sleep duration and a lack of social engagement are associated with depressive symptoms in older adults (15, 16, 23) and that depressive symptoms may be associated with cognitive decline (26). Some physiological and pathological mechanisms by which depressive symptoms may be related to cognitive decline have been proposed, such as sharing risk genes, vascular disease, hippocampal atrophy, increased deposition of amyloid-β plaques, inflammatory changes, inflammatory processes, and dysregulation of lipid transport (44, 45). From a psychological perspective, the relationship between depression and cognitive impairment can be explained by the fact that older adults focus on coping with the negative thoughts caused by depression while neglecting the cognitive reserve needed to deal with the problems (46).

Notably, we found that among statistically significant indirect pathways from IADL function to cognitive status, the effect of Path 1 (IADL→depression→cognitive status) was the most pronounced. This was followed, in descending order of impact, by Path 5 (IADL→sp.→cognitive status), Path 3 (IADL→sleep duration→depression→cognitive status), and Path 4 (IADL→sp.→depression→cognitive status). The stress process theory offers a potential explanation for these results; it suggests that the greater the use of personal resources and external support to cope with stress, the lower the negative impact on mental health outcomes (11). Additionally, Path 3 (IADL→sleep duration→depression→cognitive status) and Path 4 (IADL→SP → depression→cognitive status) share similar segments with Path 1 (IADL→depression→cognitive status), thereby reinforcing the effect observed in Path 1.

There were limitations in this study. First, measurements of the main variables were obtained through self-reporting, which may have resulted in biased results. Future research should attempt to introduce more objective and accurate measures to make the results more convincing. Second, our study was cross-sectional and therefore could not draw conclusions about causality or longitudinal trends. Future studies may need to be designed as longitudinal studies to determine the exact causal relationship between these variables. Third, the population sample investigated in this study was older adults in China. Due to regional differences, cultural differences, and other factors, it remains to be seen whether the conclusions of this study can be extended to older populations of other races, necessitating further research.

Despite the above limitations, the present study enriches the existing literature on the impact of IADL functioning on cognitive status in older adults and contributes to a deeper understanding of the underlying mechanisms. The results of this study also remind clinicians and caregivers to pay attention to changes in IADL function, a higher level of functional ability in older adults, so that cognitive decline and even dementia can be prevented in a timely and better way. In addition, healthcare providers could help older adults with functional decline adjust their mindsets and increase social interactions, with particular emphasis on maintaining optimal sleep duration in order to avoid adverse psychological conditions and cognitive decline.

In conclusion, this study provides evidence that IADL function is associated with cognitive status among Chinese older adults. The study also highlights the mediating role of sleep duration, social engagement, and depressive symptoms. Healthcare providers may consider targeting cognitive decline in older adults who exhibit declining IADL function. Strategies that could be used include improving sleep, encouraging participation in social activities, and addressing depressive symptoms, with particular emphasis on the latter. Future research on this topic could benefit from incorporating other variables to explore deeper and richer underlying mechanisms.
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Background: Move for Life (MFL) is a theory-informed intervention that was developed to augment established physical activity (PA) programmes and enable inactive adults aged 50 years and older to be more active. This study examined the feasibility of MFL and sought to provide evidence of its potential for improving PA and associated health outcomes.
Methods: A 3-arm cluster randomised feasibility trial compared MFL intervention, usual provision (UP) and control (CON) groups at baseline (T0), post-intervention (T1, at 8, 10 or 12- weeks) and 6-month follow up (T2). We used purposive sampling strategies to recruit participants according to characteristics of interest. Feasibility outcomes assessed recruitment, fidelity, adherence, retention and data completion rates based on pre-set criteria. Primary outcomes were accelerometer-based moderate-to-vigorous intensity PA (MVPA) and self-reported compliance with physical activity guidelines (PAGL). Secondary outcomes included light intensity PA (LiPA), standing time, sedentary time, body composition (adiposity), physical function and psychological well-being. We used linear mixed models (continuous outcomes) or generalized estimated equations (categorical outcomes) to estimate group differences over time in the study outcomes.
Results: Progression criteria for feasibility outcomes were met, and 733 individuals were recruited. Considering a 6-month period (T0-T2), while self-reported compliance with PAGL increased in MFL relative to UP and CON and in UP relative to CON, standing time decreased in MFL relative to CON and sedentary time increased in the latter compared to UP. Waist circumference decreased in MFL relative to UP and CON. MFL outperformed UP in the Timed Up and Go Test while MFL and UP increased the distance covered in the Six-Minute Walk Test compared to CON. Psychological well-being increased in MFL relative to CON (all p < 0.05).
Conclusion: Findings show that MFL is feasible, while data are promising with regards to the potential of improving community PA programmes for adults aged 50 or more years.
Clinical trial registration: https://www.isrctn.com/Registration#ISRCTN11235176.
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Introduction

The pace of population ageing is increasing much faster than in the past. According to recent estimations, by 2030, 1 in 6 people in the world will be aged 60 years or over1. An ageing society coupled with physical inactivity has led to an increase in the incidence of non-communicable diseases (NCD), much of which occur prematurely in adults, while the associated mortality rate rises (1). The Health and Positive Aging Initiative (HaPAI) was established by the Department of Health in Ireland to research how best to support active ageing, health, and well-being of Irish adults aged 50 years and older (2). Its objective is to inform the Department’s policy response to meeting the challenges associated with healthy population ageing. HaPAI emphasises the role of modifiable lifestyle behaviours, in particular, the importance of regular health enhancing physical activity (PA) especially for inactive adults as they age. However, evidence from a global review identified that 45% of adults aged over 60 years were inactive (3). Likewise, several studies conclude that adults 50 years and older would benefit from more PA (4). In Ireland, trends are considerably worse with 65% of 55–64 year-olds and 82% of those aged over 75 years not meeting the physical activity guidelines (PAGL) (5) of at least 30 min of moderate intensity activity on 5 days a week or 150 min weekly (6).

PA, defined as any bodily movement produced by the skeletal muscles that requires energy expenditure greater than that at rest (7), is associated with a range of positive physical and psychosocial outcomes. Systematic reviews in older adults have found that PA can improve performance of activities of daily living (8), gait speed (9), balance (8), physical function (9), and risk of falls leading to medical care (10, 11). In addition, PA has been found to prevent social isolation and loneliness (12) and reduce depressive symptoms (13, 14). Evidence also suggests that low-dose moderate to vigorous PA (MVPA), below current guidelines, reduces mortality in adults aged 60 years and over (15). MVPA is defined based on the intensity of the activity and typically requires individuals to use at least three (moderate) or six (vigorous) times as much energy per minute as they would do when sitting quietly (16). Other studies show that additional forms of activity related energy expenditure (i.e., LiPA, standing) or reducing sedentary time, or both, are associated with health benefits (17–19).

Community programmes have the potential to expand population reach and have been shown to promote PA across the lifespan (20), while there is evidence that complex interventions including behavior change strategies can both increase (21) and maintain (22) PA levels of adults aged 55 years and over. Community-based interventions are appealing as they are accessible to people in their social or geographical area (23), usually target all groups in a particular community (24), and can be effective in overcoming commonly cited PA barriers (25, 26). In addition, multi-component interventions with peer-led elements are also proven to be effective in promoting health behavior change, including PA in adults, though such approaches can be expensive (27–29). Intervention development and implementation are necessary to address the inactivity challenge, particularly prevalent in older adults in Ireland.

Despite the fact that many countries, including Ireland, adopted national policies or action plans to increase PA, a series published in 2016 in Lancet describe their implementation as weak (30). The authors concluded that the greatest progress is likely to occur through interventions that are effective in promoting PA, implemented at scale, regularly assessed, and fully embedded within an enabling system (30). In order to contribute to this effort, in collaboration with relevant stakeholders, we developed a pragmatic intervention (Move for Life, MFL) informed by several sources of evidence to reach and help inactive adults aged 50 years+ increase their PA. In line with the HaPAI objectives, the intervention was designed to fit within existing group-based structured PA programmes delivered by state- funded Local Sports Partnerships in Ireland, thus maximising the likelihood of translation of findings into policy recommendations and ultimately practice. When properly designed, feasibility studies can provide valuable insights into intervention development, study methods, preliminary intervention effects, implementation strategies, and opportunities for refinement and optimization (31, 32). This study aimed to examine the feasibility of the MFL intervention and its potential on activity related energy expenditure and associated health outcomes for inactive adults aged 50 or more years over a 6-month period.



Methods

The protocol for the MFL study is available elsewhere (33).


Setting

The trial took place in the Health Service Executive Mid-West region of Ireland in pre-existing Local Sports Partnership (LSP) community sport and PA hubs that were developed as part of Ireland’s National Physical Activity Plan and whose purpose is to increase engagement in physical activity generally and particularly amongst disadvantaged, marginalised and hard to reach groups. LSPs are state-funded community-based organisations whose purpose is to provide structured sport and physical activity programmes and opportunities for the communities they serve, often using trained instructors (tutors). Eight hubs across counties Clare (n = 4) and Limerick (n = 4) were recruited. Hub inclusion criteria required professional expertise to run four nationally approved PA programmes suitable for inactive middle-aged and older adults. These were Men on the Move [an evidence-based mixed sport programme for men; 12 weeks, 2 sessions/week (34)], Women on Wheels/Bike for Life (a ‘Get Ireland Cycling’ cycling programme; 10 weeks, 1 session/week), Go for Life (an indoor mixed games programme developed by ‘Age and Opportunity’, the national organization working to enable the best quality of life for Irish adults as they age; 8 weeks, 1 session/week) and Get Ireland Walking (an outdoor community walking programme; 10 weeks, 1 session/week). In total, 32 freely accessible PA programmes were implemented over the trial period.



Study design

A cluster design was used to overcome contamination problems and LSP hubs were defined as the units of randomisation (the clusters). Participants within these hubs (units of analysis) were randomised to one of the three arms, (i) the MFL intervention group (MFL; the existing PA programmes plus the MFL augmentation, 3 hubs); (ii) the usual provision (UP; the existing PA programmes consisting of PA classes delivered as normal, 3 hubs); and (iii) the control group (CON; information on PA only, 2 hubs). CON individuals were invited to participate in the PA programmes once the trial was completed. Each hub was geographically separated to reduce the possibility of contamination and clusters were stratified as rural or urban. Randomisation of hubs occurred following baseline assessment and was conducted by an external researcher (JN), using a process of minimisation (35).



Intervention

The MFL intervention is described in detail elsewhere (36). In brief, MFL aimed to enhance the impact of established national PA programmes by augmenting the professional model (PA tutors), through a multimodal intervention. LSP tutors, professionally trained in the delivery of the PA programmes mentioned above, received twice 3-h workshops designed to provide them with training materials in behavioral theory: social cognitive theory (37), self-determination theory (38), and principles of group dynamics applied to PA and exercise settings (39) and how to embed behavior change techniques into their programmes. Consistent with these conceptual frameworks, behavior change techniques were grouped into strategies to help participants develop cognitive and behavioral skills to manage their PA behavior, give and receive social support from other participants and programme tutors, and develop group attitudes and norms conducive to group integration/cohesion. Additionally, the tutors identified suitable class members who volunteered to become peer-mentors and attend a 3-h workshop to enhance PA programme peer support, sustain both group and individual long-term PA and scope out useful services provided by their LSP. MFL handbooks supported the training with a tutor protocol for the delivery type, frequency and intervention content, and a paired participant handbook with session specific information, individual and group tasks. Training was tailored to meet group and individual needs and supported by a MFL researcher who assisted tutors and peer mentors throughout the study period. The PA programmes and intervention took place from 2018–2019.



Procedures

A diverse range of purposive recruitment strategies informed by our published qualitative research were used (40). Individuals who expressed an interest attended a ‘health check appointment’ where they were informed about the study in person, and in writing, and provided informed consent as per ethic’s committee approval (University of Limerick, Faculty of Education and Health Sciences Research Ethics Committee, 2018_02_15_EHS). Consenting individuals that met inclusion criteria as per the study protocol completed baseline measures and their hubs were subsequently assigned to the CON, UP or MFL arm. To be included in the trial, participants had to be inactive based on a self-report screening measure described in the study outcomes section below, community dwelling, aged 50 years and over, and able to exercise independently. Participants were excluded if they were aged under 50 years, active (according to the self-report screening measure), and unable to exercise independently. Outcome measures were collected at baseline (T0), post-intervention (T1, at 8, 10 or 12- weeks), and 6-month follow up (T2).



Feasibility outcomes

The feasibility outcomes assessed against pre-set progression criteria were recruitment, allocation, adherence, fidelity and retention (41, 42). Recruitment data were gathered via a process evaluation questionnaire. Adherence criteria was assessed by tutor logs and validated by participant self-report at T1. Fidelity to prescribed MFL intervention content was assessed weekly by tutor fidelity checklists, monitored by a MFL researcher with phone calls, while average compliance was calculated. Tutor recruitment of peer mentors was evidenced by numbers completing MFL training. Study retention rates, data quality and adverse events, such as training related issues, e.g., muscle, tendon or joint problems, that precluded exercise participation, or other diseases that required exercise interruption, were monitored and recorded.



Progression criteria

As per protocol, this feasibility study will progress to a full study unless there is:

	• Failure by more than 40% of participants to provide reliable data for daily determination of MVPA (study design)
	• Failure by more than 40% of participants to maintain engagement with the intervention (adherence)
	• Failure to identify less than 80% of the required number of peer mentors by the LSP tutors in a timely fashion (fidelity).



Primary outcomes

The primary outcomes were MVPA measured using the activPAL 3 micro accelerometer (AP3M) and compliance with PAGL measured via self-reported questionnaire. Common to all accelerometer-based outcomes in this study, participants were required to wear the AP3M device on the anterior aspect of the right mid-thigh for 24-h/day, on 8 consecutive days and were instructed to only remove the device if they were going to be submerged in water (i.e., swimming or bathing). All device removals were documented as non-wear time in a non-wear diary. MVPA was calculated using a previously developed and validated count-to-activity threshold (8,873 counts. 15 s−1) (43). To be included in all analyses for accelerometer-based data, participants were required to provide at least 4 days (3 weekdays, 1 weekend) of valid accelerometer data (≥ 10 h waking data/day) (44). Based on previous research in adult populations, monitor non-wear time was defined as a period of ≥60 min of consecutive zero-counts (43, 44). The total non-wear time was summed for each day and the 24-h day adjusted accordingly. For self-report, a clear definition of frequency, intensity, time and types of PA to meet PAGL was provided. In accordance with WHO guidelines (45), self-reported compliance with PAGL was assessed by the number of days over a typical or usual week that participants accumulated at least 30 min of MVPA, and if 4 days or less if they had accumulated at least 2.5 h MVPA in the last 7 days. The measure used has shown acceptable properties for classifying adults as meeting PAGL (46).



Secondary outcomes

Secondary outcomes included accelerometer-based LiPA, standing time and sedentary time; body composition (adiposity), physical function and psychological well-being. Accelerometer-based outcomes: LiPA was calculated as 24 h – [sedentary time + standing + MVPA]. Standing time and sedentary time were derived directly from the AP3M output. Body composition (adiposity): weight and height were measured using an electronic scale (Seca model 770, Seca Ltd., Birmingham, UK) and stadiometer (Seca model 214, Seca Ltd., Birmingham, UK). Body mass index (BMI) was calculated, weight (kg)/height (m)2. Waist circumference (WC) was recorded to the nearest 0.1 cm with an adjustable anthropometric un-elastic tape (Seca model 200, Seca Ltd., Birmingham, UK). Physical function was assessed by the Timed Up & Go Test (TUG) and the 6-min walk test (6MWT: ATS, 2002). TUG assesses functional mobility and balance, since it is highly correlated and concurrently valid with gait speed (47). From a seated position, participants were required to stand, walk three meters, turn around, walk back and sit down, as briskly and as safely as possible. The time taken to complete the TUG test was recorded in seconds. TUG possesses high intra- and inter-rater reliability, n = 10–30, ICC = 0.99; ICC = 0.98 (48) and minimum detectable change is 2.08 s (47). The 6MWT is a valid measure of functional exercise capacity with stable and reproducible results (49). Participants walked as briskly and safely as possible, up and down a 30 meter straight flat track, continuously for 6 min. The distance that they covered was recorded to the nearest meter. Psychological well-being was assessed using the seven-item version of The Warwick-Edinburgh Mental Well-being Scale (WEMWBS) (50) which has demonstrated high correlation with other scales that measure positive mental health and well-being while it is highly sensitive to changes in mental well-being (51).

All data for primary and secondary outcomes were entered manually by two researchers, and checked for input error. Where appropriate, average scores were calculated.



Demographic and socio-environmental measures

Questionnaires collected data on demographics (age, gender, marital status, education level, health insurance and occupational status), prevalence and type of chronic diseases (a list of 22 conditions, in accordance with the International Classification of Diseases), and on environmental conditions known to influence independent PA (perceived safety, convenience and functionality) (52).



Data analysis

Descriptive statistics were summarised by trial arm at baseline, and reported as means and standard deviations or n and percentages as appropriate. Following inspection of distributional and missing data (missing at random) assumptions, we used linear mixed models to estimate the adjusted differences in means of primary and secondary outcomes between groups post-intervention and at follow up and explore differences in patterns of change over time while accounting for correlation introduced by repeated measurements.

Based on an ecological perspective of active living (52), a comprehensive set of covariates was considered (Appendix A) and each covariate examined to understand how they relate, on their own, to the initial status and rate of change of the outcomes. The LSP (Clare, Limerick), by which the randomisation was stratified, was accommodated by its inclusion as a covariate in the model. A categorical variable ‘Group’ (effect coded −1, 0, and 1 for participants in MFL, UP and CON, respectively) was tested to explore any trial arm differences in the initial status and changes over time (i.e., interaction with time). Time was modelled both as a fixed and as a random effect to account for the hierarchical structure of the data (observations “nested” within participants). Initial models also tested for nonlinear effects by including a quadratic parameter (Time × Time) in the fixed effects.

For each outcome, variables with p-values >0.10 in the initial models, and variables central to the research questions (e.g., Group, Time, and their interaction, Local Sports Partnership), were included in a subsequent multivariable model. We tested several covariance structures appropriate for longitudinal data (unstructured, compound symmetry, first-order autoregressive) to determine the error covariance structure that best fit the data.

The models for continuous outcome variables were calculated using the Linear Mixed Models procedure with maximum likelihood estimation in SPSS version 26, whereas the model for the categorical outcome variable “compliance with PAGL” was calculated using the Generalized Estimating Equations procedure in SPSS version 26. Analyses followed an intention-to-treat principle and all available observations were used to estimate the models. Differences in adjusted means at each time point and Group × Time interactions are presented with their corresponding 95% confidence intervals and p-values, which are considered mainly exploratory given the feasibility nature of this study and lack of formal sample size calculation, though numbers required to sustain each PA programme for the study period were rather large. Statistical significance was set at p < 0.05.




Results


Demographics and feasibility


Demographics

MFL recruited 733 individuals (May–September, 2018), 98% (n = 724) consented and completed baseline measures. As seen in Figure 1, 18% (n = 132) were excluded due to opt-out consent, age (aged under 50 years) or self-reported activity status (if they accumulated at least 30 min of MVPA during 5 days or more over a typical or usual week, and if 4 days or less, if they had accumulated at least 2.5 h MVPA in the last 7 days). Excluded individuals were younger (59.4 vs. 63.06, p < 0.001), more active (activPAL MVPA mins (10 min bouts) 32.12 vs. 13.06, p < 0.001) and more males (29.9% vs. 19.6%, p < 0.01) than included. Table 1 presents the baseline demographic characteristics of 601 included participants. Most were female (80.4%), 37% had ≥3 chronic conditions; 41% were obese. Trial arms were balanced at baseline regarding sociodemographic characteristics, with age and marital status the only significant differences between arms. UP were older than other participants, and CON were more likely to be separated or divorced. No differences were found on economic status, highest level of education or health insurance.

[image: Flowchart illustrating participant enrollment and assessment in a study. Seven hundred thirty-three assessed; six hundred one included after exclusions. Randomized into Intervention, Usual Provision, and Control groups with follow-ups at two time points. Each group shows participant counts, follow-up losses, and valid data percentages for accelerometer, questionnaire, and physical health. Main reasons for follow-up loss: no reason, commitments, personal, medical, time, and program interest.]

FIGURE 1
 Consort flowchart of the move for life study.*Accelerometer devices were limited, thus maximum administrations adhering to study wear time protocol and within project timeline was N=443. This equated to a maximum of 188 accelerometer datasets that could be collected for each arm of the study at baseline. Only the usual provision arm reached this maximum number.




TABLE 1 Baseline (T0) characteristics of study participants by trial arm (n = 601).
[image: Table comparing descriptive variables across three study groups: MFL (Move for Life Intervention Group), UP (Usual Provision), and CON (Control). Variables include age, gender distribution, education level, medical card possession, marital status, number of chronic health conditions, area deprivation index, geographical location, and MVPA minutes. MFL participants are older with an average age of 61.86, while UP and CON average ages are 64.22 and 62.50 respectively. The table also details percentages for other variables, such as education level and marital status for each group.]



Adherence

Tutor attendance logs were highly correlated with participant reported attendance rates (r = 0.751, p < 0.001). Average attendance was higher in MFL (63.8%) compared to UP (59.2%). Fidelity: all programme sessions were delivered per guidelines. MFL compliance was 77%, as 508 out of required 662 intervention strategies were delivered as prescribed. Twenty-seven peer mentors were identified and trained in a timely manner (exceeding progression criteria). Retention: The study retention rate was 63% (n = 374), with MFL, UP, and CON groups achieving retention rates of 64, 58 and 79%, respectively (Figure 1). Dropouts were younger (63.97 (7.8) vs. 61.59 (8.6) years; p < 0.001), less active (14.22 (13.4) vs. 10.83 (5.6) MVPA mins/day (in bouts of 10 min), p < 0.05) and more likely to be in work as opposed to retired (work 34% vs. 46%, retired 48% vs. 35%; p < 0.05). “No reason” was the main explanation for dropout. “Didn’t take up the programme”, followed by unrelated medical issues, no exercise training, and personal reasons. Data Provision: for those involved in the study at each time point valid data completion rates for accelerometers were ≥ 66%, for psychosocial questionnaires ≥89%, and for physical health assessments ≥90%. Progression criteria: all study progression criteria set in the study protocol (33) were met.




Primary and secondary outcomes

The raw (unadjusted) means of the primary and secondary outcomes and number of participants at each time point in each of the comparison groups are shown in Appendix B whereas Table 2 shows the percentage change for each group (increase or decrease) in the study outcomes based on the raw means. Table 3 displays differences in adjusted means between groups at T0, T1, and T2 with corresponding p-values. In addition, the table shows “Group × Time” interaction coefficients and corresponding p-values, examining variation in study outcomes over time (T0, T1, T2) as a function of group membership/treatment condition (MFL, UP, CON). To interpret “Group × Time” interactions and assess intervention effects, in addition to the coefficient of interaction terms, we used visualizations (graphs) spanning the entire range of possible values for the Y axis (53). Missing observations for participants included in the analyses ranged from 23% (accelerometer-based variables) to 27% (other variables).



TABLE 2 Percentage change in outcome variables according to study group and period.
[image: Table comparing percentage changes in different physical activity and health measures over two periods, T0-T1 and T0-T2, for groups MFL (Move for Life Intervention Group), UP (Usual Provision), and CON (Control). Measures include MVPA, LiPA, Stand, Sedentary Time, PAGL, BMI, Waist Circumference, TUG, 6MWT, and Well-being. Values show various increases and decreases across groups, with MFL generally showing improvements in PAGL and 6MWT over both periods.]



TABLE 3 Group differences over time in outcome variables.
[image: A detailed table presents statistical comparisons among three groups: Move for Life Intervention Group (MFL), Usual Provision Group (UP), and Control Group. It covers various metrics such as moderate to vigorous physical activity (MVPA) in minutes, light physical activity (LiPA) in hours, standing and sedentary time in hours, physical activity guideline adherence percentage (PAGL), body mass index (BMI), waist circumference in centimeters, Timed Up and Go Test (TUG) in seconds, Six-Minute Walk Test (6MWT) in meters, and well-being scores. Each metric shows adjusted mean differences with 95% confidence intervals across three time points (T0, T1, T2) and associated p-values, including group-by-time interactions. Significant differences, based on p-values, are marked with specific symbols indicating statistical significance.]


Accelerometer-based variables and self-reported compliance with activity guidelines

As shown in Table 3, we found a significant “Group × Time” interaction for self-reported compliance with PAGL (whole sample) and for accelerometer-determined standing time and sedentary time (subsample wearing accelerometers). As illustrated in the corresponding visual graph (Figure 2E), compliance with PAGL increased over time in the three study groups. Furthermore, compliance with PAGL increased significantly in the MFL group relative to both UP and CON and in UP relative to CON. Notably, the adjusted mean differences, shown in Table 3, reveal that the percentage of participants who reported meeting PAGL was 15 and 12 points higher in MFL at T1, and of 25 and 14 points at T2, compared to participants in CON and UP, respectively (all p < 0.01). In addition, compared to CON, 11% more UP participants reported meeting PAGL at T2, with the difference approaching the specified level of statistical significance (p = 0.054).

[image: Ten line graphs labeled A to J display various health and activity metrics over three time points, T0, T1, and T2.   Graph A: MVPA in minutes shows a decline across all groups (MRL, UP, CON).   Graph B: LIPA in hours fluctuates slightly.   Graph C: Standing hours remain stable.   Graph D: Sedentary time increases over time.   Graph E: Physical activity guidelines compliance rises.   Graph F: BMI is stable across groups.   Graph G: Waist circumference decreases.   Graph H: "Timed Up and Go" time reduces.   Graph I: Six-minute walk test distance increases.   Graph J: Wellbeing scores improve. Legends for each graph distinguish between the MRL, UP, and CON groups.]

FIGURE 2
 (A–J) Changes in accelerometer determined MVPA (A), LiPA (B), stand (C), and sedentary time (D), in proportion meeting PA guidelines (E), in anthropometric measures [BMI (F) and waist circumference (G)] and in physical function measures [timed up and go (H) and 6-min walk test (I)] and well-being (J).


Although the difference in adjusted means in accelerometer-derived MVPA between MFL and CON participants was quite large at T2 (6.57 min/day, p = 0.026), the “Group × Time” interaction coefficient was not significant in any of the comparisons involving the three study groups (Table 3). This suggests that there were no intervention effects regarding this outcome for the sub-sample wearing accelerometers. A similar conclusion is applicable to LiPA. On the other hand, we observed a significant “Group × Time” interaction for accelerometer-based standing time and sedentary time. Specifically, the interaction coefficients and corresponding graphs (Figures 2C,D) indicate that standing time decreased in MFL relative to the CON group while sedentary time increased in the latter compared to UP. In addition to the figures, the differences in adjusted means at T1 and T2 are suggestive of relatively modest interaction effect sizes, particularly for standing time.



Body composition (adiposity)

Whilst we did not find evidence of intervention effects in the form of significant “Group × Time” interactions for BMI, we observed such evidence for waist circumference. In particular, the interaction coefficients and corresponding graph (Figure 2G) indicate that even though waist circumference remained higher in the MFL group and decreased, as seen in Table 2, in the three groups from T0-T2 (−6.2% MFL, −3.6% UP, −3.4% CON), it also decreased in MFL relative to both UP (p < 0.0001) and CON (p < 0.017), as shown in Table 3.



Physical function

TUG scores decreased in the MFL group relative to UP, indicating that test scores improved significantly over time in MFL participants compared to UP participants. Specifically, the former outperformed significantly the latter by −0.53 s (p = 0.020) at T1 and − 0.85 s at T2 (p < 0.0001). In addition, CON participants outperformed UP participants over time, as evidenced in the significant “Group × Time” interaction coefficient for these two groups (Table 3; Figure 2H). This was particularly true at T2, where CON participants took on average 0.33 s less to complete the test than UP participants (p = 0.045).

Finally, even though adjusted mean differences did not reach statistical significance neither at T1 nor at T2, both MFL and UP increased significantly the distance covered in the 6MWT relative to CON over the study period, as evidenced in the “Group × Time” interaction coefficients in Table 3 and the corresponding graph (Figure 2I). Illustrating this circumstance, from T0-T2, the MFL, UP and CON participants increased on average by 10.6, 8.1 and 3.4%, respectively (Table 2).



Psychological well-being

A significant “Group × Time” interaction coefficient (Table 3) together with the temporal pattern of adjusted mean differences and the corresponding graph (Figure 2J) indicate that psychological well-being increased significantly in MFL relative to CON during the study period. Specifically, as seen in Table 2, from T0-T2, well-being scores increased on average by 3.2% in MFL participants and decreased by 1.1% in CON participants. Meanwhile, UP participants reported a small increase of 1.2%.





Discussion

This study aimed to establish the feasibility of the MFL intervention and its potential for improving activity related energy expenditure and associated health outcomes. The results provide evidence of the promise and added value of the MFL augmentation to enhance current community PA programmes for adults aged 50 years and over in Ireland. Developing effective interventions for inactive and older adults is especially important to maximise public health goals for NCD prevention (54). The learnings from the MFL trial and its delivery of intervention were maximised by combining feasibility and promising evidence (55, 56), while our results showed that progression criteria were met in an acceptable timeframe (57).

MFL is a theory-informed, pragmatic, community-based intervention to promote PA for inactive adults aged 50 years or older. MFL drew on both traditional evidence-to-practice and complementary practice-to-evidence pathways for its design (30, 58). Its conceptualisation allowed for the provision of instructional technical skills to remain within the professional model, but informed by formative research (40), MFL added training on behavior change strategy use and methods for enhancement of group dynamics to the tutor skillset. It also trained peer mentors to improve in delivery, organisational capacity and provide participant encouragement for long-term PA adherence both during and after the intervention. The findings from this study add to the evidence showing that approaches based on enlisting peer volunteering support have potential to be an effective strategy for increasing PA in adults and older adults, particularly those who are inactive and socially disengaged (27).

The study methods were acceptable for both LSPs and inactive middle aged and older adults, evidenced in its co-creation with the LSPs and the participants themselves (40), as research recommends (59); and also in its successful recruitment of LSP tutors and peer mentors across 32 PA programmes showing high level of interest in this type of professional and personal education. Zubala et al. published a review (60) that called for future research on the promotion of PA to community-dwelling older adults to emphasize systemic and contextual factors. By anchoring the MFL programme within the LSP network we ensured it would benefit from the vast local structures increasing its likelihood of becoming embedded within a community organisation, minimising barriers to implementation at the organisational level (30). The circumstance that the MFL intervention programme was proposed as an ‘augmentation’ aiming to enrich existing LSP programmes, instead of as being a new programme, was a key asset in this regard (36).

The study met all progression criteria. Recruitment of individuals to intervention trials can be expensive, time consuming and problematic, particularly when targeting inactive older adults (61). Our ambitious recruitment targets (33) were met and indeed exceeded, and 82% of individuals who declared an interest met the study inclusion criteria. Findings showed that service providers can maximise the reach and recruitment for community-based health promotion initiatives through partnership-based recruitment strategies anchored within community groups. However, significantly fewer males than females took part, reflecting the difficulty in recruiting males to health promotion community-based research studies (62–64). Future recruitment and assessment strategies as well as PA programmes offered need to be gender sensitised.

In Ireland, 61% of adults aged 50 years or more live with a chronic condition such as arthritis, osteoporosis, cardiovascular diseases (65). Tackling obesity and weight gain presents a major national issue (66), with 43% of those aged 50 years or more to be overweight and 36% obese (67). At baseline, all participants were inactive, 82% reported living with at least one chronic condition, 40% were overweight and 41% were obese, showcasing the need for interventions of this nature for this target group.

This study demonstrated that research required to evaluate the effectiveness of the intervention in a larger trial is feasible. In accordance with the study progression criteria (33), and considering the population (inactive, older adults) the retention rate exceeded its 60% target, at 63%. The control group had the highest retention rate (79%), reflected in other studies (68), demonstrating a potential untapped interest in ‘assessment only’ interventions. Questionnaire, physical health and accelerometer data provision were very high at baseline (>98%), however it decreased overtime. Physical health data completion rates exceeded questionnaire, potentially indicating a preference for physical health measures by participants. Although progression criteria (>40%) were met, study retention was low. A main reason for dropout was the fact that participants ‘did not take up the programme’, highlighting a feasibility issue, as some participants did not like the type, time of day or day/week on which the PA programmes were offered and consequently chose not to receive the programme. MFL was a complex intervention involving two LSPs, eight hubs and 32 PA programmes and yet it did not meet the needs of programme choice for all participants, particularly those who were younger, still in work and very inactive. A definitive trial could consider a ‘home-based’ or online option to broaden accessibility.

The results provide promising evidence that the MFL intervention to improve PA and associated health outcomes. While we found relatively small, but significant, differences among groups regarding device-based standing time and sedentary time favouring UP in the subsample wearing accelerometers, in the whole sample, self-reported compliance with PAGL was largely favourable to MFL compared to both UP and CON. As mentioned earlier, post-intervention, the percentage of participants who reported meeting PAGL was 15 and 12 points higher in MFL compared to participants in CON and UP, respectively, while this difference increased to 25 and 14 points at follow up. This finding is noteworthy when compared to other PA interventions in similar settings and populations (21, 60), particularly considering that MFL is a relatively low dose ‘augmentation’ of existing PA programmes. Furthermore, the findings regarding self-reported compliance with PAGL are largely consistent with the findings regarding body composition (waist circumference), physical function (TUG and 6MWT) and psychological well-being in the whole sample, which favoured the MFL group overall. As a case in point, waist circumference decreased in MFL relative to both UP and CON over the study period. Considering the relatively short study period, relatively low intervention dose, and the health consequences associated with markers of adiposity (69), the average decrease of 6.11 cm from baseline to 6-month follow up in the MFL group is remarkable compared to reductions in waist circumference documented in other adult PA interventions for adults (70). Moreover, the observed decrease is seemingly commensurate with the pattern of self-reported compliance with PAGL. One circumstance that may explain partially the magnitude of changes observed is that MFL participants had higher average initial waist circumference values than UP and CON participants and, therefore, more room for improvement and, perhaps, greater motivation to do so. Similarly, MFL was also the group displaying higher baseline levels of MVPA, LiPA and standing time and lower sedentary time, which may have negatively influenced to a certain degree its trajectory regarding accelerometer-determined PA and sedentary time. Taken together, improvements (absolute and relative to other groups) in compliance with PAGL, body composition (waist circumference), functional mobility and balance (TUG) and functional exercise capacity (6MWT) help to explain the significant, although relatively modest, increase in psychological well-being scores observed in MFL relative to CON over a 6-month period.

While MFL participants may have overestimated their PA when providing self-assessments, measurement reactivity amongst the subsample that wore accelerometers may also have been present (71). It is also possible that some of the observed differences were due to accelerometers not capturing activities that participants may have performed more often as a result of their involvement in the organised programmes (e.g., cycling).

Achieving long-term adherence to exercise for older adults requires theoretically informed interventions (72), yet there is insufficient evidence of long-term improvements (21), and indication that after 20 weeks following a programme PA behavior returns near to baseline levels (73). The findings regarding self-reported compliance with PAGL show the potential for sustainability of intervention effects in the MFL group vis-à-vis levels of PA at 6-month follow up. Given the growing evidence indicative of the health benefits of LiPA and reduced sedentary time (74), the significant results concerning accelerometer-based standing time and sedentary time are also encouraging for established community-based PA programmes for adults delivered via LSPs in Ireland. In this vein, UP also showed significant improvements over time in self-reported compliance with PAGL relative to the CON group, although smaller in magnitude than MFL at each time point considered, and similar advantages over time than MFL in the 6MWT compared to CON. For progress to occur in PA promotion, more rigorous evaluation studies of real-world programmes is needed (30, 58), particularly since practice moves faster than research (75). The present study aimed to address this call by providing a rigorous evaluation of existing public community PA programmes in Ireland in addition to providing evidence of effectiveness for the MFL augmentation.

The real-world context and pragmatic approach of this research conferred both strengths and limitations. The development of a partnership network involving the statutory, academic and community sectors was key to the MFL model development and subsequent delivery. The results showed that a ‘real world’ community-based PA programme can work under usual conditions (76), and enable those previously inactive to achieve, and sustain, significant improvements. Other notable strengths include high number of participants recruited and the comprehensive set of evaluation measures to assess primary and secondary outcomes. Finally, our analytical strategy took into account important aspects of the complexity of the study design and variation in PA behavior, such as the hierarchical nature of data, change over time, linear and non-linear effects, and covariates representing multiple domains and levels of influence.

Any further research aimed at building upon this trial will need to address some specific limitations. While this study has strong external validity and generalisability and consequently applicability of findings to real-life contexts, thus strengthening the likelihood of intervention sustainability and scalability, however, some aspects of internal validity may have been compromised. The recruitment of males was challenging; gender sensitised recruitment, testing and programme options are required. As the potential recruitment was unknown, a strategy that encouraged people to register in advance, without excluding anyone, led to variation in numbers attending testing sessions. Consequently, over recruitment occurred is some hubs, and understaffing on some initial testing nights. While this affected only baseline, future recruitment strategies should aim for a more robust registration procedure. The limitations of count-to-activity thresholds for the determination of activity intensities should also be acknowledged. Within the literature, there is a scarcity of validation studies conducted in free-living environments (77) and the current prediction analysis techniques that use count-to-activity thresholds can result in under or over-estimations (78). However, no consensus on the “correct” count-to-activity threshold exists. Those used to determine MVPA from the activPAL in this study had high sensitivity (95%) and specificity (89%) values, indicating that they are accurate at detecting both the activities above a specific threshold (i.e., 3 METs), and also are below the said threshold, while they have been previously been applied to an older adult population (79). The total study period consisted of the time from baseline to 6-month follow-up, this falls short of the minimum 6-month follow up period post programme, recommended in widely used planning and evaluation frameworks, such as RE-AIM (80).



Conclusion

Overall, the findings show that the MFL intervention is feasible. Considering the characteristics of the target population (i.e., middle age to older, inactive adults, high prevalence of obesity and comorbidities) and the pattern of results for outcomes related to energy expenditure, body composition, physical function, and well-being, the intervention has potential to enhance current community PA programmes for adults aged 50 years and over. A full effectiveness and cost-effectiveness pragmatic trial is warranted.
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Background: Oxidative stress and chronic inflammation play an important role in the pathogenesis process of cognitive frailty (CF). Regular Baduanjin exercise could improve cognitive frailty in older adults, but it is unclear whether the effect of Baduanjin exercise on improving CF is mediated by modulating circulating oxidative stress and inflammatory process.
Method: A total of 102 community-dwelling older adults with CF were recruited and randomly allocated into a 24-week Baduanjin exercise training group or no specific exercise intervention control group at an equal rate. Cognitive function and physical frailty index were assessed using the Montreal Cognitive Assessment (MoCA) and the Edmonton Frail Scale (EFS), as well as the oxidative stress and inflammatory cytokines were measured at baseline and after intervention.
Result: After 24 weeks of intervention, the increased MoCA score (2.51 ± 0.32 points, p < 0.001) and the decreased EFS scores (1.94 ± 0.20 points, p = 0.012) in the Baduanjin group were significantly higher than those in the control group. Serum antioxidant SOD levels were increased by 10.03 ± 4.73 U/mL (p < 0.001), and the prooxidative MDA and 8-iso-PGF2α levels were decreased by −1.08 ± 0.80 nmol/mL (p = 0.030) and −86.61 ± 15.03 ng/L (p < 0.001) in the Baduanjin training group; while inflammatory cytokines IFN-γ, IL-2 and IL-4 levels were increased (1.08 ± 0.33 pg./mL, p = 0.034, 2.74 ± 0.75 pg./mL, p = 0.04 and 1.48 ± 0.35 pg./mL, p = 0.042). In addition, a mediation effect that Baduanjin training improved cognitive ability mediated by an increase of circulating IFN-γ and IL-2 levels were observed in this study.
Conclusion: Regular Baduanjin exercise training could improve the cognitive frailty of the community-dwelling older adults with CF, and modulate oxidative stress and inflammatory processes by reducing circulating pro-oxidative MDA and 8-iso-PGF2α levels and increasing anti-oxidative SOD levels, as well as impacting inflammatory cytokines IFN-γ, IL-2, and IL-4 levels. Nevertheless, the mechanism of Baduanjin exercise mediating oxidative stress and inflammatory processes should be cautious to be explained.
Clinical trial registration: http://www.chictr.org.cn/index.aspx, ChiCTR1800020341.
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Introduction

Cognitive frailty (CF) is defined as a heterogeneous syndrome that involves simultaneously frailty of the physical and cognitive domains, which is more susceptible to adverse health outcomes, such as falls, disability, low quality of life, even if mortality (1–3). In China, the prevalence of CF among community older adults ranges from 1.1–19.86% (4, 5), and is higher in the clinical environment (6, 7).

Although the underlying mechanism of CF remains unclear, oxidative stress and chronic inflammation play an important role in its pathogenesis (8). Increasing pieces of evidence support a link between oxidative damage and frailty or cognitive decline in older people (9). Likewise, researchers have shown that an increased inflammatory condition is positively linked to the pathogenesis of cognitive impairment and physical frailty (10, 11). In the process of aging, the antioxidant defence capacity of older adults is gradually weakened due to the accumulation of the oxidation and peroxidation cellular components under the stimulation of various internal and external factors (12, 13); for example, clinical studies found that higher malondialdehyde (MDA) level and lower superoxide dismutase (SOD) level were associated with muscle atrophy and neurodegeneration (14, 15). While the decline of immune function, the abnormal accumulation of pro-inflammatory factors and the weakening of the anti-inflammatory feedback system directly drive the chronic and low-grade inflammatory response (16); evidence shows that the increased inflammation is also found to have additional predictive effects on the risk of disability in older adults with CF compared to the single physical frailty or cognitive impairment (17).

Many clinical trials have evaluated the effect of exercise intervention on cognitive impairment and physical frailty for older people with different health conditions (1, 18), therefore may be deemed as a promising intervention for improving CF. In addition, there were confirmed that regular exercise intervention with low-moderate intensity could be beneficial to modulate the oxidative stress or systemic low-grade inflammatory reduction of older people (19–23). As one of the most common traditional Chinese Qigong exercises in China, Baduanjin is an aerobic mind–body exercise with low-moderate intensity and emphasizes a combination of physical training with mental focus; interaction between symmetrical physical postures and movements, meditative mind, and breathing techniques in a harmonious manner (24). Due to being less physically and cognitively demanding, Baduanjin exercise is very suitable for older adults. Studies have shown that long-term adherence to Baduanjin can benefit multiple dimensions of health, such as social, psychological, cognitive, and physical functions of middle-aged and older adults (25–27). A previous study reported that a 12-week Baduanjin training could increase antioxidant enzymes and reduce oxidative stress in middle-aged women by modulating the MDA and SOD levels (28). Some studies also reported that the expression of serum IFN-γ, IL-6, TNF-α and other inflammatory factors in older adults people was significantly changed after regular Baduanjin training, suggesting that Baduanjin exercise intervention can alleviate local muscle pain, improve joint mobility, restore neuromuscular function by regulating cytokines (29, 30). Another survey including 156 healthy older adults people confirmed that a 24-week Baduanjin training could reduce the serum MDA, improve SOD activity and total antioxidant capacity (T-AOC), and coordinate the changes of cytokines IL-2, TNF-α and IL-6 in immune function to achieve the anti-aging effect (31). Thus, the improvement of cognition and physiological function of the different populations by regular Baduanjin exercise may be related to regulating the body’s inflammatory condition and oxidative stress level. However, there is no report on the related aspects of CF population. Therefore, it is plausible that the putative benefit of Baduanjin training on CF is more pronounced among older persons. In summary, this study aims to investigate the effect of regular Baduanjin exercise on the CF, inflammation and oxidative stress in community-dweller older adults with CF.



Methods


Study design

This study was a two-arm randomized controlled trial with an assessor-blinded, and was conducted between December 2018 and January 2020 in three community centers in Fuzhou city of China, according to the principles of the Declaration of Helsinki. A total of 102 eligible participants were randomly assigned to the Baduanjin exercise training group or the no specific exercise intervention control group with a 1: 1 ratio. The random allocation sequence was generated using the PLAN procedure of the statistical software SAS V.9.0, and was managed by a researcher not involved in the recruitment, intervention and evaluation. The design of the study was detailed in the published protocol (32).



Participants

Individuals with CF were recruited from the community center of Fuzhou city in China. The inclusion criteria were: age over 60 years old; meeting the CF according to the definition of CF (33); no regular physical exercise for at least half a year (regular exercise means exercise with a frequency of at least twice a week and at least 20 min per session); and the informed consent. Those with uncontrolled hypertension (the systolic blood pressure was greater than 160 mmHg or the diastolic blood pressure was greater than 100 mmHg after taking medicine), severe organ failure, cardiovascular disease, musculoskeletal system diseases and other sports contraindications, and a history of alcohol and drug abuse were excluded. This study was approved by the Ethics Committee of The Second Affiliated Hospital of Fujian University of Traditional Chinese Medicine (No. 2018-KL015) and was registered in China clinical trial registration center with the registration number ChiCTR1800020341.1 Informed consent was obtained from all participants involved in the study.



Interventions

Participants who were allocated to the Baduanjin exercise training group received a 24-week Baduanjin exercise training. The frequency of Baduanjin exercise training was 3 days a week and 60 min a day, including a 15 min warm-up, 40 min Baduanjin training and 5 min cool down. Baduanjin training was assigned at three community centers (Jinniushan Community Center, Wenquan Community Center and Wufeng Community Center in Fuzhou city) with 15–20 individuals per center. Three professional coaches, who have been engaged in teaching Baduanjin exercise to college students at the Fujian University of Traditional Chinese Medicine (FJTCM) for at least 5 years, were employed to guide participants’ training. The training scheme for the Baduanjin exercise was planned according to the ‘Health Qigong Baduanjin Standard’ enacted by the State Sports General Administration in 2003 (34). The Baduanjin exercise comprises 10 postures (including the preparation and ending postures). A Polar heart rate (HR) monitor (Mio Sport SD) was used to monitor participants’ energy consumption and HR during training.

Participants in the control group were informed to maintain their original lifestyle without any specific exercise intervention.

Additionally, all participants received 6 sessions of health education lectures on nutrition and diet-related knowledge with 30–60 min per session and once every 4 weeks. Furthermore, all participants were asked to record their daily physical activities through a self-designed daily activity questionnaire during the 24-week intervention period.




Outcome measures


Cognitive frailty

Global cognitive function was assessed using the Chinese version of the MoCA scale (35). The rating scale covers 8 cognitive domains: visuospatial executive ability, naming, memory, attention, language ability, fluency, abstract thinking, delayed recall, orientation, out of 30 points. The cut-off value was 26 points. The higher the score, the better the global cognitive function. Considering that different educational levels can cause a certain bias, if the total years of education of the research subjects are less than 12 years, the final score would be increased by 1 point (36).

Physical frailty was evaluated by Chinese version EFS scale (37). EFS covers 9 dimensions including cognitive ability, overall health status, functional independence, social support, medication status, nutrition, emotion, control ability, and functional performance. Each dimension is scored 0, 1, and 2 points, with a total score of 17 points. The cut-off value is 6, and the score is negatively correlated with physical function. The higher the score means the more serious the physical frailty (38).



Oxidative stress markers and inflammatory cytokines

After a 12-h overnight fast, 5 mL whole blood samples were obtained in the morning by an experienced nurse at baseline and 24 weeks after intervention. The 24-week blood samples were collected at least 3 days after the last exercise training to eliminate the short-term effects of exercise.

The MDA assay kit (thiobarbituric acid method), SOD assay kit (xanthine oxidase method), human 8-iso prostaglandin F2α (8-iso-PGF2α) ELISA kit (competitive method), nitric oxide (NO) assay kit (one-step method), T-AOC assay kit (microplate method), and lipid peroxidation (LPO) assay kit were used to measure the content of oxidative stress markers (MDA, SOD, 8-iso-PGF2α, NO, T-AOC and LPO) in serum. All the assay kits used in this study were developed by Nanjing Jiancheng Bioengineering Institute.

The levels of inflammatory cytokines including IL-2, IL-4, IL-6, IL-8, IL-10, TNF-α, IFN-γ and granulocyte macrophage-colony stimulating factor (GM-CSF) in serum were measured using the Bio-Plex Pro Human Cytokine Assays (liquid chip multi-factor detection technology, Bio-Rad Company in the United States) according to the manufacturer’s instructions.

All measurements on serum specimens were conducted by the experienced staff at the medical experiment center of the Academy of Integrative Medicine, Fujian University of Traditional Chinese Medicine.



Sample size and statistical analysis

The sample size was estimated based on improvements in EFS or MoCA scores. A total of 102 samples were necessary to have 80% power to detect a difference in the target effect EFS or MoCA changes between Baduanjin training and control group after intervention with a maximum loss to follow-up of 20%. This was reported in previously published protocol (32).

The continuous variables were expressed as a mean ± standard deviation (SD) or median and interquartile range (IQR) when appropriate, while the categorical variables were expressed as frequency. The baseline characteristics between groups, including age, sex, education, BMI, BDI and GDS, were examined by the two independent sample t-test/the Mann–Whitney U rank test for continuous variables or the Chi-square test for categorical variables. Between-group differences in cognitive ability and physical frailty, oxidative stress and inflammatory cytokines of two groups at baseline and 24 weeks after intervention were compared by independent t-test or Mann–Whitney U rank test, and the linear mixed model was used to observe the interaction effect of exercise intervention and time-based on the intention-to-treat principle with the missing data handled using the multiple imputation method. To test whether the effect of Baduanjin exercise training on cognitive or physical function was mediated by the inflammatory, antioxidative, or pro-oxidative stress cytokines, we conducted mediation analyses with the significantly changed cytokines as mediators using Hayes’s PROCESS macro (39). All analyses were conducted using SPSS version 26. All tests were two-sided, with p < 0.05 indicating statistical significance.




Results

Figure 1 shows the flow diagram of participants’ recruitment, randomization and intervention. Of 2,584 individuals who manifested interest in this study, 2,482 were excluded based on the adopted criteria. 102 eligible older adults performed all baseline assessments and were randomly allocated into the Baduanjin exercise training or control group. During the 24 weeks intervention period, a total of 11 participants (6 in the Baduanjin exercise training group, and 5 in the control group) dropped out of the trial, but no significant difference in dropout rate between two groups was found (p > 0.05). Finally, 91 participants completed the intervention. For the Baduanjin exercise training group, some participants did not complete all training plans due to the limitation of bad weather and personal reasons, but the average attendance numbers were up to 57.7 times with the 81.3% adherence rate.

[image: Flowchart detailing a randomized controlled trial. From 2,584 assessed for eligibility, 2,482 were excluded. The remaining 102 were randomized: 51 in the Baduanjin exercise group and 51 in the control group. In the Baduanjin group, 6 dropped out (5 loss to follow-up, 1 voluntary withdrawal) with 45 completing the trial; all 51 were analyzed. In the control group, 5 dropped out (4 loss to follow-up, 1 voluntary withdrawal) with 46 completing the trial; all 51 were analyzed.]

FIGURE 1
 CONSORT flow diagram of the study.


The characteristics of the participants are presented in Table 1. There were no differences in gender, education, BMI, grip strength, GDS and BDI between the groups. The average ages in the Baduanjin group were higher than in the control group (p = 0.021).



TABLE 1 Comparison of demographic information and characteristics between two groups (numbers/mean ± SD/median (IQR)).
[image: Table comparing baseline characteristics and physical activity between Baduanjin and control groups, both with 51 participants. Key differences include age, with the Baduanjin group averaging 67.68 years and the control group 65.35 years (\( p = 0.021 \)). Medium intensity activity shows a significant difference, with the Baduanjin group performing more (\( p < 0.001 \)). Other factors like sex ratio, education, BMI, grip strength, GDS, BDI, sleep, static, low, and high intensity activities show no significant differences. Note: * indicates data analyzed with independent sample Mann–Whitney U test.]

During the 24-week intervention period, no significant difference was found in the time length for sleep, static activities, low-intensity, and high-intensity activities (p > 0.05) between two groups. The time length of moderate-intensity activity in Baduanjin group were significantly higher than in the control group (p < 0.001) due to additional Baduanjin exercise training. Baduanjin training was categorized as a moderate-intensity activity according to the percentage of maximum heart rates of practices, and the average 58.86% of maximum heart rates in the Baduanjin training group were monitored (Table 1).

Analysis of outcomes on global cognitive function, physical frailty, blood biomarkers of antioxidant, pro-oxidative and inflammatory factors at baseline and the difference from 24-week intervention to baseline between two groups are presented in Table 2. After 24 weeks intervention, the MoCA scores in the Baduanjin group were averagely increased by 2.51 points (SD = 0.32) and significantly (p < 0.001) higher than that in the control group; while EFS scores in Baduanjin group were averagely decreased by 1.9 points (SD = 0.20) and significantly (p = 0.012) lower than that in the control group, with a significant interaction effect of treatment by time (p < 0.001 for MoCA, and p = 0.012 for EFS).



TABLE 2 Comparison of MoCA, EFS, and blood biomarkers of antioxidant, pro-oxidative and inflammatory factors at baseline and difference from 24-week intervention to baseline between two groups [mean ± SD/median (IQR)].
[image: A table comparing variables between a control group and a Baduanjin group, each with 51 participants. It includes baseline data, changes from 24 weeks to baseline, and p-values for treatment, time, and interaction effects. Categories such as cognitive assessments, antioxidant markers, pro-oxidative markers, and inflammatory cytokines are detailed. Statistical significance is indicated with asterisks.]

Serum antioxidant marker SOD levels were decreased by 14.9 U/mL (SD = 3.8) in Baduanjin training group but increased by 10.03 U/mL (SD = 4.74) in the control group after 24 weeks intervention, and the comparison of difference from baseline to 24-week intervention was significant (p < 0.05) with a significant treatment effect (p < 0.001) and interaction effect of treatment by time (p < 0.001).

Serum pro-oxidative markers MDA and 8-iso-PGF2α levels were increased in the Baduanjin training group but decreased in the control group after 24 weeks intervention, and comparison of differences between two groups was significant (p < 0.05) with a significant treatment effect (p = 0.016 for MDA and p < 0.001 for 8-iso-PGF2α) and interaction effect of treatment by time (p = 0.03 for MDA and p < 0.001 for 8-iso-PGF2α).

For serum inflammatory cytokines, the IFN-γ, IL-2 and IL-4 levels in Baduanjin training group were significantly (all p < 0.05) lower than them in the control group at baseline, but the increased values were significantly (all p < 0.05) higher than them in control group after 24 weeks intervention with the significant treatment by time interaction effect (p = 0.034, p = 0.04, and p = 0.042, respectively). While no significant treatment effect (p = 0.880, p = 0.942, and p = 0.813, respectively) indicates the comparison of three cytokines levels between two groups were not significantly different at the 24-week intervention time point. The changes of IL-6 and IL-8 from 24-week to baseline in the Baduanjin exercise group were significantly higher than them in the control group but no treatment and interaction effect of treatment by time was found.

To further investigate the effect of Baduanjin exercise training on cognitive or physical function was mediated by the inflammatory or anti−/pro-oxidative markers, the mediation analysis was performed using Baduanjin training as the predictive variable, the changes of MoCA/EFS scores as the dependent variables, and the significantly changed inflammatory and anti−/pro-oxidative markers (SOD, MDA, 8-iso-PGF2a, IFN-r, IL-2, and IL-4) respectively as mediation variables. The results showed a significant indirect effect of Baduanjin training on the improvement of cognitive function (MoCA scores increases) via their increase of serum INF-r (β = 0.23, 95%:0.01 ~ 0.63) or IL-2 (β = 0.32, 95% CI: 0.02 ~ 0.72) levels. The graphical depictions of the model are seen in Figure 2, along with the statistics measuring the significance of each predictive pathway.

[image: Two panels labeled A and B show mediation models. Panel A depicts "Changes of IFN_r" as a mediator between "Baduanjin training" and "Changes of MoCA," with β values of -0.98, -0.24, and P-values 0.034 and 0.046. Direct and total effects are shown with significant P-values. Panel B shows "Changes of IL_2" as a mediator, with β values of -2.14, -0.15, and P-values 0.039 and 0.004. Direct and total effects also have significant P-values.]

FIGURE 2
 Mediation analysis. Diagram representing the mediation model in which Baduanjin exercise training mediates serum IFN-r or IL-2-induced increases in MoCA scores. Unstandardized coefficients are depicted in each respective pathway on the graph.




Discussion

This study was conducted to investigate the effect of 24-week Baduanjin exercise intervention on CF outcomes, oxidative stress markers, and inflammatory cytokines for community-dwelling older adults with CF. The results showed that 24 weeks of regular Baduanjin exercise training could significantly increase the MoCA scores and decrease the EFS score, as well as increase the activity of antioxidant marker SOD, decrease pro-oxidative markers MDA and 8-iso-PGF2α levels, and effectively regulate the levels of inflammatory cytokines IFN-γ, IL-2, and IL-4 level, compared to no specific exercise intervention control. Furthermore, we also found a significant mediation effect of Baduanjin exercise intervention on the improvement of cognitive function mediated by serum INF-r and IL-2. The findings suggest regular Baduanjin training could be beneficial to improve CF and modulate the oxidative stress or inflammation status of the community-dwelling older population, while part inflammatory cytokines might play a mediating role between Baduanjin training and the improvement of cognitive function.

The MoCA scale is currently the most used scale for determining cognitive impairment, showing high sensitivity in detecting early cognitive changes in various cognitive domains, with high sample heterogeneity and detection rate (40, 41). While the EFS scale has been widely used in the clinical frail assessment of the older adults with good structural validity, reliability, and internal consistency (42, 43). Therefore, the combinational assessment of cognitive ability and physical frailty can comprehensively express the CF status of an older person (44, 45). Baduanjin is one of the traditional Chinese qigong exercises, with the characteristics of symmetrical body postures and movements, allowing the interaction among body movement, meditation and breath to coexist harmoniously. Modern researches showed that Baduanjin exercise could regulate cognition-related brain functions and structures, and improve attention, executive control and memory of older adults with/without cognitive impairment (46, 47). On the other hand, Baduanjin exercises also emphasize the dynamic coordination of the upper and lower limbs of the practitioners, taking the lumbar spine as the axis to maintain a stable gravity. Therefore, it could increase the gait, balance ability, and strength of the upper and lower limbs to improve physical function (48–50). The current study found that after 24 weeks of training, the average MoCA scores in the Baduanjin exercise training group were increased by 2.51 (SD = 0.32) points, while average EFS scores were decreased by 1.94 (SD = 0.20) points, and had a significant difference compared to the control group, with the significant interaction effect of treatment by time. Those findings are consistent with the previous research results, indicating that a 24-week Baduanjin exercise training can improve the cognitive ability and physical frailty of community-dwelling older adults with CF.

Although the causes of CF are complex and multidimensional, increasing studies indicate oxidative stress and inflammation play an important role in the development of CF in older adults (9, 51–53). While regular exercise with appropriate intensity can help activate salient cell adaptive properties to achieve a state of oxidative eustress (54). For example, regular moderate-intensity exercise could protect from oxidative damage by enhancing the expression of antioxidant key enzymes SOD, inhibiting pro-oxidative species such as NO, MDA and 8-iso-PGF2α (55–58). Our study found that 24-week Baduanjin exercise training could significantly increase the serum antioxidant stress marker SOD level, as well as decrease pro-oxidative stress MDA and 8-iso-PGF2α levels of older adults with CF compared to the controls, with a significant interaction effect of treatment by time. The findings are in line with the results of our previous systematic review, in which we found regular aerobic exercises had a positive effect on the oxidative stress levels of older adults by reducing pro-oxidant markers MDA and LPO levels and increasing antioxidant markers SOD and TAC levels (59), indicating that 24 weeks Baduanjin training might be helpful to improve the oxidation-antioxidant balance in the older adults with CF by modulating serum levels of antioxidative and pro-oxidative stress markers.

Regular physical activities or exercises are effective in regulating systemic inflammation of the older adults, and the dominant opinions thought they should be beneficial to reduce the levels of inflammatory cytokines in older adults (60). However, there is no consensus on the modulating effect of different exercise modes (i.e., aerobic, resistance, or mind–body exercise) for different inflammatory cytokines (60). One major cause should be related to different exercise intensities and oxygen consumption for different exercise models (61, 62). Another critical cause should result from the dual function (pro−/anti-inflammatory) of some inflammatory cytokines. For example, the IL-2, IL-6, IL-8, IL-10, IFN-γ, and TNF-α possess pro-or anti-inflammatory roles but usually are against pro-inflammatory by regulating pro-inflammatory cytokine responses (63). In the present study, 24-week Baduanjin training showed a significantly increased effect for serum IFN-γ, IL-2, IL-4 and IL-8 levels with a significant interaction of treatment by time for IFN-γ, IL-2 and IL-4. In addition, we also found an obvious mediation effect of the 24-week Baduanjin exercise intervention on the improvement of cognitive ability mediated by regulating the inflammatory cytokines IFN-γ and IL-2 levels. However, the results of this trial are not a consensus with the current majority of studies. A recent exploratory study conducted in institutionalized older adults also showed an 8-week multimodal exercise training (including aerobic, balance/flexibility, and perception/cognition composition) could increase the plasma IL-2 and IFN-αlevels (64). Another single-arm trial reported a 3-month Yoga and meditation intervention could increase plasma IFN-γ, TNF-α, IL-6 and IL-8 levels in middle-aged adults (65). These previous studies provided limited support for current findings, possibly indicating potentially different pathways of mind–body exercise on the inflammatory response.


Limitations

There are some limitations worth noting in this study. Firstly, the timepoint that participants entered in the trial was not the same, and the serum samples were collected at different timepoint. To save manpower and budget, those serum samples were experimented with at the same time. Although these serum samples were detected within their valid testing period, potential bias is not ignored due to some serum samples being stored too long causing obvious variability of experimental data in some variables, especially those inflammatory cytokines. Future studies should timely test those clinical serum specimens to avoid variability in certain serum variables. Secondly, while a positive effect of regular Baduanjin exercise training improving CF and modulating some oxidative stress or inflammatory cytokines was observed, more work might be required to elucidate the underlying mechanism to explain the causality. Thirdly, only no specific exercise intervention group was designed as the control in this study, therefore we did not compare the intervention effect between Baduanjin exercise and other conventional exercise types (e.g., jogging and swimming). In future studies, different exercise types should be added to compare the advantages and characteristics of the Baduanjin intervention. Fourth, in the trial randomization, we did not use a stratified design, so there was a significant difference in the age of the two groups, which may lead to bias in the research results. Finally, although those older adults suffering from major chronic diseases were excluded from the study, and reduced selection bias to the greatest extent through a randomized controlled design, the occurrence of some acute and transient inflammation during the intervention may significantly increase cytokine expression given the susceptibility of the older adults, leading to the variability of results. Future studies with more rigorous and more samples are necessary to reduce this confounding effect.




Conclusion

A 24-week regular Baduanjin exercise training could improve the physical frailty and cognitive function of the community-dwelling older adults with CF, seems to modulate oxidative stress and inflammatory processes by a reducing in circulating pro-oxidative MDA and 8-iso-PGF2α levels and an increasing of anti-oxidative SOD levels, as well as impacting inflammatory cytokines IFN-r, IL-2 and IL-4 levels. But the mechanism that Baduanjin exercise improves CF of older adults mediated by modulating oxidative stress and inflammatory processes should be cautious to be explained through a mediation effect that Baduanjin training increased cognitive ability mediated by an increase of circulating IL-4 levels was found in this study. Thus, this mechanism should be confirmed in more studies with a larger sample size and a more rigorous study design in the future.
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Aim: In China, with the increase of life expectancy and the decrease of fertility rate, the aging problem has become increasingly prominent, and the physical problems of the older people over 70 years are the key and difficult problems.
Method: Based on the interactive logic between the aging problem and the older people health, in the study, a questionnaire survey and a nationwide physical fitness test were carried out on the older people over 70, to divide into different age groups (70–74 years old, 75–79 years old, 80–84 years old, 85 years old and older) and different genders. There were 8,400 valid samples, and 1,050 persons in each group. One-way ANOVA was used to compare the differences among groups of different ages, and a broken line chart was drawn to discuss the aging characteristics of various physical indexes of the older people over 70 in China.
Result: (1) Body morphology: male waist circumference, male waist-to-height ratio and female BMI showed a gradual downward trend with the increase of age; (2) Physiological function: male and female vital capacity showed a decreasing trend with the increase of age, while female pulse pressure showed a gradual upward trend. (3) Physical quality: the indicators of male and female muscle strength, flexibility quality, aerobic endurance and balance showed a downward trend with the increase of age.
Conclusion: Vital capacity, flexibility quality, muscle strength, aerobic endurance, balance ability and so on, decreased significantly with the growth of age. 80 years old is the inflection point of the rapid decline of various indicators. Blood pressure, silent pulse, BMI, waist-to-hip ratio, waist-to-height ratio and other indicators did not change regularly with age. Indicators such as blood pressure, BMI, waist-to-hip ratio and waist-to-height ratio were in the high-risk range of metabolic diseases and cardiovascular and cerebrovascular diseases. The study conducted physical fitness test on the older people over 70 years old in 7 geographical regions of China, which is the first nationwide physical fitness test for the older people, which is an extension and expansion of the national physical fitness monitoring system, and also shows that the test indicators involved in the “Health fitness scale” are simple and feasible. And the study added a series of test data over 70 years old, which is the basis for scientific and reasonable formulation of physical fitness evaluation standards for the older people, and is of great significance for improving the national physical fitness database and grasping the dynamic changes of national physical health status, and providing data support for scientific guidance of physical exercise for the older people.
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1 Introduction

With the acceleration of the population aging process and the increasingly prominent characteristics of aging, the health problems of the older people have been highly valued by all walks of life in China. The Outline of Healthy China 2030 emphasizes the need to strengthen health guidance and intervention for the older people, and points out that the national constitution should vigorously carry out exercise risk assessment under the health service model of “combination of sports and medicine.” The aging of the older people, especially the older people over 70 years old, itself is the continuation of their life and health, but the extension of life expectancy does not mean the improvement of the quality of life of the older people. Healthy aging is to ensure the increase of life expectancy while maintaining the quality of life. Previous studies have shown that the older people body morphology indicators [like BMI (1), waist circumference (2), waist-to-height ratio (3)] have degenerative changes, and the decline of physiological function and physical quality is the performance of normal biological characteristics. However, the rapid decline of physiological function indicator [like the vital capacity (4)] and physical quality indicators [like strength (5), flexibility (6), balance (7)] will inevitably affect the daily life and behavioral ability of the older people, and may also lead to the difficulty in maintaining psychological and social communication skills, thus affecting the quality of life of the whole family. In this study, data were obtained through physical fitness testing of Chinese older people over 70 years old, and aging characteristics of various physical indexes of older people over 70 years old were analyzed, which is of great significance to grasp the dynamic changes of physical health status of older people.

Surveys have shown that the older people with regular physical exercise habits have a relatively good healthy quality of life, which has a direct or indirect positive effect on physical health. Physical exercise can promote the blood circulation of the whole body, enhance the metabolism of cells and tissues, and is conducive to the supply of oxygen and nutrients to various systems of the body (8). Regular physical exercise mainly improves physical fitness by increasing energy consumption, reducing fat accumulation, controlling body composition, maintaining muscle strength and muscle endurance, cardiopulmonary endurance and flexibility of the older people at a certain level or slowing down the rate of decline (9). The health benefits of physical exercise are mainly reflected by a higher physical fitness level. Through appropriate physical exercise, the human body can be promoted or maintained at a certain physical fitness level, and a certain physical fitness level corresponds to a certain health status (10). Regular physical exercise habits and reasonable arrangement of physical exercise elements can improve the health level, and also provide a reference for the formulation of fitness exercise programs for the older people. Different physical exercise behaviors have different health benefits for the older people. In 2008, the Physical Activity Guidelines for Americans (11) formulated corresponding physical activity guidelines for the older people over 65 years old. At present, China still lacks the physical evaluation standards of the older people over 70 years old, and the physical test data of the older population over 70 years old are lack of scientific guidance for physical activity of the older people.

Therefore, this study obtained data through the nationwide physical fitness test of the older people over 70 years old, and analyzed the aging characteristics of various physical fitness indicators of the older people over 70 years old in China, which is of great significance to grasp the dynamic changes of national physical health status, and can also provide data support for scientific guidance of physical exercise for the older people.



2 Test objects and study methods


2.1 Test objects

Using multi-stage stratified random cluster sampling method, a physical fitness test was conducted inthe older people over 70 years old from Hainan, Guangdong, Sichuan, Shanxi, Shaanxi, Beijing, Liaoning, Jilin and Anhui provinces. A total of 13,097 people participated in the test, and 9, 145 people completed the test. The criteria of Chinese national physical fitness test and the health and physical fitness test for older people in US is based on the age of 5 years, so does the research. The specific grouping was 70–74 years old, 75–79 years old, 80–84 years old, and over 85 years old, 1,050 people were selected from each gender and age group, and a total of 8,400 people were selected as the statistical sample.



2.2 Study methods


2.2.1 Questionnaire survey

A face-to-face questionnaire survey was conducted among the older people over 70 years old. The basic information questionnaire included age, gender, long-term residence, education level, common diseases, exercise history, history of smoking and drinking, history of falls and other social demographic characteristics. The quality-of-life questionnaire (SF-12) was used to investigate the general behavior and cognitive ability of the older people, and the test subjects were preliminarily screened.



2.2.2 Field test

The Healthy Physical Fitness Scale developed by Wang Hongyu (8) for the older people over 70 years old was selected. The index system in the scale was close to the international index system of physical fitness testing for the older people over 70 years old, especially the test indexes designed for Asian race in Japan and Taiwan of China. The scale has good reliability and validity. By the reliability test, 20 people were selected from the 100 samples participating in the test, the Scale reliability coefficient is the two measurements is between 0.767 and 0.954, it shows the measurement index has high measurement stability. By the validity test, the expert score of all secondary indicators is between 7.63 and 8.67, and the standard deviation is between 0.98 and 1.24, indicating that the index system of the scale has good content validity. By Bartlett’s sphericity test, KMO = 0.719 (p < 0.01), indicating the existence of common factors among the indicators, suitable for exploratory factor analysis. After orthogonal rotation, four factor components were extracted in combination with the eigenvalue greater than 1, and the eigenvalues were 5.113, 3.917, 2.435, 2.128, and the explanatory variables were 23.242, 17.807, 9.249, 7.856 and 7.759%. The results showed that the health fitness Measurement Table has good structural validity. The table contains three aspects: body shape, physiological function and physical fitness, which can meet the characteristics of testing in indoor or outdoor environment (the required longitudinal space is only 2.44 m). The test items can be used as daily exercise methods for the older people, and the test results can objectively reflect the physical condition of the older people over 70 years old. According to the principle of index screening and index testing, 3 first-level indicators and 16 s-level indicators were finally formed. According to the content of physical test, it is classified as Table 1. Refer to Wang Hongyu’s article “Construction and Application of the evaluation Index System for healthy physical Fitness of the Oldest Old in China” (12). We have recruited the older people over 70 years old under inclusion criteria and exclusion criteria. Inclusion criteria means that participants were required to sign an informed consent, participated the questionnaire survey and physical fitness test are voluntary or agreed by their family members. The test subjects are not limited by chronic diseases, they can move without obstacles independently or with the help of auxiliary tools, have certain cognitive ability, can independently complete the indicators of physical fitness test, and can answer the questions of the test staff. Exclusion criteria means that people under 70 years old, have cognitive impairment, cannot answer questions effectively, have a physical disability which prevents them from completing any of the test criteria, inability to complete any of the test items, the body is obviously weak.



TABLE 1 The index system of physical fitness test for the older people over 70 years old.
[image: Table displaying first and second level indicators. First level: Body morphology index, Physiological function index, Physical quality index. Second level includes measurements like BMI, waist circumference, blood pressure, flexibility, strength and speed, endurance, balance. Specific tests detailed for flexibility and strength.]




2.3 Data processing

In this study, SPSS21.0 software was used to collate and input test data, and measurement data were presented as −x ± s. One-way analysis of variance was used to compare the differences among different age groups with the same sex, with a significant level of 0.05.




3 Results


3.1 The results were compared among different age groups

In this study, the body shape test, physiological function test and physical fitness test were carried out on the older people aged over 70 in different age groups. The test results are shown in Tables 2–4. In order to ensure the safety principle of the older people, the two indicators of upper arm dumbbell bending and sitting test in different age groups have the same test content, but the units are different, so the unit conversion is carried out when comparing different age groups, and the unified unit is s/time.



TABLE 2 The results of body morphology test for people over 70 years old (x̄ ± s, n = 1,050).
[image: Table comparing health indicators across age groups and genders: BMI, waist line, waist-to-hip ratio, and waist-to-height ratio. The age groups are 70-74, 75-79, 80-84, and over 85 years. The table includes both male and female data with statistical significance indicated by symbols. Detailed figures for each indicator and age group are provided.]



TABLE 3 The results of physiological function test for people over 70 years old (x̄ ± s, n = 1,050).
[image: Table showing physiological indicators by age group and gender. Indicators include systolic and diastolic pressure, pulse pressure, quiet pulse rate, and vital capacity for age groups: 70-74, 75-79, 80-84, and over 85 years. Comparisons show statistical significance at p < 0.05 for differences between age groups, marked with symbols.]



TABLE 4 The results of physical quality test for people over 70 years old (x̄ ± s, n = 1,050).
[image: Table comparing physical indicators by age and gender. Categories include hands clasped back, seat bend forward, grip strength, upper arm dumbbell bends, sit-sation trails, two-minute standing still, and 2.44-meter chair stand up and walk. Data is given for males and females across age groups: 70-74, 75-79, 80-84, and over 85 years. Significant differences from younger age groups are marked with symbols for statistical comparison.]



3.2 The change trend of physical aging in older people over 70 years old

The index data of each group of physical fitness test samples were used to draw a line chart to analyze the trend of physical aging of the older people over 70 years old.


3.2.1 Body morphology


3.2.1.1 BMI

In males, it decreased first and then stabilized, and the 70–74 years old group was significantly higher than that in other groups (p < 0.05). Females showed a gradual downward trend, and the 70–74 years old group was significantly higher than other groups, and the 85 years old group was significantly lower than other groups (p < 0.05) (see Figure 1).

[image: Line graph showing BMI trends by age group for males and females. The x-axis lists age groups: 70-74, 75-79, 80-84, and over 85 years old. The y-axis shows BMI from 17.5 to 32.5. Males have higher BMI in all groups, represented by black squares and a black line, while females are shown by red circles and a red line. BMI decreases slightly with age in both genders. Error bars indicate variability.]

FIGURE 1
 The aging trend of BMI.




3.2.1.2 Waist circumference

In males, there was a downward trend, and there were significant differences among all groups (p < 0.05). The mean waist circumference of female aged 75–79 years was the largest, and showed a trend of first increasing and then decreasing, while the mean waist circumference of female aged over 85 years was significantly lower than that of other groups(p < 0.05) (see Figure 2).

[image: Line graph showing waist circumference in meters by age group, divided by gender. Male data (black squares) remain above female data (red circles) across all age groups: 70-74, 75-79, 80-84, and over 85 years old. Both genders show a slight decrease in circumference with age. Error bars indicate variability.]

FIGURE 2
 The aging trend of waist circumference.




3.2.1.3 Waist-to-hip ratio

There was no obvious aging trend for males and females. The male 80–84 years old group was significantly higher than the previous two age groups (p < 0.05), and the male over 85 years old group was significantly higher than other groups (p < 0.05). Female 85 years old group was significantly higher than other groups (p < 0.05) (see Figure 3).

[image: Line graph comparing waist-to-hip ratios by gender across different age groups. Males, represented by black squares, show a higher ratio than females, represented by red circles. Ratios are consistent across all age groups, with males ranging from approximately 0.966 to 1.008 and females from approximately 0.858 to 0.916. Data points are shown for ages 70 to over 85.]

FIGURE 3
 The aging trend of waist-to-hip ratio.




3.2.1.4 Waist-to-height ratio

The male group showed a gradual downward trend, and the 80–84 years old group was significantly higher than the 70–74 years old group and the 75–79 years old group (p < 0.05), and the 85 years old group was significantly higher than other groups (p < 0.05). In females, it was increased first and then decreased, but the group over 85 years old was significantly lower than that in 75–79 years old group (p < 0.05) (see Figure 4).

[image: Line graph showing waist-to-height ratios for males and females aged 70 to over 85. Both genders show similar trends with slight fluctuations. Males are represented by black squares; females by red circles. Error bars indicate variability, with more variation in older age groups.]

FIGURE 4
 The aging trend of waist-to-height ratio.





3.2.2 Physiological function


3.2.2.1 Systolic pressure

There was no regular change between males and females. Male 70–74 years old group was significantly lower than other groups (p < 0.05), 80–84 years old group, 85 years old group was significantly lower than 75–79 years old group (p < 0.05); The female 75–79 years old group was significantly lower than the 70–74 years old group (p < 0.05), the female over 85 years old group was significantly higher than the 70–74 years old group (p < 0.05), the female 80–84 years old group and the female over 85 years old group were significantly higher than the 75–79 years old group (p < 0.05) (see Figure 5).

[image: Line graph comparing systolic blood pressure in males and females across different age groups: 70-74, 75-79, 80-84, and over 85. Males generally have slightly higher pressure. Data points show variability within groups.]

FIGURE 5
 The aging trend of systolic pressure.




3.2.2.2 Diastolic pressure

Male 70–74 years old group was significantly lower than other groups (p < 0.05), 80–84 years old group and 85 years old group were significantly lower than 75–79 years old group (p < 0.05), 80–84 years old group had no significant change compared with 85 years old group (p > 0.05); Females were relatively stable, and the group over 85 years old was significantly higher than that in 70–74 years old and 80–84 years old (p < 0.05) (see Figure 6).

[image: Line graph showing diastolic pressure (mmHg) by age group for males and females. Males are represented by black squares and females by red circles. Both lines are relatively stable across age groups, with minor variations. The y-axis ranges from 70 to 100 mmHg, and the x-axis lists age groups: 70–74, 75–79, 80–84, and over 85 years old.]

FIGURE 6
 The aging trend of diastolic pressure.




3.2.2.3 Pulse pressure

In males, it was decreased first and then increased, and the 70–74 years old, 80–84 years old and over 85 years old groups were significantly higher than the 75–79 years old group (p < 0.05). Females showed a gradual upward trend, and the 75–79 years old group, the 80–84 years old group and the 85 years old group were significantly higher than the 70–74 years old group (p < 0.05), and the 80–84 years old group and the 85 years old group were significantly higher than the 75–79 years old group (p < 0.05) (see Figure 7).

[image: Line graph showing pulse pressure (mmHg) across age groups for males and females. Males (black line) maintain higher pulse pressure than females (red line) in all age categories: 70-74, 75-79, 80-84, and over 85 years old. Data points and error bars indicate variability.]

FIGURE 7
 The aging trend of pulse pressure.




3.2.2.4 Quiet pulse

There was no change of age between males and females. Male 75–79 years old group was significantly higher than that of 70–74 years old group and over 85 years old group (p < 0.05); The female 75–79 years old group was significantly higher than the 70–74 years old group and the 80–84 years old group (p < 0.05), and the over 85 years old group was significantly higher than the 70–74 years old group and the 80–84 years old group (p < 0.05) (see Figure 8).

[image: Line graph showing quiet pulse rates for males and females across age groups: 70-74, 75-79, 80-84, and over 85 years old. Males are represented by black squares, females by red circles. Females generally have higher pulse rates. Error bars indicate variability.]

FIGURE 8
 The aging trend of quiet pulse.




3.2.2.5 Vital capacity

Both males and females showed a decreasing trend with the increase of age. There were significant differences among all groups (p < 0.05) (see Figure 9).

[image: Line graph showing vital capacity in milliliters for males and females by age group. Males, represented by black squares, have higher vital capacity than females, shown by red circles. Both genders exhibit a decline with age.]

FIGURE 9
 The aging trend of vital capacity.





3.2.3 Physical quality


3.2.3.1 Hands clasped back

The upper limb flexibility of males and females showed a rapid decline trend. There were significant differences among all groups (p < 0.05). The decline was fastest in the 75–79 and 80–84 age groups for male, and fastest in the 70–74 and 75–79 age groups for female (see Figure 10).

[image: Line graph showing the average distance hands can clasp behind the back, decreasing with age for both males and females. Males are represented with black squares and females with red circles. Ages range from 70-74 to over 85, with values decreasing from approximately -10 to below -25 centimeters. Error bars indicate variability.]

FIGURE 10
 The aging trend of hands clasped back.




3.2.3.2 Seat bend forward

The lower limb flexibility of males and females showed a rapid decline trend. There were significant differences among all groups (p < 0.05). The decline was fastest in the 75–79 and 80–84 age groups for male, and fastest in the 70–74 and 75–79 age groups for female (See Figure 11).

[image: Line graph showing seat bend forward in centimeters across age groups for males and females. Both groups show a decline from 70-74 to over 85 years old. Males are indicated with black squares and females with red circles, each with error bars.]

FIGURE 11
 The aging trend of seat bend forward.




3.2.3.3 Grip strength

Both males and females showed a gradual downward trend. There were significant differences among all groups (p < 0.05) (see Figure 12).

[image: Line chart showing average grip strength in kilograms across different age groups for males and females. Males, represented by black squares, have higher grip strength than females, represented by red circles, across all age groups. Both genders show a decrease in grip strength as age increases from 70-74 to over 85 years old. Error bars and data markers indicate variability and statistical significance.]

FIGURE 12
 The aging trend of grip strength.




3.2.3.4 Upper arm dumbbell bend

The change trend of upper limb muscle endurance of males and females was basically the same, and the time required to complete the movement gradually increased, and the change was most obvious in 75–79 years old group and 80–84 years old group. There were significant differences among all groups (p < 0.05) (see Figure 13).

[image: Line graph showing upper arm dumbbell bends per unit time for males and females across age groups: 70-74, 75-79, 80-84, and over 85 years old. Both genders show an increase with age, with males generally performing slightly better. Error bars are present for each data point.]

FIGURE 13
 The aging trend of upper arm dumbbell bend.




3.2.3.5 Sit-station trails

The change trend of males and females was basically the same, the time required to complete the movement gradually increased, and the change was most obvious in males and females aged 75–79 and 80 ~ 84. There were significant differences among all groups (p < 0.05) except female 70–74 years old group and 75–79 years old group (p > 0.05) (see Figure 14).

[image: Line graph showing sit-to-stand test times by age group for males and females. Males, depicted with black squares, and females, with red circles, both show increased times with age. The range spans from 70 to over 85 years old, with times peaking in the oldest group. Error bars indicate variability.]

FIGURE 14
 The aging trend of sit-station trails.




3.2.3.6 2 min Standing still

Both males and females showed a gradual downward trend. There were significant differences among all groups (p < 0.05) (see Figure 15).

[image: Line graph showing average number of times individuals stand still for two minutes across age groups from 70-74 to over 85 years old. Males are represented by a black line and females by a red line. Both lines show a decline with age, with males consistently higher than females. Error bars and symbols indicate data range and variations.]

FIGURE 15
 The aging trend of standing still.




3.2.3.7 2.44 m Chair stand up and walk around the object

The time required for both males and females to complete the movements was gradually extended. There were significant differences among all groups (p < 0.05) (see Figure 16).

[image: Line graph showing chair stand and walk time for males and females aged 70 and older. Both groups increase in time with age. Females generally take longer than males. Error bars indicate variability.]

FIGURE 16
 The aging trend of 2.44 m chair stand up and walk around the object.







4 Analysis and discussion


4.1 The analysis of aging characteristics of body morphology in older people over 70 years old

BMI (Body Mass Index) is an important index to evaluate the degree of adult obesity, which is closely related to body fat content. The method of BMI measurement is simple and the other groups practical. According to the health industry standard (WS/T) (13), a BMI of 24 ~ 27.9 is overweight, and a BMI greater than 28 is obese. The results of this study showed that the mean BMI of male older people over 70 years old was at the overweight level, and only decreased between the 70–74 years old group and the 75–79 years old group (p < 0.05), and there was no significant change in (p > 0.05). Females are at normal levels, with emaciation and malnutrition, and a gradual decline with age. The BMI results of this study are similar to the weight results of the 60-year-old older people in the same period: The proportions of “normal weight,” “underweight,” “overweight” and “obese” are 66, 8.3%, 23.1, and 2.6%, respectively (1), that is, there is no obvious change in BMI of the older people when they grow from 60 years old to 70 years old. As the height of the older people does not change much with age, BMI is closely related to weight. Overweight and obesity are independent risk factors for coronary heart disease and stroke. In this study, the high BMI of males over 70 years old increased the incidence of coronary heart disease and stroke. The relative risk of coronary heart disease, stroke and ischemic stroke increased by 15.4%, 6.1, and 18.8% for each increase in BMI of 2. Once it reaches or exceeds 24, the probability of suffering from high blood pressure, diabetes, coronary heart disease and dyslipidemia and other serious health diseases will increase significantly, suggesting that older people male over 70 years old should strengthen physical activity and physical exercise to reduce or maintain weight.

Waist circumference is a diagnostic indicator for determining metabolic syndrome by the International Diabetes Federation and an important indicator for determining central obesity (2), meanwhile, Hara (14) pointed out that waist-to-hip ratio and waist-to-height ratio were more accurate than BMI in predicting risk factors. Waist-to-hip ratio is a common method to predict the risk of obesity and heart disease. If the ratio is greater than 0.9 for male and 0.8 for female, it can be diagnosed as central obesity, which is three times more accurate than the method of measuring BMI. Large waist size indicates that fat exists in the abdomen, which is a signal of greater risk. Waist-to- height ratio can effectively reflect the accumulation of abdominal fat, especially visceral fat, such as heart, liver, kidney, etc. If waist-to-height ratio is too large, the incidence of hypertension, coronary heart disease, myocardial infarction, stroke, diabetes and other diseases will increase (3). Stratification of disease risk using a specific combination of BMI and waist-to-hip ratio identifies the risk of obesity and serves as an independent predictor of disease risk, predicting the degree of cardiorespiratory fitness within the current BMI and waist circumference range (15). In this study, the waist-to-hip ratio of the older people over 70 years old was far higher than the average level of normal adults, and there was no significant decrease with age (p > 0.05). The waist-to-height ratio of normal adults is below 0.5, and the waist-to-height ratio of older people over 70 is slightly higher than that of adults. High waist-to-hip ratio suggests that the older people over 70 years old have a high risk of suffering from metabolic syndrome and other diseases, and are at high risk for many related diseases. Therefore, attention should be paid to posture control and exercise intensity when participating in physical exercise.

The aging trend of various indicators of body shape of the older people over 70 years old is not obvious, which may be due to the fact that physical exercise and diet have more significant effects on body shape than gender and age, and it is difficult to reflect the differences in body shape from the perspective of gender and age.



4.2 The analysis of aging characteristics of physiological function in older people over 70 years old

Blood pressure can determine cardiac function and peripheral vascular resistance, and is an important part of diagnosing diseases, observing changes in conditions and judging treatment effects (16). Many scholars believe that the current diagnostic criteria for hypertension is no longer the gold standard, and the evaluation criteria for hypertension of different gender and age groups should have different critical ranges (17). The normal blood pressure range of normal older people gradually increases with age, and the reference range of normal blood pressure increases by 10 mmHg for every 10 years of age. However, since the medical research on hypertension in 1896, the criteria for determining hypertension have been further lowered. In 2003, the new recommended guidelines for hypertension in the United States took the blood pressure value of 115/75 mmHg as the new standard (18). In this study, the average blood pressure was in the hypertensive or critical state of the current hypertension criteria, and did not show regular changes with age. The average pulse pressure was also in the high-risk range of cardiovascular diseases, indicating poor oxygen transport capacity and high risk of hypertension-related diseases. Therefore, the prevention of cardiovascular and cerebrovascular diseases in the older people should be considered.

The quiet pulse of normal older people slowed down significantly, but most of them were still in the normal range (60–100 beats/min). Chen et al. (19) believed that the slow heart rate of the older people was caused by the aging of the sinoatrial node, and other studies believed that the slow heart rate of the older people was caused by the diffusion of myocardial sclerosis and calcification to the cardiac conduction system (20). In this study, the mean quiet pulse was in the normal range of adults, in line with the characteristics of adult quiet pulse, but generally higher than the ideal pulse, indicating that the heart conduction function of the older people over 70 years old did not significantly decline and maintained a relatively stable heart condition, which may be related to the exclusion of subjects suffering from heart disease in the screening scope of this study.

Vital capacity is the most intuitive and objective indicator for detecting lung function (21). In this study, the vital capacity decreased gradually with the increase of age, and the difference among all age groups was significant (p < 0.05), indicating that the lung function of the older people over 70 years old showed a gradual decline trend with the change of age. The main reason for the decline in oxygen transport capacity in the older people is the gradual decline in the functions of important organs, including the heart and lungs, and the decrease in the elasticity of the blood vessel wall, which leads to large fluctuations in blood pressure, and the weakening of the elasticity of the alveoli, which leads to the gradual decline in cardiopulmonary function. Studies have shown that jogging can effectively reduce the heart rate, systolic blood pressure, diastolic blood pressure in the older people; at the same time, it can increase the vital capacity and maximum gas volume of the older people (4). Both Taijiquan (22) and walking (23) can effectively improve cardiovascular function and play a role in preventing and treating diseases. Exercise can regulate respiratory function and play a positive role in improving cardiopulmonary function. It is suggested that the older people should actively participate in physical activities to maintain the elasticity of blood vessels and the ability of blood transport. At the same time, appropriate environment and scientific quantitative exercise stimulation are needed to maintain the relative stability of lung function.



4.3 The analysis of aging characteristics of physical quality in older people over 70 years old

The physical fitness of the older people over 70 years old decreased significantly with age, and the decline trend of strength, speed, endurance, flexibility, balance and other qualities was basically the same.


4.3.1 Strength, strength endurance quality

As a consistent method to detect muscle strength, grip strength is an important indicator reflecting the muscle strength of the human upper limb, and is highly correlated with muscle strength in other parts of the body, so it is often used as a common indicator in physical testing and epidemiological studies (24). Considering that the older people over 70 years old completed more daily activities of upper limb activities, the upper arm dumbbell bending was added to the completion of the grip strength test to evaluate the upper limb muscle strength endurance. The lower limb muscle strength test was completed by the sitting-up and standing test modified by the “continuous sitting chair” test. This method has been proved to be feasible for the evaluation of lower limb muscle strength in the older people, and the sitting-standing test is considered to be a simple experiment and exercise method with reliable test data (5). The 30-s test time is suitable for large-scale epidemiological studies, and is also suitable for self- evaluation of the subject group, whose recorded value is the number of times, which is easier to establish evaluation criteria. According to the literature and the results of the preliminary experiment, in order to ensure the safety of the subjects and the validity of the test results, this study used 30s upper arm dumbbell bending and 30s sitting test for the muscle strength test of the older people aged 70–79 years old, and used 5 times upper arm dumbbell bending and 5 times sitting test for the older people subjects over 80 years old. The test results of this study, the three test results related to muscle strength all confirmed that the muscle strength of the older people over 70 years old showed a gradual decline trend with the increase of age, and the decline was large, and was not affected by gender, except for the female group 70–74 years old and 75–79 years old group, which had no significant decline (p > 0.05). There were significant differences among other groups (p < 0.05), meanwhile, the results of line chart showed that the indexes of muscle strength decreased the most in 75–79 years old group and 80–84 years old group. This is consistent with the results of previous studies showing that the muscle strength of older people after 80 years old declines and shows an obvious inflection point (25), and this may be related to the ultrastructural changes of muscle cells in the older people around 80 years old. With the increase of age, the number of muscle cells in the older people decreases, some muscle cells become necrotic, and the number of cholinergic neurons decreases resulting in the reduction of motor units, which is the direct cause of the decline in muscle strength and explosive power. At the same time, the muscle strength quality test results of older people over 70 did not show the synergism of upper and lower limb muscle strength. The analysis of the reasons may be related to the different types and amounts of physical activities of the older people, and the local activities lead to the lower and upper limbs failing to achieve the same exercise effect, suggesting that the older people should carry out more systemic exercise to achieve the synergistic development of upper and lower limb muscle strength.



4.3.2 Flexibility quality

It is not appropriate to use the traditional flexibility test method when studying the flexibility of the older people. Due to the degenerative changes in the shape, structure and physiological function of the older people, due to the poor flexibility of the posterior ligaments, tendons and muscles of the hip and knee joints, and most of the older people are fat and have large abdomens, it is very difficult to complete the “sitting forward bend” test commonly used in the flexibility of teenagers. According to the characteristics of the older people, the test method of chair seat forward bending (CSR method) was selected. Houman et al. (26) compared a variety of flexibility test methods for the older people over 70 years old, and concluded that the forward bending of the seat body has the characteristics of simple operation, strong feasibility and good stability. The way of hands hook back is an effective index to evaluate the upper limb flexibility of the older people (27). Therefore, in this study, the upper limb and lower limb flexibility of the older people over 70 years old were, respectively, measured by the back hook of the hands and the forward bend of the seat body in the flexibility test. The results show that the mean flexibility of the older people over 70 years old in this study is at a lower level compared with the fitness health norms of the United States (28), and it increases with age. The upper and lower limb flexibility of the older people at all ages decreased significantly (p < 0.05), which is consistent with the results of Chen Xiaoxia et al. (6) 's study on the low flexibility of the urban older people and its rapid decline after the age of 70. From the perspective of gender, females are slightly better than males, which is consistent with the anatomical structure and physiological characteristics of the female body. The rapid decline of flexibility in the older people is closely related to the decline of muscle strength and bone density with age, and it is also prone to fall, fracture and disability. It is suggested that the older people should appropriately increase the range of joint activity when participating in sports activities, combined with strength exercise, in order to improve or maintain the flexibility of the body.



4.3.3 Aerobic endurance

The “gold standard” of endurance quality is maximal oxygen uptake. At present, the endurance quality commonly used in physical fitness testing is achieved through step test (29), step test is an indirect measurement method of maximal oxygen uptake, and 2 min standing in place is considered to be an improved version of step test, and the two have a good correlation. Step test requires testing at a certain rhythm. However, many older people cannot maintain a fixed rhythm, and the result of the 2 min standing in place test is to calculate the number of times completed by the subjects within 2 min, the older people can adjust the speed and rhythm by themselves, and the number of times that do not reach the specified height can be eliminated. During the test, the test staff subjects. Therefore, this study chose 2 min standing in place, which has low requirements for conditions, is easy to operate, implement and record, and is easy to promote and form an exercise pattern, to complete the endurance test of older people over 70 years old. The results showed that the endurance quality of the older people over 70 years old showed a gradual decline trend with the increase of age, and the difference among all age groups was significant (p < 0.05). Combined with the results of quiet pulse and vital capacity in this study, the cardiopulmonary function of the older people over 70 years old gradually declined with the increase of age. It is suggested that the older people over 70 years old should plan to complete aerobic capacity exercises in order to maintain endurance quality, protect cardiopulmonary function, and reduce the incidence of cardiovascular diseases.



4.3.4 Balance

Slowing the decline of balance ability is of great significance for the older people to prevent falls and complete daily living behaviors. However, the World Health Organization, the American College of Sports Medicine and domestic physical fitness research fields have not included balance ability in the evaluation of physical fitness or physical fitness. However, Wang Hongyu (12) conducted semi-structured interviews with experts in his research, and the results showed that the experts agreed that balance ability is very important for the older people, and it can be included in the physical fitness test index of the older people over 70 years old. Zhang (30) evaluated the fall risk of the older people and selected three test methods: standing with single foot closed eyes, gait test, and timing test of sitting-standing walking. The results showed that balance ability was highly correlated with fall risk. Standing with single foot closed eyes is a common index of national physical fitness test. However, if the older people over 70 years old are tested with this method, the risk of falling is too high, so it is excluded. The gait test should be carried out in laboratory conditions and is not suitable for outdoor testing. In this study, 2.44 m chair was used to stand up and walk around objects to complete the dynamic balance ability test, which is also an international index Previous studies have found that the balance ability of the older people begins to decline at the age of 60, before which the balance ability of adults is relatively constant and can be maintained at a high level, after the age of 60, the trend of 16% decline every 10 years, and the decline rate is even greater after the age of 80 (7). The results of this study further confirmed this view. The average time for the older people over 70 years old to complete the 2.44 m chair standing up and walking around the object gradually increased with the increase of age, and the differences among all groups were statistically significant (p < 0.05), and the average time for each group to complete the test activities was higher than that for the older people of the same age in the United States (28). The results showed that the homeostasis ability of older people over 70 years old was worse than that of older people in the same age group in the United States, and it showed a decreasing trend with the increase of age, and male was better than female. It is suggested that we should pay attention to the evaluation and training of balance function in the older people over 70 years old, delay the decline of balance ability with age, control the risk factors of falls, prevent the occurrence of falls, and improve the quality of life of the older people.





5 Conclusion

In this study, the behavioral ability and physical status of the older people in all age groups were effectively understood through physical testing of the older people over 70 years old, and the aging trend of each single index of the older people over 70 years old was analyzed. The aging characteristics were mainly shown as follows:

	1. Vital capacity, flexibility, muscle strength, aerobic endurance and balance ability all decline significantly with age, and 80 years old is the inflection point of rapid decline in various indicators.
	2. Blood pressure, quiet pulse, BMI, waist-to-hip ratio and waist-to-height ratio did not change with age.
	3. Blood pressure, BMI, waist-to-hip ratio, waist-to-height ratio and other indicators test results reflect that the older people over 70 years old is a high-risk group of metabolic diseases, cardiovascular and cerebrovascular diseases.



6 Contribution and limitation

This study conducted physical fitness test on the older people over 70 years old in 7 geographical regions of China, which is the first nationwide physical fitness test for the older people, which is an extension and expansion of the national physical fitness monitoring system, and also shows that the test indicators involved in the “Health fitness scale” are simple and feasible. And the study added a series of test data over 70 years old, which is the basis for scientific and reasonable formulation of physical fitness evaluation standards for the older people, and is of great significance for improving the national physical fitness database and grasping the dynamic changes of national physical health status, and providing data support for scientific guidance of physical exercise for the older people.

At present, there is still a lack of national physical evaluation standards for the older people over 70 years old, so they cannot be comprehensively scored. In the study, the older people over 70 years old were divided into groups only in terms of age and gender, and other factors related to physical fitness (regional, urban and rural, etc.) may not be considered. Whether more medical indicators should be added to the physical health evaluation of the older people needs to be further explored and studied.
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Introduction: The present study aimed to evaluate the effect of acute aerobic exercise on certain cognitive functions known to be affected by Alzheimer's disease (AD), with a particular emphasis on sex differences.



Methods: A total of 53 patients, with a mean age of 70.54 ± 0.88 years and moderate AD, voluntarily participated in the study. Participants were randomly assigned to two groups: the experimental group (EG), which participated in a 20-min moderate-intensity cycling session (60% of the individual maximum target heart rate recorded at the end of the 6-min walk test); and the control group (CG), which participated in a 20-min reading activity. Cognitive abilities were assessed before and after the physical exercise or reading session using the Stroop test for selective attention, the forward and backward digit span test for working memory, and the Tower of Hanoi task for problem-solving abilities.



Results: At baseline, both groups had comparable cognitive performance (p > 0.05 in all tests). Regardless of sex, aerobic acute exercise improved attention in the Stroop test (p < 0.001), enhanced memory performance in both forward (p < 0.001) and backward (p < 0.001) conditions, and reduced the time required to solve the problem in the Tower of Hanoi task (p < 0.001). No significant differences were observed in the number of movements. In contrast, the CG did not significantly improve after the reading session for any of the cognitive tasks (p > 0.05). Consequently, the EG recorded greater performance improvements than the CG in most cognitive tasks tested (p < 0.0001) after the intervention session.



Discussion: These findings demonstrate that, irrespective to sex, a single aerobic exercise session on an ergocycle can improve cognitive function in patients with moderate AD. The results suggest that acute aerobic exercise enhances cognitive function similarly in both female and male patients, indicating promising directions for inclusive therapeutic strategies.
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Introduction

The risk of dementia is becoming increasingly common in older adults as the world's population grows, and the problem of an aging society intensifies. In 2019, there were approximately 57.4 million individuals worldwide living with dementia, a number projected to rise to over 152 million by 2050 (1). Alzheimer's disease (AD), the most common form of dementia, accounts for 60%–80% of all cases (2). Recent research by Subramaniapillai et al. (3) has demonstrated that AD predominantly affects people over the age of 65 years, with a greater prevalence in women, representing two-thirds of AD cases. Additionally, Sarica et al. (4) reported that females are at a higher risk of developing dementia. These researchers also identified distinct gender-specific patterns in the risk factors that influence the progression to AD. The greater prevalence in women, particularly after the age of 75, can be attributed to their longer life expectancy and possibly to the cognitive decline associated with menopausal estrogen deficiency (5). Indeed, studies such as that by Merlo et al. (6), have shown that hormone therapy (HT) following menopause may delay the onset of AD. However, initiating HT later post-menopause can increase the risk of developing dementia.

To date, neither drug nor hormone therapies have proven entirely effective. Although new treatments seem to bring promising results, non-medication approaches remain a preferable option due to their accessibility and lower risk profile (6, 7). Therapeutic strategies are therefore increasingly incorporating nonpharmacological interventions targeting modifiable risk factors for dementia (8–11). Currently, twelve modifiable risk factors for dementia have been identified, including low education levels, hearing loss, traumatic brain injury, hypertension, excessive alcohol consumption, obesity, smoking, depression, social isolation, physical inactivity, air pollution, and diabetes (8). Addressing these factors could potentially prevent or delay up to 40% of dementia cases (8). Physical inactivity, particularly prevalent in individuals over 65 years of age, is a significant risk factor for dementia, especially AD (12). It impacts cognitive reserve and may contribute to neuropathological development. Conversely, physical activity is an affordable and accessible non-pharmaceutical option for both primary and secondary prevention of dementia, demonstrating fewer side effects and higher adherence rates than pharmacological treatments (13). Furthermore, physical exercise, especially aerobic exercise, has shown promising results in mitigating neurodegenerative and age-related deficits in learning and memory, and its effects are partly mediated by an increase in brain-derived neurotrophic factor (BDNF) levels (14). BDNF, a crucial molecule, supports neurogenesis, dendritic and synaptic health, neuronal survival, plasticity, and excitability, functions that are often impaired in neurological and cognitive disorders, including AD (15). Therefore, aerobic exercise, being both cost-effective and easy to implement, emerges as an effective strategy to protect against changes related to neurodegenerative diseases such as AD and other types of dementia (8). In this context, the World Health Organization's guidelines recommend physical activity, particularly aerobic-based exercise, as a preventative measure against cognitive decline (16).

In the case of healthy older adults, the cognitive effects of an acute bout of exercise, particularly on memory, differ from those of chronic exercise (17), and its impact remains somewhat ambiguous. Roig et al. (17) found that following moderate-intensity aerobic exercise corresponding to 40%–59% of heart rate reserve, short-term memory improved. Herold et al. (18) reported that a single session of shortened-sprint reduced-exertion high-intensity interval training can improve specific aspects of attentional performance in healthy younger adults. Conversely, Hubner et al. (19) found no significant benefits on learning consolidation or acquisition immediately after an acute bout of moderate-intensity exercise when compared to controls who did not exercise. Similarly, a recent study by Sewell et al. (20) showed no significant effect on cognition after 20 min of acute exercise at moderate intensity in older adults. While there's substantial evidence to suggest that an acute bout of physical exercise can enhance cognitive performance, the optimal exercise characteristics (e.g., exercise intensity and exercise type) remain elusive. Lambourne and Tomporowski (21) reviewed the results of approximately 50 studies in which cognitive performance was measured before, during, and after aerobic exercise. The results of this meta-analysis indicated that while acute physical exercise initially had a negative impact on cognitive performance during exercise, it had positive effects postexercise. The authors attributed these benefits to various factors, including the exercise's intensity, type, and duration (21). To yield effective outcomes, aerobic physical exercise should ideally be of at least moderate intensity, targeting a minimum heart rate of 55% (22). This intensity ensures that the exercise is sufficiently strenuous to produce beneficial effects (22).

The interplay between acute exercise and cognitive function has also garnered attention in adults diagnosed with Mild Cognitive Impairment (MCI), a condition often recognized as a prodromal phase of AD, though not all cases of MCI inevitably progress to dementia (23). Ben Ayed et al. (24) showed that 20 min of moderate pedaling exercise at 60% of heart rate reserve can be advantageous for MCI patients. Similarly, Blumenthal et al. (25) observed an improvement in executive function and overall cognitive performance following physical activity interventions, albeit without significant improvements in memory or language. Furthermore, Tsai et al. (26) have demonstrated that acute bouts of aerobic and resistance exercises not only enhance behavioral responses, such as reaction times, in older adults with MCI but also significantly boost serum levels of neuroprotective growth factors, namely IGF-1 and BDNF, a pathway through which exercise can facilitate neuronal plasticity and enhance cognitive function (27). In AD patients, research has primarily concentrated on the mid- and long-term effects of physical activity, with findings being more inconclusive. Some studies, such as those by Groot et al. (28) and López-Ortiz et al. (29), have documented beneficial effects, whereas others, like Forbes et al. (30) and Öhman et al. (31), have reported no positive outcomes. Zeng et al. observed mixed results, identifying improvements in overall planning and executive function, but no benefits in cognitive flexibility, working memory, or inhibitory control in AD patients.

The divergence in these findings can be attributed to the moderating effects of exercise protocols and differences between sexes. Notably, sex ranks as a significant risk factor for developing AD, after age (4). Indeed, AD, the most common neurodegenerative disorder marked by a progressive decline in memory, cognition, and various brain functions, has its progression significantly influenced by a reduction in circulating sex-specific gonadal hormones (32). Understanding the effects of sex-specific hormone depletion on AD development is vital, yet investigating how sex influences both the disease's progression and AD patients' responses to non-pharmaceutical interventions such as physical activity is crucial and demands even greater emphasis. This approach may hold key insights for the development of sex-based tailored intervention, an essential aspect of personalized preventive medicine for AD. Nonetheless, a relatively limited body of research has explored how physical interventions’ effects on cognitive functions of AD patients may vary between sexes. Existing studies have predominantly focused on the long-term effects of exercise (33–36), leaving a knowledge gap regarding the interplay between the impacts of acute exercise (single bouts of exercise) and sex.

This study aims to bridge this gap by evaluating the impact of moderate aerobic exercise on attention, working memory, and problem-solving abilities in patients with moderate AD, with a particular emphasis on how sex differences mediate this impact. In contrast to the reading session, we hypothesize that a single session of physical exercise would yield cognitive benefits, potentially with more pronounced effects in females.



Methods


Participants

Fifty-three older adults with moderate AD participated in this study (30 women and 23 men), aged 65–81 years, with a mean age equal to 70.54 ± 0.88 years. Participants were diagnosed with Alzheimer's disease according to the diagnostic criteria of the International Working Group (IGW2) (37) at the Department of Neurology at Sahloul Hospital in Sousse. Patients excluded from this study included those who were illiterate, had cardiovascular or orthopedic conditions affecting task performance, or had uncorrected vision or hearing impairments and medication-influencing ability or posture during exercise. Participants in this study had previously given informed consent prior to inclusion in the study. The participants were randomly assigned to one of two groups: a control group not exercising (n = 26) or an experimental group (n = 27) (see Figure 1). All participants provided written, informed consent.


[image: Flowchart illustrating a study process for 53 patients with moderate Alzheimer's Disease. It starts with recruitment and baseline assessments, including physiological, neuropsychological, and behavioral measures. Two interventions are compared: aerobic exercise (27 participants) and reading (26 participants). Cognitive evaluations focusing on attention, memory, and problem solving are conducted before and after the intervention with tests like the Digit Span, Stroop Test, and Tour of Hanoi. A five-minute cool-down period is included.]
FIGURE 1
Study flow chart. 6 MWT = 6-min walk test; MMSE, mini mental state; RL/RI, free recall/cued recall test; GDS, geriatric depression scale; WHOQOL BREF-100, quality of life scale.


The study was carried out in accordance with the Helsinki Declaration and the experimental protocol was approved by the Research Ethics Committee of the Faculty of Medicine of Sousse, Tunisia (IRB 00008931).



Procedure

Prior to participation in the study, patients had neuropsychological assessments, including the Mini Mental State Examination (MMSE) (38), the 16-item Grober and Bushke RL/RI test (39), the clock test (40), the semantic or phonemic verbal fluency test (41), the 15-item Geriatric Depression Scale (GDS) (42), and the WHOQOL BREF-100 Quality of Life Scale (43) (for more details, see Table 1). On the day of the experiment, participants arrived at the Exercise Physiology and Pathophysiology Laboratory, where they received comprehensive explanations about the experimental protocol and study procedures. The experiment began with an assessment of the participants' cardio-respiratory capacities. This assessment was conducted using the 6-min walk test (6 MWT). Subsequently, patients in the experimental group performed aerobic physical exercise on a Bike ergocycle (Labyrinth, Paris, France) for 20 min. The intensity of the exercise was moderate and individualized, corresponding to 60% of the maximum heart rate achieved at the end of the 6 MWT. This intensity is more accurate than the intensity measured from heart rate reserve [difference between estimated maximum heart rate (HR) and resting heart rate] {HR reserve = [theoretical max HR−resting HR] = [(220−age)−resting HR]} (22). Participants in the control group were asked to read a book seated at a table for a time equivalent to that required for physical exercise (20 min). After completing either the pedaling or reading exercises, participants were provided a five-minute period for passive recovery before engaging in the Stroop test, forward and backward digit span test, and Tower test of the Hanoi task. This recovery interval was crucial for participants to return their heart rate to baseline levels, particularly those in the experimental group, and to ensure that heart rate prior to the cognitive tasks did not exceed 10% above each individual's baseline rate.


TABLE 1 Patient demographics.

[image: A table comparing characteristics and measures between a control group (n = 26) and an experimental group (n = 27). Categories include demographic details, neuropsychological measures, psychological measures, and physiological measures. Key comparisons highlight gender distribution significance (p = 0.04) and physiological measures like distance with significant differences (p = 0.00). Other categories show non-significant p-values (e.g., age and education). The table includes mean (M) and standard deviation (SD) values, with the significance denoted by p-values and Z scores.]



Materials


Diagnosis of Alzheimer disease patients

Participants' diagnoses of Alzheimer's disease were conducted in the Neurology Department at CHU Sahloul in Sousse, adhering to the IGW2 diagnostic criteria (37). In this department, patients presenting with cognitive disorders were admitted to the day hospital for neuropsychological assessments. If the assessment suggested a cognitive profile consistent with Alzheimer's disease, the patient underwent a lumbar puncture. This procedure included assays for phosphorylated tau protein, total tau, and β1–42 amyloid protein in the cerebrospinal fluid. Ratios of phosphorylated tau to β1–42 amyloid were also measured. The interpretation of these results was based on cutoff values derived from a previous study conducted within the aforementioned department (44).



Physiological measurements

Cardiorespiratory fitness was generally measured by means of the maximal exertion test (VO2max) and/or the 6-min walk test (6 MWT). In the present study, we used the 6 MWT (45). In this test, patients were asked to walk as fast as possible for 6 min in a corridor 40-meter long, straight, flat, without obstacles, delimited by safety barriers and marked by colored cones at both ends. During the time set aside for experimentation, this corridor was quiet. Throughout the experiment, an experimenter accompanied the patients, carrying a chair for those who might need to sit down. At the end of each minute, they received elapsed time and standardized encouragement in the form of statements such as “You're fine! Keep it up! and Do your best!” (46). Participants were informed in advance that they had the option to reduce their pace or rest if needed, with the understanding that they should resume walking as soon as they feel capable of doing so. Participants were equipped with a Spiropalm acquisition system (COSMED, Rome, Italy) held in place by an elastic belt. Pulse oximetry was used to measure oxygen blood saturation (SPO2) and heart rate during walking.



Neuropsychological measures

Neuropsychological assessments were performed for all patients using the MMSE, the clock test, and the categorical or fluency test.

The MMSE is a quick and simple test that assesses cognitive function in approximately ten minutes (38). This test is scored from 0 to 30. The MMSE score is used to assess the severity of dementia. Three stages are identified based on the scores obtained: the mild stage corresponds to a score between 20 and 25. A moderate stage corresponds to a score between 10 and 19, and a severe stage corresponds to a score less than 9 (38).

The assessment of verbal episodic memory was evidenced by the 16-word free recall/index recall test (RL/RI) (39). This test guides the encoding (by providing the semantic category of the words to be remembered) and uses different retrieval modalities (free recall, clued recall, recognition) to examine the integrity of memory processes. The test results are normal when the total recall is 16. Any points lost made the pathological score less than 16.

The evaluation of visually constructive disorders was conducted through the clock test (40), in which patients were instructed to draw a clock displaying a specific time, such as 10:10 a.m. This test is scored out of 7 points (considered normal), and a score is considered pathological if any of the following conditions are not met: all numbers from 1 to 12 were included; the numbers were correctly ordered and properly positioned; and both clock hands were accurately drawn in terms of size and position, representing the hours and minutes.

Verbal fluency was assessed using the categorical or lexical fluency test (41). The patient was asked to name as many words as possible in one minute, words corresponding to a semantic category (dessert) or a phonemic category (all words beginning with the letter S). A score less than 15 for categorical fluence and 10 for phonemic fluency was considered pathological.



Behavioral measures

Mood assessment was conducted using the 15-item Geriatric Depression Scale (GDS) (42). A score between 0 and 5 is considered normal, a score between 5 and 9 indicates a high probability of depression, and a score of 10 and above indicates the existence of depression (42).

Quality of life was assessed using the World Health Organization Quality of Life (WHOQOL-BREF-100) Quality of Life Test (43). This instrument is composed of 26 items measuring four main domains: (i) physical health, (ii) psychological health, (iii) social relationships, and (iv) environmental relationships. According to the World Health Organization, the quality-of-life cutoff values range from 6 to 16 (poor), 17–26 (moderate) and 27–35 (good) for the physical domain; from 6 to 14 (poor), 15–22 (moderate) and 23–30 (good) for the psychological domain; and from 3 to 7 (poor), 8–11 (moderate) and 12–15 (good) for social relationships and from 8 to 18 (low). 19–29 (medium) and 30–40 (good) for the environmental domain. The total score ranges from 26 to 60 (low), 61–95 (medium) and 96–130 (good) (43).



Measurement of cognitive function


Attention

The Stroop test is the most widely used tool for assessing selective attention (47). This test highlights the sensitivity to interference. Depending on the context (research or clinical), the difference between the different versions proposed relates to the number of items, the speed of execution or the accuracy of the answers. We utilized the 24-item version of the Victoria Stroop test (48), to which we introduced an additional experimental condition involving reading color names written in black. The purpose of this addition was to reinforce automatic reading behavior due to the limited number of items needed to create the conditions for interference (49, 50).

After sitting at a comfortable distance in front of a computer screen, the participants were instructed to (i) identify and name the color of a rectangle displayed in the center of the screen (1st condition), (ii) read a word presented in black ink (2nd condition), and (iii) name the color of a word written in the ink of the specified color (3rd condition, referred to as the control condition). In the fourth condition, known as the experimental condition, participants were required to identify and name the color of the word without reading the written word, even though the word itself was given a different color. The stimuli (rectangles or words) appeared at a rate sufficient to optimally maintain the participant's attention. The participants were asked to cover as many items as possible under each of the conditions. The duration of each condition was 45 s, and the number of correct items was used as a performance metric. With patients with physical (fatigue) and psychoaffective vulnerability, we decided to limit ourselves to the quality of the response. The effect of the interference was quantified by the difference between the erroneous responses in the experimental condition and those in the so-called control condition (49, 50).




Working memory

Working memory was assessed using the memory span task (51). On the computer screen, a series of digits was displayed, with each digit appearing at a rate of one per second. Participants were required to recall and reproduce the list in the same order it was presented. Successful completion of a list resulted in the presentation of a longer list with one additional digit. If a participant failed to replicate a list, a second list of the same length was presented. If they succeeded in the second attempt, a new, longer list was introduced. If the second attempt also ended in failure, the test concluded. The length of the digit span sequences progressively increased, starting with three digits and extending up to nine digits. The same protocol was applied to the upside-down digit span task, where participants had to recall the sequence of numbers in reverse order of presentation. The longest list consisted of eight digits. The final score was determined by the total number of correct trials completed before experiencing two consecutive failures across lists of varying lengths (49, 50).



Problem solving

Problem-solving abilities were assessed using the Tower of Hanoi task (52). In this task, participants are presented with three pegs in front of them. Three disks of varying diameters, with holes in the middle, are initially stacked on one of the outermost pegs, arranged from largest to smallest. The objective is to move the entire stack from the starting peg to the opposite outermost peg, which serves as the target location. To achieve this while adhering to specific constraints, participants must utilize the middle peg. The imposed constraints include moving one disk at a time and prohibiting the placement of a smaller disk beneath a larger disk. Researchers adjusted the task's difficulty by varying the number of disks, with the most challenging version using five disks and the simplest employing two; this study employed three disks. In this configuration, the task can be completed in a minimum of seven moves (49, 50).




Data analysis

Descriptive statistics were presented as Mean ± standard deviation (SD). The normality of the data was checked using the Shapiro–Wilk test. To assess the statistical significance of differences between groups, sexes, and measures times, the F2-LD-F1-model was performed. This analysis compares two independent factors: Group (Control or experimental group) and Sex (male or female) with repeated measurements for each subject (continuous parameter), as for a three factor ANOVA (two inter and one intra). This model provides an ANOVA-type statistic (ATS) for group, sex, time, and the interaction between factors. When significant main or interaction effects were found, post-hoc pairwise comparison were conducted to compare between groups and sexes using the Mann–Whitney U-tests and to compare between pre- and post-intervention using Wilcoxon paired test, both tests with Bonferroni adjustment.

For all parameters, the % of gain was calculated as follows: % of Gain = {[(Post value−Pre value)]/(Pre value)} × 100. To assess the statistical significance of differences between group and sex in % of gain, the Factorial ANOVA was used for each parameter followed by the Mann–Whitney U-test, as post-hoc test, with bonferonni adjustment.

Significance was accepted for all analyses, a priori, at the level of p < 0.05. Statistical analyses were conducted using the R programming language (53). The F1-D1-F1 model was performed with “nparLD” package (54). The Mann–Whitney U-test and Wilcoxon test were conducted with the “rstatix” package (55). ANOVAs and post-hoc tests for normally distributed data were conducted with the “afex” (56) and “emmeans” (57) packages, respectively.




Results


Neurophysiological baseline comparison between the intervention and the control group

As shown in Table 1, the results revealed that, based on established standards for neuropsychological scales and the literature, participants in both groups exhibited similar significant cognitive impairments. Emotional assessments revealed mild depressive symptoms among participants, with these symptoms appearing more pronounced in individuals who engaged in the reading activity. The results obtained on the quality-of-life scale showed that the participants were not satisfied physically, psychologically or environmentally. On the other hand, participants seemed to be satisfied with their social relationships. However, there was a higher level of satisfaction among the group of participants who completed the pedaling activity.



Impact of the aerobic-based exercise on cognitive functions


Comparative analysis based on the pre-post-exercise results

The comparisons between the CG and EG as well as between males and females are presented in Figure 2 for the pre- and post-exercises values of the cognitive tests.


[image: Bar graphs showing cognitive task performance for different groups. Each graph compares pre-intervention and post-intervention results for control (CG) and experimental groups (EG), split by sex (female, male). Categories include Stroop, Hanoi Time, Hanoi Moves, Digit Span Forward, and Digit Span Backward. Significant differences are indicated by symbols. Error bars represent plus or minus 1 standard error.]
FIGURE 2
Values from baseline and post intervention for the different tasks in the EG and CG. *Significant difference between pre- and post-intervention; $ Significant difference between the EG and CG; ¤ Significant difference between male and female. Values are presented as means ± standard errors.



Stroop test

The F2.LD.F1 model showed a significant effect of group [ATSMod (1, 26.41) = 29.93, p < 0.001] and Time [ATS (1, ∞) = 16.76, p < 0.001] on interference score in Stroop test, but not a significant effect of Sex [ATSMod (1, 26.41) = 0.69, p = 0.415]. There was no significant Group × Sex interaction was found [ATSMod (1, 26.41) = 0.037, p = 0.549], or Group × Sex × Time interaction [ATS (1, ∞) = 0.46, p = 0.497]. However, there was significant Group × Time interaction [ATS (1, ∞) = 34.58, p < 0.001] and Sex × Time interaction [ATS (1, ∞) = 3.61, p = 0.058]. The pairwise comparisons showed a significant difference between CG and EG at post-intervention in both male and female (p < 0.001). Additionally, the interference score for EG decreased significantly from pre- to post-intervention for male (p = 0.031) and female (p < 0.001), and increased for male only for CG (p = 0.015).



Hanoi time

The F2.LD.F1 model for the Hanoi time revealed a significant main effects of Group [ATSMod (1, 27.23) = 6.4, p = 0.018] and Time [ATS (1, ∞) = 16.6, p < 0.001]. Also, a significant Group × Time interaction was found [ATS (1, ∞) = 45.4, p < 0.001]. However, there was non-significant main effect of Sex [ATSMod (1, 27.23) = 3.31, p = 0.08], Group × Sex interaction [ATSMod (1, 27.23) = 0.42, p = 0.522], Sex × Time interaction [ATS (1, ∞) = 0.61, p = 0.435], or Group × Sex × Time interaction [ATS (1, ∞) = 3.53, p = 0.161]. Moreover, the pairwise comparisons showed a significant difference between CG and EG at post-intervention in both male (p = 0.011) and female (p = 0.004). Additionally, the time for EG decreased significantly from pre- to post-intervention for male (p = 0.023) and female (p < 0.001) and increased for male only for CG (p = 0.028). Additionally, there was a significant difference between male and female for EG at pre-intervention (p = 0.004).





Hanoi moves

The F2.LD.F1 model for the Hanoi moves data revealed a significant main effects of Sex [ATSMod (1, 19.05) = 4.69, p = 0.043] and Time [ATS (1, ∞) = 7.31, p = 0.007]. Also, a significant Group × Sex interaction was found [ATSMod (1, 19.05) = 5.71, p = 0.027]. However, there was non-significant main effect of Group [ATSMod (1, 19.05) = 0.43, p = 0.52], Group × Time interaction [ATS (1, ∞) = 0.17, p = 0.676], Sex × Time interaction [ATS (1, ∞) = 1.6, p = 0.21], or Group × Sex × Time interaction [ATS (1, ∞) = 0.02, p = 0.899]. Moreover, the pairwise comparisons showed a significant difference between CG and EG at pre-intervention in female only (p = 0.021). Additionally, the moves for EG decreased significantly from pre- to post-intervention for female only (p = 0.02). Moreover, there was a significant difference between male and female for CG at pre- and post-intervention (p = 0.039 and p = 0.008, respectively).



Digit span forward

The F2.LD.F1 model for the digit span forward test data revealed significant main effect of Time [ATS (1, ∞) = 8.03, p = 0.046]. Additionally, a significant Group × Time interaction was revealed [ATS (1, ∞) = 26.11, p < 0.001]. However, non-significant main effect of Group [ATSMod (1, 33.13) = 4, p = 0.054] and Sex was found [ATSMod (1, 33.13) = 1.44, p = 0.238]. Additionally, there were non-significant Group × Sex interaction [ATSMod (1, 33.13) = 0.09, p = 0.771], Sex × Time interaction [ATS (1, ∞) = 2.64, p = 0.105], and Group × Sex × Time interaction (ATS (1, ∞) = 0.31, p = 0.576). However, the pairwise comparisons revealed a significant difference between CG and EG in both male (p = 0.003) and female (p = 0.015) at post-intervention. Additionally, the correct answers for EG increased significantly from pre- to post-intervention in both male (p = 0.02) and female (p = 0.018).



Digit span backward

The F2.LD.F1 model for the digit span backward test data revealed significant main effect of Group [ATSMod (1, 40.91) = 25.26, p < 0.001] and Time [ATS (1, ∞) = 48.27, p < 0.001]. Additionally, a significant Group × Time interaction was revealed [ATS (1, ∞) = 67.79, p < 0.001]. However, non-significant main effect of Sex was found [ATSMod (1, 40.91) = 0.38, p = 0.542]. Additionally, there were non-significant Group × Sex interaction [ATSMod (1, 40.91) = 0.05, p = 0.823], Sex × Time interaction [ATS (1, ∞) = 0.09, p = 0.765], and Group × Sex × Time interaction [ATS (1, ∞) = 0.06, p = 0.814]. However, the pairwise comparisons revealed a significant difference between CG and EG in both male and female (p < 0.001) at post-intervention. Additionally, the correct answers for EG increased significantly from pre- to post-intervention in both male (p = 0.013) and female (p < 0.001).


Comparative analysis based on the % of gains results

The comparisons between the CG and EG as well as between males and females are presented in Figure 3 for the % gain values of the cognitive tests.


[image: Five bar graphs compare the percentage gain from baseline for Stroop, Digit Span Forward, Digit Span Backward, Hanoi Moves, and Hanoi Time. Each graph distinguishes between control and experimental groups for females and males. Stroop shows higher gains for EG, particularly for males. Digit Span Forward shows more gain in EG males. Digit Span Backward has similar gains for EG in both sexes. Hanoi Moves indicate a decrease in EG. Hanoi Time shows a decrease for CG and an increase for EG, with males having greater gains.]
FIGURE 3
Percentage gains from baseline and post intervention for the different tasks in the EG and CG. *Significant difference between the EG and CG. §Significant difference between male and female. Values are presented as means ± standard errors.



Stroop test

The two-way ANOVA showed a significant effect of Group [F(1, 49) = 30.5; p < 0.001]. However, there were non-significant effects of Sex [F(1, 49) = 3.34; p = 0.074] or Group × Sex [F(1, 49) = 0.25; p = 0.619]. The pairwise comparison showed a significant difference between CG and EG in both male (p < 0.001) and female (p = 0.001). Also, a significant difference between male and female in CG was found (p = 0.021).





Hanoi time

The two-way ANOVA showed a significant effect of Group [F(1, 49) = 43.07; p < 0.001]. However, there were non-significant effects of Sex [F(1, 49) = 0.23; p = 0.637] or Group × Sex [F(1, 49) = 2.2; p = 0.145]. The pairwise comparison showed a significant difference between CG and EG in both male (p < 0.001) and female (p < 0.001).



Hanoi moves

The two-way ANOVA showed non-significant effect of Group [F(1, 49) = 1.07; p = 0.306], Sex [F(1, 49) = 0.12; p = 0.73] or Group × Sex [F(1, 49) = 0.04; p = 0.835].



Digit span forward

The two-way ANOVA showed a significant effect of Group [F(1, 49) = 23.57; p < 0.001]. However, there were non-significant effects of Sex [F(1, 49) = 1.82; p = 0.184] or Group × Sex [F(1, 49) = 0.3; p = 0.589]. The pairwise comparison showed a significant difference between CG and EG in both male (p = 0.004) and female (p = 0.003).



Digit span backward

The two-way ANOVA showed a significant effect of Group [F(1, 49) = 67.22; p < 0.001]. However, there were non-significant effects of Sex [F(1, 49) = 0.07; p = 0.799] or Group × Sex [F(1, 49) = 0; p = 0.972]. Additionally, the pairwise comparison showed a significant difference between CG and EG in both male and female (p < 0.001).




Discussion

The aim of this study was to assess the effects of a single 20-min session of moderate-intensity aerobic pedalling exercise on specific cognitive tasks in Alzheimer's disease patients, with a particular emphasis on sex differences. The findings indicated significant improvements in the physical exercise group across tasks such as the Stroop test, Digit Span test, and Tower of Hanoi test (time), with no significant difference between male and female. Conversely, there were no significant changes in the control group following the reading activity. These results suggest that the enhancements in performance observed within the physical exercise group can be attributed directly to the physical exercise itself, rather than to a learning effect.

We observed a significant decrease in the interference score following exercise in Alzheimer's disease patients. These results are consistent with those obtained by Park et al. (58), who demonstrated that a single 20-min pedalling session of moderate intensity (50% VO2max) significantly improved cognitive performance in the Stroop task in healthy young subjects. Byun et al. (59) showed that moderate acute exercise could improve Stroop performance, which evoked cortical activations in the left dorsolateral prefrontal cortex.

The enhancement in memory observed following physical exercise aligns with findings reported by Roig et al. (17). Their research demonstrated a significant positive effect on visuospatial memory and short-term verbal-auditory memory in healthy subjects following a single session of moderate aerobic exercise (40%–59% of reserve heart rate). A recent literature review conducted by Loprinzi et al. (60) also corroborated these findings, highlighting the positive impact of a single session of aerobic exercise on memory, particularly among young and middle-aged adults.

In terms of problem solving, we observed a reduction in the time required to complete the Tower of Hanoi task after exercise, particularly in the experimental group compared to the control group. Our findings align with those reported by Chang et al. (61), who documented improvements in London task scores, indicative of enhanced planning and problem-solving abilities, when comparing a control group engaged in reading with a group participating in a 30-min session of moderate-intensity pedalling exercise. Furthermore, a systematic review and meta-analysis conducted by Liu et al. (62) recently provided additional support by demonstrating that exercise has a positive impact on executive functions among elderly patients diagnosed with AD.

In terms of exercise protocol efficiency, the present study showed a positive effect of exercise for a duration of twenty minutes. A meta-analysis conducted by Lambourne et al. (21) also indicated a beneficial impact of pedalling exercise when the duration of exercise exceeded 11 min but noted that this effect could reverse if the exercise duration extended beyond 30 min. Additionally, Blomstrand et al. (63) reported that exercise lasting beyond one hour might lead to dehydration, hypoglycaemia, and heat-related stress, potentially resulting in fatigue and decreased cognitive performance. Beyond that duration, it is advisable to maintain exercise intensity at a moderate level to prevent hypocapnia, a condition associated with cerebral arterial vasoconstriction (64).

Various mechanisms have been previously proposed to elucidate the impact of exercise on the brain, encompassing the maintenance of sufficient cerebral blood flow (CBF), heightened neurogenesis, and enhanced brain plasticity with particular focus on BDNF (65, 66). Nonetheless, the fundamental mechanisms by which exercise influences BDNF levels and cognition remain unclear. Given the study design and the limited scope of measured parameters, which did not extend to neurobiological assessments, this study is not methodologically equipped to assess or infer these underlying mechanisms. Future studies combining cognitive assessments with neurophysiological and biological measurements are therefore essential to gain a deeper understanding of these mechanisms.

On the other hand, the present study observed no impact of sex on cognitive performance variations following 20 min of acute aerobic exercise. Given the scarcity of studies directly examining the interaction between sex and acute exercise in older adults with cognitive impairment, it is challenging to discuss the present findings with comparable ones. Nevertheless, comparing our findings with available literature in health subjects, our findings seem to align with those of Barha et al. (67), which conducted a systematic review and meta-analysis in older, cognitively healthy adults. Although this review underscored the importance of sex as a possible moderator in the relationship between exercise and cognition, it did not report sex-dependent effects in cognitive domains previously shown to exhibit gender differences. Specifically, no differences were noted in episodic memory (68, 69) and executive functions (70), areas where women typically outperform men and in tasks of spatial learning and memory, where men generally excel (71–73). In contrast, a meta-analysis by Colcombe and Kramer (74), focusing on older adults, suggested that women might experience greater cognitive benefits from aerobic training, as indicated by a larger effect size in studies with more than 50% female participants compared to those with fewer. Further research is needed to determine to what extent exercise-intervention protocols (e.g., duration, intensity) and the level of cognitive impairment in older adults (e.g., MCI vs. AD) might moderate the impact of sex differences on the benefits derived from exercise.

Taken together, our study's findings, in conjunction with previous research, underscore the positive impact of a single exercise session on cognitive performance in individuals diagnosed with moderate AD. The uniqueness of our findings lies in the fact that a single 20-min session of moderate-intensity physical exercise can yield a beneficial effect, similarly in males and females. Notably, this association between exercise (specifically, 20 min of moderate-intensity pedalling) and cognition holds promise, especially when contrasted with the findings of the study by Sewell et al. (20), which showed no immediate positive effect of a 20-min high-intensity pedalling exercise on cognition in older adults. This finding suggests that, particularly for older individuals, moderate exercise may provide greater cognitive benefits compared to high-intensity exercise. However, the current scientific evidence does not permit a precise determination of the optimal exercise protocol for patients with AD. Future research should investigate the effects of physical exercise, taking into account variations in intensity, type, duration, and the timing of cognitive tasks across both healthy individuals and those with pathologies such as Alzheimer's disease, with an emphasis on the interactions between exercise and sex differences. It is recommended that such studies include neurophysiological and biological analyses to provide a more comprehensive understanding of the potential underlying mechanisms.

Furthermore, it is important to acknowledge that aerobic-based training alone may not be sufficient to significantly slow the progression of AD. To optimize therapeutic outcomes, aerobic exercise could be complemented with other types of physical activities. Additionally, bi- and multi-domain intervention combining aerobic exercise with cognitive games and/or ergogenic supplementations has emerged as a promising approach to decelerate AD progression. This strategy has attracted increasing interest in the research community (50, 75–77). Nonetheless, further studies are needed to fully understand and substantiate the efficacy of these combined interventions.



Conclusion

This study provides evidence of the beneficial effects of a single 20-min session of aerobic exercise on the cognitive performance of patients with moderate Alzheimer's disease (AD). Our results demonstrate that, irrespective of sex, acute aerobic exercise can significantly improve selective attention, working memory, and problem-solving abilities in AD patients. These findings suggest promising avenues for developing inclusive therapeutic strategies. However, to gain deeper insights into these effects, further research is essential. Future studies should adopt a neurobiological approach, consider sex differences, and evaluate both the medium- and long-term impacts of exercise, either alone or in combination with cognitive training and/or ergogenic supplements.
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Background: The aging process is associated with a cognitive and physical declines that affects neuromotor control, memory, executive functions, and motor abilities. Previous studies have made efforts to find biomarkers, utilizing complex factors such as gait as indicators of cognitive and physical health in older adults. However, while gait involves various complex factors, such as attention and the integration of sensory input, cognitive-related motor planning and execution, and the musculoskeletal system, research on biomarkers that simultaneously considers multiple factors is scarce. This study aimed to extract gait features through stepwise regression, based on three speeds, and evaluate the accuracy of machine-learning (ML) models based on the selected features to solve classification problems caused by declines in cognitive function (Cog) and physical function (PF), and in Cog and muscle strength (MS).
Methods: Cognitive assessments, five times sit-to-stand, and handgrip strength were performed to evaluate the Cog, PF, and MS of 198 women aged 65 years or older. For gait assessment, all participants walked along a 19-meter straight path at three speeds [preferred walking speed (PWS), slower walking speed (SWS), and faster walking speed (FWS)]. The extracted gait features based on the three speeds were selected using stepwise regression.
Results: The ML model accuracies were revealed as follows: 91.2% for the random forest model when using all gait features and 91.9% when using the three features (walking speed and coefficient of variation of the left double support phase at FWS and the right double support phase at SWS) selected for the Cog+PF+ and Cog–PF– classification. In addition, support vector machine showed a Cog+MS+ and Cog–MS– classification problem with 93.6% accuracy when using all gait features and two selected features (left step time at PWS and gait asymmetry at SWS).
Conclusion: Our study provides insights into the gait characteristics of older women with decreased Cog, PF, and MS, based on the three walking speeds and ML analysis using selected gait features, and may help improve objective classification and evaluation according to declines in Cog, PF, and MS among older women.
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1 Introduction

Cognitive and physical function declines with natural aging (1), such as the degeneration of the neuromotor control system of the central nervous system (2). Age-related brain pathological disorders cause declines in memory, executive function, visuospatial function, and processing and the prevalence of cognitive impairment increases with age (1, 3). Furthermore, age-related changes in muscle structure, as well as and volume loss in brain structures associated with cognition and movement, contribute to a declines in muscle strength and function (2, 4, 5). Previous studies associated with cognitive function decline in older adults have reported decreased gait speed (6) and handgrip strength (HGS) (7), and increased time taken in five times sit-to-stand (FSTS) tests (8), as parameters of the physical function in older adults as well as in those with sarcopenia (9, 10). This result may be due to decreased movement ability because of the decreased motor planning and executive function with age (11). Impairments of the motor system, such as gait abnormality and low physical function and muscle strength levels, precede the onset of cognitive decline with age (6, 8) or occur during the early stages of dementia (12). Despite these considerations, there remains a significant gap in the studies that simultaneously evaluate the interplay of cognitive function (Cog), muscle strength (MS), and physical function (PF) based on gait analysis.

Gait is a controlled task that requires a high attention level and integration of sensory input, cognitive-related motor planning and execution, and the musculoskeletal system (11). Gait speed predicts declines in Cog, PF, and MS associated with aging (6, 13, 14); however, it is unlikely to be sensitive enough to indicate subtle changes in Cog, PF, and MS (15, 16). Previous studies on gait characteristics in older adults with Cog, PF, and MS declines reported that these characteristics were significantly associated with spatiotemporal variables, phase variables, and gait variability (GV) (12, 17–19). However, these studies measured speed on a short walkway of 4 −10 m (12, 17–19), obtaining uncontrolled walking speed with quantitative values (18, 19). In addition, most previous studies utilized averaged data from repeated trials to gain multiple steps, a practice that may not consistently replicate the natural gait patterns of individuals (20). Therefore, analyzing gait using continuous steps at slow, fast, and self-preferred speeds may be beneficial when evaluating the declines in Cog, PF, and MS among older adults.

Moreover, recent studies have used artificial-intelligence-based machine learning (ML) to improve Cog decline detection and classification using gait characteristics in older adults (1, 21, 22). These studies have reported a classification accuracy of approximately 60–96% when support vector machines (SVM) (21, 22), random forests (RF), and artificial neural networks (1) were used for training. However, these ML studies had limitations similar to those mentioned above and were vulnerable to data overfitting risks owing to their high correlation with multiple variables (1, 23). Furthermore, recent studies recommend gait analysis using continuous steps and wearable sensors (1, 16), as well as analysis methods that extract optimized gait characteristics to overcome these limitations (24). While a previous study has demonstrated the capability of wearable sensors to identify Cog decline and physical frailty (25), it did not investigate whether wearable sensors can distinguish between groups with specific impairments, especially those with simultaneous declines in Cog and PF as well as those with declines in both Cog and MS. Thus, research on objective evaluation using optimized gait feature extraction methods to predict declines in PF and MS simultaneously during the early stages of Cog decline is needed.

Therefore, this study aimed to (1) use stepwise regression to extract gait features based on three walking speeds and (2) evaluate the accuracy of ML models based on the selected features to solve classification problems caused by declines in PF and MS with Cog decline. We hypothesize that analyzing the gait features in the three walking speeds will demonstrate objective classification accuracy based on the differences in gait characteristics between groups with declines in Cog and PF and healthy groups, as well as between groups with declines in Cog and MS and healthy groups.



2 Methods


2.1 Participants

Participants in this study were 198 women aged 65 years or older. The number of participants was calculated using the G-power test program, with the following criteria: effect size of 0.25, significance level of 0.05, power of 0.8, and number of groups of 3. A total of 159 participants was required. Figure 1 presents a flowchart containing the details of the study participants, and their demographic and physical characteristics are shown in Tables 1, 2. This study’s participant inclusion criterion was the ability to walk and move independently. The exclusion criteria included participants with a history of cardiovascular, musculoskeletal, vestibular, or other neurological disorders in the last 6 months and those requiring assistive devices for movement.

[image: Flowchart outlining participant selection and analysis: 400 women aged 65+ were contacted, with 350 responding (87.5% response rate). Exclusions: 28 (12 out of age range, 16 unmet criteria). Recruited: 322 (92% recruitment rate). Exclusions: 124 (11 declined, 10 incomplete trials, 103 did not meet MMSE or PF criteria). Final analysis: 198. Categories include Cog+PF+ (74), Cog+MS+ (78), Cog−PF+ (42), Cog−MS+ (48), Cog−PF− (38), Cog−MS− (32).]

FIGURE 1
 Consort flow diagram. MMSE, minimental state examination; Cog, cognitive function; PF, physical function; MS, muscle strength.




TABLE 1 Demographic and physical characteristics of Cog and PF groups.
[image: Table compares three groups: Cog + PF+, Cog − PF+, and Cog − PF− based on characteristics like age, height, body weight, BMI, muscle mass, and more. Significant differences are in p-values, highlighting age, MMSE scores, and sit-to-stand times. All data are averages with standard deviations.]



TABLE 2 Demographic and physical characteristics of Cog and MS groups.
[image: Table comparing characteristics across three groups: Cog + MS+ (n=78), Cog – MS+ (n=48), and Cog – MS– (n=32). It includes data on age, height, body weight, BMI, skeletal muscle mass, body fat mass, percent body fat, MMSE scores, handgrip strength, education level, and IPAQ-SF. P-values indicate significant differences, with boldface for p < 0.0167.]

The participants were grouped based on their performance in the Korean Mini-Mental Status Examination (MMSE), using a cut-off score of 24 points (26), to assess Cog. In addition, PF and MS measurements were used to categorize the groups according to the diagnostic criteria for sarcopenia established by the Asian Working Group (9). The classification of the participants’ Cog, PF, and MS declines were defined as follows: group without signs of declines in Cog and PF (Cog+PF+), group with Cog decline but no signs of PF decline (Cog−PF+), and group with signs of declines in Cog and PF (Cog−PF−), group without signs of declines in Cog and MS (Cog+MS+), group with Cog decline but no signs of MS decline (Cog−MS+), and group with signs of declines in Cog and MS (Cog−MS−). The experimental protocols were approved by the institutional review board (IRB number: 2–104,709–AB–N–01–201,808–HR–023–02), and all participants provided written informed consent before participating in this study.



2.2 Test procedures

The experimental process involved obtaining informed consent, measuring physical characteristics, conducting the International Physical Activity Questionnaire-Short Form (IPAQ-SF), MMSE, performing PF and MS assessments, and gait analysis. The IPAQ-SF was used to assess physical activity levels, and the frequency of activity (days per week) was assessed and the corresponding metabolic equivalent (MET) was calculated (MET per week) based on the results of the questionnaire (27). The MMSE comprises assessments of orientation, registration, attention and calculation, recall, language, and visual–spatial abilities. Out of 30 points, scores of 24 or above are considered normal, scores between 20 and 23 indicate mild cognitive impairment, and scores of 19 or below are categorized as severe cognitive impairment (28).

All participants wore comfortable and lightweight attire during the experiments. To acclimatize to the experimental environment, PF, MS, and gait assessments were conducted after warming up, by walking and stretching, for approximately 5 min. PF was assessed by using the FSTS test, one of the physical performance tests (9). HGS was assessed for MS using an isometric digital hand dynamometer (TKK 5401 Grip-D; Takei Scientific Co., Ltd., Tokyo, Japan), with the maximum value recorded after two measurements for each hand (9). The FSTS test and HGS have excellent test–retest reliability in healthy older adults (intraclass correlation coefficient (ICC) range: 0.914–0.933 and 0.95–0.96) (29, 30).

For gait assessment, all participants walked along a 19-meter straight path at their self-selected, comfortable, and usual walking pace to measure their preferred walking speed (PWS). Additionally, a metronome measurement of PWS was taken simultaneously to quantify slower walking speed (SWS) and faster walking speed (FWS). The measurements for SWS (80% of PWS) and FWS (120% of PWS) were calculated based on the participants’ PWS. Participants practiced 3–5 repetitions with the metronome to adapt to the quantified speeds. After the adaptation phase, the metronome was excluded and gait assessment was performed. All gait assessment was calculated by dividing the time taken to traverse a 15-meter distance (excluding the initial 2 meters of acceleration and final 2 meters of deceleration) (Figure 2) (31).

[image: Diagram A illustrates a shoe-type data logger system with an IMU sensor for measuring walking durations over 15 meters. It displays data acquisition via Bluetooth to a processing device, with phases for acceleration and deceleration. Diagram B shows a time series graph of anteroposterior and vertical accelerations during different walking speeds, with hand strike (HS) and toe-off (TO) marked. Slower and faster speeds are indicated as percentages of preferred walking speed.]

FIGURE 2
 Shoe-type inertial measurement units-based gait analysis system for the study; (A) Data Collection and analysis phase; (B) Detection of gait events with the shoe-type inertial measurement unit (IMU) system. Data is collected at 100 Hz. HS, heel stride; TO, toe-off.




2.3 Instrumentation

The gait analysis equipment used in the study included a shoe-mounted data collection device equipped with inertial measurement unit (IMU) sensors (Smart BalanceⓇ SB-1, JEIOS, Korea) and a gait analysis system (DynaStab™, JEIOS, Korea) (Figure 2). The shoe-mounted data collection device consists of an inertial sensor (IMU-3000™, Invense, United States) capable of measuring triaxial accelerations (up to ±6 g) and triaxial angular velocities (up to ±500°s−1) along three orthogonal axes (32, 33). The IMU sensors were embedded in the outsoles of both shoes, and the measured data were transmitted to the gait analysis system using BluetoothⓇ communication.



2.4 Gait data collection and processing

Gait data were collected at a rate of 100 Hz; then, they were filtered using a second-order Butterworth low-pass filter with a cutoff frequency of 10 Hz (32, 33). We calculated spatiotemporal parameters, including walking speed, stride length, step length, real steps, stride time, step time, single support, double support, and stance phases. For GV, spatiotemporal parameters were quantified as the coefficient of variance (CV; standard deviation/mean × 100) to assess their variability. Gait asymmetry (GA) was calculated by comparing the swing time of one leg with that of the other (34). The phase coordination index (PCI) is the sum of the two percentile values that reflect the accuracy and consistency of bilateral coordination during the gait task (34) (Figure 3).

[image: Flowchart depicting gait parameter analysis. Left section: spatiotemporal parameters and variability, with factors like walking speed and stride length. Middle section: parameter identification using logistic regression methods. Right section: group identification with models such as LR, KNN, NB, LDA, QDA, SVM, and RF.]

FIGURE 3
 Gait parameters-based machine-learning analysis for identifying groups. GA, gait asymmetry; PCI, phase coordination index; Cog, cognitive function; PF, physical function; MS, muscle strength; LR, logistic regression; KNN, k − nearest neighbors; NB, naїve bayes; LDA, linear discriminant analysis; QDA, quadratic discriminant analysis; SVM, support vector machine; RF, random forest.




2.5 Statistical analysis

The Shapiro–Wilk test revealed that the data followed normal distribution. A oneway analysis of variance (ANOVA) with the Bonferroni post-hoc test was performed to analyze the mean, standard deviation (SD), and 95% CI (min to max) for the groups (Cog+PF+, Cog−PF+, and Cog−PF− and Cog+MS+, Cog−MS+, and Cog−MS−) with the statistical significance levels set at 0.0167 (0.05/3). An ICC analysis (2,1) was conducted to confirm the reliability between the relatively calculated and executed SWS and FWS values based on the participants’ PWS. The limits of agreement (LoAs) between the measured and estimated walking speeds were calculated using the Bland–Altman plot (35).

Univariate and multivariate logistic regression analyses using stepwise regression were performed to identify the best combination of gait characteristics for the optimal classification of groups. Covariates included age, height, body mass index (BMI), and years of education. Before additional analyses, all variables were Z-normalized (value–mean/standard deviation). Stepwise binary logistic regression analysis was performed to identify the classifier variables that distinguish the groups. The classifier variables were expressed as the odds ratios (OR) with 95% CI.

Moreover, to distinguish each group, the optimal cutoff values of the gait features were identified using receiver operating characteristic (ROC) curves. This cut-off value was defined as the point on the ROC curve closest to the upper-left corner of the graph. Areas under the curve (AUC) of the ROC curves were calculated to determine the classification accuracy of each group. An AUC > 0.9 has high accuracy, whereas AUCs of 0.7–0.9 and 0.5–0.7 indicate moderate and low accuracies, respectively (36). All statistical analyses were performed using the SPSS 21.0 (IBM Corp., Armonk, NY). Statistical significance was set at p < 0.05.

To solve the group classification problems, the study investigated seven traditional ML techniques: Logistic Regression (LR) (37), KNearest Neighbors (KNN) (38), Naїve Bayes (NB) (39), Linear Discriminant Analysis (LDA) (40), Quadratic Discriminant Analysis (QDA) (40), SVM (41), and RF (42). The model parameters of the classifiers were estimated using a grid search. The estimated model parameters for the six cases are presented in Tables 3, 4. In the analysis, we evaluated the accuracy, recall, precision, and F1 score using 5-fold cross-validation. However, the collected participants’ datasets in the group classification problem were imbalanced. To address this imbalance, we employed a random oversampling approach (43) (Figure 3).



TABLE 3 Model parameters of the 7 classifiers estimated by the grid search based on Cog and PF declines group classification.
[image: Table comparing machine learning techniques using different feature sets. Methods include Logistic Regression, K-Nearest Neighbors, Naive Bayes, Linear Discriminant Analysis, Quadratic Discriminant Analysis, Support Vector Machine, and Random Forest. Columns compare different combinations of features: Cog + PF+ versus Cog – PF+, with either 96 or 3 features, and Cog + PF+ versus Cog – PF–, with either 96, 3, or 1 feature. Parameters such as regularization, number of components, and kernel type are listed. Abbreviations and parameter explanations are provided below the table.]



TABLE 4 Model parameters of the 7 classifiers estimated by the grid search based on Cog and MS declines group classification.
[image: Comparison table of machine learning techniques for cognitive and muscle strength prediction with various feature sets. It includes techniques like Logistic Regression (LR), K-Nearest Neighbors (KNN), Naive Bayes (NB), Linear Discriminant Analysis (LDA), Quadratic Discriminant Analysis (QDA), Support Vector Machine (SVM), and Random Forest (RF). Parameters such as 'C', 'k', 'n_components', 'reg_param', 'gamma', 'kernel', 'max_depth', and 'n_estimators' are listed for different comparisons. Descriptions include acronyms like Cog (cognitive function), MS (muscle strength), and the meaning of each parameter.]




3 Results


3.1 Reliability of estimation and measurement speeds

As shown in Table 5 and Figure 4, the degrees of agreement at SWS and FWS for participants in the Cog and PF groups were 89.5 and 91.2%, respectively. For participants in the Cog and MS groups, the degree of agreement at SWS and FWS were 90.2 and 91.8%, respectively.



TABLE 5 Reliability of the results for slower and faster walking speeds.
[image: Table comparing cognitive and physical function (Cog and PF) groups and cognitive and muscle strength (Cog and MS) groups for slower walking speed (SWS) and faster walking speed (FWS). Estimated/measured SWS for Cog and PF is 0.88/0.90 m/s with ICC 0.895, and for Cog and MS is 0.88/0.89 m/s with ICC 0.902. FWS for Cog and PF is 1.39/1.35 m/s with ICC 0.912, and for Cog and MS is 1.37/1.34 m/s with ICC 0.918. All p-values are less than 0.001. Data includes mean ± standard deviation.]

[image: Four scatter plots compare the difference between estimated and measured walking speeds in various groups. Plot A highlights slower speeds for Cog and PF groups with most data between upper and lower limits of agreement, showing 4.5% above and 1.3% below. Plot B shows faster speeds for the same groups, featuring 0.6% above and 3.9% below. Plot C examines slower speeds for Cog and MS groups with 3.8% above and 0.6% below the limits. Plot D analyzes faster speeds for Cog and MS groups, where 0.6% are above and 3.8% are below. Each plot includes agreement lines and biases.]

FIGURE 4
 Bland–Altman plots for data agreement between the estimated and measured over-ground walking speeds. (A,B) are the slower and faster walking speed results for Cog and PF groups; (C,D) are the slower and faster walking speed results for Cog and MS groups. Cog, cognitive function; PF, physical function; MS, muscle strength; LoA, limits of agreement.




3.2 Classification by Cog and PF declines using feature selection through stepwise regression

Table 6 presents the results of the stepwise regression procedure for the classification of Cog+PF+ and Cog−PF+, Cog+PF+ and Cog−PF−, and Cog−PF+ and Cog−PF−. In the classification of Cog+PF+ and Cog−PF+, the selected gait features included the CV of the left double support phase at SWS (Cutoff value: 11.90%; AUC: 0.345, p = 0.006; sensitivity: 0.446; specificity: 0.452), the CV of the left double support phase at FWS (Cutoff value: 10.44%; AUC: 0.382, p = 0.035; sensitivity: 0.405; specificity: 0.429), and the right double support phase at SWS (Cutoff value: 19.26%; AUC: 0.593, p = 0.097; sensitivity: 0.595; specificity: 0.571). In the classification of Cog+PF+ and Cog−PF−, the selected gait features included the walking speed (Cutoff value: 1.38 m/s; AUC: 0.813, p < 0.001; sensitivity: 0.784; specificity: 0.737), CV of the left double support phase at FWS (Cutoff value: 2.09%; AUC: 0.293, p < 0.001; sensitivity: 0.378; specificity: 0.368), and the right double support phase at SWS (Cutoff value: 19.69%; AUC: 0.479, p = 0.715; sensitivity: 0.527; specificity: 0.526). In the classification of Cog−PF+ and Cog−PF−, the selected gait feature was the walking speed at PWS (Cutoff value: 1.01 m/s; AUC: 0.742, p < 0.001; sensitivity: 0.786; specificity: 0.632).



TABLE 6 Feature selection of three speed-based gait characteristics using stepwise regression procedure by Cog and PF classification problems.
[image: Table of variables comparing cognitive and physical function groups with estimates, odds ratios, p-values, and R-squared values. Significant differences indicated in bold. Adjustments made for age, height, body mass index, and education.]

We investigated the accuracy and confusion matrix to estimate the binary classification problems (Cog and PF classification problems); the recall, precision, and F1 score results are listed in Supplementary Table S1. This study addresses three classification problems involving two different feature sets (using all the features and those selected through stepwise regression). We organized the results for the following six cases: (1) Cog+PF+ vs. Cog−PF+ with 96 features (Cog+PF+ vs. Cog−PF + _96), (2) Cog+PF+ vs. Cog−PF+ with 3 features selected through stepwise regression (Cog+PF+ vs. Cog−PF + _3), (3) Cog+PF+ vs. Cog−PF− with 96 features (Cog+PF+ vs. Cog−PF − _96), (4) Cog+PF+ vs. Cog−PF− with 3 features selected through stepwise regression (Cog+PF+ vs. Cog−PF −_3), (5) Cog−PF+ vs. Cog−PF− with 96 features (Cog−PF+ vs. Cog−PF − _96), and (6) Cog−PF+ vs. Cog−PF− with 1 feature selected through stepwise regression (Cog−PF+ vs. Cog−PF − _1). Table 7 shows the average accuracy and standard deviation (SD), calculated through 5fold cross-validation, and the accuracy box plots of the Cog and PF classification problems in the six cases are shown in Figure 5A.



TABLE 7 Accuracies of 7 classifiers from 5-fold cross validation by Cog and PF classification problems.
[image: Table showing accuracy percentages of different machine learning techniques (LR, KNN, NB, LDA, QDA, SVM, RF) across scenarios with varying features. Highest accuracies are in bold, with QDA and RF methods frequently highlighted. Precision, recall, and F1 score are represented as mean percentages with standard deviations. Significant differences are marked with an asterisk.]

[image: Box plots and confusion matrices comparing classification models. Panel A shows accuracy box plots for models with various features using LR, KNN, NB, LDA, QDA, SVM, and RF algorithms. Panel B displays confusion matrices for models with QDA, RF, NB, and KNN algorithms, showing predictive performance for Cog+PF+ vs. Cog−PF− with varying feature sets.]

FIGURE 5
 Results of Cog and PF classification problems (A) Accuracy of the seven classifiers. The orange line in the box plot shows the mean values. (B) Confusion matrices of the six cases. Cog, cognitive function; PF, physical function; LR, Logistic Regression; KNN, K-Nearest Neighbors; NB, Naїve Bayes; LDA, Linear Discriminant Analysis; QDA, Quadratic Discriminant Analysis; SVM, Support Vector Machine; RF, Random Forest.


In the Cog+PF+ and Cog−PF+ classification problem, LDA showed the lowest accuracy (64.9% ± 4.8% SD) and QDA showed the highest accuracy (81.8% ± 2.9% SD) for Cog+PF+ vs. Cog−PF + _96. Stepwise regression was applied to the results of Cog+PF+ vs. Cog−PF + _3 to reduce the feature size; LR showed the lowest accuracy (64.8% ± 11.2% SD) and RF showed the highest accuracy (85.2% ± 6.4% SD). In the Cog+PF+ and Cog−PF+ classification problem, RF showed that the reduction of feature sets by stepwise regression exhibited no significant differences among cases with all 96 features, and the ML analysis results of cases with three features outperformed those of cases with 96 features.

In the Cog+PF+ and Cog−PF− classification problem, LDA had the lowest accuracy for Cog+PF+ vs. Cog−PF − _96 (80.4% ± 8.1% SD), whereas QDA, SVM, and RF had the highest accuracy (QDA: 91.2% ± 5.3%, SVM: 91.2% ± 5.2%, RF: 91.2% ± 5.2%). QDA had the lowest accuracy for Cog+PF+ vs. Cog−PF − _3 (84.4% ± 4.0% SD), whereas RF had the highest accuracy (91.9% ± 1.7% SD). Overall, the difference in accuracy between Cog+PF+ vs. Cog−PF − _96 and between Cog+PF+ vs. Cog−PF − _3 was not large, which means that most of the classifiers effectively distinguish between Cog+PF+ and Cog−PF−. In addition, most classifiers showed similarly high accuracy performance after reducing the number of features, except for KNN and QDA. In the Cog−PF+ and Cog−PF− classification problem, QDA had the lowest accuracy for Cog−PF+ vs. Cog−PF − _96 (45.4% ± 9.8% SD), whereas NB had the highest accuracy (71.6% ± 10.2%). LR had the lowest accuracy for Cog−PF+ vs. Cog−PF − _1 (53.8% ± 8.9% SD), whereas KNN had the highest accuracy (72.6% ± 6.5% SD). The confusion matrices for the six cases are shown in Figure 5B. In the Cog+PF+ and Cog−PF− classification problems, RF exhibited high accuracy performance, which was also confirmed using the confusion matrix.



3.3 Classification by Cog and MS declines using feature selection through stepwise regression

The results of the stepwise regression procedure for the classification of Cog+MS+ and Cog−MS+, Cog+MS+ and Cog−MS−, and Cog-MS+ and Cog−MS− are shown in Table 8. In the classification of Cog+MS+ and Cog−MS+, the selected gait feature was the CV of the left double support phase at SWS (Cutoff value: 12.08%; AUC: 0.341, p = 0.003; sensitivity: 0.385; specificity: 0.375). In the classification of Cog+MS+ and Cog−MS−, the selected gait features were the left step time at PWS (Cutoff value: 51.50 cm; AUC: 0.413, p = 0.151; sensitivity: 0.359; specificity: 0.500) and GA at SWS (Cutoff value: 2.18; AUC: 0.498, p = 0.057; sensitivity: 0.513; specificity: 0.500). In the classification of Cog−MS+ and Cog−MS−, the selected gait feature was the CV of the right single-support phase at PWS (Cutoff value: 3.02; AUC: 0.268, p < 0.001; sensitivity: 0.292; specificity: 0.281).



TABLE 8 Feature selection of three speed-based gait characteristics using stepwise regression procedure by Cog and MS classification problems.
[image: Table showing variables for cognitive and muscle strength conditions with estimates, odds ratios, p-values, and R values. Significant results include CV of left double support phase, left step time, GA, and CV of right single support phase, all with p-values less than 0.05. Model adjustments include age, height, BMI, and education.]

We investigated the accuracy and confusion matrix to estimate the binary classification problems (Cog and MS classification problems); the recall, precision, and F1 score results are listed in Supplementary Table S2. This study addresses three classification problems involving two different feature sets (using all the features and those selected through stepwise regression). We organized the results for the following six cases: (1) Cog+MS+ vs. Cog−MS+ with 96 features (Cog+MS+ vs. Cog−MS + _96), (2) Cog+MS+ vs. Cog−MS+ with 1 feature selected through stepwise regression (Cog+MS+ vs. Cog−MS + _1), (3) Cog+MS+ vs. Cog−MS− with 96 features (Cog+MS+ vs. Cog−MS − _96), (4) Cog+MS+ vs. Cog−MS− with 2 features selected through stepwise regression (Cog+MS+ vs. Cog−MS − _2), (5) Cog−MS+ vs. Cog−MS− with 96 features (Cog−MS+ vs. Cog−MS − _96), and (6) Cog−MS+ vs. Cog−MS− with 1 feature (Cog−MS+ vs. Cog−MS − _1) selected through stepwise regression. Table 9 indicates the average accuracy and standard deviation (SD) calculated through 5-fold cross-validation, and Figure 6A shows the accuracy box plots of the Cog and MS classification problems for the six cases.



TABLE 9 Accuracies of 7 classifiers from 5-fold cross validation by Cog and MS classification problems.
[image: Table displaying the accuracy of various machine learning techniques in different scenarios involving cognitive function and muscle strength features. Techniques include logistic regression, k-nearest neighbors, naïve Bayes, linear discriminant analysis, quadratic discriminant analysis, support vector machine, and random forest. The columns compare models using combinations of ninety-six, one, and two features. Bold numbers indicate the highest accuracy, and asterisks signify significant differences.]

[image: Box plots and confusion matrices compare classification accuracies between two methods, Cog+MS+ and Cog−MS−, using different features. Section A features eight box plots illustrating accuracy across various feature sets and classifiers such as LR, KNN, and SVM. Section B includes six confusion matrices for classifiers like QDA and SVM, presenting prediction results for each feature set.]

FIGURE 6
 Results of Cog and MS classification problems (A) Accuracy of the seven classifiers. The orange line in the box plot shows the mean values. (B) Confusion matrices of the six cases. Cog, cognitive function; MS, muscle strength; LR, Logistic Regression; KNN, K-Nearest Neighbors; NB, Naїve Bayes; LDA, Linear Discriminant Analysis; QDA, Quadratic Discriminant Analysis; SVM, Support Vector Machine; RF, Random Forest.


In the Cog+MS+ and Cog−MS+ classification problem, SVM showed the lowest accuracy (56.2% ± 17.5% SD) and QDA showed the highest accuracy (77.5% ± 7.7% SD) for Cog+MS+ vs. Cog−MS+ _96. Stepwise regression was applied to the results of Cog+MS+ vs. Cog−MS + _1 to reduce the feature size; SVM showed the lowest accuracy (55.6% ± 16.1% SD) and RF showed the highest accuracy (64.0% ± 10.0% SD).

In the Cog+MS+ and Cog−MS− classification problem, NB had the lowest accuracy for Cog+MS+ vs. Cog−MS − _96 (71.7% ± 6.0% SD), whereas QDA and SVM had the highest accuracy (93.6% ± 5.1%). LR had the lowest accuracy for Cog+MS+ vs. Cog−MS − _2 (55.2% ± 5.4% SD), whereas SVM had the highest accuracy (93.6% ± 5.1% SD). In addition, the reduction of feature sets by stepwise regression resulted in a significant difference between the cases where all 96 features were used and those where only selected features were used, except for SVM and RF. The results of the ML analysis of 96 features outperformed those of the ML analysis of 2 features.

In the Cog−MS+ and Cog−MS− classification problem, SVM had the lowest accuracy for Cog−MS+ vs. Cog−MS − _96 (55.9% ± 19.1% SD), whereas QDA had the highest accuracy (80.1% ± 7.0%). NB had the lowest accuracy for Cog−MS+ vs. Cog−MS − _1 (60.4% ± 2.6% SD), whereas LR had the highest accuracy (70.8% ± 9.5% SD). Figure 6B shows the confusion matrices for the six cases. In the Cog+MS+ and Cog−MS− classification problem, SVM showed high accuracy performance, which was confirmed using the confusion matrix.




4 Discussion


4.1 Classification by Cog and PF declines using feature selection through stepwise regression

In this study’s main findings for classification by Cog and PF declines, the three selected features that were most relevant for the classification of Cog+PF+ and Cog–PF+ were the CV of the left double support phase at SWS and at FWS and the right double support phase at SWS. The ML approach showed that QDA had 81.8% accuracy for Cog+PF+ vs. Cog–PF+ _96, and RF had 85.2% accuracy for Cog+PF+ vs. Cog–PF+ _3. In the classification between Cog+PF+ and Cog–PF–, the three selected features that were most relevant were gait walking speed, CV of the left double support phase at FWS, and the right double support phase at SWS. The ML approach showed that RF solved the Cog+PF+ and Cog–PF– classification problems with 91.2 and 91.9% accuracies for Cog+PF+ vs. Cog–PF–_96 and Cog+PF+ vs. Cog–PF–_3, respectively. In the classification between Cog–PF+ and Cog–PF–, the selected feature that was most relevant was walking speed at PWS. The ML approach showed that NB had 71.6% accuracy for Cog–PF+ vs. Cog–PF– _96 and KNN had 72.6% accuracy for Cog–PF+ vs. Cog–PF– _1. The findings are discussed in detail below.

Regarding the classification of Cog+PF+ and Cog–PF+, the CV of the left double support phase at SWS and at FWS and the right double support phase at SWS were selected through stepwise regression to obtain the sensitive cutoff values in the ROC analysis. The double-support phase of gait is the only period in which both feet are in contact with the ground, and this phase is more variable with poor balance (44–46). In previous studies, double support time variability was associated with a greater number of sensorimotor (46) and cognitive domains than other variability measures (47), and these variations indicated an increased risk of falls (48). Jayakody et al. (44) reported that higher double-support time variability is associated with memory decline. The hippocampus and parahippocampal gyrus are the primary areas of memory and spatial navigation (49), and these appear to be involved in human balance control (50). Therefore, age-related changes in the hippocampus are likely to lead to a greater double-support phase, CV of the double-support phase, and memory impairment (44).

For classification between Cog+PF+ and Cog−PF−, walking speed, CV of the left double support phase at FWS, and the right double support phase at SWS were selected via stepwise regression to obtain the sensitive cut-off values in the ROC analysis. In particular, CV of the left double support phase at FWS was shown 19.39 times and walking speed at FWS was shown to be slower by 80% in the Cog−PF− compared to that in the Cog+PF+, indicating that FWS was more challenging for Cog−PF−. The FWS test is essential in identifying muscle weakness, decreased functional independence (51), and cognitive decline (52). FWS likely requires a relatively rapid generation of high peak power from the lower extremities’ joints (53) and improvements in lower limbs’ muscle function to enhance joint range of motion, propulsive force, and dynamic stability and thus increase step length (54). Furthermore, modifications in walking speed, such as FWS and SWS, require attention because of the reduced automaticity of gait and increased cortical control due to changes in muscle activity patterns (55, 56). Therefore, SWS and FWS are more challenging gait tasks than PWS (8). It is likely that compared with PWS, these challenging tasks place a greater demand on motor control and, hence, may be more sensitive to age-associated decline (53, 57). Therefore, SWS and FWS may be more challenging gait tasks than PWS for older women with decreasing Cog and PF (8, 58).

For classification between Cog−PF+ and Cog−PF−, walking speed at PWS was selected via stepwise regression to obtain the sensitive cut-off values in the ROC analysis. Cog−PF− significantly decreased walking speed at PWS, compared with Cog+PF+ and Cog−PF+ [Cog+PF+ vs. Cog−PF+: 1.18 ± 0.15 vs. 1.14 ± 0.17 (p = 0.467), Cog+PF+ vs. Cog−PF−: 1.18 ± 0.15 vs. 0.97 ± 0.20 (p < 0.001), Cog−PF+ vs. Cog−PF−: 1.14 ± 0.17 vs. 0.97 ± 0.20 (p < 0.001)]. The optimization of walking observed in the self-preferred speed condition may stem from the interplay between neural and biomechanical mechanisms, aiming to minimize the necessity for active control based on high-level sensory feedback (59). The decline in walking speed among older individuals showed the most robust association with white matter atrophy (6, 60), which has been associated with a decline in executive function among cognitive domains (61). In addition, Yee et al. (13) reported a relationship between decreased walking speed and PF of the lower extremities, assessed using the sit-to-stand test. The decreased strength of the hip flexors and ankle dorsiflexors are thought to influence these changes (52). Therefore, older women with reduced Cog and PF may have difficulty walking even at their preferred speed. We suggest that Cog−PF+ and Cog−PF− may be distinguished using the walking speed at PWS.



4.2 Classification by Cog and PF declines using ML approach

Regarding ML approaches, RF demonstrated high accuracy in addressing Cog and PF classification tasks, achieving 85.2% accuracy for Cog+PF+ vs. Cog–PF+ _3 and 91.2 and 91.9% accuracies for Cog+PF+ vs. Cog–PF–_96 and Cog+PF+ vs. Cog–PF–_3, respectively. Meanwhile, QDA had 81.8% accuracy for Cog+PF+ vs. Cog–PF+ _96. Based on these results, the possibility of distinguishing between people with Cog+PF+ and Cog–PF+ and those with Cog+PF+ and Cog–PF–, based on the three speed-based gait characteristics, was somewhat confirmed. RF outperformed all the other classifiers on Cog+PF+ vs. Cog–PF+ and Cog+PF+ vs. Cog–PF– with reduced feature sets. Generally, the output of a model can be influenced by multiple features (62). Overfitting is a common challenge in supervised ML, stemming from constraints such as the limitations of training data—either because of restricted data size or the presence of considerable noise—and the complexity of algorithms, which may require an excessive number of features (63). Therefore, our results indicate that feature selection using stepwise regression eliminates irrelevant features (62).

In contrast, NB and KNN showed accuracies of 71.6 and 72.6%, respectively, for Cog–PF+ vs. Cog–PF– classification tasks. From the results, the possibility of distinguishing between Cog–PF+ and Cog–PF–based on the three speed-based gait characteristics was somewhat confirmed; however, the Cog–PF+ and Cog–PF– classification problem appeared more challenging than the Cog+PF+ and Cog–PF+ as well as Cog+PF+ and Cog–PF– classification problems. No classifier achieved an accuracy above 80%, and the SDs of the accuracies for Cog–PF+ vs. Cog–PF– _96 and Cog–PF+ vs. Cog–PF– _1 were higher for NB, LDA, and QDA compared to the Cog+PF+ vs. Cog+PF– and Cog+PF+ vs. Cog–PF– classifications. We speculate that the observed limitations in classifier performance, with no accuracy exceeding 80%, may be attributed to the study’s relatively small sample size.

The reduced number of samples could potentially lead to misinterpretations in the mathematical optimization process during classifier training, thereby affecting the performances of NB, LDA, and QDA, owing to the inherent characteristics of these classification algorithms. Therefore, to enhance the accuracy of the Cog–PF+ vs. Cog–PF– classification problem, future research should explore the application of advanced deep learning techniques, such as the n-dimensional convolutional neural network and recurrent neural network (62), on time series raw gait data obtained at three different walking speeds. Despite converting raw gait data into the selected 96 features, the risk of losing the crucial information necessary to solve the Cog–PF+ vs. Cog–PF– classification problem remains.



4.3 Classification by Cog and MS declines using feature selection through stepwise regression

In the main findings for classification by Cog and MS declines in this study, the selected feature most relevant for the classification of Cog+MS+ and Cog–MS+ was the CV of the left double-support phase at SWS. The ML approach showed that QDA had 77.5% accuracy for Cog+MS+ vs. Cog–MS+ _96 and RF had 64.0% accuracy for Cog+MS+ vs. Cog–MS+ _1. In the classification of Cog+MS+ and Cog–MS–, the two most relevant selected features were the left-step time at PWS and GA at SWS. The ML approach showed that SVM solved the Cog+MS+ and Cog–MS– classification problems with 93.6% accuracy for Cog+MS+ vs. Cog–MS–_96 and Cog+MS+ vs. Cog–MS–_2. In the classification of Cog–MS+ and Cog–MS–, the most relevant selected feature was the CV of the right single-support phase at the PWS. The ML approach showed that QDA had 80.1% accuracy for Cog–MS+ vs. Cog–MS– _96 and LR had 70.8% accuracy for Cog–MS+ vs. Cog–MS– _1. These findings are discussed in detail below.

In our study on the classification of Cog+MS+ and Cog–MS+, the CV of the left double support phase at SWS was selected through stepwise regression to obtain the sensitive cutoff values in the ROC analysis. Stride-to-stride variability, quantified by the coefficient of variation, serves as a metric for gauging the reproducibility of coordinated limb movements from one stride to the next (64). Previous studies have strongly associated gait variability with Cog (15, 17). Our study showed that a higher CV of the left double-support phase was associated with a lower Cog at SWS in older women. These results may be linked to executive dysfunction in the cortical sensorimotor control (17, 65, 66), and this dysfunction could be attributed to the reduced hippocampal volume and impaired function observed in older adults (67). Executive function is associated with the initiation and modulation of gait performance (68). Therefore, the observed high gait variability may be attributed to the stride-to-stride fluctuations when walking, which involve the generation of force using muscles with a partial summation of overlapping twitches (58). This high gait variability may result from executive dysfunction during modulation, which is particularly evident in SWS.

For Cog+MS+ and Cog−MS − classification, left step time at PWS and GA at SWS were selected via stepwise regression to obtain the sensitive cut-off values in the ROC analysis. Previous studies have associated longer step time with Cog decline (47), suggesting that this result may be influenced by the impact of the brainstem and spinal cord mechanisms, which activate and control lower limb muscles and gait movements (69). In addition, previous studies have reported an increase in the mean step time in older adults, indicating a preference for an extended step time as a compensatory strategy for muscle weakness (70, 71) and balance impairments (66, 72, 73). Meanwhile, the GA at SWS was significantly lower for the Cog−MS− group, compared to that for the Cog+MS+ group. The aging process is known to increase the demand for the prefrontal cortex during motor control (74). Individuals in the low Cog and MS groups exhibited lower gait abilities than those in the high-functioning group (19, 44). Specifically, older adults with reduced gait ability demonstrated increased prefrontal cortex activation during challenging tasks such as FWS and SWS (75). These findings suggest that greater prefrontal cortex activation is required during walking tasks that demand cognitive engagement with speed variations, which may be a compensatory mechanism to increase the level of motor task performance (76). In addition, SWS employs a strategy of increasing the medial displacement of the center of mass to enhance the base of support, aiming to maintain dynamic balance (77). Therefore, the results of GA at SWS in the Cog−MS− group compared with those in the Cog+MS+ group may be attributed to these compensatory strategies.

For the classification of the Cog−MS+ and Cog−MS− groups, the CV of the right single support phase at PWS was selected via stepwise regression to obtain the sensitive cut-off values in the ROC analysis. However, the association between muscle strength and gait variability has not been extensively studied. Previous studies have found that lower extremity strength is associated with the CV of step time (46) and CV of step width (78). In addition, Bogen et al. (18) reported an association between lower and upper extremity strength measurements between anterioposterior, mediolateral, and vertical gait variability. While these results cannot be directly compared with those of our study, it appears that, despite gait being an activity that does not require maximal strength, lower- and upper-extremity strength may contribute to gait variability (18). Therefore, the CV of the support phase at PWS may indicate decreased MS in older women with decreasing Cog.



4.4 Classification by Cog and MS declines using ML approach

Regarding ML approaches for classifying Cog and MS declines, analyzing all 96 features was found to yield higher accuracy than models based on selected features through stepwise regression. These results show that the 96 features influenced the group classifications more than the selected features. Including many gait features helps to mitigate the bias associated with selecting variables for input in ML analyses. This ML analysis is particularly beneficial when dealing with high dimensionality and non-linear associations among input variables within a relatively small sample size (1). Interestingly, SVM demonstrated high accuracy in addressing Cog+MS+ and Cog–MS– classifications, achieving 93.6% accuracy for Cog+MS+ vs. Cog–MS–_96 and Cog+MS+ vs. Cog–MS–_2. These results indicate the possibility of distinguishing between Cog+MS+ and Cog–MS– based on the three speed-based gait characteristics. Additionally, it was observed that group classification is possible not only with all 96 features but also with selected features, specifically the left-step time for PWS and GA for SWS. Therefore, our results demonstrate that the feature selection process using stepwise regression eliminated irrelevant features in the classification of Cog+MS+ and Cog–MS–.

The findings of the present study have several important implications. First, the ML approach used to resolve this study’s Cog and PF classification problems showed similar results when using gait features selected through gait analysis based on three walking speeds. This result may help understand the gait characteristics and classify older women with Cog and PF declines based on certain main factors of the spatiotemporal and variability features at the three walking speeds. Second, the classification of Cog+PF+ and Cog–PF– showed the highest accuracy of 91.9% in the results of the ML approach using selected gait features. Third, the classification of Cog+MS+ and Cog–MS– groups showed the highest accuracy of 93.6% in the results of the ML approach using selected gait features. This ML analysis of the critical factors selected among the three speed-based gait characteristics can help provide information regarding the Cog, PF, and MS declines conditions of older women.

Our study has several limitations. First, our study used MMSE scores, which are known to have relatively lower sensitivity (79). Nevertheless, the MMSE score is a widely utilized screening tool for dementia, assessing global cognitive function and aiding in clinical evaluations. Further research is required to address these issues. Second, this study included participants who were not diagnosed with dementia and had normal cognitive function. Despite assuming this status, we speculated that some participants might have had a diagnostic level of dementia. Third, we exclude direct comparisons with groups with no signs of Cog decline but PF and MS declines (Cog+PF– and Cog+MS–), as this was beyond the purpose of this study. Although 103 participants in the Cog+PF– and Cog+MS– were also recruited, these groups may be unreliable due to sample size imbalance and data bias problems in the analyses. Lastly, the sample sizes of Cog–PF+, Cog–PF–, Cog–MS+, and Cog–MS– were relatively small compared to those of Cog+PF+ and Cog+MS+. Despite using the random oversampling technique to address the imbalanced dataset, the insufficient sample size may have led to the instability in the classification performance for NB, LDA, and QDA, as mentioned earlier.




5 Conclusion

In conclusion, our findings highlight the potential methods for identifying using various speed-based gait characteristics in older women with the declines of PF and MS simultaneously with Cog decline. The ML approach showed that RF had 91.9% accuracy for the Cog+PF+ and Cog–PF– classification problems when using the three selected features (walking speed and CV of left double support phase at FWS and right double support phase at SWS). In addition, SVM showed the highest classification accuracy of 93.6% for the Cog+MS+ and Cog–MS– classification problems using two selected features (left step time at PWS and GA at SWS). Therefore, our results suggest a proof of concept that ML techniques using gait features based on the three walking speeds might represent a reliable surrogate biomarker for Cog, PF, and MS declines. Our findings are useful in assessing diminishing physical function in older adults and could potentially serve as valuable tools in clinical settings to evaluate the efficacy of interventions aimed at preventing or delaying cognitive decline. Future studies need to develop ML techniques that incorporate important factors when evaluating the declines in Cog, PF, and MS and include a larger sample size to enhance the predictive capability for categorizing older women showing declines in Cog, PF, and MS.
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Background: The Chinese government proposes to establish a hierarchical diagnosis and treatment system, and attaches great importance to community health services. Under the background of population aging and the increase of older adults with disability, this study aimed to analyze the effect of spatial accessibility of community health services on the activities of daily living (ADL) among older adults in China.
Methods: A research sample of 7,922 older adults from the Chinese Longitudinal Healthy Longevity Survey (CLHLS) data in 2018 was adopted. There were 2,806 participants in the treatment group and 5,116 participants in the control group. The propensity score matching method was adopted to match the treatment and control groups to calculate the values of average treatment effects on treated (ATT).
Results: The results of kernel density matching method showed that the factual ADL score of the treatment group was 10.912, the counterfactual ADL score of the control group was 10.694, and the ATT value was 0.218 (p < 0.01). The spatial accessibility of community health services could significantly improve the activities of daily living among older adults in China. Meanwhile, there was urban-rural heterogeneity in the impact of spatial accessibility of community health services on the activities of daily living of older adults in China. The effect value in urban samples (ATT = 0.371, p < 0.01) was higher than that in rural samples (ATT = 0.180, p < 0.01).
Conclusion: Spatial accessibility of community health services could improve the activities of daily living among older adults in China. The Chinese government should take actions to improve the distribution of community health service resources.
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1 Introduction

According to data from the seventh National Census, the population aged 60 and above in China counted for more than 264 million people in 2020, accounting for 18.70% of the total population, and the population aged 65 and above counted 190 million people, accounting for 13.5% of the total population (1). China will soon be a super aging society, according to the international standard in which those aged 65 and above account for over 14% of the total population (2). According to the results of the fourth sample survey on the living conditions of senior citizens aged 60 and above in urban and rural China jointly released by the China National Committee On Aging, Ministry of Civil Affairs and Ministry of Finance, the number of disabled and semi-disabled older adults in 2015 was approximately 40.63 million, accounting for 18.3% of the total older population in that year (3). One study predicted that the disabled older population in China would reach 77.66 million in 2030 (4). The proportion of disabled older people in the total older population in China will continue to rise.

Due to the aging of the population, the rapid growth of residents’ basic health needs, and the unreasonable allocation of medical and health service resources, Chinese residents are inconvenient to seek medical treatment, and the burden of medical expenses is increasing. In order to solve this problem, the Chinese government issued policies in 2015 aimed at establishing a hierarchical diagnosis and treatment system. Hierarchical diagnosis and treatment refers to the classification according to the severity of the disease and the difficulty of treatment, and different levels of medical institutions undertake the treatment of different diseases. It is simply summarized as “first diagnosis at the grassroots level, two-way referral, acute and chronic treatment, linkage between upper and lower levels” (5).

In the context of China’s hierarchical diagnosis and treatment system reform, community health services, as one of the important components of primary health services, has been paid more and more attention. On the one hand, the number of community health service providers has increased. With the reform of China’s health service system, private community health service centers play a complementary and increasingly important role in providing basic health services to residents (6). The increase in the number of service providers still cannot solve the problem of unbalanced utilization of community health services between urban and rural areas (7, 8). On the other hand, residents’ medical behavior has also changed. More than 62.2% of community residents choose to receive initial diagnosis and treatment in the community (9). But the utilization rate of community health services varies among different groups. Some studies found that disability and illness were the main determinants of using community health services (10, 11). The World Report on Disability and People with Intellectual Disabilities highlighted the need for people with disabilities to have access to adequate health services in the community (12). However, there were a significant number of people with disabilities in China who still did not have access to health services in communities to meet their needs for activities of daily living (13).

Therefore, under the background of China’s hierarchical medical system reform and the increasing number of older adults with disabilities, it is of great importance to explore the effect of spatial accessibility of community health services on the activities of daily living among older adults in China. This study adopts the propensity score matching method to carry out a quasi-experimental study on the effect of spatial accessibility of community health services on the activities of daily living among older adults (age 60 and above) and calculate its effect value. The results of this study help to reveal the beneficial effects of attaching importance to the construction of community health service institutions in the context of the establishment of the hierarchical diagnosis and treatment system in China.



2 Literature review


2.1 Activities of daily living among older adults

Activities of daily living (ADL) are important indicators for evaluating the health status of the older people. The literature on ADL ability of older people focuses on two aspects. The first is the study of the measurement scale of ADL ability. In previous studies, scholars have developed a variety of measurement tools for ADL ability. Katz Index (14), Barthel index (15), Pfeffer’s Functional Activity Questionnaire (16), and Lawton and Brody’s Activities of Daily Living scale (17) were widely used. The second is the study of the influencing factors of ADL ability. For example, factors such as age, education level, depression, chronic diseases, living alone, air quality, dietary habits, drinking habits, social activities, sports activities, and housing accessibility were all important factors affecting the ability of older people to perform activities of daily living (18–25). Some researchers put forward a series of measures to improve the ADL ability of older adults. Chen et al. suggested that measures such as training informal caregivers, improving team-based primary care, and using intelligent software could improve ADL ability (26). And Burge et al. believed that regular physical exercise was an effective measure to improve ADL ability (27).



2.2 The accessibility theory

The accessibility theory comes from transportation geography, with the aim of analyzing the convenience of the public in accessing public resources. Accessibility is divided into spatial accessibility and non-spatial accessibility (28). Space accessibility is mainly influenced by distance factors; non-spatial accessibility is affected by factors such as the public’s economic income, service preference and and size of service organizations (29). Nowadays, the accessibility theory has been widely applied in traffic geography to evaluate and improve the accessibility of transportation in certain cities or areas (30–32).

And this theory was introduced into the field of public health to assess the inequality in public access to healthcare services. Based on the spatial accessibility measurement method, Kalogirou believed that compared to older or low educated residents, younger, working age population as well as people with the highest educational attainment have better accessibility to public hospitals in Greece (33). Bauer et al. found a high correlation between the accessibility of German hospitals and the level of urbanization, and the accessibility of general inpatient care was either high or at least not significantly low (34). Martinez and Rojas analyzed that in Concepcion metropolitan area of Chile, about 4.1% of the population had unfavourable or very unfavourable accessibility to public hospitals (35). In conclusion, based on the accessibility theory, existing studies have explored the current status of access to health care services and its associated factors in various regions or cities.



2.3 The spatial accessibility of community health services

Community health services are an important part of community services (36). It provides prevention, medical treatment, health care, rehabilitation and health education services for residents (37). The spatial accessibility of community health services refers to the convenience in distance when the public obtains the above community health services. Studies on spatial accessibility of community health services focus on two aspects. On the one hand, the existing studies have analyzed the spatial accessibility level of community health services. Evans et al. based on data from the Health Resources and Services Administration in the United States, found that community health center accessibility substantially increased from 2008 to 2016 (38). By using a geographic information system database, Vannier et al. concluded that in Christchurch – Otautahi, New Zealand, the farther away from the city center, the less community health services were available, but overall, there was a high level of spatial accessibility (39). Oliphant et al. also analyzed local geographical data and believed that the level of spatial accessibility of community health services in Niger increased significantly from 2000 to 2013, but the current level of spatial accessibility was still not high (40). On the other hand, the existing research has proposed some improvement measures to improve the level of accessibility. These measures include: reasonably layout community health service institutions to avoid excessive concentration; formulate corresponding subsidy policies to attract high-quality medical and health resources; Increase multiple modes of transportation to promote convenient travel (41, 42).

In summary, the existing literature pays little attention to the relationship between spatial accessibility of community health services and human ADL capacity. Although some scholars have analyzed the impact of community health services on the physical and mental health of older adults (43, 44), the methods used were mostly traditional regression models. The influence effect value obtained by traditional regression model analysis could be affected by other confounding variables. In addition, based on the accessibility theory, it is of practical significance to pay attention to the spatial accessibility of community health services. In view of the increasing number of older adults with disability in China, using non-traditional regression methods, analyzing the relationship between spatial accessibility of community health services and the daily living ability of older adults was the most basic purpose of this study.




3 Materials and methods


3.1 Study design

This is a cross-sectional study to examine the impact of spatial accessibility of community health services on the activities of daily living of older people in China. The activities of daily living of older people may be affected not only by the spatial accessibility of community health services, but also by factors such as dietary habits, exercise, and sleep quality. The latter variables are called confounding variables (45). The effect value of the spatial accessibility of community health services on the activities of daily living among older adults obtained by traditional regression analysis is not pure due to the influence of confounding variables. Therefore, the propensity score matching method was used to eliminate the influence of confounding variables on the activities of daily living of older people, comparing the pure effect values of the effect of spatial accessibility of community health services on ADL scores among older adults. Community health services were treated as a natural intervention, avoiding the biased estimates resulting from the problem of endogeneity caused by confounding variables.



3.2 Data source and sample selection

This study used data from the Chinese Longitudinal Healthy Longevity Survey (CLHLS). This is a publicly available dataset compiled by Peking University’s Center for Healthy Aging and Development Studies (CHADS). Participants were randomly selected from half of the counties and cities in 23 provinces, covering about 85 percent of China’s total population. The CLHLS baseline survey aimed to investigate the determinants of human longevity. Therefore, in the sampled counties and cities, CLHLS attempted to interview all centenarians who volunteered to participate. The CLHLS adopted a targeted random sample design to ensure representativeness, establishing sampling weights based on age, sex, and place of residence (i.e., near the residence of centenarians) (46). Due to this sampling design, the average age of older participants was older (43).

Currently, there are eight waves of survey data in CLHLS. The CLHLS baseline survey began in 1998, and participants were followed up in 2000, 2002, 2005, 2008, 2011, 2014, and 2018. During the follow-up period, many participants were lost to follow-up, mainly due to address changes (47). Thus, in each wave of the CLHLS survey, new participants were interviewed. Extensive data was collected by CLHLS, including healthcare, social activities, diet, smoking, drinking, psychological characteristics, economic resources, family structure, self rated health, self rated life satisfaction, etc. (48). The CLHLS dataset had been reviewed by the Ethics Committees of Peking University. The survey respondents gave informed consent before participation.

This is a cross-sectional study, and the latest data in the CLHLS database was still survey data from 2018. Thus, we selected the 2018 CLHLS data as the sample data source for this study. A research sample of 7,922 older adults from the CLHLS data in 2018 was adopted.



3.3 Variable selection and measurement


3.3.1 Activities of daily living among older adults

The dependent variable of this study was the activities of daily living (ADL) among older adults, which was assessed by the Katz scale. The Katz scale includes six indicators (bathing, dressing, toileting, transferring, continence, and feeding), each with three categories that evaluate participants: “0 = completely dependent,” “1 = partially dependent” and “2 = completely independent” (14). The total score ranges from 0 to 12 points. The higher the score, the higher the ADL ability of older adults.

Before data analysis, the reliability and validity of Katz scale in the samples were tested. Firstly, the reliability of Katz scale was analyzed. By analysis, in the sample, the Cronbach’s α coefficient of the Katz scale was 0.866, indicating good internal consistency. Secondly, the validity of Katz scale was analyzed. Exploratory factor results showed that the Kaiser-Meyer-Olkin (KMO) value of the Katz scale was 0.860 and the Barlett sphericity test was significant (p < 0.05). Based on principal components methods, the factor had an eigenvalue of 3.62, accounting for an accumulated total of 67.3% of the variance. All of the ADL items loaded on the factor with a correlation of 0.5 or greater. The solution extracted only one factor so the solution was not rotated. In addition, the confirmatory factor analysis of the Katz scale was carried out by using the maximum likelihood robust estimation method. The results showed that the root mean square error approximation (RMSEA) value was less than 0.1, the 90% confidence interval value was less than 0.08, the comparison fitting index (CFI) and tucker-lewis index (TLI) were greater than 0.9, and the standardized residual mean root (SRMR) value was also less than 0.08 (RMSEA = 0.065, 90% CI = 0.053–0.077, CFI = 0.985, TLI = 0.975, SRMR = 0.025). The analysis results showed that the Katz scale had good construct validity.



3.3.2 Spatial accessibility of community health services

The treatment variable in this study was the spatial accessibility of community health services for older adults. The propensity score matching method requires that the treatment variable must be divided into two categories. We assigned treatment and control groups according to whether health services were available in the community where older adults lived. The treatment group referred to older adults in their community with community health services. The control group was older adults without community health services in their community. Therefore, the variable was treated as 0 = inaccessibility and 1 = accessibility.



3.3.3 Control variable

Demographics, health behavior, and other community services characteristics were selected as control variables (49). Demographic characteristics were measured with five indicators, including sex (0 = female, 1 = male), age (continuous variable, 60–117 years old), area (0 = rural, 1 = urban), spouse (0 = not alive, 1 = alive) and income level (0 = poor, 1 = rich). Health behaviors were measured by eight variables, including regular consumption of vegetables (0 = not eating frequently, 1 = eating frequently) and fruits (0 = not eating frequently, 1 = eating frequently), smoking (0 = non-smoking, 1 = smoking), exercise (0 = not exercising regularly, 1 = exercising regularly), leisure activities (0 = infrequent, 1 = frequent), sleep quality (0 = not good, 1 = good) and an annual physical examination (0 = none, 1 = yes). Other community services variable was measured by only one indicator, which included two options: 0 = none and 1 = yes.




3.4 Statistical analysis

STATA 16.0 was used for data analysis. Firstly, descriptive statistics were used to show the basic characteristics of samples. Secondly, the multiple linear regression method was used to analyze the factors affecting the outcome variables, and the non-significant related variables were eliminated. Thirdly, we used the probit model to calculate the propensity score of each variable, tested the matching effect of each variable before and after matching, calculated the average treatment effects on treated (ATT) obtained by using the kernel density matching method, and analyzed whether there was urban-rural heterogeneity in the influence effect. Finally, the radius matching method was used to test the robustness of the results.




4 Results


4.1 Descriptive statistical results

Table 1 shows the basic characteristics of the participants. The sample contained information on 7,922 participants, including 2,806 participants in the treatment group and 5,116 participants in the control group. The mean value of the variable of spatial accessibility of community health services was 0.35 ± 0.48. The average ADL score for all older participants was 10.81 ± 2.51, which was close to the maximum of 12. In addition, the mean ADL score of the treatment group (10.87 ± 2.43) was higher than that of the control group (10.70 ± 2.63). The descriptive statistics of the other variables are shown in Table 1.



TABLE 1 Descriptive statistical results of variables.
[image: A table comparing variables between total, treatment, and control groups. Variables include ADL score, spatial accessibility, sex, age, area, spouse, income, vegetables, fruits, smoking, exercise, sleep quality, leisure activities, physical examination, and other community services. The ADL score is 10.81 for total, 10.87 for treatment, and 10.70 for control. Spatial accessibility is measured only for the total group at 0.35. Sample sizes are 7,922 for total, 2,806 for treatment, and 5,116 for control.]



4.2 Multivariate analysis results

Before propensity score matching, a multiple linear regression was used model to analyze the significant correlation between the multiple variables and the outcome variables. Table 2 shows the results of the multiple linear regression model. The pseudo-R-square value of the model was 0.2525. The spatial accessibility of community health services as the treatment variable was a positive factor affecting the activities of daily living of older people (p < 0.01). Some control variables, such as age, area, income level, vegetables, fruits, smoking, sleep quality, leisure activities, physical examinations, and other community services, also showed a significant correlation with outcome variables (p < 0.05). The above control variables were considered confounding variables in this study. In order to calculate the pure effect of spatial accessibility of community health services on ADL ability of older adults, the influence of these variables should be eliminated by propensity value matching method. In addition, in the multiple linear regression model, sex and spouse variables did not significantly affect the outcome variables (p > 0.05). These two variables would not be used as matching variables.



TABLE 2 Multiple linear regression model results.
[image: A table displaying the results of a regression analysis with variables such as spatial accessibility, sex, age, area, and more. Columns show coefficients (B), standard errors (S.E.), t-values (t), p-values (p > t), and confidence intervals ([95% CI]). Notable results include p-values less than 0.05 for most variables, indicating statistical significance, except for sex and spouse.]



4.3 Propensity score matching analysis results


4.3.1 Propensity score results

The probit model was used to calculate the matching propensity scores (50). Table 3 shows the variables and estimation results included in the probit model. The log likelihood value of the model was −4375.0355, and the pseudo R squared value was 0.1504. The probability values of all variables in the probit model were used as propensity scores.



TABLE 3 Estimated results of propensity score model.
[image: A table showing regression analysis results for various health-related variables. Columns include Variables, B, Standard Error (S.E.), z, p > z, and 95% Confidence Interval (CI). Notable findings include significant effects for area, smoking, vegetables, and physical examination, with p < 0.05.]



4.3.2 Matching effect test results

The kernel density matching method was used to calculate the ATT value. The psmatch2 command in STATA 16.0 was used for the kernel density matching method (51). Before calculating the ATT value, a matching effect test was required to determine whether the matching result could be regarded as a counterfactual result (52).

The matching effect test consists of two steps. First, the treatment and control groups had to have a common support domain (53). If not, this indicated that the two groups were not comparable at all, and propensity value matching analysis could not be performed. In the kernel density matching result, 2,799 samples in the treatment group (n = 2,806) and 5,110 samples in the treatment group (n = 5,116) met the common support domain requirements. The results showed that the treatment and control groups in the sample had a large common support domain. Second, balance test of matching variables was required. The results of the matching balance test between the treatment and control groups need to be examined. A smaller absolute value of the standard bias indicates a better match. It is generally believed that as long as the absolute value of the standard bias is less than 20%, it will not lead to matching failure (54). In addition, the t-test was performed on the matched variables in the treatment and control groups to determine whether there were significant differences between the two groups in these matched variables. If not, the matching effect could be considered to meet the requirements.

Table 4 shows the balance test results for kernel density matching variables. Table 5 shows the overall comparison results between unmatched and matched. The results of the balance test showed that the absolute value of the standard bias of all variables in kernel matching did not exceed 20%, and the mean bias was also small. The t test showed that there were no significant differences between groups for all variables after matching (p > 0.05). The pseudo R squared values was close to zero, and the probability values of the LR chi2 test were not significant (p > 0.05). This finding indicated that after propensity value matching, the control variable no longer had a significant effect on the activities of daily living among older adults. Therefore, the balance test was passed.



TABLE 4 Balance test results for kernel density matching variables.
[image: Table displaying variables comparing unmatched and matched groups in treated and control categories, with corresponding means, percentage bias, bias reduction, and t-test values. Variables analyzed include age, area, income level, and lifestyle factors like vegetables, fruits, smoking, exercise, sleep quality, leisure activities, physical examination, and other community services. Key data include bias percentages and t-test values indicating statistical significance.]



TABLE 5 Overall comparison results between unmatched and matched.
[image: Table comparing unmatched and matched samples. For unmatched: Ps R² 0.150, LR chi² 1548.69, p>chi² 0.000, MeanBias 22.0, MedBias 10.9. For matched: Ps R² 0.000, LR chi² 3.28, p>chi² 0.986, MeanBias 1.6, MedBias 1.5.]



4.3.3 Kernel density matching analysis results

Table 6 shows the results of kernel density matching for the ADL scores of older adults. Before matching, the ADL score of the treatment group was 10.866, the ADL score of the control group was 10.695, and the ATT value was 0.171 (p < 0.01). After matching, the factual ADL score of the treatment group was 10.912, the counterfactual ADL score of the control group was 10.694, and the ATT value was 0.218 (p < 0.01). The results of kernel density matching method showed that the spatial accessibility of community health services could significantly improve the activities of daily living among older adults in China. And due to the elimination of the influence of confounding variables, the ATT value after matching was higher than the ATT value before matching. It indicated that the real influence value of spatial accessibility of community health services on ADL ability of older people was much higher than the influence coefficient value in multivariate regression model. Therefore, using the traditional regression method, we could not get the real effect value of the influence. In summary, the results of kernel density matching method showed that the spatial accessibility of community health services could significantly improve the activities of daily living among older adults in China.



TABLE 6 Kernel density matching results of ADL scores among older adults.
[image: Table displaying statistical data for unmatched and matched samples. For unmatched, treated = 10.866, controls = 10.695, ATT = 0.171**, S.E. = 0.059, T = 2.91. For matched, treated = 10.912, controls = 10.694, ATT = 0.218**, S.E. = 0.066, T = 3.30. Asterisks indicate statistical significance at p < 0.01.]



4.3.4 Urban-rural heterogeneity analysis results

On the basis of the effect of the treatment variables on the outcome variables, we further analyzed whether there was urban-rural heterogeneity in the influence relationship. Table 7 shows the results of urban-rural heterogeneity analysis after kernel density matching. In the urban sample, the ADL score of the treatment group was 10.741, the ADL score of the control group was 10.370, and the ATT value was 0.371 (p < 0.01). In the rural sample, the ADL score of the treatment group was 10.995, the ADL score of the control group was 10.815, and the ATT value was 0.180 (p < 0.01). In both groups of samples, the spatial accessibility of community health services had a significant positive impact on the ADL ability of older adults. However, the ATT value in urban samples was higher than that in rural samples. Therefore, there was urban-rural heterogeneity in the impact of spatial accessibility of community health services on the activities of daily living of older adults in China.



TABLE 7 Urban-rural heterogeneity analysis results after kernel density matching.
[image: Table comparing matched samples of treated and control groups in urban and rural areas. Urban: Treated 10.741, Control 10.370, ATT 0.371, S.E. 0.133, T 2.80. Rural: Treated 10.995, Control 10.815, ATT 0.180, S.E. 0.075, T 2.39. Significance levels: *p < 0.05, **p < 0.01.]




4.4 Robustness test results

By changing the matching method, we used the radius matching method to test the robustness of the results. Table 8 shows the robustness test results of this study. In the total sample, the ATT value calculated by the radius matching method was 0.224 (p < 0.01). The result was very close to the ATT value calculated by the kernel density matching method. In addition, the ATT values in urban samples and rural samples were also similar to the original results. And the results of radius matching also showed that the spatial accessibility of community health services had urban-rural heterogeneity on the ADL ability of older adults. In conclusion, the results obtained in this study could be regarded as robust.



TABLE 8 Robustness test results.
[image: Table displaying results of a study with three samples: Total, Urban, and Rural. Columns show values for Treated, Controls, ATT, S.E., and T. Total: Treated 10.918, Controls 10.694, ATT 0.224, S.E. 0.066, T 3.38. Urban: Treated 10.734, Controls 10.370, ATT 0.364, S.E. 0.133, T 2.75. Rural: Treated 11.002, Controls 10.815, ATT 0.187, S.E. 0.075, T 2.48. Significance noted with ** for p<0.01.]




5 Discussion

CLHLS 2018 survey data were adopted to analyze the effect of spatial accessibility of community health services on the activities of daily living among older adults in China. The results of the mean ADL score of older adults obtained by descriptive statistics in this study show that the older adults in China are mostly non-disabled or mildly disabled, and the proportion of older adults with moderate and severe disability is relatively low. This is consistent with the findings of a published study (21). In addition, through descriptive statistical analysis, we found that the majority of older people in China lived in communities without health services. Similar to China, Oliphant et al. point out that community health services were not available to many people in Niger (40). However, in Christchurch-Ottahi, New Zealand, local residents had easy access to community health services (39).

Prior to propensity value matching, a multiple linear regression model was used to analyze whether each control variable was significantly associated with ADL ability of older adults. The results showed that higher income levels, frequent consumption of vegetables, good sleep quality, regular exercise, frequent leisure activities, annual physical examinations, and community services in the community were positive factors affecting the ADL ability among older adults, while smoking was negative factors. These results are consistent with the results of several studies that have analyzed factors affecting ADL ability in older adults (18–24). However, one study found that housing accessibility is also an influential factor in activities of daily living (25), which is a variable not considered in our study.

We used the kernel density matching method to match the treatment and control groups to calculate the pure effect value. The results of the kernel matching method showed that the ADL score of older adults affected by the space accessibility of community health services was higher than that of older adults affected by the space inaccessibility of community health services. The spatial accessibility of community health services could significantly improve the activities of daily living among older adults in china. Some scholars have analyzed the impact of community health services on human health. The identified beneficial effects could be divided into two aspects: On the one hand, it helps to improve physical health, such as reducing the time patients spend in bed (55), alleviating joint pain (56); On the other hand, it may improve the mental health of the public, especially the older group (43, 44). Consistent with the views of these scholars, this study also believes that community health services can effectively improve the health status of older adults. However, this paper focused on the convenience of public access to community health services in spatial distance, and analyzed whether this convenience would have a significant impact on the ADL ability of older adults.

Through further analysis, the study found that the spatial accessibility of community health services has urban-rural heterogeneity on the ADL ability of older adults in China. There are differences in the supply and distribution of community health service resources between urban and rural areas of China, and most of them are distributed in urban areas (57, 58). Therefore, compared with older adults in rural areas, older adults living in urban areas are more likely to access community health services. In addition, the community health service level in urban areas is higher, with more comprehensive service items and facilities (59). The health of older people in urban areas is more likely to be safeguarded by community health services. The data analysis results show that compared to rural areas, the effect value of spatial accessibility of community health services on the ADL ability of older people is higher in urban areas. This conclusion demonstrates the negative impact caused by the uneven supply and distribution of community health service resources between urban and rural areas.



6 Conclusion

Compared with the traditional regression analysis method, this study analyzed the pure effect value of the spatial accessibility of community health services on the ADL ability among older adults in China based on propensity score matching method. The spatial accessibility of community health services could improve ADL ability among older adults in china. Due to the uneven distribution of community health service resources between urban and rural areas, there are urban-rural differences in the effect of the spatial accessibility of community health services on the activities of daily living among older adults.

Several actions should be considered to improve the spatial accessibility of community health services.

Firstly, the resources of community health service institutions should be reasonably distributed to avoid excessive concentration. In areas with fewer community health service institutions, especially in rural areas, emphasis should be placed on the construction of community health service institutions. In areas with dense distribution of community health service institutions, excess community health service resources should be transferred to areas with scarce resources.

Secondly, targeted financial support policies should be formulated to increase the number of community health service institutions in rural areas. The Chinese government has proposed the social development goal of “equalization of basic public health services for urban and rural residents,” with the aim of eliminating the huge differences in basic public health service resources between urban and rural areas in China (60). Therefore, local governments need to intervene to increase the number of community health service institutions in rural areas. Therefore, intervention should be implemented through the formulation of targeted financial support policies to increase the number of community health service institutions in rural areas.

Thirdly, multiple modes of transportation should be developed to improve the convenience of residents in accessing community health services. If there are diverse modes of transportation around the community, residents can quickly reach the community health service institutions they want to go to. Therefore, we propose to develop various modes of transportation near the community, such as bus, subway, light rail, airplane, high-speed rail and so on.

Fourthly, services such as home hospital beds and home visits should be emphasized. Some special groups of older people, such as older people with disabilities, are not convenient to reach service institutions because of the difficulty in activities of daily living. Therefore, the development of these services will help to meet the health care needs of older people, especially those with disabilities.

In addition to the above measures, for older people and their families, they can migrate to cities or communities with high accessibility to community health services. It is undeniable that compared to economically underdeveloped cities, economically developed cities have more community health service resources. And health service resources also vary between communities. By moving to these cities or communities with more health service resources to meet the health care needs of older persons, especially those with disabilities.

This study has some limitations. Firstly, CLHLS only surveyed 23 provinces in China. Other provinces, such as Tibet, Qinghai, Xinjiang and Gansu, were not included in the survey. Therefore, it is unclear whether the results of this study are applicable to these areas that have not been surveyed. Secondly, since the latest data from the database survey has not been released for a long time, only the data from 2018 can be used. In recent years, the development of community health services in China may have changed. How these changes affect the ADL ability of older adults cannot be further studied in this paper. Thirdly, although some relevant variables were selected as confounding variables in this study, not all potential confounding variables were included, for example, factors such as chronic diseases and home care services. Fourthly, the propensity score matching method has stricter premise requirements, and these assumptions may not be fully fulfilled in daily life. The research results of this paper can only prove the effect of community health services on the activities of daily living among older adults in China in a theoretical sense. Therefore, future studies should be conducted in these provinces that have not been surveyed by the CLHLS and analyze the effects of other potentially confounding variables on ADL ability. In addition, a new wave of CLHLS surveys should be conducted to obtain the latest data. Finally, future research needs to focus on how to improve the distribution of community health services resources.
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Introduction: This study explored the correlative factors of falls among the older adult with cognitive impairment, to provide distinct evidence for preventing falls in the older adult with cognitive impairment compared with the general older adult population.
Methods: This study was based on a cross-sectional survey, with an older adult population of 124,124 was included. The data was sourced from the Elderly Care Unified Needs Assessment for Long-Term Care Insurance in Shanghai. Binary and multivariable logistic regression analyses were conducted sequentially on the correlative factors of falls. Multivariable logistic regression was performed on variables that were significant, stratified by cognitive function levels.
Results: The incidence of fall in the past 90 days was 17.67% in this study. Specific variables such as gender (male), advanced age (≥80), residence with a elevator (or lift), mild or moderate disability, quality of sleep (acceptable/poor) were negatively correlated with falls, while higher education level, living alone, residence with indoor steps, unclean and untidy living environment, MCI or dementia, chronic diseases, restricted joints, impaired vision, and the use of diaper were positively correlative factors of falls. Comparing with older adult with normal cognitive functions, older adult with dementia faced a higher risk of falling due to accessibility barrier in the residence. For general older adults, less frequency of going outside and poor social interactions were positively correlated with falls, while for older adult with cognitive impairments, going outside moderately (sometimes) was found positively correlated with falls. Older adults with cognitive impairments have increased fall risks associated with chronic diseases, restricted joints, and the use of diaper. The risk of falling escalated with the greater number of chronic diseases.
Discussion: For older adult with cognitive impairments, it is advisable to live with others. Additionally, creating an accessible living environment and maintaining the cleanness and tidiness can effectively reduce the risk of falls, particularly for those with MCI or dementia. Optimal outdoor activity plans should be developed separately based on the cognitive function of older adults. Older adult with dementia who have comorbidities should be paid special attention in fall prevention compared to the general older adult population.
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1 Introduction

The World Health Organization (WHO) defines falls as: an event which results in a person coming to rest inadvertently on the ground or floor or other lower level (1). Falls are a major public health concern, and as a leading cause of unintentional death, falls are second only to road traffic injuries worldwide. According to estimates by WHO, 684,000 fatalities annually can be attributed to falls, with more than 80% of these deaths occurring in low- and middle-income countries. In developed countries, falls are also a very common cause of accidental death (2–5).

Among people who fall, the subgroup of adults aged 60 and above account for the greatest number of fatal falls (1). Falls not only have a crippling impact on the quality of life of the older adult both physically and psychologically, but also impose a serious economic and care burden on families and society (6, 7). In China, falls are the leading cause of traumatic fractures, injury-related medical visits and death among the older adult (8). Older adults who have experienced a fall face significant risks such as a decline in quality of life, the need for long-term care, and the possibility of staying in a nursing facility (1). Falls can also have a negative impact on individual’s physical activity (9).

Dementia refers to a range of related diseases that affect memory, thinking, and the activity of daily living (ADL) (10). It is characterized by the gradual loss of cognitive functions such as memory and orientation, as well as psychological and behavioral symptoms, and it is also accompanied by a weakening of physical functions (11). Mild cognitive impairment (MCI) is considered a transitional phase between the normal cognitive declines associated with aging and dementia, with progressive deterioration in memory and other cognitive functions, but not yet meeting the diagnostic criteria for dementia (12, 13). As the symptoms of cognitive impairment progress, it can lead to people becoming more unsteady and prone to fall (14). Older adult with cognitive impairment (15)-include MCI and dementia, have a significant increased risk of falling compared with the general older adult group (16–18), and are at a higher risk of suffering from serious injuries (19). It is reported that most falls were not caused by a single risk factor, but by the interaction of several factors which determine the outcome (20). The approach to fall prevention targeting the risk factors may vary between early-stage cognitive impairment and those with more advanced conditions, given the progression of cognitive impairment and functional decline (21). Therefore, identifying and addressing a series of distinct factors related to falls among older adults with MCI and dementia, as compared to general older adult population, is of particular importance.

At present, over 55 million individuals have dementia worldwide, with approximately 10 million new cases emerging annually. Moreover, over 60% of these individuals reside in low- and middle-income countries (10). In China, the prevalence of cognitive impairment is 28.1% according to the Chinese Longitudinal Healthy Longevity Survey (CLHLS) (22). As the expected growth of older adult with cognitive impairment, it has implications for falls and the related consequences. Thus, based on large-sample cross-sectional data, this study explored the possible correlative factors of falls among the older adult with MCI and dementia, and focused on factors related to falls in older adults with CI compared to older adults without CI, and intended to provide more targeted evidences.



2 Methods


2.1 Study design

This study was based on a cross-sectional survey, with a population of older adults aged 60 and above, who voluntarily applied for and received the Elderly Care Unified Needs Assessment for Long-Term Care Insurance in Shanghai, China from January to May 2023. The research protocol, bearing the reference number 2020001, obtained official approval from the Ethics Committee of the Shanghai Health Development Research Center. Before the assessment began, all applicants signed an informed consent form. For those older adult individuals who were too frail and unable to sign can have their guardian sign to confirm on their behalf. Data analysis was carried out on information related to this study and did not involve personal information including names, ID numbers, home addresses, etc.



2.2 Inclusion criteria

The exclusive criteria for participants were: (1) severe disability; (2) diagnosed as dementia by a professional psychiatrist. Previous studies indicated that the use of psychotropic medications had association with falls (23–25), with side effects such as dizziness, orthostatic hypotension, and decreased alertness (26), thus older adult with a definitive diagnosis of dementia were excluded from this study; (3) with life-threatening diseases, which was confirmed by the family doctor based on older adult’s medical records. For example, end-stage of cancer.

Finally, 124,124 individuals were included. Fall was measured by family doctors according to medical records within the last 90 days, which referenced International Resident Assessment Instrument (InterRAI) standards (27). Of these, 21,932 individuals, accounting for 17.67%, had experienced a fall within the last 90 days, while 102,192 individuals, representing 82.33%, had not experienced a fall within the last 90 days (Figure 1).

[image: Flowchart depicting older adults' eligibility for Long-Term Care Insurance in Shanghai, China, from January to May 2023. Initially, 179,141 individuals applied. Severe disabilities excluded 38,356, leaving 140,785. Dementia diagnoses excluded 8,695, leaving 132,090. Life-threatening diseases excluded 7,966, resulting in 124,124. No missing data. Of these, 21,932 had fallen in the last 90 days, while 102,192 had not.]

FIGURE 1
 Flow chart of participants selection.




2.3 Data collection

The data in this study was gathered from the Elderly Care Unified Needs Assessment for Long-Term Care Insurance in Shanghai. Assessors must complete and pass a standardized city-wide uniform training program before they are qualified to conduct the home visit. The assessment team for home visit should be composed of at least two professionals: one with experience in older adult care, nursing, or social work, and the other is family doctor who should be familiar with the older adult’s health conditions. During the assessment, the presence of a family member, caregiver, or guardian of the older adult is required, to help provide information and assist with the assessment work. “Elderly Care Unified Needs Assessment Form” was employed in home visit assessment, data was collected by the assessment team for home visit and inputted in to the city-wide database for storage following the assessment.



2.4 Variables

The variables for this study were selected from four domains of data from the Shanghai Elderly Care Unified Needs Assessment database, as follows:


2.4.1 Basic demographics

Basic demographics included age, gender, education, and cohabitation status. Education was divided into four levels: illiteracy, years of education ≤6 years, 7–12 years, and >12 years. Cohabitation status was divided into two categories: living alone and not living alone.



2.4.2 Living environment

The living environment encompassed the availability of an elevator (or lift) in residence, the indoor steps in residence, the availability of indoor handrails, and the cleanliness and tidiness of residential environment. The cleanliness and tidiness of residential environment were categorized into three levels: clean and tidy, acceptable, and unclean and untidy. These were determined and recorded by the assessors.



2.4.3 Behavioral patterns

Behavioral patterns included housework done by whom, frequency of going outside, and social interactions. Housework fell into three groups as followed: done independently, partially done by others, and all done by others. The frequency of going outside was classified into three levels: daily, sometimes, and hardly. Social interactions were also divided into three levels: good, diminished, and completely lost.



2.4.4 Health conditions

Health conditions included ADL, cognitive function, number of chronic diseases, vision, hearing, number of restricted joints, self-rated quality of sleep and the use of diapers. The ADL was measured by the Barthel Index (28), which is one of the most widely used tools measuring functional independence and ADL. The cut-off value for “Normal” group was 20.0 points, “Mild disability” group was 12.1–19.9 points, “Moderate disability” group was 8.1–12.0 points, and “Severe disability” group was 0–8.0 points. The group of severe disability had been excluded during the inclusion process. Cognitive function was evaluated by the Mini-Mental State Examination (MMSE) (29), which is also a widely used assessment instrument to screen the cognitive impairments. Based on educational levels, the cut-off value for MCI was set as 18–20 points (illiteracy), 21–23 points (year of education ≤6 years), and 25–27 points (year of education >7 years). The cut-off value for dementia was defined as ≤17 points (illiteracy), ≤20 points (year of education ≤6 years), and ≤24 points (year of education >7 years). In this context, MCI and dementia were referred to as cognitive impairment. Disease assessment included 11 chronic diseases, with high prevalences among the older adult population in Shanghai, including chronic obstructive pulmonary disease (COPD), diabetes, chronic pneumonia, lower limb fracture, Parkinson’s disease, intracerebral hemorrhage (ICH), hypertension, advanced tumor, cerebral infarction, coronary atherosclerotic heart disease and Alzheimer’s Disease (AD). The chronic diseases were reviewed and recorded based on the older adult’s medical records by the family doctor. Vision and hearing were divided into two categories each. Vision was deemed normal if it varied from not impaired to partially impaired but with no severely affecting daily life, while abnormal if it ranged from severely affecting daily life to complete blindness. Hearing that ranged from clear perception of normal conversation to perceiving nearby sounds was regarded as normal, whereas inability to perceive nearby sounds to complete deafness was regarded as abnormal. Number of restricted joints referred to the number of joints with more than 50% restriction in joint mobility, including cervical joints, shoulder joint, elbow joint, lumbar joints, hip joint and knee joint. Self-rated quality of sleep referred to the evaluation by older adult regarding their own sleep quality, which is divided into three levels: good, acceptable, and poor.




2.5 Statistical analysis

SPSS 23.0 was used for data analysis (30). Firstly, a Chi-squared test (χ2) was used to compare categorical variables, in the fall group and non-fall group. Then a binary and multivariable logistic regression analyses were conducted sequentially on the correlative factors of falls. Next, a multivariable logistic regression was performed on variables that were significant, stratified by normal cognitive function, MCI and dementia. Multivariable logistic regression is a widely used and well-understood statistical method, which allows for the evaluation of the relationship between multiple independent variables and a single dependent variable. There were two outcome variables: falls occurred in the past 90 days (fall group) and falls not occurred in the past 90 days (not-fall group). p < 0.05 was considered as statistically significant.




3 Results


3.1 General information

The incidence of falls in the past 90 days was 17.67% in this study. Of this, the incidence for cognitively normal older adult was 15.45%, for older adult with MCI was 18.13%, and for older adult with dementia was 18.10%, respectively. Among older adult who fell, 1,970 individuals with normal cognitive function as screened by the MMSE, accounted for 8.98%; 4,340 individuals with MCI accounted for 19.79%, and 15,622 individuals with dementia accounted for 71.23%. As Table 1 presented, there were significant differences between the older adult who had fallen and had not in the past 90 days in terms of basic demographics, living environment, behavioral patterns, and health conditions. In the study population, there were more females than males. The mean age of the older adult who had fallen was 80.1 ± 8.3 years old, which was slightly below the mean age of the older adult who had not fallen (80.6 ± 8.8 years old). However, given that the life expectancy of the older adult in Shanghai in 2022 was 83.18 years (31), the average age of the study population was close to the average life expectancy, and higher than the average age of the general community-dwelling older adults. Among the older adult individuals, 12.1% of those experienced falls and 10.9% of those did not fall lived alone. The data indicates that among the older adult fallers, the proportion lived in residence with elevator or had indoor handrails was lower, while the proportion with indoor steps was higher. In both groups, the vast majority displayed a noticeable decline in ADL, cognitive functions, and poor self-care ability.



TABLE 1 Demographic characteristics of participants.
[image: A table presents demographic and lifestyle characteristics of a "Fall group" and "Not-fall group" with respective sample sizes of 21,932 and 102,192. Variables include gender, age, education, cohabitation status, living environment, cleanliness, behavioral patterns, social interactions, health conditions, cognitive functions, chronic diseases, joint restrictions, vision, hearing, sleep quality, and diaper use. Each characteristic includes counts, percentages, and P-values, with significant differences highlighted.]



3.2 Correlative factors of falls

Initially, a binary logistic regression was employed to analyze a range of factors that may be correlated with falls within the past 90 days, followed by a multivariable logistic regression analysis for those factors that demonstrated significant impact. Table 2 exhibited that, according to the basic demographics, being male and advanced age were found to have a negative correlation with fall occurrences, whereas achieving a higher education level and living independently were positively associated with the likelihood of falls. Specifically, older adult with more than 12 years of education faced a 1.2-fold higher fall risk compared to illiteracy (OR = 1.20, 95% CI = 1.14–1.25, p < 0.001).



TABLE 2 Multivariable logistic regression analysis of falls factors.
[image: Table displaying the characteristics associated with fall groups, including demographics, living environment, behavior patterns, health conditions, and more. Various odds ratios, confidence intervals, and p-values are provided. Significant values are bolded, indicating statistical significance in relation to fall risk factors like gender, age, education, cohabitation, cleanliness, housework, social interactions, cognitive functions, chronic diseases, joint restrictions, vision, quality of sleep, and diaper use.]

Regarding the living environment, residences with lift was inversely correlated with falls (OR = 0.92, 95%CI = 0.89–0.95, p < 0.001), whereas residence with indoor steps was positively related to falls (OR = 1.38, 95%CI = 1.31–1.46, P < 0.001). Additionally, the likelihood of falling for older adult living in unclean and cluttered environment was 1.51 times (OR = 1.51, 95%CI = 1.35–1.69, P < 0.001) that of those living in clean and orderly conditions.

Behavioral patterns suggested that when housework were performed by someone else (whether partially or in whole), there was a correlation with a lower risk of falls. Conversely, limited outdoor activities (hardly going outside) and diminished social interactions were linked to an increased risk of falling. Specifically, the risk of falling for the older adult who hardly went outside was 1.24 times higher (OR = 1.24, 95%CI = 1.12–1.37, p < 0.001) than for those who went outside daily. Likewise, older adult with diminished social interactions had a 1.33 times higher fall risk (OR = 1.33, 95%CI = 1.29–1.38, p < 0.001) compared to those maintaining good and robust social interactions.

Concerning health conditions, compromised ADL and either acceptable or poor sleep quality showed a negative association with fall incidents. Furthermore, declined cognitive functions, chronic diseases, restricted joints, poor vision, and the use of diapers were positively associated with the likelihood of falls. Older adult with MCI and dementia exhibited a greater tendency to fall compared to those with normal cognitive functions. There was a notable positive correlation between the increase in chronic diseases and mobility limitations in joints on the one hand, and fall risk on the other. Notably, older adult with three or more chronic diseases showed the most significant correlation, facing a greater odds ratio of 1.76 (OR = 1.76, 95%CI = 1.66–1.86, p < 0.001), compared to older adults without chronic diseases. Similarly, those with three or more mobility-restricted joints were 1.49 times (OR = 1.49, 95%CI = 1.37–1.63, p < 0.001) more likely to fall than their counterparts with no joint restrictions. Vision acted as a marginally protective factor. Older adult with impaired vision or those requiring the use of diapers were at an increased risk of experiencing falls.



3.3 Correlative factors of falls in older adult with cognitive impairment

Multivariable logistic regression was conducted on significant variables identified in Table 2, with three individual models for normal cognitive functions, MCI and dementia group, respectively. Table 3 illustrated that, regarding the basic demographics, older adult men had a lower risk of falling compared to older adult women. There was a slightly increased risk of falls among older adult men with MCI and dementia, as opposed to those with normal cognitive functions. The risk of falls in advanced older adult (aged 80 years and above) with MCI was marginally higher than that in advanced older adult with normal cognitive functions. Educational level was positively correlated with fall risk in older adults with dementia. Older adult with dementia who lived alone were facing a fall risk that was 1.191 times higher (OR = 1.191, 95%CI = 1.109–1.278, p < 0.001) than their counterparts residing with others. However, no significant association was found between living alone and falls either in the older adult with normal cognitive functions or MCI.



TABLE 3 Multivariable logistic regression analysis of falls factors by cognitive functions.
[image: A table comparing characteristics across three groups: Normal, MCI (Mild Cognitive Impairment), and Dementia. It includes odds ratios and confidence intervals for demographics, living environment, behavioral patterns, social interactions, and health conditions. Statistically significant values are bolded. Each group was analyzed using multivariable logistic regression.]

From an environmental perspective, compared to those living in residences without lift, both older adults with normal cognitive functions and dementia living in residences with lift exhibited a reduced fall risk, with older adult with normal cognitive functions experiencing a marginally lower risk than those suffering from dementia. Older adult with dementia residing in environments with steps faced a remarkable higher risk of falling (OR = 1.591, 95%CI = 1.492–1.695, P < 0.001) compared to those in step-free settings among three groups. However, this factor did not show significant correlation with fall occurrences among older adult with normal cognitive functions and MCI. Relative to living in clean and tidy surroundings, the fall risk was higher in all three groups who living in unclean and cluttered environments, with those suffered from MCI encountering the highest increased risk (OR = 1.774, 95%CI = 1.424–2.210, P < 0.001).

In regard to behavioral patterns, older adult with MCI and dementia, who had the assistance of housework from others (some or all), showed a reduced risk of falling compared to those performing housework independently. This correlation between housework and fall risk was not significant among older adult with normal cognitive functions. Compared to daily outings, for older adult with normal cognitive functions, a reduced frequency of going outside was positively correlated with an increased risk of falling. Yet, for older adult with MCI, sometimes going outside was negatively correlated with the risk of falling, whereas hardly going outside was positively correlated with an increased risk of falling. For older adult with dementia, sometimes going outside was also negatively correlated with the risk of falling. Furthermore, comparing with older adult with good social interactions, those with diminished social interactions experienced heightened fall risks, which was particularly notable within the cognitively normal group. The risk of falls for older adult with normal cognitive functions who completely lost social interactions was 2.395 times (OR = 2.395, 95%CI = 1.249–4.591, p = 0.009).

From the perspective of health conditions, both ADL and quality of sleep were found inversely associated with fall risk, whereas the presence of chronic diseases, joint restrictions, impaired vision, and diapers use were positively associated with fall incidents. Compared with older adult with normal ADL, older adult with mild or moderate disability across all three groups demonstrated a lower risk of falls. Nevertheless, those suffering from chronic diseases and joint restrictions faced a higher risk of falling. Moreover, among the three groups, those using diapers faced a higher risk of falling, with older adult with dementia who used diapers showing the highest fall risk (OR = 1.302, 95%CI = 1.225–1.383, P < 0.001).




4 Discussion

This study was based on a cross-sectional survey with a large sample size of 179,141 individuals, 124,124 participants were finally included, among whom the fall incidence in the past 90 days was 17.67%. This result is higher than the incidences of falls reported in some previous studies in China (32, 33). Despite numerous studies investigating the risk factors for falls among the older adult, the exploration of these factors specifically for individuals with dementia, particularly in large-scale studies, remains limited. Research has shown that older adult at risk of falls encompass those with MCI and dementia. Targeted fall prevention strategies designed for this distinct group may contribute to a decrease in the incidence of falls (21). The study initially conducted both binary and multivariable logistic regression analyses to explore the relationship between fall risk and four categories of factors: basic demographics, living environment, behavioral patterns and health conditions. Subsequently, multivariable logistic regression was carried out on variables that were significant, stratified by cognitive function levels.

It was found that women had an increased risk of experiencing falls compared to men, which aligned with the conclusions drawn in previous studies (18, 32, 34). In addition, significant factors inversely associated with falls include: advanced age, mild to moderate of disability, and ranging from acceptable to poor sleep quality. Conversely, main correlative factors positively related to falls encompassed: higher education level, the presence of indoor steps in residence, an unclean and untidy living environment, hardly going outside, diminished social interactions, chronic diseases, restricted joints, and the use of diaper. Advanced older adult with mild to moderate disability were more likely to exhibit poor self-care and physical capabilities, thus being incapable of performing housework independently.

Further, advanced age, residence with indoor steps, unclean and untidy living environment, impaired vision and the use of diaper were positively related to fall in older adult with cognitive impairments. It was reported that the lack of handrails was considered as an extrinsic risk factor (26), while the result was not significant in this study. The literature supported that dementia contribute to the significantly elevated risk of falls (35). Some researches also outlined a significant correlation between reduced cognitive functions, slower walking speed, and delayed reaction times, which consequently led to an increased incidence of falls (36–38).

In terms of basic demographics, among the cognitively normal older adult, education level was negatively related to fall, and which was inconsistent with previous findings, (39) whereas among the older adult with dementia, the correlation was opposite. Taking older adult with >12 years of education as an example, among older adult with dementia and an educational level of >12 years, the proportion of those aged 80 and above accounted 72.1%, while in the cognitively normal older adult with >12 years of education, the proportion of those aged 80 and above was 43.5%, which was significantly lower than that in older adult with dementia. The potential reason for this observed result could be that within the older adult with dementia, individuals with a higher level of education tend to be older and, therefore, have relatively poorer self-care abilities. Additionally, living alone was found as a correlative factor for falls, and older adult with dementia who lived alone was positively related to fall. It was advisable for older adults with cognitive impairments to cohabit with others.

In terms of living environment, the presence of lift in residence was negatively related to falls among older adult with normal cognitive functions and dementia, whereas having indoor steps was a significant positively correlative factor for falls among older adult with dementia. It is evident that maintaining an accessible living environment can effectively reduce the risk of falls in older adult with dementia. Moreover, in all three categorized groups, an unclean and untidy environment was reported as a positive correlated factor with the risk of falling, yet the highest at risk group was the older adult with MCI group living in unclean and untidy environment, followed by normal older adult, and older adult with dementia. This is a counter-intuitive result, which could be due to other people assisting or protecting the older adult with dementia from falls. Therefore, creating and maintaining the cleanness and tidiness of living space was negatively related to fall for older adults with MCI. Studies revealed that the living environment was a protective factor in preventing falls, prompting us to arrange a suitable living environment for the older adult to reduce their safety hazards, and prevent them from feeling stressed by environmental stimulus (32).

In the aspect of behavioral patterns, for older adult with normal cognitive functions, going outside daily and maintaining good social interactions were both negatively related to fall. The correlation between social interaction and falls was more pronounced in the general older adult population. However, for older adult with MCI and dementia, going outside sometimes and maintaining good social interaction was found negatively correlated with the risk of falling. This results indicated that outdoor activities of normal older adult and older adult with cognitive impairment may need to be treated differently, and more longitudinal cohort studies are needed to determine causal effects. Evidence from previous researches supports that lower levels of weekly walking activity were significantly associated with an increased risk of falls (23). Especially in comparison to older adult with MCI and dementia, encouraging daily outings and maintaining good social functioning is crucial for preventing falls for general older adults. The relationship between the level of physical activity and fall risk was U-shaped, suggested in a previous study, meaning the preventive effects of activity or exercise may be offset by an increased likelihood of falls among highly active population (40). Given that older adult with cognitive impairments may have diminished control over physical movements (40), it is particularly advisable for older adult with cognitive impairments to go outside in an appropriate frequency.

Older adults with cognitive impairment had higher risk of falls in those with MCI, which is consistent with previous literature (41). The hypothesis suggesting that disability serves as a factor inversely related to fall risks can attributed to the observation that older adult tend to participate less in physical activities. This lack of engagement in physical activities subsequently led to a comparatively lower risk of falls. The ADL and quality of sleep were found to be inversely correlated with fall risk among three groups of older adult. According to previous researches, frailty was related to aging, which often led to an increased risk of falling (42), meanwhile frailty disturbed the sleep cycle and linked to sleep disorders (43). The negative correlation between either ADL or quality of sleep, and falls, may have a hypothesized link between poor sleep quality and falls. Additional studies are needed to explore this association further. Moreover, the presence of multiple chronic diseases and restricted joints were both found to have a significant positive correlation with the likelihood of falls among all three groups. Previous research has likewise verified that chronic health issues can increase the likelihood of falls, including hypertension, diabetes, stroke, Parkinson’s disease, etc., some of which were investigated in this study (39, 44, 45). It was also frequently found in the literature that falls in community-dwelling older adults was significantly associated with instability (46–48). As joint limitations were found to exacerbate instability, this positive association indicated that managing the coexisting conditions and addressing joint limitations effectively could substantially reduce the risk of falls among the older adult. For older adults, particularly those with cognitive impairments who rely on the use of diapers, caregivers need to pay more attention to whether there is any inconvenience in movement.

The strength of this study lies in observation of characteristics of falls among the older adult with cognitive impairments. Moreover, it was based on big data, and the sample size was very large and thus with good representative. However, this study has some limitations. Firstly, the research was a cross-sectional study, which only indicated associations between factors and risk of falls, cannot elucidate the causal relationships. Secondly, the participants were individuals who voluntarily apply for Long-term Care Insurance in Shanghai, and hence they all had certain care needs to some extent. Compared to the general community-dwelling older adult, participants in this study tended to be older and were in relatively poorer health. Thirdly, to eliminate the influence of psychotropic medications on falls, the study excluded older adult diagnosed with dementia by professional psychiatrists, and used MMSE to classify the levels of cognitive functions. The MMSE served as a screening tool, not a diagnostic standard for MCI and dementia.



5 Conclusion

This study was a cross-sectional survey with a large study population of 124,124 older adult individuals included. This study explored the correlative factors of falls among the older adult with cognitive impairment, to provide distinct evidence for preventing falls in the older adult with cognitive impairment compared with the general older adult population. Optimal outdoor activity plans should be developed separately based on the cognitive function of older adults. In addition, attention should be paid to co-existing chronic conditions and environmental hazards. The findings within this study prompt to consider the need for distinct interventions in fall prevention for the older adult with MCI and dementia. Further research is necessary to delve deeper, and to validate the findings across a broader population.
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Background: Prior to the onset of dementia, individuals commonly undergo a phase marked by subtle cognitive changes, known as subtle cognitive decline. Recognizing these early cognitive alterations is crucial, as they can serve as indicators of an impending decline in cognitive function, warranting timely intervention and support.
Objectives: To determine the incidence of subtle cognitive decline in a population of Spanish women and establish the relationship with possible protective and/or risk factors such as cognitive reserve, cardiovascular risk factors, medication consumption and psychosocial factors.
Design and participants: This is a cross-sectional observational study with women from the general population and a more homogeneous population composed of nuns from the Valencian region (Spain).
Measurements: A validated questionnaire was used including lifestyle variables, chronic illnesses, level of education and pharmacological treatments. Three validated subtle cognitive decline screening tests with varying levels of sensitivity and specificity were used: Memory Impairment Screening, Pfeiffer’s Short Portable Mental State Questionnaire, and Semantic Verbal Fluency.
Results: Our results suggest that nuns may have a significantly reduced risk of cognitive decline compared to the general population (20.67% in nuns vs. 36.63% in the general population). This lower risk for subtle cognitive decline in nuns may be partly attributed to their higher cognitive reserve and long-time engagement in intellectually stimulating activities. Additionally, nuns tend to adopt healthy lifestyles, they are not isolated because they live in community and obtained lower scores for risk factors such as depression, anticholinergic burden, and benzodiazepine consumption.
Conclusion: A healthy lifestyle combined with intellectually stimulating activities is related with preserved cognitive function.
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 cognitive dysfunction; dementia; depression; nun study; screening


1 Introduction

Dementia constitutes a clinical diagnosis characterized by cognitive symptoms that substantially impede an individual’s ability to engage in daily activities. This condition is typically heralded by a phase of subtle cognitive changes known as Subtle Cognitive Decline (SCD), often discernible in individuals testing positive for Alzheimer’s disease biomarkers (1–3). Although a definitive treatment for dementia is presently unavailable, the timely administration of neuroprotective drugs before the onset of the disease becomes crucial to potentially mitigate ensuing damage. Therefore, early detection of SCD is paramount to identifying candidates for clinical trials aimed at modifying disease progression (4, 5). Contemporary clinical research is oriented towards the early diagnosis of the transitional phase between normal aging, SCD, and dementia (6). The main risk factors for ‘sporadic’ late-onset Alzheimer’s disease and other related dementias include age, family history and genetic susceptibility, with the ε4 allele of apolipoprotein E being a notably genetic risk factor. Unfortunately, none of these risk factors can be modified by medical intervention or individual behavior (7). Nonetheless, there exist other modifiable risk and protective factors (3). Thus, to effectively mitigate the impact of degenerative processes, it is imperative to develop a comprehensive methodology for identifying individuals in the early stages of cognitive problem development. Achieving this objective will facilitate the identification and management of environmental and lifestyle risk factors contributing to the progression of these conditions.

Several factors, including those associated with cognitive reserve (such as reading, engaging in studies, playing board games, etc.) and cardiovascular risk (CVR), among others, are considered modifiable (3). Aspects such as educational level, stimulating occupations, internet usage, and reading have been identified as protective factors for mental health. Over the course of our lives, cognitive stimulation contributes to enhanced cognitive development, resulting in a notable reduction in the frequency and severity of behavioral and psychological symptoms (8). On the other hand, CVR encompasses factors such as smoking, arterial hypertension (AHT), body mass index (BMI), or diabetes mellitus (DM), which pose risk to mental health. Psychosocial factors like depression, use of drugs with anticholinergic effects or subjective memory complaints (SMC), which is characterized by self-perceived memory impairment, are also contribute to these risk factors. Previous studies have shown that the prevalence of obtaining evidence consistent with SCD is higher in patients with SMC (9–12). In addition, antagonizing with muscarinic receptors due to the use of drugs with anticholinergic effects can lead to cell death and SCD. This leads to a direct link between SCD and use of anticholinergic drugs (13). Figure 1 shows the influence of these factors listed above.

[image: Illustration of a brain surrounded by icons representing risk and preventive factors for brain health. Risk factors, shown on a pink background, include smoking, hypertension, obesity, physical inactivity, and metabolic disorders. Preventive factors, on a green background, include education, physical activity, social engagement, and intellectual activities.]

FIGURE 1
 Risk and preventive factors for cognitive impairment. Preventive factors include reading (1), sleep (2), physical activity (3), and cognitive stimulation game (4). Risk factors include depression (6), overweight (7), atherosclerosis (8) and smoking (9). Also, genetics (10) and medication (5) play a dual role.


A significant limitation in studies focused on identifying markers of early cognitive decline (14) lies in the potential influence of various external factors, primarily those related to lifestyle. One approach to mitigate this limitation involves working with cohorts of individuals exposed to the same environment for extended periods, thereby minimizing the impact of diverse exogenous factors. An exemplary instance of this methodology is the examination of individuals residing in religious orders, where the consistent environment offers a more controlled setting for investigating cognitive changes. Individuals in religious orders maintain homogeneous and health-conscious lifestyles: they adhere to nearly identical dietary patterns, follow similar daily schedules, receive uniform medical care, exhibit a high level of discipline, and the majority abstain from smoking or alcohol consumption (15).

The initial community-based studies encompassed the Nun Study, the Honolulu Aging Study (United States), and the Hisayama Study (Asia) (15–17). Subsequently, the Religious Order Studies (ROS) and the Rush Memory and Aging Project (MAP) were initiated, both of which originated in the United States. These investigations were primarily directed towards identifying sensitive and specific mechanisms for disease detection, rather than emphasizing prevention through the modification of certain risk factors (12). Notably, no European nun studies have been published, and there is a dearth of studies minimally comparable to those conducted on the Spanish population. In Spain, where cardiovascular risk is low, and adherence to a Mediterranean diet is prevalent, such research has yet to be undertaken.

Hence, the objective of the current study is to ascertain the incidence of Subtle Cognitive Decline and to establish its correlation with potential protective and/or risk factors. Specifically, the investigation will explore associations with cognitive reserve, cardiovascular risk factors (CVR), psychosocial and lifestyle factors within a homogenous population of nuns in the Valencian region of Spain.



2 Methods


2.1 Study design

This cross-sectional observational study aims to evaluate risk and/or prevention factors associated with SCD in a population of nuns, comparing them with women recruited from community pharmacies. Both study groups reside in the Valencian region (Spain). The research adhered to the guidelines stipulated by the European General Data Protection Regulation (GDPR) and the Spanish Organic Law 3/2018 on the Protection of Personal Data and the Guarantee of Digital Rights. Furthermore, the study adhered to the ethical principles outlined in the Declaration of Helsinki. All participants provided written informed consent, in accordance with the requirements of the European GDPR. The study protocol underwent a thorough review and received approval from the Institutional Review Board (IRB) at the CEU Cardenal Herrera University (CEEI21/201, approval date: 16 July 2021).



2.2 Study design and participants

The study was conducted from September 2021 to November 2022. Participant recruitment involved direct engagement with the Abbesses of each religious order. The Mother superior, in turn, provided each potential participant with general information about the study in order to recruit volunteers. Subsequently, research team members conducted interviews at the residence of each congregation. The control group consisted of women from the general population (WGP) recruited from 19 community pharmacies in the Valencian region of Spain (18).


2.2.1 Inclusion criteria

The only inclusion criteria was to be at least 50 years of age. Each recruited nun was subsequently matched with a woman from the general population based on age.



2.2.2 Exclusion criteria

The exclusion criteria encompassed individuals with any diagnosis of dementia, intellectual disabilities, and/or those experiencing severe sensory deficits (such as blindness or deafness) or physical incapacity that hindered the ability to participate in interviews.




2.3 Sample size

We used the G*Power statistical program to study the sample size necessary for this analysis (19). A two-sample t-test was performed to check statistical differences between two independent means (two groups). The parameters were established as a two-sided test with a medium effect size (0.5), a power of 0.95, and a significance level of 0.05. This concluded with a minimum sample size of 105 subjects for each group.



2.4 Interview procedure

The study was explained to the participant, followed by a personal interview lasting approximately 1 h. During this session, anthropometric measurements were obtained, and Subtle Cognitive Decline was assessed using 3 validated tests: (a) Memory Impairment Screen (MIS), (b) Short Portable Mental Questionnaire (SPMSQ) and (c) Semantic Verbal Fluency Test (SVF). The selection of these tests was based on the recommendations of the Valencian Society of Neurology.

	a) The MIS evaluates verbal learning through reading, followed by free and facilitated recall of four words. The MIS demonstrates a strong correlation with measures of hippocampal and entorhinal volumetry. The Spanish MIS adaptation followed the same criteria as the original, using well-known categories and medium prototypicality words to avoid random answers. Patients read and identified four words from different categories, then recalled them after an interference task. If they missed any words, category cues helped with recall. Scoring: total = (free recall × 2) + (facilitated recall x 1) (20–23). Scoring is on a scale ranging from 0 to 8, and the established cut-off point indicative of potential Subtle Cognitive Decline (SCD) is less than or equal to 4 points. In the Spanish population, the MIS has shown a sensitivity of 80% for dementia, coupled with a specificity of 96% (20–23).
	b) The SPMSQ (24) assesses different intellectual aspects, encompassing short-term memory, long-term memory, orientation to surroundings, knowledge of recent events, and the ability to perform sequential mathematical tasks. The Spanish version of SPMSQ, is considered valid for the illiterate population due to its simplicity and is extensively employed in primary care. Characterized by brevity and portability, the test items provide valid information to assess orientation, memory function related to self-care, remote memory, and the ability to perform serial mental operations. Each subject must answer all 10 questions without memory aids like calendars or newspapers. Refusal to answer typically indicates lack of knowledge and should be scored as incorrect, especially if the subject has been cooperative up to that point (25). A determined cut-off point indicates possible SCD with the presence of 3 or more errors. The Spanish version of this test exhibited a sensitivity of 85.7% and a specificity of 79.3%, respectively.
	c) The VSF is extensively utilized in neuropsychological assessments, recognized for its ease of use and expediency. It proves highly sensitive and specific, enabling precise differentiation between individuals with and without dementia. The patient is instructed to enumerate all the animals they know for 1 min. Repetitions are not penalized; each animal mentioned is counted only once. A designated cut-off point indicating possible SCD is less than or equal to 10 words. The questionnaire is characterized by its simplicity and rapid application, demonstrating notable sensitivity (74%) and specificity (80%) for cognitive impairment (22).

The rationale behind employing these three tests was to maximize the identification of true positives, thereby enhancing the overall accuracy of the diagnostic process (20–26). The principal aim of this project is to ascertain the incidence of SCD. Each cognitive test evaluates distinct facets of the hippocampus, and their simplicity renders them suitable for administration by illiterate individuals (24). In this study, the utilization of three tests is deemed instrumental in obtaining a comprehensive understanding of cognitive impairment within our population. Past research demonstrates that employing this methodology has resulted in the diagnosis of 90% of individuals referred to neurology services (18, 27). Individuals exhibiting at least one result indicative of SCD on any of the three tests used were subsequently referred to primary care for further assessment, as those with possible SCD following cognitive evaluation were deemed to be at an elevated risk of developing dementia (12).

Additional lifestyle-related protective and/or risk factors, such as these related to cognitive reserve (education level, reading, occupation or board games), vascular risk factors (BMI, AHT, dyslipidaemia, or tobacco consumption) lifestyle factors (physical activity, nutrition and sleep) and depression were evaluated as correlated variables in the questionnaire. In addition to these parameters, the current medication used was documented for subsequent analysis, including the calculation of the anticholinergic burden using the CALS methodology (13).

Occupation was quantified based on an individual’s activity or responsibilities within society. The roles undertaken by nuns within religious congregations were evaluated and correlated with the classification of jobs performed by WGPs (legend Figure 2). In the other hand, the patients were inquired about the number of hours they slept during the day, the frequency of their weekly physical activity, and the duration of each exercise session (hours).
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FIGURE 2
 Geolocation of recruitment of study participants. The green pins indicate the pharmacies where the WGPs were recruited, and the purple pins indicate the convents where the nuns were screened.


To evaluate and compare nutritional status, in a separate cross-sectional observational study including the same nun population who were the subject of the study, and 180 women over 50 years from the general population of Valencian region (Spain), the same geographical location as the population of nuns. Adherence to the Mediterranean diet was determinate using the PREDIMED questionnaire (MeDAS-14) (28). In addition, the Mini Nutritional Assessment (MNA) questionnaire (29) was used to rate the patients’ risk of malnutrition.

The MeDAS-14 (Mediterranean Diet Adherence Screener) (28) test from PREDIMED is a tool designed to assess adherence to the Mediterranean diet. It consists of 14 questions that evaluate the frequency of consumption of key components of the Mediterranean diet, such as fruits, vegetables, nuts, fish, olive oil, and legumes. It also includes questions about the intake of less healthy food items, such as red meat, butter, and sugary beverages. The test helps to identify dietary patterns and provides a score that reflects how closely an individual’s eating habits align with the Mediterranean diet, which is associated with various health benefits, including reduced risk of cardiovascular diseases and improved overall health.

The MNA (Mini Nutritional Assessment) (29) test is a screening tool for assessing the nutritional status of older adult patients. It evaluates anthropometric measurements (BMI, weight loss, mid-arm, and calf circumferences), general health (mobility, lifestyle, medication use, psychological stress), dietary habits (meal frequency, feeding autonomy, food and fluid intake), and subjective health and nutrition perceptions. The MNA provides a score that classifies individuals as well-nourished, at risk of malnutrition, or malnourished, guiding healthcare providers in developing appropriate nutritional interventions.



2.5 Statistical treatment

Data obtained from participants were stored in an Excel worksheet. Subsequent to data collection, the database underwent refinement, and statistical processing was executed using the advanced statistical software RStudio (RRID:SCR_000432) (30).

To examine statistically significant differences between both groups, two-sample t-tests were conducted after testing compliance with the assumptions of normality (Shapiro–Wilk test) and homogeneity of variances (Levene’s test). In case such assumptions were not met, an equivalent non-parametric alternative to the t-test was utilized. In this regard, the Wilcoxon rank-sum method or the Welch two-sample t-test was considered. The significance level was established at 0.05 for all tests. Moreover, additionally, Pearson’s Chi-squared tests were performed to assess relationships among various qualitative factors, and Fisher’s exact test was also employed in the analysis of the corresponding contingency tables, when needed. For the execution of all tests, the “Crosstable” R library was employed to perform the exploratory statistical inference (31).




3 Results


3.1 Participants and subtle cognitive decline screening

A total of 150 nuns, representing 13 distinct religious orders, and 172 lay women from the general population (WGP) were enrolled in the study. The average age for both nuns and control participants were 76.7 ± 11.7 and 75.7 ± 9.2, respectively, with no statistically significant differences observed (p-value >0.05). Subjective memory complaints were reported by more than half of the participants in both groups, with percentages of 58.00% for nuns and 69.19% for lay women. The nuns’ group was further categorized into three subgroups based on their origin: contemplative, caregivers and educational. No significant differences were found among these subgroups, leading us to consider them collectively as a single study group. The geolocation of the recruited patients is shown in Figure 2.

The results obtained from SCD screening tests revealed a significantly higher percentage of WGP with outcomes indicative of some form of cognitive decline (36.63% WGP vs. 20.67% of the nun group). This disparity remained significant when analyzing both the cognition tests individually and when combined into a single group (p-value <0.05), as illustrated in Figure 3. The density plots visually depict a discernible shift in the curves representing both populations, and the associated p-values confirm the presence of significant differences. Specifically, Plot A illustrates a shift of the nun curve towards higher MIS scores compared to the WGP group, while Plot C demonstrates a similar trend for the VSF test. However, Plot B reveals a shift indicating lower scores on the SPMSQ for the WGP group in general.
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FIGURE 3
 Cognitive assessment of the study population. Each graph refers to the results of (A) Memory Impairment Screen (MIS), (B) Short Portable Mental Questionnaire (SPMSQ), (C) Semantic Verbal Fluency Test (SVF). In the legend, the letter ‘N’ represents the nuns’ group, the letter ‘W’ represents the WGPs. Blue represents Nuns, purple represents WGPs.




3.2 Cognitive reserve factor

Concerning cognitive reserve, various factors including the level of education, reading habits, occupation, and engagement in cognitive stimulation games were investigated. Generally, the nun group exhibited a greater cognitive reserve, as evidenced by their prevalence in the highest positions within the studied areas (Figure 4). Specifically, the nuns demonstrated a higher level of education, with none classified as “illiterate,” and 70% of this group distributed between secondary and higher education (p-value <0.001). In contrast, only 22% of all women who completed higher education were part of the WGPs group (see Figure 4A).

[image: Bar charts labeled A to D compare cognitive reserve factors. A shows educational levels with varying percentages of two groups; higher education is mostly in the upper group. B compares reading habits with 57% reading and 43% not. C profiles occupational types with a diverse spread across categories. D compares cognitive stimulation games with nearly equal distribution. The legend indicates blue for group N and purple for group W.]

FIGURE 4
 Representation of factors associated with better cognitive reserve. The x-axis in each graph represents: (A) IL; illiterate. R&W; Read and write. PRI; primary education. SEC; Secondary education. HE; Higher education. (B) This graph refers to reading habits. (C) 1; Managers in public administration or companies with more than 10 employees. 2; Managers in companies with less than 10 employees. 3; Skilled non-manual work. 4; Skilled manual work. 5; Semi-skilled manual work. 6; Unskilled manual work. (D) This graph shows the practice of cognitive stimulation games. The results are shown cumulatively over the total number of persons with or without any of the assessed factors (18) (pharm). Blue represents Nuns, purple represents WGPs. *Significant differences, (p-value <0.05).


Regarding occupation, significant differences were observed in the distribution of individual tasks, with the majority of both groups concentrated in non-skilled jobs, such as cleaning, care for the sick, cooking, etc. However, there were discernible variations in the distribution of more cognitively demanding roles, with only 5.33% of nuns and 4.65% of WGPs engaged in such tasks (p-value: 0.0309). Additionally, a distinct pattern emerged in the distribution of nuns across occupational categories, with assignments ranging from congregational management to care and kitchen work. Conversely, individuals from the general population were more evenly distributed in semi-skilled jobs, as depicted in Figure 4C.

No significant differences were observed in the engagement with cognitive stimulation games between the two groups, with over 30% of individuals in each group participating in various cognitive stimulation activities, such as sudoku, crosswords, or puzzles, on a weekly basis (p-value >0.05). However, substantial disparities were identified in reading levels (p-value <0.001), as depicted in Figures 4B,D.



3.3 Cardiovascular risk factor

On the other hand, factors influencing the progression of cardiovascular risk as a potential risk factor for SCD were investigated. Within the CVR parameters, BMI, the presence of diabetes, AHT or hyperlipidemia, and tobacco consumption in the selected population were examined. No significant differences were observed for BMI or hyperlipemia (p-value >0.05). However, significant differences were identified in the diagnosis of AHT (p-value: 0.0291), revealing a higher percentage of WGP suffering from this pathology (63.37%), compared to 51.33% in the nun group. Simultaneously, statistically significant differences were found in terms of tobacco consumption (p-value: 0.0082), indicating a lower incidence of smoking among nuns (2.67%) compared to the WGP (7.56%), and in the diagnosis of diabetes (p-value: 0.033), with a higher percentage of WGP presenting this pathology (19.19% WGP vs. 10.67% Nun) (Figure 5).

[image: Bar charts representing cardiovascular risk association with different factors. Chart A compares diabetes diagnosis with a higher risk for those diagnosed. Chart B shows hyperlipidemia diagnosis, indicating a slightly higher risk when diagnosed. Chart C presents AHT diagnosis, with a notably higher risk for those with the diagnosis. Chart D relates BMI categories with cardiovascular risk, showing higher risk in obesity. Chart E examines smoking status, highlighting higher risk in smokers. Blue and purple segments represent specific risk categories.]

FIGURE 5
 Cardiovascular risk factors. Each graph refers to the results of (A) Diabetes diagnosis, (B) Hyperlipidemia diagnosis, (C) Arterial hypertension (AHT) diagnosis, (D) Body Mass Index (BMI), and (E) Smoking habits. The bottom of graph (D) represents the following: U; Under. N; Normal. OV; Over. OB; Obese. The bottom of graph (E) represents the following: E; Ex-smoker. N; Non-smoker. P; Passive smoker. S; Smoker. The results are shown cumulatively over the total number of persons with or without any of the assessed factors. Blue represents Nuns, purple represents WGPs. *Significant differences, (p-value <0.05).




3.4 Depression and psychopharmaceutical’s consumption

Significant disparities in terms of mental health and depression were evident between the two groups. The nun’s group exhibited a lower incidence of depression, with only 7.33% diagnosed compared to 34.33% in the WGP (p-value <0.001). Additionally, there was a lower prevalence of benzodiazepine (BZP) consumption in the nun’s group (22.67%) compared to 52.33% in the WGP group (p-value <0.001). Moreover, the use of drugs with anticholinergic effects was also lower in the nun’s group (35.33%) compared to the WGP (46.51%), although this difference did not reach statistical significance (p-value >0.05). Furthermore, among those who consumed this type of drug, significant differences in anticholinergic burden were observed between the two groups (p-value 0.029; Figure 6), with a greater average in WGP group.

[image: Bar chart titled "Risk Factors" with four panels (A-D) depicting different factors. Panel A shows depression treatment, with 79% yes and 21% no. Panel B shows anticholinergic consumption, with 60% yes and 40% no. Panel C shows anticholinergic burden, with 81% for more than three and 19% for two or less. Panel D shows BZP, with 72% yes and 28% no. Blue indicates W and purple indicates M.]

FIGURE 6
 Representative values of depression and treatments affecting cognition. Each graph refers to the results of (A) Depression treatment, (B) Anticholinergic consumpt, (C) Anticholinergic burden and (D) Benzodiazepine consumpt. The anticholinergic burden, represented in (C), is considered detrimental when it is ≥3. The results are shown cumulatively over the total number of persons with or without any of the assessed factors. Blue represents Nuns, purple represents WGPs.




3.5 Lifestyle factors

The study assessed factors pertaining to the participants’ lifestyles, revealing no statistically significant variance in sleep duration between both groups (p-value: 0.3574). However, significant differences were observed in physical activity levels, with an average of 5.2 ± 3.2 h per week for the WGP, compared to 7.5 ± 5.2 h per week among the nuns (p-value <0.001), as detailed in Table 1.



TABLE 1 Lifestyle factors.
[image: Statistical table comparing sleep and physical activity between WGP and Nun groups. For sleep, median and interquartile range are the same (7.0), with no significant difference (p-value: 0.3574). For physical activity, the median differs (WGP: 4.5, Nun: 3) with a significant p-value less than 0.001.]

In the parallel study, we assessed the nutritional status and adherence to the Mediterranean diet in the group of nuns and in the control group of women. We found no significant differences in nutritional status (p-value: 0.1127) or adherence to the Mediterranean diet (p-value: 0.8997) between the two groups.



3.6 Effects on subtle cognitive decline

Following the identification of similarities and differences between the two groups, we opted to assess and compare the same parameters among individuals exhibiting SCD.

The initial observation pertains to significant differences in the age of the two groups (p-value: 0.0042), where in WGPs exhibited results indicative of SCD at an earlier age compared to the nuns (78.4 ± 8 and 83.4 ± 7.2, respectively). In this context, there were no significant differences in the cognitive tests employed (p-value >0.05).

Regarding the cognitive reserve, we observed that the educational level and the reading frequency continued to show significant differences between both groups (p-value <0.01), with the nuns’ group having a higher educational level but also a higher percentage of members positive for SCD who read frequently (p-value <0.001; Table 2).



TABLE 2 Protective factor, cognitive reserve, in cognitively impaired individuals.
[image: Table comparing variables between WGP and Nun groups for SCD positivity. Education level, reading, and occupation are analyzed. Significant p-values are noted for education level and reading, both less than 0.001, indicating strong associations. Occupation and cognitive stimulation games show no significant difference.]

Thirdly, we examined the factors influencing CVR. In contrast to the observations made when comparing both groups regardless of cognitive status, significant differences in AHT and smoking were no longer evident in the SCD subpopulation (p-value >0.05) (Table 3).



TABLE 3 Risk factors in cognitively impaired individuals.
[image: A table comparing variables between WGP and Nun groups under SCD positive category. For BMI, normal (WGP: 26.98%, Nun: 38.71%), overweight (WGP: 71.43%, Nun: 51.61%), obese (WGP: 1.59%, Nun: 3.23%). AHT diagnosis, hypertension presence higher in WGP (71.43%) than Nun (61.29%). Diabetes diagnosis is similar. Hyperlipidemia higher in Nun (35.48%) than WGP (46.03%). Smoking status shows most are non-smokers, WGP: 82.54%, Nun: 96.77%. P-values are listed for each factor.]

Factors such as depression or pharmacological treatments that may impact mental health were also subjected to comparison (Table 4). The presence of depression remains significantly different between the two groups, with 36.68% of SCD-positive WGPs versus 12.90% of SCD-positive nuns (p-value = 0.0082). Concerning the use of BZP, there were also significant differences between both groups (p-value = 0.0484). Conversely, anticholinergic consumption and burden were no longer significantly different between both SCD groups (Table 4).



TABLE 4 Depression and pharmacological treatments that affect mental health.
[image: Table comparing SCD positive individuals in WGP and Nun groups across various factors: Depression, Benzodiazepine consumption, Anticholinergic consumption, and Anticholinergic Burden CALS. Significant p-values are noted for Depression (0.008) and Benzodiazepine consumption (0.048), indicating differences between groups. Statistical tests used include Pearson's Chi squared and Wilcoxon rank sum tests.]

Lastly, concerning lifestyle factors, sleep continues to exhibit no notable variances between the two populations (p-value: 0.7879). Conversely, while physical activity had previously demonstrated significant distinctions between WGPs and nuns, its significance diminishes when examining SCD populations (p-value: 0.1063).




4 Discussion

Consistent with findings from analogous studies (15–17) and considering the similarities in age between the groups, the prevalence of SCD in the WGP was notably higher than in the nun population. Furthermore, the WGP demonstrated the onset of SCD at an earlier age compared to the nun group. These variations in SCD prevalence may be explained by disparities in specific risk and/or protective factors. Nuns exhibited significantly lower values for risk factors, including AHT, tobacco consumption, depression, and diabetes, as well as anticholinergic burden and benzodiazepine consumption. Conversely, they manifested significantly higher values for protective factors such as educational level and reading habits.

Another factor influencing SCD is loneliness and social isolation, which is evidently distinct in the two study populations. This factor may be present in the WPG but is consistently absent in the nuns group. While social isolation and loneliness are recognized as primary risk factors for SCD in older adult individuals (9), this factor diminishes within the nun’s group due to their communal living in religious communities. Active participation in social activities and the sustained maintenance of social connections have been correlated with enhanced cognitive health (32).

Moreover, it has been demonstrated that religiosity, both organized and non-organized, impacts depression outcomes and potentially influences cognitive functioning (33, 34). The relationship between religion and mental health has been explored in various studies (35–37), suggesting that religion serves as a significant means of finding meaning and purpose in life, contributing to a sense of wellbeing. A total of 454 recent studies (344 of which were published after 2000) highlight how religion/spirituality proves beneficial in assisting individuals in coping with diverse stressful situations, symptoms, natural disasters, illnesses, and various adverse life circumstances, including bereavement and end-of-life conditions. Furthermore, several studies indicate that engaging in inner religious and spiritual experiences (e.g., prayer) is advantageous for mental health and contributes to a quicker recovery from illness (38).

The Nun Study (15) highlighted that the structured lives of nuns, characterized by lower stress levels and increased engagement in cognitive and social activities, may contribute to their relatively better cognitive health.

The most noteworthy data of significance, when comparing the same parameters between the two groups with results compatible with SCD, revolves around a substantial disparity in age between the population groups manifesting symptoms indicative of SCD. In this context, WGP exhibit an earlier onset of SCD manifestations compared to the Nun’s group. The delayed onset of SCD in the Nuns group could be explained by the significant difference that remains, in this second comparison, in some factors that are more favorable to nuns. These factors include a higher level of education, greater engagement in reading, lower levels of depression, and reduced benzodiazepine consumption.


4.1 Cognitive reserve factor

Cognitive reserve, denoting the brain’s capacity to alleviate age-related changes and pathological processes, constitutes a complex construct shaped by a confluence of genetic, environmental, and lifestyle factors (39). Although education is universally acknowledged as a pivotal environmental factor in the cultivation of cognitive reserve, it is imperative to recognize the crucial roles played by other factors, including occupation and involvement in intellectually stimulating activities, in the prevention or postponement of cognitive decline (40, 41).

The positive impact of education on cognitive reserve has long been established (9). Higher educational attainment is correlated with enhanced cognitive abilities and a decreased risk of SCD (42). The acquisition of cognitive knowledge and skills through formal education can augment neural connections and promote cognitive flexibility (40), both of which constitute fundamental components of cognitive reserve. In our study, we noted a higher educational level among nuns compared to the WGP. When scrutinizing the educational levels within the populations exhibiting symptoms consistent with SCD, we observed a consistent distribution with significantly higher educational levels in the nun group, while lower educational levels were observed among the WGP (Table 2).

Occupation also plays a substantial role in the development of cognitive reserve. Occupations that involve intellectual demands, necessitating problem-solving, critical thinking, and continuous learning, have consistently demonstrated a correlation with higher cognitive reserve and a diminished risk of cognitive decline. Engaging in occupations that entail complex tasks and intellectual challenges offers ongoing opportunities for cognitive stimulation, thereby contributing to the establishment and maintenance of cognitive reserve throughout an individual’s lifespan (3, 43).

In our initial comparison, we noted that the group of nuns exhibited significantly higher levels of education and lower levels of occupation compared to WGP. This significant difference persists only in the realm of educational levels when comparing populations with SCD within each sample. However, the distribution of educational levels in relation to the occurrence of SCD in the nun group is inverse (Table 2). This phenomenon may be attributed to the fact that within the convent, the occupation of each nun is not correlated with their educational level. It is accurate to state that the nuns predominantly engage in more manual activities within the congregation. However, it should be noted that this is a population that does not retire; when they can no longer perform one activity, they transition to another within the congregation, underscoring the enduring importance of occupation throughout life for the prevention of SCD.

Another factor, engagement in reading, was notably higher for the nuns compared to the WGP (Figure 3). However, when scrutinizing individuals displaying symptoms of SCD, we observed that engagement in reading remains significantly higher in the nun group. This factor could play a crucial role in preserving memory and cognitive function for nuns who develop SCD later in life compared to the WGP (Table 2). This underscores the importance of reading significance of reading as a pivotal activity for sustaining cognitive health (9, 39).

Moreover, it is important to acknowledge that cognitive activity alone may not provide absolute protection against cognitive decline or dementia. Nevertheless, it can serve as a pivotal component within a holistic lifestyle approach aimed at cultivating optimal brain health. Furthermore, the integration of complementary lifestyle factors, such as regular physical exercise and active social engagement, has demonstrated potential benefits in enhancing cognitive well-being (44).



4.2 Cardiovascular risk factor

There is evidence to suggest that CVR factors can impact cognitive function and increase the risk of SCD. However, the concept of cognitive reserve posits that individuals with higher cognitive reserve may be better equipped to manage the effects of cardiovascular risk factors on cognitive function (39).

Numerous factors can influence CVR including age, gender, AHT, hyperlipidaemia, diabetes, IBM and smoking, among others (45–48). It is crucial to effectively manage these risk factors through lifestyle modifications and, in certain cases, medication, to mitigate the likelihood of developing cardiovascular disease. The presence of CVR factors becomes evident, subsequently influencing the progression of SCD (49). It is noteworthy that the nuns manifested significantly lower levels of AHT, diabetes, and tobacco consumption (p-value <0.05) (Figure 3). Importantly, tobacco consumption, AHT and diabetes assume a substantial role as significant risk factors for cardiovascular disease. Additionally, smoking further augments blood pressure and heart rate, compounding the risk of cardiovascular disease (48). Nevertheless, following the identification of SCD symptoms, none of these factors demonstrated statistically significant distinctions between the groups (p-value >0.05) (Table 3).



4.3 Depression and psychopharmaceutical’s consumption

SCD associated with depression is characterized by a decline in memory, attention, and decision-making abilities, which may persist even after the remission of depressive symptoms (9, 50). This impairment is linked to abnormalities in brain function and structure, including disruptions in the neurotransmitter system and a decrease in volume in specific brain regions. Initially, the two groups demonstrated significant differences in depression, BZP consumption, and anticholinergic burden (p-value <0.05). However, when cognitive decline is present, only depression and BZP consumption maintain their significance.

Religiousness serves as a protective factor against depression and contributes to its recovery (51). Furthermore, some studies suggest that religious commitment may be associated with better cognitive functioning (52), which could potentially explain the lower occurrence of depression in the nun group. Research findings indicate that individuals with a religious orientation exhibit effective coping mechanisms in stressful situations and are more likely to display resilience when confronted with adversity (53). These results provide justification for the observed differences between the two groups.

Additionally, the group of nuns, are all involved in social work, whether it is teaching, caring for the sick or praying for others. It has been described that social engagement can reduce the risk of depressive symptoms (54).

On the other hand, while BZPs may be effective in controlling anxiety and sleep disorders in the short term, prolonged use can lead to cognitive problems (55, 56). BZPs can have similar effects to anticholinergic drugs and can overlap with drug-associated SCD (13, 57). They can increase the risk of falls and contribute to cognitive decline in older adults, justifying the significant differences found between the two populations (Table 3). Additionally, benzodiazepines can lead to habit formation and dependence or addiction, especially with prolonged use.



4.4 Lifestyle factors

It is noteworthy that regular physical activity, nutritional supplementation, and sleep habits significantly impact cognitive function and overall physical and mental health. Understanding these lifestyle factors’ roles is crucial for a comprehensive view of health (58–62).

Significant relationships have been observed between inflammatory markers and sleep disturbances, with sleep playing a crucial role in regulating the immune system and disruptions linked to increased inflammation (58). Lack of sleep is associated with various health consequences, including impaired cognitive functions such as thinking and memory, and prolonged wakefulness can detrimentally affect cognitive performance. These findings underscore the importance of adequate sleep for maintaining cognitive abilities.

Furthermore, a sedentary lifestyle is strongly associated with elevated levels of cytokines involved in regulatory and inflammatory processes (58). Other studies have found that higher sedentary time and lower physical activity levels are linked to higher C-reactive protein levels, an inflammation marker. Replacing sedentary time with moderate-to-vigorous physical activity significantly reduces C-reactive protein levels (61). Also, Dominguez et al. argue that regular physical activity is highlighted as a critical factor in maintaining cognitive function and preventing dementia (62).

The study assessed various lifestyle factors among participants, revealing no significant difference in sleep duration between the two groups (p-value: 0.3574). However, a significant difference in physical activity levels was observed, with the WGP averaging 5.2 ± 3.2 h per week compared to 7.5 ± 5.2 h per week among the nuns (p-value <0.001), as detailed in Table 1.

These findings are consistent with other studies that have found a positive relationship between education level and physical activity, showing that people with more education are more likely to be physically active (59). Moreover, is described than behavioral intervention such as increasing moderate to vigorous exercise has been detected to exhibit approximate antidepressant effects (60). The population of nuns studied has a higher level of education, is more physically active and has a lower incidence of depression. This increased physical activity among the nuns may have a positive effect in delaying the onset of cognitive decline.

In a parallel study was examined the nutritional status and adherence to the Mediterranean diet among the population of nuns who were the subject of the study, and a control group of women. This assessment found no significant differences in nutritional status (p-value: 0.1127) or adherence to the Mediterranean diet (p-value: 0.8997), which was expected due to the geographical proximity of both populations.

The potential implications for using diet and exercise strategies to modulate inflammatory responses have far-reaching implications, with promising avenues for preventive and therapeutic interventions in the field of chronic inflammatory diseases. The combination of a healthy diet and regular physical activity has a synergistic effect on cognitive health. Both factors work together to enhance brain function, reduce oxidative stress, and improve overall physical health, which in turn supports cognitive resilience (62).



4.5 Risk and protective factors on subtle cognitive decline

SCD serves as an intermediary phase that bridges the cognitive changes associated with normal aging and the characteristic manifestations found in dementia. The clinical signs of this pathology become evident up to two decades prior to the detectability of the disease. Understanding relevant risk and protective factors, their magnitudes, and their interplay is crucial for maintaining a high quality of life over an extended period. To our knowledge, this study represents the first European investigation to systematically assess risk factors and protective factors for SCD, utilizing a homogeneous cohort of women from religious orders as the study population. The selection of this group stems from their remarkable homogeneity, owing to their long-term shared lifestyle, thereby minimizing sample variability.

The findings of this study provide valuable insights into the risk and protective factors associated with SCD in a homogeneous cohort. The observed associations between specific factors and SCD progression contribute to the existing knowledge regarding the aetiology and pathogenesis of SCD. These findings have significant implications for the development of targeted interventions and strategies to delay or mitigate the cognitive decline observed during this transitional phase. In summary, nuns may have a lower risk of cognitive decline and dementia compared to the general population but when SCD appears, it is quite similar regarding the presence of risk factors to that seen in the general population. This lower risk for cognitive deterioration may be partly attributed to a combination of lifestyle-related factors and social engagement. Nuns often possess greater cognitive reserve and engage in intellectually stimulating activities, such as reading and socializing, on a regular basis. This can help promote cognitive function and delay the onset of cognitive decline. Additionally, nuns tend to lead healthy lifestyles, incorporating regular exercise and a balanced diet, resulting in lower cardiovascular risk that further support cognitive health. This study has shown a lower incidence of cognitive decline among nuns, and a delayed age of onset, and highlights the importance of individuals taking steps to promote cognitive health and reduce the risk of cognitive decline, irrespective of their lifestyle or genetic factors. This may include engaging in regular physical exercise, a healthy diet, maintaining an appropriate weight, staying mentally and socially active, managing chronic conditions such as diabetes and hypertension, and avoiding or minimizing alcohol, tobacco, and drugs with anticholinergic burden consumption.

This study aims to highlight the importance of risk or preventive factors for SCD. Previous studies addressed an interprofessional collaboration between community pharmacists, physician, and neurologists for mass screening, detection of population with subjective memory complaint and assessment of preventive and risk factors for SCD in each individual. As a result of this interdisciplinary collaboration, 90% of patients detected as possible SCD were subsequently diagnosed with dementia (18). This highlights the importance of a multidisciplinary approach to patient care.




5 Limitations

The present study encountered certain limitations in its execution. Firstly, essential information regarding participants, such as musical training, parents’ educational level, completed formal courses, or the number of languages spoken in a conversation, was not accessible. This limitation hindered our ability to make a precise estimation of cognitive reserve. Secondly, the degree of loneliness in women from the general population was not recorded, preventing a comparison with religious women. Additionally, the level of religiosity in both populations was not assessed. Furthermore, according to the socio-political situation in Spain and Europe during the 1930s and 1940s, this sample of women could not be compared with men within the same age range. Our study research area is the prevention of neurodegenerative diseases, but we found interesting the study from a socio-political and cultural point of view for another project.
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Objective: To determine the relationship between domain-specific physical activity (PA) (e.g., occupational PA [OPA], transport-related PA [TPA], and recreational PA [RPA]) and cognitive function in older adults.
Methods: The data was obtained from the 2011–2014 cycle of the NHANES. We utilized weighted multivariate linear regression models among the included 2,924 people aged 60 years or older for our purposes.
Results: RPA and total PA according to WHO guidelines were associated with verbal fluency (RPA β: 1.400, 95% CI: 0.776, 2.024, p = 0.002; total PA β: 1.115, 95% CI: 0.571, 1.659, p = 0.001), processing speed and executive function (RPA β: 2.912, 95% CI. 1.291, 4.534, p = 0.005; total PA β: 2.974, 95% CI: 1.683, 4.265, p < 0.001) were positively correlated, and total PA was correlated with delayed memory performance (β: 0.254, 95% CI: 0.058, 0.449, p = 0.019). No significant association was observed between OPA, TPA, and various aspects of cognitive function among individuals over 60 years.
Conclusion: There was no noteworthy correlation discovered between OPA and TPA in relation to cognitive function. However, RPA and total PA exhibited significant associations with verbal fluency, processing speed, and executive function. Additionally, maintaining PA levels ranging from 600 to 1,200 MET-min/week would yield the most favorable outcomes for cognitive function.
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1 Introduction

Recent data indicates a rapid global increase in the older adult population, with an estimated 2.1 billion individuals aged 60 and above expected by the mid-21st century (1). Aging is often accompanied by a decrease in cognitive abilities, including memory, verbal expression, attention, and executive function (2). Without effective intervention, the age-related cognitive function decline can be a precursor to cognitive impairment related to dementia or Alzheimer’s disease (AD) (2). Currently, more than 55 million people are suffering from dementia, with AD being the most common form of cognitive decline in older individuals (3). In 2019, healthcare expenditures resulting from dementia reached $1.3 trillion, imposing a substantial financial burden on governments, families, and individuals (4). Due to the current lack of effective drugs for dementia worldwide, there is an urgent requirement for a cost-effective, non-pharmacological intervention that can help maintain and enhance cognitive function in older adults.

Physical activity (PA) has been shown to be beneficial in assisting in the treatment of illnesses like diabetes (5), depression (6), liver and gallbladder disease (7), cancer (8), chronic kidney disease (9). PA has also been shown to positively impact body composition by increasing muscle mass (10), reducing body fat percentage (11), and enhancing bone mineral density (12). Physical activity has become a kind of low cost benefits of effective non-pharmaceutical interventions (13, 14). It is important to note that PA covers a variety of intricate behaviors, classified into three primary domains by the Global Physical Activity Questionnaire (GPAQ): occupational PA (OPA), transport-related PA (TPA), and recreational PA (RPA) (15). OPA includes a range of tasks that necessitate completion, whether they involve remuneration or not, including academic or vocational pursuits, household chores, and tending to gardens; TPA pertains to the mode of transportation typically employed by individuals to commute to various destinations (workplace, educational institutions, shopping centers), encompassing activities like walking or cycling; and RPA is defined as a sport, fitness or leisure activity that is carried out in addition to the two physical activities listed above (16). Different domains of PA may have different effects: studies indicate that OPA and TPA are not effective in preventing or inhibiting the development of diabetes (5) and depression (6), while RPA has shown more favorable outcomes. A study has also indicated that OPA, but not TPA and RPA, is related to a lower risk of chronic kidney disease (9).

Cognitive functions encompass various aspects such as memory, attention, perception, and thinking, constituting higher brain functions (17). According to neurocognitive psychiatry textbooks, cognitive functions are categorized into 12 domains: visual–spatial abilities, attention, problem-solving, general intelligence, psychomotor speed, sensory processing, verbal memory, non-verbal memory, processing speed, motor control/performance, working memory, and verbal reasoning (18). Previous researches have mainly investigated the correlation between physical activity and cognitive function in older adults, particularly focusing on RPA and specific types of exercise (19–24). For example, one study discovered that RPA exhibited a positive correlation with cognitive function in older adults with shorter sleep durations (19), and that aerobic exercise [walking (24), dancing (23)], resistance exercise (22), and mind–body exercise [tai chi (20), yoga (21)] also had beneficial effects on cognitive function in older individuals. Nonetheless, engaging in these forms of exercise is not indicative of physical activity in a specific domain and is mostly done during leisure time for health benefits. Based on this, there is currently a lack of research exploring the association between specific domains of PA (OPA, TPA, and RPA) and cognitive function in older adults, and whether these associations might be influenced by sociodemographic factors (such as gender, age, race, and education) and behavioral characteristics (like smoking and alcohol consumption).

Therefore, we propose the following hypotheses:


H1: Different domains of PA (OPA, TPA, and RPA) may exhibit varying associations with cognitive function in older adults.
H2: The associations between different domains of physical activity and cognitive function in older adults may be influenced by sociodemographic factors (gender, age, race, education) and behavioral characteristics (smoking, alcohol consumption).





2 Methods


2.1 Study population

The purpose of the National Health and Nutrition Examination Survey (NHANES) is to evaluate the health and nutritional well-being of adults and children residing in the United States, while also ensuring that the sample represents the non-institutionalized civilian population of the country (25). Since all data collection procedures in NHANES were performed in compliance with the research ethics regulations of the National Center for Health Statistics Review Board, no additional ethical review was required for this study.

In the survey conducted from 2011 to 2014, a total of 19,331 participants were initially involved. Given that the cognitive tests of interest in this study were specifically administered to individuals aged 60 and older, participants under the age of 60 were excluded from the analysis (n = 16,299). Subsequently, from the remaining 3,632 participants, those who were missing cognitive test data (n = 698) or information on physical activity (n = 10) were further excluded. Finally, 2,924 participants were included in the current analyses, and the screening process is shown in Figure 1.
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FIGURE 1
 Flow chart of research sample selection.




2.2 Physical activity

The Global Physical Activity Questionnaire (GPAQ) was utilized to evaluate participants’ physical activity, which consisted of the frequency of physical activity (1–7 times per week), the duration of a single exercise session (minutes per session), and the intensity of the exercise (moderate- or vigorous-intensity) in a typical week for three different PA domains (OPA, TPA, and TPA) (26). PA in each domain is measured as the corresponding metabolic equivalent (MET) multiplied by the number of minutes of activity per week (MET-min/week). According to the MET score recommended by NHANES, moderate OPA, TPA, and RPA, which result in a slight increase in respiration or heart rate, were classified as 4 MET, whereas vigorous OPA and TPA, which lead to a significant increase in respiration or heart rate, were identified as 8 MET (16). In addition, the activity levels of OPA, TPA and RPA were pooled to obtain total PA.

As the WHO Physical Activity and Sedentary Behavior Guidelines (hereafter referred to as the guidelines) propose that individuals aged 60 and above should engage in a minimum of 150–300 min per week of moderate-intensity aerobic activity (equivalent to 600–1,200 MET-min/week) for considerable health benefits. Further advantages can be attained by exceeding 300 min per week (>1,200 MET-min/week) of moderate-intensity aerobic activity (27). Therefore, we first categorized the amount of physical activity in each domain into two groups, meeting guideline recommendations and not meeting guideline recommendations, to assess the effect on cognitive function of those meeting guideline recommendations compared to those not meeting guideline recommendations. The amount of physical activity in each domain was then further categorized into 4 groups (1) none (0 MET-min/week), (2) low (<600 MET-min/week), (3) moderate (600–1,200 MET-min/week), and (4) high (>1,200 MET-min/week) to assess the relationship between different doses of domain-specific PA and cognition.



2.3 Cognitive function

Trained interviewers assisted participants in a series of cognitive tests (28). The Consortium to Establish a Registry for Alzheimer’s Disease Word Learning Subtest (CERAD W-L) consists of three immediate recall (CERAD-IR, total score of 30) and one delayed recall (CERAD-DR, total score of 10) tests to assess immediate and delayed learning of new verbal information (29). The test has been shown to be effective in distinguishing the presence of underlying cognitive impairment (30, 31). For CERAD-IR, participants were instructed to orally read aloud 10 unrelated words one by one and then immediately recall as many words as possible after their presentation, which was repeated three times with different word orders each time. Delayed word recall followed the completion of the subsequent two cognitive test items (32). The number of words recalled correctly is the score for the test. The Animal Fluency test (AF) assesses categorical verbal fluency by requiring participants to name as many different animals as possible within 1 min, with one name per animal. This score distinguishes individuals with normal cognitive function from those with mild cognitive impairment and more severe forms of cognitive decline, such as Alzheimer’s disease (33, 34). The Digit Symbol Substitution test (DSST), a component of the Wechsler Adult Intelligence Scale (WAIS-III), comprehensively evaluates processing speed, sustained attention, and executive function (35). Administered on paper, the test sheet includes a key with 9 numbers and symbols. Participants have 2 min to transcribe the corresponding symbols into 133 boxes next to the numbers; the score reflects the total number of correct matches (36). Higher scores across all tests indicate better cognitive function.



2.4 Covariates

Based on previous studies (19, 37), we adjusted for several confounders that may influence cognitive function and physical activity. These confounders include demographics such as sex (male, female), age (60–69 years, 70–79 years, 80+ years), race, educational attainment, and poverty income ratio (PIR). Race was further divided into Non-Hispanic White, Non-Hispanic Black, Other Hispanic, Mexican American and Other/multiracial. Educational attainment was categorized from lowest to highest as Less Than 9th Grade, 9th-11th Grade, High School Grad/GED, Some College or AA degree, and College Graduate or above. The PIR is calculated based on household income in relation to the poverty guidelines set by the government, with higher values representing better household economic conditions. Body Mass Index (BMI) is obtained by calculating the ratio of weight in kilograms to the square of height in meters. Lifestyle factors were primarily assessed by evaluating participants’ smoking and drinking habits. Smoking status was determined through questions such as ‘Have you smoked at least 100 cigarettes?,’ ‘Do you currently smoke?,’ and ‘How long ago did you quit smoking?’ Participants were divided into three groups: ‘current smokers,’ ‘former smokers,’ and ‘never smokers.’ Drinking status was classified into four groups based on the frequency of drinking: ‘non-drinkers,’ ‘1–5 drinks per month,’ ‘5–10 drinks per month,’ and ‘10+ drinks per month.’ This classification was determined using criteria such as ‘drinking at least 12 times a year,’ ‘having imbibed at least 12 alcoholic beverages throughout their lifetime,’ and the frequency of drinking in the past 12 months (weekly, monthly, yearly). Additionally, taking into account the potential impact of the illness on cognitive performance and physical activities, we identified depression, diabetes, hypertension, and cardiovascular-related diseases by combining participants’ self-reports with objective measures. Depression was assessed using the Patient Health Questionnaire-9 (PHQ-9), which consists of 9 items worth a total of 27 points, with a total score of ≥10 considered to be depression (38). Diabetes was defined by fulfilling any of the subsequent requirements: (1) Being informed by a doctor about having diabetes, (2) Currently taking anti-diabetic drugs, or (3) Fasting blood glucose (mmol/l) ≥ 7.0. Hypertension was diagnosed as having an average systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg, or if the subject reported taking prescription drugs for hypertension (39). Cardiovascular diseases were defined as having been reported to the subject by medical staff as congestive heart failure, coronary artery disease, angina pectoris, or heart disease. In addition, a ‘trouble remembering’ group was created based on the frequency of memory problems the subjects had experienced in the past 7 days: never, about once, two or three times, almost every day, and several times a day.



2.5 Statistical analysis

The NHANES study used a complex multi-stage probability sampling design, which requires specific weighting procedures during analysis. To obtain the weight variables needed for this study, we divided the weight of the two-cycle Mobile Examination Center interviews by 2, following the recommendations of Tutorials (32). Since deleting missing covariates directly would result in the loss of information on physical activity and cognitive function, and considering that there were only a few missing covariates (Supplementary Table 1), we used the MICE package in R software to impute the missing variables in order to avoid potential bias.

The baseline characteristics of the participants in the study were analyzed by presenting the means and standard deviations for continuous variables, as well as frequencies (%) for categorical variables. T-tests or chi-squared tests were used to determine any significant differences between the groups. Considering that the dependent variable of interest in this study is a continuous variable, the relationship between domain-specific PA and cognitive function was examined by calculating effect sizes (β) with 95% confidence intervals (CI) using weighted multivariate linear regression models. Three models were used: Model 1, which was not adjusted for any variables, and Model 2, which was adjusted for age, sex, PIR, race, BMI, educational attainment, smoking and alcohol consumption. Model 3 served as a fully adjusted model, further adjusting for depression, diabetes, hypertension, cardiovascular diseases, and difficulty with memory in the past 7 days based on model 2. In addition, the fully adjusted model was used to perform subgroup analyses, grouping people according to age, sex, race, educational attainment, smoking and drinking status, to ascertain the relationship between domain-specific PA and cognitive function in different subgroups. Finally, sensitivity analyses were performed by adding PA volumes from the other two domains to model 3, to avoid potential benefits of simultaneous PA in multiple domains. All statistical analyses were conducted using the R software (version 4.3.0) and p < 0.05 for two-tailed test indicates statistical significance.




3 Results


3.1 Descriptive characteristics

The 2,924 respondents included in this study (Table 1) represented a total of 53,109,681 US non-institutionalized civilian population, the majority of whom were non-Hispanic white (n = 1,396), with 1,504 (54.54%) females versus 1,420 (45. 46%) males, and an overall mean age of 69.20 (6.65) years, BMI 29.06 (6.29) kg/m2, PIR 3.12 (1.58), and cognitive test scores were CERAD-IR 19.72 (4.49), CERAD-DR 6.23 (2.30), AF 18.08 (5.70) and DSST 51.96 (16.81). Half of the respondents were non-smokers [1,443 (49.72%)] and consumed alcohol 1–5 times per month [1,379 (47.46%)]. Most were free of depression [2,598 (92.72%)], diabetes [2,106 (76.49%)] and cardiovascular disease [2,415 (82.40%)], except for hypertension [1,970 (63.61%)], which was more common. The percentages of people with OPA, TPA and RPA were 34, 19, and 45% respectively, and 33% were not physically active in any domain. In all domains, those who were physically active were younger than those who were not (p < 0.05), had higher AF test and DSST scores; with the exception of TPA, participants with OPA or RPA had better economic conditions and higher CERAD.IR and CERAD.DR scores compared to those without (p < 0.05).



TABLE 1 Characteristics of study population.
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3.2 Relationship between domain-specific PA and cognitive function

Table 2 presents the results of the weighted multivariate linear regression model. In model 3 (fully adjusted), OPA, TPA, and RPA that met guideline recommendations were not significantly associated with immediate versus delayed recall compared to those who did not meet the guidelines. However, total PA showed a significant association with better delayed recall performance (β: 0.254, 95% CI: 0.058, 0.449, p = 0.019). For the AF test, adherence to guideline recommendations for OPA (β: 0.011, 95% CI: −0.461, 0.483, p = 0.955) and TPA (β: 0.179, 95% CI: −0.955, 1.312, p = 0. 713) did not show a significant association, whereas RPA (β: 1.400, 95% CI: 0.776, 2.024, p = 0.002) and total PA (β: 1.115, 95% CI: 0.571, 1.659, p = 0.001) showed a significant association. Similarly, in DSST, meeting guideline recommendations for OPA (β: 0.821, 95% CI: −0.341, 5.272, p = 0.365) and TPA (β: −1.575, 95% CI: −3.596, 0.445, p = 0.105) remained non-significantly associated with test performance, whereas RPA (β: 2.912, 95% CI: 1.291, 4.534, p = 0.005) and total PA (β: 2.974, 95% CI: 1.683, 4.265, p < 0.001) were significantly associated with higher test scores.



TABLE 2 The relationship between Domain-specific PA and Cognitive function when meeting PA guidelines.
[image: A data table presents results from three models analyzing the association of physical activity (PA) with cognitive performance measures: CERAD.IR, CERAD.DR, Animal Fluency, and DSST. Each model includes β coefficients, confidence intervals, and p-values for Overall PA (OPA), Transport PA (TPA), Recreational PA (RPA), and Total PA. Model 1 shows unadjusted results; Model 2 adjusts for demographics and lifestyle factors; Model 3 further adjusts for health conditions. Significant values (p < 0.05) are in bold. The results suggest that higher PA levels, particularly RPA, are associated with better cognitive performance across the models.]

Continuing with the subgroup analyses based on the fully adjusted model (Supplementary Table 2), it can be seen that adherence to recommended PA guidelines interacts with age, gender, race, education level, smoking, and alcohol consumption in influencing the relationship between specific domain PA and cognitive function (p < 0.05). Specifically, among older adults, both RPA and total PA were significantly associated with immediate recall, delayed recall, language fluency, processing speed, and executive function, while OPA enhanced immediate and delayed recall. Total PA positively correlated with cognitive test scores among non-Hispanic White individuals. RPA was significantly associated with higher AF test and DSST scores. RPA and total PA were linked to better AF test and DSST performance in subgroups characterized by alcohol consumption and smoking, whereas immediate and delayed recall were associated with individuals who did not smoke or consume alcohol. Total PA was associated with better delayed recall among women, whereas RPA correlated positively with processing speed and executive function in men. Additionally, education level did not affect associations between PA in various domains and CERAD.DR test performance; however, certain stratifications influenced associations between RPA, TPA, and CERAD.IR, AF test, and DSST.



3.3 Dose-effect analysis

Table 3 shows the dose–response relationship between domain-specific PA and cognitive function based on the fully adjusted model, and Supplementary Table 2 contains details of model 1 and model 2. Compared to the physically inactive population, no dose of OPA, TPA or RPA was significantly associated with scores on the CERAD W-L test, and only total PA (β: 0.321, 95% CI: 0.037, 0.604, p = 0.033) was associated with better delayed recall in the high activity group. In the AF test, OPA and TPA were not significantly correlated with test scores in all dose groups, whereas a significant and positive correlation was observed between RPA and scores in the group undergoing moderate activity (β: 1.313, 95% CI: 0.280, 2.346, p = 0.024) and the high activity (β: 1.726, 95% CI: 0.792, 2.659, p = 0.007). Total PA also showed a significant positive association with this cognitive score at all doses (p < 0.05). In the DSST, neither OPA nor TPA had a significant association with test scores, regardless of the dosage. However, RPA and total PA demonstrated a positive correlation with higher scores. It is noteworthy that individuals engaging in a total PA of 600–1,200 MET-min/week show higher effect sizes (β) in the relationship between AF tests and DSST scores compared to other activity levels. This suggests a significant association between achieving 600–1,200 MET-min/week of PA and better cognitive performance. Similarly, a comparable relationship exists between RPA and DSST.



TABLE 3 Dose–response relationships between domain-specific PA and cognitive function.
[image: A detailed table compares β values and p-values for CERAD Immediate Recall (IR), CERAD Delayed Recall (DR), Animal Fluency, and DSST across various physical activity levels (OPA, TPA, RPA, Total PA). Significant values (p < 0.05) are highlighted in bold, indicating notable findings.]



3.4 Sensitivity analysis

Sensitivity analysis revealed (Supplementary Table 4) that OPA and TPA are still not significantly related to the cognitive function of older adults when the activity levels of the other two PA domains are added to the model 3. Except that the relationship between RPA and DSST score weakened in the low PA group (β: 1.960, 95% CI: −0.299, 4.220, p = 0.070), the other associations were still significant.




4 Discussion

This study presents, for the first time, varying associations between different domains of PA (OPA, TPA, RPA) and cognitive function in older adults. Regarding language fluency (AF) and processing speed, executive function (DSST), adherence to guideline-recommended OPA and TPA did not exhibit significant associations, whereas RPA showed significant correlations with total PA, supporting hypothesis H1.

We posit that RPA may have a stronger effect than OPA and TPA in adults aged 60 and above due to a potentially passive selection of OPA and TPA by older adults (40). Previous research has suggested that this phenomenon could be influenced by the nature of physical activity and psychological factors (41). Work-related physical activities, such as household chores, for older adults may be obligatory, accompanied by greater stress and discomfort (42). Another study indicated a 2.28-fold increase in stress levels following moderate to intense occupational PA (43). Prolonged exposure to stress triggers dysregulation of the hypothalamic–pituitary–adrenal (HPA) axis, leading to elevated glucocorticoid levels, which are neurotoxic to the prefrontal cortex and hippocampus, thereby affecting their normal functional expression including executive function and episodic memory (44). Furthermore, stress may impair cognitive function through behaviors such as smoking and alcohol consumption, recognized risk factors for cognitive impairment (45, 46). While these findings contrast with previous studies that found no associations between isolated RPA, OPA, TPA, and cognitive function (47), we attribute this discrepancy to differences in participant age ranges—prior studies included individuals aged 21–60, unlike our study’s focus on those aged 60 and above—and variations in cognitive assessment tools. Another reason we believe RPA yields superior effects over OPA and TPA is its social engagement aspect as a form of exercise, fitness, or recreational leisure activity (48). Research suggests that older adults with stronger social ties are less susceptible to cognitive decline (49). Studies such as NIE’s longitudinal investigation into the relationship between older adults’ social networks and cognitive function found a positive correlation between cognitive function and engagement in social activities and the size of one’s social circle; social gatherings and interactions provide emotional support (49). MOGIC’s systematic review, employing cross-sectional and cohort analyses, indicated that older adults receiving greater emotional support demonstrate better cognitive abilities. This viewpoint aptly explains why guideline-recommended OPA and TPA did not show significant associations (50). Furthermore, it’s notable that while RPA correlates with better language fluency, processing speed, and executive function, it shows no association with memory performance. This disparity may stem from different exercises selectively modulating specific brain regions to enhance diverse cognitive functions (51). For instance, resistance training has been shown to induce functional changes in the frontal lobe, thereby enhancing executive function (52). Conversely, studies have observed reduced gray matter in the hippocampus (linked to memory function) even after a year of stretching exercises (53).

Consistent with previous studies, neither TPA nor OPA showed significant associations with cognitive functions (54). Lund et al.’s prospective cohort study highlighted that physical exposure in occupational settings correlates with long-term sick leave, thereby compromising physical health to some extent (55). Additionally, it has been suggested that traffic-related air pollution may alter neurobehavioral functions (56). Considering environmental factors, studies have indicated that built environment and community characteristics influence TPA (57). Therefore, future research should explore how addressing neighborhood and architectural differences could promote PA adoption and alleviate disparities in cognitive function among older adults. Regarding TPA, while studies have suggested that activities like walking and biking effectively maintain muscle function and reduce disease risks (58, 59), our interpretation from this study’s findings is that cognitive functions involve higher-order brain activities, and independent TPA alone may not sufficiently impact cognitive function in older adults. Further research is needed to understand the varying associations between age-related TPA intensity and specific cognitive domains.

We also found that engaging in PA, regardless of whether it meets recommended guidelines, correlates with better AF test and DSST performance in older adults. This aligns with existing views that regular PA can improve overall cognitive function in older adults (60–62). This phenomenon may stem from the additional benefits of combining different types of exercises. Early meta-analyses suggest that combining aerobic and resistance training maximizes cognitive improvements in older adults (63), and multifaceted physical exercise has positive effects on overall cognition in MCI or dementia patients, particularly aerobic exercises (61). Notably, besides significantly correlating with AF test and DSST scores across all dosage groups, total PA is also associated with better delayed recall (CERAD-DR) in the high-activity group. Potential physiological mechanisms include frontal lobe gray matter volume reduction leading to decreased executive function (64), and hippocampal gray matter volume reduction closely tied to memory decline (65). Adequate physical activity has been shown to counteract or delay brain tissue atrophy due to aging and improve memory (22, 53, 66).

Furthermore, another finding of this study supports hypothesis H2. In subgroup analyses, we observed that age, race, gender, education level, smoking, and alcohol consumption can influence the relationship between different types of PA and cognitive function in older adults. Among demographic factors, older age groups showed significant correlations between regular physical activity (RPA) and total PA with immediate and delayed recall, language fluency, processing speed, and executive function, which is consistent with the findings of most previous studies (67, 68). A meta-analysis in China demonstrated that with every 5-year increase in age among adults aged 60 and above, the prevalence of mild cognitive impairment rises by 1.27–1.45 times, associated with degeneration in temporal and frontal brain structures due to accumulated DNA damage during brain aging, significantly impairing brain functions (69). Adequate RPA may therefore help to mitigate cognitive declines in older adults (70). Moreover, we found significant gender differences favoring males in delayed recall, language fluency, processing speed, and executive function. Although females experience faster cognitive decline than males due to changing estrogen levels during menopause, gender differences in various dimensions of cognitive function may be associated with higher levels of physical activity in older men, while postmenopausal type II muscle fiber loss leads to weakened muscle contraction in women, explaining why a higher proportion of older women transition to low physical activity compared to older men (71). Similarly, we found that education also influenced the associations between RPA and total PA with immediate recall, verbal fluency, processing speed, and executive function. A previous study reasonably interpreted the reason why higher education levels are likely to reduce the possibility of better cognitive function associated with physical activity and older adults with higher education levels are more likely to understand health care and brain training (47). Actively stimulating older adult learning can make up for the brain damage caused by aging, improve brain utilization efficiency, and maintain better cognitive function. It is worth noting that non-Spanish-speaking white people have better language fluency, processing speed, and executive function with RPA and total PA. In behavioral characteristics, the RPA and total PA of older adults who smoke and drink alcohol have differences in language fluency, processing speed, and executive function. The reason for this is that older adults who smoke and drink alcohol have degraded cognitive function, and daily alcohol consumption and monthly alcohol consumption days will lead to damage to neurons and the loss of synaptic connections, thereby affecting cognitive function (72, 73). We further clarified the dose of alcohol and found that older adults consuming 1–5 drinks/month exhibited more significant differences compared to those consuming 5–10 drinks/month. Previous survey studies also supported this view, showing that older adults who drink have a lower likelihood of cognitive impairment than non-drinkers. Moderate alcohol consumption has a protective effect on cognitive function, whereas excessive or no alcohol consumption does not provide this protection (74).

Finally, we found that meeting the recommended activity levels (600–1,200 MET-min/week) was associated with better AF and DSST scores in older adults for both regular physical activity (RPA) and total physical activity (TPA), while occupational physical activity (OPA) and transport-related physical activity (TPA) showed no significant correlation with cognitive test scores among this population group. This finding aligns with previous research suggesting that excessive exercise can lead to physical and mental fatigue, characterized by reduced activity in the prefrontal cortex, a crucial area for cognitive control (75). Our study also supports WHO guidelines on physical activity and sedentary behavior, indicating that meeting the minimum weekly total physical activity (>600 MET*minutes per week) is associated with enhanced cognitive function in adults aged 60 and above. While increasing physical activity further may still provide benefits, the range of 600–1,200 MET-min/week appears to offer optimal cognitive benefits.

There are some limitations to our study: first, owing to the cross-sectional design employed, the establishment of a causative connection between PA and cognitive performance was unattainable, for example, older adults with impaired cognitive abilities may not be physically active; second, physical activity was estimated by the amount of physical activity recalled by respondents during a typical week, which may introduce some bias, and at the same time, different types of exercise, intensity, frequency, and duration combinations are difficult to determine, which may result in different health benefits; third, although covariates were controlled for in the model, physical and mental health or physical activity in old age may still be affected by various other confounding factors, such as lack of space to exercise and environmental pollution. Fourth, although the association between domain-specific PA and cognitive function varied across subgroups, the results need to be interpreted with caution given the influence of the potential factors mentioned above. Finally, as the participants’ daily nutritional intake is complex and whichever nutrient is included in the analysis is somewhat biased, nutrition was not considered in this study, which presents some limitations.



5 Conclusion

OPA and TPA were not associated with all aspects of cognitive function in older adults over 60, and RPA and total PA were only positively correlated with some cognitive functions (verbal fluency, processing speed and executive function), total PA also demonstrates an association with delayed recall. In addition, achieving 600–1,200 MET*minutes per week of RPA and total PA may be associated with better processing speed and executive function in older adults. Further, rigorously designed randomized controlled trials and longitudinal studies are still necessary to validate our findings.
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Objective: Sarcopenia is a gradually advancing systemic disorder affecting skeletal muscles, primarily distinguished by diminished muscle mass and functional decline. As of present, a universally accepted diagnostic criterion for sarcopenia has yet to be established. From the perspective of the constitution theory in traditional Chinese medicine (TCM), the Yin-deficiency constitution is believed to have a significant correlation with the development of sarcopenia. The primary objective of this study was to examine the potential association between sarcopenia and Yin-deficiency constitution.
Methods: The present study is a cross-sectional analysis. The Asian Working Group for Sarcopenia (AWGS) recommended a diagnostic criterion for sarcopenia. A total of 141 participants over 50 years of age were diagnosed with sarcopenia. To determine the constitution of each patient, classification and determination standards were used in traditional Chinese medicine. In this study, a combination of logistic regression and propensity score matching (PSM) was employed to analyze a dataset comprising 1,372 eligible observations. The diagnostic efficacy of the test in distinguishing sarcopenia was assessed through receiver operating characteristic (ROC) curve analysis.
Results: The relationship between Yin-deficiency constitution and sarcopenia was examined using logistic regression analysis. In the crude model, the odds ratio (OR) was found to be 3.20 (95% confidence interval [CI]: 1.70–6.03). After adjusting for various confounding factors, including gender, sex, 6 m walking test/(m/s), SMI, and maximum grip strength/kg, the OR increased to 9.70 (95% CI: 3.20–69.38). The associations between seven other biased traditional Chinese medicine (TCM) constitutions and sarcopenia were not found to be statistically significant in the fully adjusted model. The propensity score matching (PSM) analysis yielded consistent results with the logistic regression analysis. Receiver operating characteristic (ROC) curve analysis showed that the AUC of the Yin-deficiency constitution combined with age and gender reached 0.707.
Conclusion: Among the nine TCM constitutions examined, the Yin-deficiency constitution demonstrates an independent association with sarcopenia. Yin-deficiency constitution may serve as a potential risk factor for the development of sarcopenia. To establish a causal relationship, further experimental investigations are warranted. The diagnostic performance of sarcopenia is effectively demonstrated by the Yin-deficiency constitution combined with age and gender.
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Introduction

Sarcopenia is mainly due to continuous skeletal muscle loss and decreased strength and function, which is manifested by reduced muscle strength and decreased muscle mass (1, 2). As a result of aging or chronic disease, sarcopenia is divided into primary sarcopenia and secondary sarcopenia. This study focuses on primary sarcopenia, which refers to the senile syndrome where various mechanism changes caused by body aging further lead to the loss of skeletal muscle mass and the decline of physical strength (3, 4). The concept of sarcopenia was initially introduced by Rosenberg in 1989 (5). In 2010, the European Working Group on Sarcopenia (EWGSOP) published the first consensus on sarcopenia, which characterizes it as a syndrome prevalent in old age, marked by a decline in muscle mass, muscle strength, and/or physical performance (6). Building upon this definition, the Asian Sarcopenia Working Group (AWGS) adopted the same conceptualization in 2014 while also delineating the specific boundaries within Asia (7, 8). As of 2019, the Asian Working Group for Sarcopenia (AWGS) has redefined sarcopenia to include possible sarcopenia, sarcopenia, and severe sarcopenia (9). In addition to genetic, age, and other factors, sarcopenia is associated with a multitude of chronic diseases, resulting in a complex etiology with numerous influencing factors (3). The clinical manifestations of muscle atrophy and strength decline in sarcopenia align with the concept of Wei syndrome in traditional Chinese medicine (10). This study attempts to analyze the correlation between the two from the perspective of traditional Chinese medicine constitution related to body function.

The concept of body constitution, which is a fundamental aspect of traditional Chinese medicine (TCM), is intricately linked to human health and the development of diseases (11, 12). Various constitutions exhibit distinct susceptibilities and inclinations toward different types of tumors. Consequently, the identification and modification of one’s constitution can significantly impact the prognosis of disease regression (13, 14). Traditional Chinese medicine constitution is derived from the Huangdi Neijing and has been developed by doctors of various generations of medicine. Professor Wang Qi divided it into nine types, comprising one constitution type characterized by balance (Neutral) and eight constitution types exhibiting bias (Qi-deficiency, Yang-deficiency, Yin-deficiency, Blood-stagnation, Qi-stagnation, Damp-heat, Phlegm-damp, and Special diathesis constitutions) (15, 16).

Our results showed that Yin deficiency constitution, one of the biased constitutions, was directly related to the diagnosis of sarcopenia by Pearson’s correlation (Supplementary Table S1). Yin-deficiency constitution refers to a physiological condition characterized by a depletion of bodily fluids, essence, and blood, as well as a lack of moisture and nourishment resulting from the persistent impact of both innate predisposition and external factors (17). The Yin-deficiency constitution primarily exhibits the following features: (1) physical attributes encompassing a slender and lean physique; (2) psychological traits characterized by liveliness, extroversion, irritability, and high activity levels; and (3) prevalent clinical manifestations include warm extremities, palpitations, parched mouth and throat, a red tongue with minimal coating, dry eyes, impaired vision, and parched skin (18, 19). Yin-deficiency constitution is intricately linked to the aging process and serves as a predisposing factor for various diseases, notably osteoporosis, which exhibits a high prevalence among individuals with this constitution (17, 20). This parallels the age-related manifestations of sarcopenia. Furthermore, individuals with Yin deficiency constitution display varying degrees of endocrine and immune dysfunction, while existing literature has established a correlation between abnormal metabolic function and sarcopenia in patients (19, 21). The clinical manifestations of sarcopenia bear striking resemblance to those of Yin-deficiency constitution, leading us to hypothesize that the latter serves as the underlying pathology for sarcopenia. However, no empirical evidence from relevant studies exists to support this claim. To establish a correlation between the two, we have undertaken a cross-sectional study.



Methods


Data collection

The cross-sectional analysis of the current research incorporates baseline data obtained from the WCHAT study, which was initiated from March to April 2022 and consists of 1,372 people aged 50 or older in the city of Xiamen. The study’s exclusion criteria comprised the following: (1) cognitive impairment; (2) recent malignancy history; (3) incomplete laboratory measurement data; and (4) medical history of plate, pacemaker, and cardiac stent implantation existed. Among the participants, 141 individuals were diagnosed with sarcopenia. This study was approved by the Ethics Committee of the West China Hospital of Sichuan University. All participants demonstrated a willingness to participate in the study and provided informed consent.



Assessment of sarcopenia

The AWGS 2019 diagnostic criteria, which incorporate assessments of muscle mass loss, muscle strength loss, and physical performance loss, were employed to diagnose sarcopenia in this study, as they have been widely utilized in Asia. Muscle strength was measured twice using a dynamometer (EH101; Camry, Zhongshan, China) with the dominant hand, and the highest value was utilized for analysis. Low muscle mass was defined as an appendicular skeletal muscle mass index (ASMI) of less than 7.0 kg/m2 for males and less than 5.7 kg/m2 for females, as determined by bioimpedance analysis. Additionally, low muscle strength is also defined as handgrip strength values of less than 28 kg and less than 18 kg for men and women, respectively, according to the AWGS. The evaluation of physical ability is recommended through the use of the 5 m walking test, with a speed of less than 1.0 m/s and an SPPB score of ≤9, as suggested by the AWGS.



Assessment of TCM constitution

The diagnostic criteria for TCM constitution, namely, the “TCM Constitution Classification Criteria” and the “TCM Constitution Classification Scale of 9 Basic Constitutions,” have been developed by Professor Wang and are presently acknowledged in the field. A total of 1,372 participants were recruited from various communities during the period of March to April 2022. The assessment of TCM constitution was conducted using a standardized questionnaire endorsed by the China Association for Traditional Chinese Medicine (Supplementary material). Questionnaire data are collected by professionals through personal, one-on-one interviews conducted in a face-to-face manner. The questionnaire consists of 60 items, with nine subscales containing 7–8 items each, interspersed irregularly. Each item is answered using a Likert scale, ranging from “no” to “always,” with scores ranging from 1 to 5. The original score for each subscale is calculated by summing the scores for each item and then converted into a conversion score using the formula [(original score – number of subscale items)/(number of subscale items × 4) × 100]. The conversion score for each subscale ranges from 0 to 100 points. The conversion score of the neutral constitution scale was ≥60 points, and the conversion score of the other 8 biased constitution scales was <30 points. A biased constitution was diagnosed if the conversion score for any constitution was equal to or greater than 40 points.



Statistical analysis

Measurement data of continuous variables are presented as the mean ± SD (normally distributed) and the median (interquartile range) for non-normally distributed and categorical variables are expressed as frequencies with percentages. Differences between groups were tested by t test for normally distributed data, Mann Whitney U test for skewed continuous variables and the chi-square test was used for categorical variables. Binary regression was used to evaluate the association between the nine traditional constitutions and sarcopenia. We presented the findings of unadjusted and minimally adjusted analyses alongside fully adjusted analyses in a simultaneous manner. To ensure the robustness of the results, we categorized participants based on their Yin-deficiency constitution and employed the PSM (propensity score matching) technique for participant matching. The caliper was set at 0.01, and a 1:1 ratio was maintained while matching for sex, age, 6 m walking test/(m/s), SMI, and maximum grip strength/kg. Next, logistic regression was employed to compute the odds ratio and establish a 95% confidence interval. A p value <0.05 was considered to indicate statistical significance. The diagnostic efficacy of the test in distinguishing sarcopenia was assessed through receiver operating characteristic (ROC) curve analysis and ROC comparison analysis in MedCalc v19.0.7.




Results


Characteristics of the study cohort stratified by sarcopenia

Among 1,372 participants, 141 (10.3%) were diagnosed with sarcopenia. Table 1 presents the baseline characteristics of the older people categorized by sarcopenia. The average age of the participants was 64.77 ± 7.29 years old, and approximately 24.85% of them were male. Patients with sarcopenia had higher values in the sit-to-stand five times test but lower values in the 6 m walking test, SMI and Maximum grip strength than the healthy controls (p < 0.001). Regarding the distribution of TCM constitution, compared with the non-sarcopenia group, people with sarcopenia had a higher proportion of biased constitution and a lower proportion of balanced constitution (neutral). Meanwhile, there were no differences between the groups with and without sarcopenia regarding the Phlegm-damp, Damp-heat, and Special diathesis constitution.



TABLE 1 Characteristics of the study cohorts.
[image: Table comparing characteristics of individuals with and without sarcopenia. It includes columns for total population, no sarcopenia, and sarcopenia, with respective counts and percentages. Variables include gender, sit-to-stand time, walking speed, skeletal muscle index (SMI), grip strength, age, and various constitutional types. Significance levels (p-values) are provided for each variable, showing differences between groups.]



Relationship between traditional Chinese medicine constitutions and sarcopenia

Multivariate logistic regression analysis was conducted to examine the relationship between TCM body constitutions and sarcopenia (Table 2). TCM constitutions were considered as the independent variables, while sarcopenia was regarded as the dependent variable. The crude model showed that without adjusting for any confounding variables, the Yin-deficiency constitution (OR = 2.67, [95% CI: 1.04–6.85]), the Neutral constitution (OR = 0.31, [95% CI: 1.04–6.85]) and the Yang-deficiency constitution (OR = 4.03, [95% CI: 2.69–6.03]) were identified as risk factors for sarcopenia. However, based on the findings of univariate analysis, adjusting for gender, age, 6 m walking test/(m/s), SMI, and maximum grip strength/kg by stepwise logistic regression, in the fully adjusted model, there was still statistical significance (p < 0.001) in Yin-deficiency (Table 3).



TABLE 2 Relationship between traditional Chinese medicine constitutions and sarcopenia in different models.
[image: Table showing odds ratios (OR) and p-values for different constitutional types across three models: Crude, Minimally, and Fully adjusted. Notable results include a significant OR of 0.31 for neutral constitution in the Crude model and 9.70 for Yin-deficiency constitution in the Fully adjusted model. Descriptions at the bottom explain model adjustments.]



TABLE 3 Characteristics of the non-Yin-deficiency and Yin-deficiency constitution groups after matching.
[image: Comparison table of Non-Yin-deficiency and Yin-deficiency constitution groups, each with 51 participants. Categories compared include gender percentage, sit-to-stand test, six-meter walking test, skeletal muscle index (SMI), maximum grip strength, and age. Notable differences show in six-meter walking speed (p = 0.015), while other categories have no significant differences (p > 0.05).]



Sensitivity analysis

Furthermore, the PSM analysis method was employed to successfully match 51 pairs of participants in both the Yin-deficiency constitution group and the non-Yin-deficiency constitution group. There was no statistically significant difference between the Yin-deficiency constitution group and the non-Yin-deficiency constitution group in relation to sex, age, SMI, or maximum grip strength/kg. Upon adjusting for confounding variables, the odds ratio (OR) of the Yin-deficiency constitution group was determined to be 15.39 (1.92–123.46) (Table 4) and exhibited a prevalence of sarcopenia at 23.53%, whereas the non-Yin-deficiency constitution group had a prevalence of 1.96%, aligning with the findings of the multivariate logistic analysis.



TABLE 4 Prevalence of sarcopenia in the non-Yin-deficiency and Yin-deficiency constitution groups after matching among 1,372 participants.
[image: Table showing the relationship between Yin-deficiency constitution and sarcopenia. For those without Yin-deficiency: 1 case (1.96%). With Yin-deficiency: 12 cases (23.53%). Odds ratio is 15.39 (95% CI: 1.92–123.46), p-value is 0.010.]



The predictive value of indicators for sarcopenia

Meanwhile, we assessed the diagnostic performance of the Yin-deficiency constitution group reflecting the low muscle mass in the sarcopenia cohort by the area under the curve (AUC) (Figure 1). We found that the AUC of the Yin-deficiency mixture reached 0.707, which exhibits good diagnostic performance for sarcopenia.

[image: Two ROC curve graphs labeled A and B compare sensitivity against 100-specificity. Graph A shows a nearly diagonal line with an AUC of 0.533 and confidence interval of 0.506 to 0.560, indicating low discriminative ability. Graph B displays a more curved line with an AUC of 0.707 and confidence interval of 0.682 to 0.731, suggesting better performance.]

FIGURE 1
 Receiver operating characteristic curves of TCM constitution indicators in sarcopenia. (A) ROC curve analysis of Yin-deficiency constitution with AUC. (B) ROC curve analysis of comprehensive diagnosis between Yin-deficiency constitution and gender and age.





Discussion

Sarcopenia in older adults is linked to a range of unfavorable outcomes, such as restricted physical functioning, falls, heightened risk of fractures, and elevated mortality rates (22, 23). Presently, the prevailing approach to managing sarcopenia in Western medicine involves exercise and nutritional supplementation (24). However, the efficacy of training interventions varies due to disparities in exercise modalities, duration and intensity, the absence of universally standardized protocols tailored to individuals, and contentious recommendations regarding nutrient intake (25). In the present study, we investigated the association of TCM constitution and sarcopenia. Our study found that people with sarcopenia have a higher proportion of biased constitution. Meanwhile, after adjusting for confounding variables, such as gender, age, 6 m walking test/(m/s), SMI, and maximum grip strength/kg, the logistic regression found that the Yin-deficiency constitution was independent of sarcopenia. In addition, the sensitivity analysis yielded consistent outcomes when employing the PSM method to match the participants and evaluated the predictive performance through the AUC, thereby providing further evidence for the stability of the relationship between the Yin-deficiency constitution and sarcopenia.

The development of sarcopenia is characterized by the degeneration of skeletal muscle throughout the body, a phenomenon that can be classified under the “Wei syndrome” in Chinese medicine (13, 26). This is defined as a clinical condition resulting from diminished blood supply due to external or internal factors, leading to a gradual deprivation of nourishment to the muscles and subsequent manifestation of limb weakness, muscle wasting, and potentially paralysis (27, 28). Sarcopenia mainly shows reduced skeletal muscle mass with muscle mass, decreased strength and activity impairment, which are very similar in terms of pathogenesis and clinical characteristics (29). As one of the important components of TCM, TCM constitution is closely related to human health and the occurrence of diseases (30). TCM acknowledges that TCM constitution plays a fundamental role in the initiation, advancement, and advancement of diseases (31). Thus, individual constitution affects the human body’s susceptibility to pathogenic factors and determines whether the individual is sick and the severity of the disease (32). Yin-deficiency constitution is one of the types of traditional Chinese medicine constitution. Innate inherited and acquired on the basis of sperm blood fluid in the body Yin fluid deficiency formed by Yin-deficiency internal heat as the main feature constitution condition (33). It is the constitution basis for forming many diseases (19, 34). Constitution not only determines whether the human body occurs after that, but also determines the tendency of the onset after the disease (35). That determines the susceptibility syndrome. Syndrome is a unique concept in traditional Chinese medicine. The syndrome combines the pathogenic factors and the body response. And the body reaction and the individual constitution are inseparable (36). Similarly, in the process of disease in different stages, which is also inseparable from physical factors (37). To Chinese medicine dialectical point of sarcopenia belongs to the category of Wei syndrome, and the nature of Wei syndrome is the essence of the excess in superficiality and deficiency in origin, and the deficiency includes the deficiency of Qi, Yin and Yang, which is inevitably linked to the Yin-deficiency constitution, because there is a state of deficiency of essence, blood and body fluid in the pathological manifestations (27, 38, 39). The correlation between Yin-deficiency and sarcopenia may be due to the common pathological basis of both. Clinical studies have shown that Yin-deficiency is associated with decreased neurocognitive function in older people, mainly affecting the visuospatial dimension (35). Yin-deficiency constitution is also a constitution type closely associated with aging (20). This molecular mechanism potentially stems from the involvement of five genes, namely, TAK1, NFKBIA, CCL4, BCL2A1, and IL-8, which are closely implicated in the NF-kappaB signaling pathway and the aging process (20). This may be due to congenital physical factors and acquired lifestyle; subsequently, the organism enters a Yin-deficiency constitution, leading to differences in the expression of these genes and eventually the development of sarcopenia.

At present, there are no clinical studies on TCM constitution and sarcopenia. To our knowledge, this is also the first study to predict the risk of sarcopenia using TCM constitution. The current clinical diagnosis of sarcopenia is inconsistent, and the treatment is complex. Currently, in terms of prevention, TCM has mature criteria for determining body constitution, which are inexpensive and easily accessed for sarcopenia in the clinical setting. Specifically, TCM interventions, including diet, exercise, medicine and acupuncture, may provide new clinical ideas. Certainly, there are obvious complexities and limitations inherent in this study. (1) The results of this paper can only demonstrate the correlation between Yin-deficiency constitution and sarcopenia but cannot draw causal conclusions. (2) The percentage of Yin-deficiency constitution is relatively low in the recruited people and the result may be biased. (3) This is a cross-sectional study with geographical restrictions. (4) Climate, diet, lifestyle habits, socioeconomic status are not taken into account. (5) Other unknown confounding variables still need to be adjusted. The sample of this study is mainly concentrated in Xiamen, and the inclusion indicators are not comprehensive, so it is necessary to conduct comprehensive and in-depth exploration by multi-center, larger sample, longer time span and more relevant indicators in the future.



Conclusion

Among the nine TCM constitutions, the Yin-deficiency constitution is independently associated with sarcopenia. Therefore, we postulated that the Yin-deficiency constitution may serve as a potential risk factor for sarcopenia.
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Background: Speech analysis has been expected to help as a screening tool for early detection of Alzheimer’s disease (AD) and mild-cognitively impairment (MCI). Acoustic features and linguistic features are usually used in speech analysis. However, no studies have yet determined which type of features provides better screening effectiveness, especially in the large aging population of China.
Objective: Firstly, to compare the screening effectiveness of acoustic features, linguistic features, and their combination using the same dataset. Secondly, to develop Chinese automated diagnosis model using self-collected natural discourse data obtained from native Chinese speakers.
Methods: A total of 92 participants from communities in Shanghai, completed MoCA-B and a picture description task based on the Cookie Theft under the guidance of trained operators, and were divided into three groups including AD, MCI, and heathy control (HC) based on their MoCA-B score. Acoustic features (Pitches, Jitter, Shimmer, MFCCs, Formants) and linguistic features (part-of-speech, type-token ratio, information words, information units) are extracted. The machine algorithms used in this study included logistic regression, random forest (RF), support vector machines (SVM), Gaussian Naive Bayesian (GNB), and k-Nearest neighbor (kNN). The validation accuracies of the same ML model using acoustic features, linguistic features, and their combination were compared.
Results: The accuracy with linguistic features is generally higher than acoustic features in training. The highest accuracy to differentiate HC and AD is 80.77% achieved by SVM, based on all the features extracted from the speech data, while the highest accuracy to differentiate HC and AD or MCI is 80.43% achieved by RF, based only on linguistic features.
Conclusion: Our results suggest the utility and validity of linguistic features in the automated diagnosis of cognitive impairment, and validated the applicability of automated diagnosis for Chinese language data.
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1 Introduction

The issue of diagnosing Alzheimer’s disease has garnered considerable attention from scholars. However, given the challenges associated with traditional biomarker screening, some researchers have attempted to use machine learning techniques to analyze the speech of older adults as a novel automated screening tool. The features used in machine learning can be concluded into acoustic set and linguistic set.


1.1 AD diagnosis

Alzheimer’s disease is a neurodegenerative condition characterized by the progressive decline of cognitive function, such as executive function, inference ability, memory, etc., making it a prominent cause of mortality among the older population (1). Despite considerable research endeavors dedicated to developing disease-modifying treatments for AD, a definitive cure remains elusive. Consequently, the importance of early and efficient prediction of AD cannot be overstated. Biomarkers such as β-amyloid (Aβ), phosphorylated tau protein (p-tau), magnetic resonance imaging (MRI) and positron emission tomography (PET) are utilized to aid in the diagnosis of AD. However, these biomarkers are hindered by limitations such as invasiveness, high cost, and time consumption. Consequently, scholars are actively investigating more efficient and convenient biomarkers.



1.2 Automated diagnosis based on acoustic features

Several endeavors have been undertaken to leverage language and speech data gathered from everyday life through computational speech processing techniques for automated diagnosis, prognosis, or progression modeling (2). A prevalent approach in recent research involves utilizing speech data obtained from various language tasks and employing speech processing techniques to extract diverse types of features for modeling (2–4). It is gathering prominence due to their numerous prospective benefits, such as non-invasiveness, cost-effectiveness, and ease of accessibility.

Machine Learning has demonstrated significant effectiveness in language modeling, prompting some research studies to propose its utilization for detecting AD due to its exceptional performance in binary AD vs. control comparisons (5, 6). Gonzalez-Moreira et al. (7) conducted a study where prosodic features were measured in individuals with mild dementia and healthy controls, utilizing automatic prosodic analysis during a reading task. The study achieved a classification accuracy of 85%, indicating a noteworthy discriminatory capacity between the two groups. Roshanzamir et al. (8) achieved an accuracy rate of 88.08% by employing BERT as an encoder in conjunction with a logistic regression classifier to differentiate between AD patients and controls, utilizing English data from the Pitt corpus.

The features employed in automated diagnosis research are mainly acoustic-dependent features. Acoustic-dependent features encompass characteristics that do not necessitate comprehension of content, including prosodic features such as pause rate, articulation rate, and spectral features like formant trajectories and Mel Frequency Cepstral Coefficients, as well as vocal quality indicators like jitter and shimmer (as listed in Table 1). Satt et al. (27) recorded participants during various cognitive tasks and meticulously engineered acoustic features tailored to each task. Their study achieved an equal error rate of 87% in a binary classification distinguishing between AD and HC groups. Balagopalan et al. (21) modeled the acoustic part of speech using acoustic parameters of frequency and spectral domain by patients’ verbal descriptions of the Cookie Theft picture. In their study, Support Vector Machine (SVM) had the highest performance with an accuracy of 81.5%. Rohanian et al. (28) modeled the acoustic part of speech using COVAREP, an open-access repository of acoustic assessment algorithms. An ML architecture with Bi-long short-term memory (Bi-LSTM) was trained and evaluated on the linguistic and acoustic feature sets, achieving an accuracy of 79.2% for the joint combination of acoustic and linguistic feature sets. Balagopalan et al. (5) employed MFCCs, fundamental frequency, and zero-crossing rate-related statistics as acoustic parameters, together with lexical-semantic features, achieving an accuracy of 81.3% with SVM model.



TABLE 1 Acoustic feature taxonomy.
[image: Table detailing various speech features. Categories include prosodic, spectral, vocal quality, and ASR-related features. Feature types listed are temporal, fundamental frequency, formant trajectories, mel frequency cepstral coefficients, jitter, shimmer, harmonic-to-noise ratio, and dialog features. Each feature type is paired with specific feature names, such as pause rate, hesitation rate, speech tempo, F1, F2, F3, MFCCs, etc. References are numerically cited for each feature.]

In addition to the acoustic features utilized in the research articles mentioned before, there are also standard acoustic feature sets such as ComParE (29), GeMAPs (30), and eGeMAPS, which are supported by the openSMILE v2.4.2 toolkit based on the Python languge. The ADReSS Challenge at INTERSPEECH 2020 (31) also suggests other feature sets such as emobase (32) and MRCG functions.



1.3 Automated diagnosis based on linguistic features

In addition to the measurement of acoustic features, some scholars believe that linguistic indicators can better reflect changes in patient’s language abilities.

Language impairment represents a prominent manifestation of AD, characterized by challenges in both speech production and comprehension. This symptomatology typically emerges in the early stages of the disease and deteriorates in tandem with disease progression. Moreover, research indicates that individuals with manifest AD exhibit indications of language deficits long before receiving a formal diagnosis (33). This observation proves particularly valuable in identifying mild cognitive impairment (MCI), which serves as the prodromal stage of AD (34).

Based on the disproportionate impairments in language functions at various stages of Alzheimer’s disease, some scholars have proposed using linguistic features for automatic diagnosis.

Linguistic features pertain to aspects related to the meaning, grammar, or logic of speech. These features encompass diverse linguistic domains and corresponding attributes, including lexical diversity and density at the lexical level, dependency-based parse tree scores at the syntactic level, latent semantic analysis at the semantic level, as well as assessments of coherence, paraphrasing, and filler words at the pragmatic level (2). The linguistic features used for automated diagnosis are listed in Table 2. Sadeghian et al. (44) employed the extracted linguistic features to augment the Mini-Mental State Examination (MMSE) for AD detection resulting in a substantial improvement in accuracy from 70.8% to 94.4%. Guo et al. (45) conducted a lexical-level analysis using N-grams LMs for AD detection and achieved state-of-the-art detection accuracy of 85.4% on the DementiaBank dataset. Balagopalan et al. (5) utilized lexico-syntactic features to model the linguistic aspects of participants’ speech. These features were derived from speech-graph, constituency parsing tree, lexical richness, syntactic, and semantic features based on picture description content.



TABLE 2 Linguistic feature taxonomy.
[image: Table listing linguistic features categorized into lexical and syntactical subcategories. Lexical features include types like Bag of Words (BoW) and lexical diversity metrics such as Type-token Ratio (TTR) and familiarity. Syntactical features cover sentence analysis, examining mean sentence length, frequency of grammatical constituents, and coordination of sentence structures. The final column provides reference numbers in parentheses for each feature description.]



1.4 Comparison between acoustic and linguistic features

Upon comparing the two types of indicators, it can be observed that the advantages of acoustic features lie in their strong transferability and independence from linguistic content. Minimal effort is required to apply this methodology to another language (46). Algorithms focusing on acoustic features demonstrate universality, allowing researchers from diverse countries to study various languages and speech tasks. Consequently, research centered on acoustic features enjoys broader prevalence and application within academic circles. However, acoustic features are heavily reliant on audio quality. Poor audio quality may adversely affect the detection efficacy.

Compared to acoustic features, studies utilizing linguistic features often achieve higher performance levels due to their richness in information. These indicators involve deeper levels of language proficiency, thus better reflecting changes in patients’ language abilities. However, these features necessitate a more in-depth analysis of discourse content, hence, the generation of spoken content typically requires automatic speech recognition (ASR) before relevant contextual analysis can be conducted. Their robustness is highly dependent on the quality of the ASR system (46). In addition, relevant algorithms must also consider the uniqueness of the language, combing linguistic features of this language (such as English, Chinese etc.) to better analyze syntactic, pragmatic performance of AD patients. Therefore, these algorithms are designed for specific languages. While context-dependent features may have limitations in transferability, preventing direct application to other languages, they still hold significant research value.

Several studies have integrated both acoustic and linguistic features in their research. Fraser et al. (47) investigated speech and corresponding transcriptions from 240 AD patients and 233 healthy controls in the DementiaBank corpus. They extracted a total of 370 features, encompassing aspects such as part-of-speech (POS), syntax, acoustic properties, and other linguistic factors. Their study achieved a best average accuracy of 81.92% for binary classification. Similarly, Lopez-de-Ipiña et al. (22) utilizing Hungarian data, achieved accuracy rates ranging from 72% to 82% in classifying cognitively healthy individuals, those with MCI, and those with AD based on acoustic features, with comparable results obtained using language features. Furthermore, He et al. (33) employed seven speech and linguistic features in a random forest classifier to assess the discriminability of participants from Spanish/Catalan backgrounds with AD, MCI, subjective cognitive decline (SCD), and cognitively healthy controls, obtaining scores exceeding 90% in their evaluations. Kong (48) modeled the linguistic aspects of speech by employing syntactic and semantic features, as well as psycholinguistic characteristics. For acoustic parameters, they utilized the MFCC features. They combined the two modalities using a joint embedding method and built logistic regression classifiers on these feature sets, achieving an accuracy of 70.8%.



1.5 Existing research limitations

Considering the somewhat surprising quantity and diversity of studies we encountered, it is reasonable to conclude that this is a highly promising field. However, it is evident that several challenges need to be addressed.

Firstly, the primary limitation lies in the comparison of the diagnosis effectiveness between acoustic features and linguistic features. Although both types of indicators can be used for early screening of AD, there seems to be a lack of comparative studies on which type is more effective. Most existing studies utilize only one type of indicator or combine both types, seemingly assuming that the combination of both indicators yields better diagnosis results. However, no study has yet compared the diagnosis effectiveness of acoustic features, linguistic features, and their combination using the same dataset. A comparative analysis of these three indicator combinations would enhance our understanding of the effectiveness of acoustic and linguistic features. It would help improve the accuracy of machine learning and serve as a reference for scholars in choosing indicators for related research in the future.

Secondly, automated speech analysis has predominantly focused on English speech data. Notably, there has been a dearth of research specifically targeting Chinese language data, with only a sparse representation in the comprehensive systematic analysis conducted by Garcia et al. (2), wherein merely one study (46) was conducted on Chinese and Taiwanese datasets. However, given the burgeoning interest in studying language and aging within the Chinese older population, it is widely acknowledged among scholars that employing machine learning techniques on Chinese speech data holds substantial promise for enhancing AD detection efforts. This recognition is imperative for the global dissemination and implementation of robust screening methodologies for AD.



1.6 Objects of this research

Hence, this study endeavors to:

	1. Compare the diagnosis effectiveness of acoustic features, linguistic features and their combination using the same dataset.
	2. Develop a Chinese language analysis model for older adults with cognitive decline using self-collected natural discourse data from native Chinese speakers.

The study outlined herein follows a structured approach, as depicted in Figure 1. Initially, the voice responses of subjects from Shanghai communities were recorded during a picture description task. Subsequently, voice segments and transcriptions were obtained from the recordings. Following data preprocessing, specific acoustic features were extracted from the voice segments, and linguistic features were extracted from the transcriptions. Finally, the extracted features were employed to train machine learning models for the classification of AD, MCI, and HC groups.

[image: Flowchart depicting a process for analyzing voice segments and transcriptions. Acoustic features like F0, Jitter, Shimmer, MFCCs, and Formants are derived from voice segments. Linguistic features such as part-of-speech, type-token ratio, information words, and information units are extracted from transcriptions. Both sets of features are input into machine learning models including Logistic Regression, Random Forest, Support Vector Machine, Gaussian Naïve Bayesian, and K-Nearest Neighbor.]

FIGURE 1
 Overview of speech collection and analysis steps as well as machine learning classification in this study.





2 Materials and methods


2.1 Subjects

Subjects were recruited from communities in Shanghai. All participants completed a picture description task based on the Cookie Theft picture from The Boston Diagnostic Aphasia Examination (49) and MoCA-B test under the guidance of trained operators. All subjects were divided into 3 groups including AD, MCI, and HC, based on their MoCA-B score.

Specifically, older adults in AD group fulfilled the following criteria: MoCA-B score <13 and years of education <6, MoCA-B score <15 and years of education range from 7 to 12, MoCA-B score <16 and years of education more than 12; MCI group: MoCA-B score range from 19 to 14 and years of education <6, MoCA-B score range from 22 to 16 and years of education range from 7–12, MoCA-B range from 24 to 17 and years of education more than 12; HC group: MoCA-B score range from 30 to 20 and years of education <6, MoCA-B score range from 30 to 23 and years of education range from 7 to 12, MoCA-B range from 30 to 25 and years of education more than 12. For the consistency in the later acoustic features analysis, we excluded subjects who speak only Shanghainese and preserved only the noise-free Mandarin samples.

Finally, based on the criteria, 92 older adults (40 male and 52 female) ranging in age from 53 to 87 (M = 69.82, SD = 8.82) were recruited, including 30 AD patients, 40 MCI patients and 22 HC participants. All older adults were right-handed and native speakers of Chinese. The number subjects in each age group are shown in Table 3. We recorded the speech of each subject using voice recorder Sony ICD-SX2000.



TABLE 3 Basic characteristics of the subjects.
[image: A table compares three groups: Alzheimer's Disease (AD) with 30 individuals, Mild Cognitive Impairment (MCI) with 40 individuals, and Healthy Controls (HC) with 22 individuals. It lists the mean (M) and standard deviation (SD) for age, gender, education, and MoCA-B score. Ages are 73.30 (AD), 69.90 (MCI), 64.95 (HC); gender percentages are 63.33% (AD), 57.5% (MCI), 45.45% (HC); education years are 8.77 (AD), 10.73 (MCI), 10.82 (HC); MoCA-B scores are 10.03 (AD), 19.98 (MCI), 24.73 (HC). P-values indicate statistical significance, with notable values for age (0.003) and MoCA-B score (0.000).]

The study was conducted under the approval of the Ethics Committee, Tongji University, under the approval number tjsflrec202306. All participants provided written informed consent to participate in the study. All examinations were conducted in Chinese.



2.2 Data collection and analysis


2.2.1 Preprocessing

After collecting speech data from the subjects, researchers used Feishu (50), an online open-source platform for audio processing, to identify the timing of the utterance of each audio file and transcribe the recording. Next, the researchers cut out the subjects’ utterances from the original recording with Parselmouth, a Python interface to the internal Praat code (51) which enables batch analysis of multiple sound files. The voice segments of each subject were joined together as a new audio file and automatic noise reduction in Praat was applied on the concatenated audio file. The transcriptions of the utterances of the subject were extracted and stored in text files.

After the recordings were preprocessed as described above, the audio files and the transcriptions were further used for acoustic and linguistic analysis. All the acoustic and linguistic features we extracted are listed in Table 4. Detailed descriptions of these features can be found in sections 2.2.2 and 2.2.3, respectively.



TABLE 4 Summary of all the acoustic and linguistic features extracted from speech data.
[image: Table listing acoustic and linguistic features with descriptions. Acoustic features include F0s (mean F0s of each utterance), Jitter, Shimmer (joined utterances), MFCCs (frame-level MFCC1-7), and Formants (Formants 1-4). Linguistic features include Part-of-speech (ratio of nouns, verbs, pronouns), Type-token ratio (words and characters), Information words (ratio including nouns, verbs, adjectives, numerals), and Information units (count of people, objects, places, actions for Cookie Theft).]



2.2.2 Acoustic features extraction

Recent studies on machine learning approaches based on speech data investigate various acoustic features for classification. For example, Yamada et al. (3) compute the jitter, shimmer, and the variances of MFCC1-12 from the collected speech data. Lopez-de-Ipiña et al. (22) and Gonzalez-Moreira et al. (9) use acoustic features only for training and achieve a considerable accuracy.

By examining the standard acoustic feature sets (9, 29–31, 50) as well as the acoustic features used in several research papers (2, 3, 32, 44, 48, 51) mentioned in section 1.2, we found that the commonly used acoustic features include F0s, jitter, shimmer, MFCCs, and formants. We obtained these acoustic features of our speech data using Parselmouth, and computed their statistics for training ML models.

	• Fundamental frequency (F0)

F0 is a measurement of acoustic production based on the rate of vibration of the vocal fold. The F0 of a voice at different times is computed using short-time Fourier transform over a sliding time window. In this study, the F0s were estimated based on the voice recordings of the subjects. For each voice segment of a subject, we extracted the F0s at all the time points of that segment and computed their mean value. After obtaining the mean F0s of all the voice segments, we ranked these mean F0s in ascending order and took the middle seven values for ML classification (median value, three values smaller than and closet to the median value, and three values larger than and closet to the median value). The median F0 value and the three values closest above and below the median could capture the central tendency of the F0 distribution and reflect its variability to some extent, which we believe can be informative for Alzheimer’s detection.

	• Jitter and Shimmer

Jitter and shimmer measure the variation of the frequency and amplitude of sound. For each subject, we concatenated all the voice segments into a single audio file and obtained its relative, local jitter and shimmer. The voice segments were concatenated better obtain representative values for each subject. The formula of relative, local jitter and shimmer implemented in Praat are as follow.

[image: Jitter is represented by a formula: the numerator is one divided by \(N-1\) times the sum from \(i=1\) to \(N-1\) of the absolute difference \(|T_i - T_{i+1}|\). The denominator is one divided by \(N\) times the sum from \(i=1\) to \(N\) of \(T_i\).] [image: The formula for shimmer equals the sum from i equals one to N minus one of the absolute value of A sub i minus A sub i plus one, divided by N minus one. This is divided by the sum from i equals one to N of A sub i, divided by N.]

where N is the number of extracted F0 periods, Ti is the length of the ith period measure in ms, and Ai is the amplitude of the ith period represented on a scale from 0 to 1. The F0 periods are identified using the “To PointProcess” object in Praat, and the corresponding amplitudes are estimated.

	• Mel-frequency cepstral coefficients MFCCs

MFCCs describe the distribution of power over different frequencies of a sound signal. Some researches on AD speech recognition use the mean values or other statistics of the first several frame-level MFCCs for training (2, 3, 45, 38). For each subject, we obtained the first 6 frame-level MFCCs of the concatenated speech. The parameters for computing the MFCCs were default values in Praat (window length = 0.015, time step = 0.005). For each of the first 6 MFCCs, we computed the mean values and standard deviations over all the frames for ML classification. Using the mean and standard deviation of the first few frame-level MFCCs is a common approach in speech-based cognitive screening research, as the lower-order MFCCs tend to capture the most essential characteristics of the spectral envelope.

	• Formants

Formants are frequency peaks in the spectrum of a sound or signal in general. In acoustic analysis, a formant typically results from a resonance of vocal tract. To extract the formants based on the voice recordings, we first specified the time points of all the pulses using the “To PointProcess” object in Praat, and then extracted the first four formants at these identified pulses. The median value of each formant over the pulses were obtained, resulting in four median formants, which were used for training ML models. The first four formants were chosen since lower-frequency formants are generally more robust and informative for speech analysis.



2.2.3 Linguistic features extraction

There have been a large number of studies showing that cognitive decline is associated with the change of linguistic features of daily speech. For example, Guinn et al. (42) conducted discriminative analysis of conversational speech involving individuals suffering from Alzheimer’s disease and showed that metrics such as part-of-speech rate, type-token ratio, and Brunet’s index, contrast between residents diagnosed with Alzheimer’s disease and their healthy caregivers. Vincze et al. (52) suggested that morphological features including number of words and rate of nouns, verbs, adjectives, help distinguish MCI patients from healthy controls. Ahmed et al. (53) found that measures of semantic and lexical content and syntactic complexity best capture the global progression of linguistic impairment through the successive clinical stages of disease. Lira et al. (54) reported that decreased performance in quantity and content of discourse is evident in patients with AD from the mildest phase, with content continuing to worsen as the disease progresses. Based on previous studies, we extracted a few basic and commonly used linguistic features which are described in the following.

	• Lexical features

To evaluate the lexical characteristics of the subjects’ response, we extracted the ratio of different part-of-speech (POS) and several measures of lexical features. The POS included the: ratio of nouns, verbs, and pronouns, which are basic lexical measures that describe the characteristics of a text. The lexical richness measures included type-token ratio of words and characters, which reflects word production of the subjects and has been shown to be associated with cognitive decline. These features were extracted using Stanford CoreNLP (55), a Java-based toolkit developed by the Stanford NLP Group that enables users to derive linguistic annotations. The CoreNLP currently supports word segmentation and part-of-speech tagging for eight languages including Chinese.

	• Semantic features

In addition to these lexical features, we extracted two domains of semantic features that measure the speech production of the subjects. Specifically, we calculated the ratio of all the information words which include nouns, verbs, adjectives, and numerals. Moreover, we recruited volunteers to count the number of semantic information units in each transcription and used these numbers for classification. The information units are specific for the Cookie Theft picture, which are conventionally divided into four categories: people, objects, places, and actions (56). Table 5 shows the full list of these information units. The result has passed consistency check to ensure accuracy.



TABLE 5 Information units of the cookie theft.
[image: Table with three columns: "Subjects", "Boy, girl, mother", and rows for "Places", "Objects", "Actions". "Places" lists "Kitchen, exterior". "Objects" include "Cupboard, cookie, curtains, jar, dishes, sink, stool, water, window, dishcloth, faucet, floor". "Actions" detail activities such as "Boy taking or stealing a cookie", "Mother drying or washing dishes", "Water overflowing", and "Girl asking for a cookie".]




2.3 Difference testing

To see whether the extracted acoustic or linguistic features are associated with the level of cognitive decline, we perform a permutation test on the mean of each feature. Since the study is aimed at cognitive decline detection, two difference testing tasks are performed: difference testing between HC and AD, and difference testing between HC and CI (cognitive impaired, which include both the AD and MCI subjects). The null hypothesis is that the distribution of each feature is the same for HC as for AD (or the same for HC as for CI) in our sample data. In our permutation test, we compute the observed mean value of each feature and then compare it with multiple simulated test mean values, generated through random permutations. The test mean values give a simulated distribution, so an empirical p-value for the observed mean value is calculated based on this simulated distribution. The mean value of each feature in HC, AD, and CI, as well as the empirical p-values in the two permutation tests, are listed in Table 6.



TABLE 6 Result of statistical difference analysis: the mean value of each feature in the HC, AD, CI group, and the empirical p-values obtained from the two permutation tests (std, standard deviation; med, median).
[image: Table comparing acoustic and linguistic features among three groups: healthy controls (HC), Alzheimer's disease (AD) patients, and cognitively impaired (CI) individuals. It includes mean values for each feature, along with empirical p-values comparing HC to AD and HC to CI. Features measured include F0, MFCC, jitter, shimmer, formants, and ratios of different linguistic aspects. Measurements are in hertz or dimensionless numbers or ratios.]

Results of the permutation tests on acoustic features are shown in Table 6. AD and MCI patients show significant higher F0 (p < 0.05) compared with healthy older adults. For MFCC, only MFCC1 std., MFCC2 std., MFCC3 std., MFCC4 std., and MFCC5 std. show significant differences between AD and healthy control group. For Format, only Formant2 median, Formant3 median, and Formant4 median show significant differences between AD patients and healthy controls.

Group comparisons of linguistic features are also shown in Table 6. For linguistic feature, compared with healthy older adults, patients with AD show a significant reduction in the Ratio of nouns, Ratio of verbs and Ratio of pronouns (p < 0.01). There is also significant difference between control group and older adults with MCI on Ratio of verbs (p < 0.01) and Ratio of pronouns (p < 0.05). There is no significant difference between healthy controls and AD patients in Type-Token ratio of words, Type-Token ratio of characters and Density of information units (p > 0.05), and so does healthy controls and MCI patients. Further examination of information units reveals that AD patients show a significant reduction in references to objects, places (p < 0.01) and actions (p < 0.05). Scores for semantic units between healthy controls and MCI patients show significant difference only in objects (p < 0.01).



2.4 ML models training

After the acoustic and linguistic features were extracted from the speech data, they were used to train machine learning models. The machine learning classifiers we used include Logistic Regression (Logistic), Random Forest (RF), Support Vector Machines (SVM), Gaussian Naïve Bayesian (GNB), and k-Nearest Neighbors (kNN). The models are summarized in Table 7. For the RF, SVM, and kNN classifier, we applied grid search on the following parameters: for the RF, the number of estimators N; for the SVM, the kernel regularization parameter C; for the kNN, the number of neighbors k. The ML classification was implemented using Python (version 3.9.12) toolbox sklearn (57).



TABLE 7 Summary of machine learning classifiers employed in this study.
[image: Table listing different machine learning models and their configurations. Logistic model uses L2 penalty with regularization rate 1.0. GNB has no additional information. RF uses grid search on N values 3 to 15. SVM employs RBF kernel with gamma “scale” and grid search on C values 0.1 to 2.5. kNN uses uniform weight with grid search on k values 1 to 8.]

We conducted two binary classification tasks: HC vs. AD, HC vs. CI. For each task we trained the machine learning models listed in Table 7 with only acoustic features, only linguistic features, and all the acoustic and linguistic features, and a combination of both acoustic and linguistic features. The purpose is to compare the efficiency of acoustic and linguistic features on cognitive decline detection.

Before the data are fed into the model, we perform z-score normalization: all the values of each feature are subtracted from their mean value and then divided by their standard deviation. We conduct normalization on the features within each gender group to reduce any potential impact of gender imbalance on classification. Normalization increases the stability of the model parameters during training and gives better accuracies.

We used Leave-One-Out method for training and validation: in each loop, one subject’s feature data was hold out, while the rest of the subjects’ feature data were used to train the machine learning model. Then, the trained model was used to predict the label of the held-out sample. The performance of the model was evaluated by the accuracy of predicting all the subjects. The sensitivity and the precision were also computed as TP/(TP + FN) and TP/(TP + FP), respectively, where TP, FN, FP represent the number of true positive, false negative, and false positive samples, as in a typical classification paradigm. The sensitivity was especially important to cognitive screening since it measured the models’ capabilities in detecting cognitive decline. The F1 score was also calculated based on the sensitivity and precision.




3 Results

In the two classification tasks, HC vs. AD classification and HC vs. CI classification, each model was trained on the acoustic feature set, the linguistic feature set, and all features combined. The accuracies are summarized in Table 8. The sensitivity and precision are summarized in Table 9.



TABLE 8 Accuracy of each machine learning model in each classification task on different feature sets (%).
[image: Table comparing machine learning model accuracy for HC versus AD and HC versus CI tasks. Models include Logistic, GNB, RF, SVM, and kNN, tested with Acoustic, Linguistic, and All feature sets. Bold values indicate highest accuracy. For HC vs. AD, SVM achieves 80.77% with all features. For HC vs. CI, RF and SVM both achieve 76.09% with Acoustic features.]



TABLE 9 Sensitivity (in %), and precision (in %), and F1 score of each machine learning model in each classification task on different feature sets.
[image: Table comparing machine learning models (Logistic, GNB, RF, SVM, kNN) for classifications between HC vs. AD and HC vs. CI using Acoustic, Linguistic, and ALL feature sets. Cells show sensitivity, precision, and F1 score, with bold indicating the highest F1 scores: HC vs. AD (SVM: ALL 0.833) and HC vs. CI (SVM: Linguistic 0.885, kNN: ALL 0.870).]

In Table 8, the highest accuracies achieved in each classification task on each feature set are highlighted in bold. It is noteworthy that the SVM model generally outperformed other models across different tasks in terms of accuracy. For instance, in the HC vs. AD task, the SVM achieved the highest accuracy of 76.92% on the linguistic feature set and the highest accuracy of 80.77% on all features combined. In the HC vs. CI task, the SVM achieved the highest accuracy of 80.43% on the linguistic features, shared the highest accuracy of 76.09% with the kNN on the acoustic features and 77.17% on all the features. For each classification task, the models that achieved the highest accuracy on each feature set are summarized in Table 10. Related hyperparameters and the corresponding confusion matrices are displayed.



TABLE 10 Summary of the model that achieves the highest accuracy in each classification task with each feature set, with any relevant hyperparameters in the brackets and the confusion matrix below.
[image: Confusion matrices for classification tasks using different feature sets. The tasks are HC vs. AD and HC vs. CI. Models used include GNB, SVM with varying C values, and kNN. Each matrix compares true values to predicted values, showing counts for each class prediction. The note highlights using the model with the highest F1 score when multiple models share the highest accuracy.]

Additionally, the classification performance varied between different models on the same dataset. For instance, in the HC vs. AD classification, the accuracy on all the features ranged from 73.08% achieved by the GNB to 80.77% achieved by the SVM. In the HC vs. CI classification, the accuracy on all the features ranged from 65.22% achieved by the GNB to 77.17% achieved by the SVM and kNN. This variation in model performance may be attributed to several factors including characteristics of the dataset, inductive biases of the models, and hyperparameters of the models. For instance, the GNB classifier assumes independence between different features and Gaussian distributions, which may not be suitable for our feature data, since we included several similar statistics of the same acoustic feature (e.g., the seven consecutive F0s). This could possibly account for the relatively low accuracies achieved by the GNB. Yet, the SVM has been reported to perform well on small-size and high-dimensional datasets, which are exactly the characteristics of our feature data. It might be suggested that the SVM is a good candidate for cognitive screening based on multiple speech features.

In addition to the cross-model comparison, it is also intriguing to find that the models generally performed better on the linguistic feature set than on the acoustic feature set. For example, in the HC vs. AD task, the kNN achieved a remarkable accuracy of 75.00% on the linguistic features, but only 67.31% on the acoustic features; in the HC vs. CI task, an accuracy of 81.52% on the linguistic features, but only 76.09% on the acoustic features (Table 8). The possible causes for this difference in model performance on different features and its implication will be explored in section 4.



4 Discussion

Although a volume of research has employed acoustic and linguistic features to develop automated speech screening for AD, there seems to be a lack of comparative studies on which type of indicator is more effective, especially in Chinese context. In this study, we compared the effectiveness of acoustic features, linguistic features and their combination on automated speech screening, and developed an automated speech analysis model in Chinese context.

The accuracy achieved with linguistic features is generally higher than acoustic features and their combination for training. The highest accuracy to differentiate HC and AD is 80.77% achieved by SVM based on all the acoustic and linguistic features, while the highest accuracy to differentiate HC and AD or MCI is 80.43% achieved by SVM, using only linguistic features.

The possible reason is that the data we collected are natural speech from daily living environments but not in a studio without noise. Therefore, the values of acoustic features are influenced by background noise while the transcriptions are exact and the linguistic features are not affected. This actually matches our motivation of research. We hope to apply our research framework to cognitive impairment screening among the older adults in communities, where a relatively high ratio of noise in recordings is inevitable. From the comparison between accuracies using acoustic and linguistic features, we also suggest the linguistic feature set as a better marker in cognitive impairment screening in community settings.

Language impairment represent a prominent manifestation of AD. Numerous studies have illustrated that these subtle alternations are often quantifiable even in early phases of the disease (58, 59). Efforts have been undertaken to conduct both quantitative and qualitative investigations into the language capabilities of individuals with AD, encompassing comparative analyses between patients with AD and healthy control cohorts, as well as comparisons among patients at various disease stages. These analyses include a broad spectrum of discourse features across multiple language domains, including semantics, syntax, pragmatics and phonology (60–63).

Through the entire course of the disease, language impairment appears to occur disproportionately, with previous research indicating that deficits in semantics and pragmatics are more prevalent and pronounced compared to syntactic impairments (63). In the stage of MCI, characteristic linguistic changes include longer hesitations, decreased speech rate, and more frequent difficulties in word retrieval during spontaneous speech (27). During the mild AD stage, patients tend to speak more slowly, exhibit longer pauses, and experience increased difficulty in finding the correct words, resulting in speech disfluency or interrupted messages (64). Individuals with AD generally produce shorter texts than those in an MCI group, with less coherent information, more incoherent phrases, and increased occurrence of semantic and graphemic paraphasia (65). In the advanced stages of the disease, the syntactic structures of speech are susceptible to impairment. Disease progression often entails a simplification of syntactic complexity, characterized by the frequent utilization of simple sentences to convey fundamental semantic content. This phenomenon culminates in the production of short, repetitive, and fragmented utterances, potentially culminating in mutism (66). The disproportionate impairments in language functions observed throughout the progression of AD have been acknowledged as having significant clinical implications.

Neuro-psychological assessment tools, such as the Mini-Mental State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA), exhibit high sensitivity and specificity in detecting AD. However, low scores on standard language tests cannot fully reflect actual performance of patients in daily conversations (67), and the application is often limited clinically difficulty in recognizing early symptoms and the clinicians’ insufficient time to assess cognitive impairment (68, 69). Connected speech requires diverse and complicated cognitive functions, making it sensitive to cognitive decline (70). Incorporating AI-based AD and MCI screening algorithms clinically can streamline MCI and AD diagnosis, making the screening and early detection of cognitive decline more efficient and effective, and consequently reduce the overall healthcare utilization and costs.

This theoretical study may provide the possibility of automatic speech analysis and cognitive impairment risk assessment in real-scene application, such as in community screening and on a mobile App. As far as we know, there is few such application in China currently and relevant theoretical study on Chinese speech data is insufficient. Therefore, we believe our project is a pioneering study in this field and would pave the way for further development.

While this study has preliminarily demonstrated the effectiveness of applying machine learning techniques to Chinese AD detection, there are still some limitations. Firstly, the dataset is relatively small from a computational standpoint, which restricts both the ability to train the model with extensive data and the utilization of state-of-the-art deep learning techniques. Despite validating the results through cross-validation, this constraint still imposes limitations on the classifier’s performance.

A second drawback is the limited range of features used in this study. While the 25 acoustic features and 10 linguistic features were shown to produce remarkable classification performance both respectively and altogether, this total number of features is far less than that compared with some cutting-edge research which utilizes tens and even hundreds of features. This may impede the machine learning classifiers from detecting cognitive decline from a more comprehensive perspective. Part of the reason stems from the insufficient development of Chinese algorithms at various linguistic levels. The results may vary when different acoustic and linguistic features are selected, but as far as the results of this study are concerned, the linguistic features play an important role in automated speech screening. It is expected that scholars can use different databases and richer features to validate the results of the study.

Thirdly, as an attempt at developing a Chinese language analysis model, the existing metrics fail to cover all languages levels and linguistic abilities. In the future, we aim to incorporate a broader range of linguistic features across multiple levels and collect more diverse range of language data, particularly data from different pathological stages. Leveraging an augmented dataset, the aim is to advance the precision of binary classification and explore the feasibility of ternary classification.



5 Conclusion

Alzheimer’s disease is one of the most challenging health problems scientists are facing since decades. In this study, we compared which kind of feature set (acoustic set, linguistic set, and their combination) has the best effectiveness on automatic speech screening and developed an automatic speech screening model for Chinese corpus. We extracted acoustic features (pitches, jitter, shimmer, MFCCs, and formants) and linguistic features (part-of-speech, type-token ratio, information words, information units) to train 5 Machine Learning algorithms including Logistic Regression, GNB, RF, SVM, and kNN to automatically detect MCI and AD. We found the accuracy with linguistic features is generally higher than acoustic features and their combination in training, demonstrating the importance of linguistic features in automated speech analysis, especially for date collected in natural living environment. This study also illustrates the applicability of automated speech screening in Chinese. The extensive experimental results show that SVM model achieved better performance in differentiating HC and AD (80.77%) as compared to other ML algorithms, and the highest accuracy to differentiate HC and AD or MCI is 80.43% achieved by RF, based only on linguistic features.
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Background: There is a lack of evidence regarding the effectiveness of empowerment healthy education for caregivers of Alzheimer’s patients.
Objective: To explore the effectiveness of the intervention of health education guided by empowerment theory on dementia knowledge, caregiving readiness, positive caregiving emotions, anxiety, and depression in informal Alzheimer’s disease caregivers.
Design: A single-blinded, randomized controlled trial.
Setting: A teaching hospital in Tianjin, China.
Participants: Eighty caregivers of Alzheimer’s disease patients.
Methods: Participants were recruited from the hospital and randomly assigned to either experimental or control group. The experimental group underwent a 12-weeks, one-to-one intervention of six session lasting 45–60 min each. The control group received conventional health education. Outcome measures included dementia knowledge, caregiver readiness (primary outcomes), positive caregiving emotions, anxiety, and depression (secondary outcomes).
Results: After 12 weeks, the intervention group exhibited significantly higher levels of dementia knowledge, caregiver readiness, and positive caregiving emotions compared with the control group. Furthermore, levels of hospitalization-related anxiety and depression were lower in the intervention group. All study results of this study showed statistically significant differences (p < 0.05).
Discussion: Empowerment theory-based health education appears to be an effective intervention for improving caregiver and readiness to care for caregivers of Alzheimer’s disease individuals. The intervention may help reduce caregivers’ anxiety and depression levels.
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1 Background

Alzheimer’s disease (AD) is highly prevalent among older adults and is characterized by irreversible and progressive symptoms (1). These include cognitive dysfunction, decreased ability to perform daily self-care, and psycho-behavioral symptoms as the manifestations (2). The disease can be classified into different syndromic groups such as amnestic AD, posterior cortical atrophy (PCA), and logogenic variant primary progressive aphasia (lvPPA) (3–5). Currently, the exact pathogenesis of AD remains unclear, making its prevention and treatment challenging (6).

The high incidence of AD and significant burden have become global issues (7). Studies indicate that AD patients require long-term supervision by medical personnel and caregivers, which imposes a heavy burden on society, the healthcare system, and also the patients’ family and caregivers (8). However, due to limited medical resources and substantial economic burdens, most AD patients are cared for at home or within their communities. Consequently, family members often become informal caregivers, experiencing considerable stress and burden (9).

Informal caregivers are defined as non-professional, non-volunteer, non-social workers who live with the patient and provide the majority of caregiving tasks for the longest period. This group includes the patient’s spouse, siblings, children, and other relatives (10–12). Some researchers consider a primary caregiver to be someone who provides care for at least 4 h per day (13). AD patients heavily rely on their caregivers for physical, cognitive, and emotional support, presenting significant challenges for family caregivers in terms of their caregiving abilities and psychological well-being (14).

Several studies report that family members who become caregivers for the first time often feel unprepared and lack the necessary knowledge about the disease to effectively care for the patient (15). These first-time caregivers also lack proper guidance in meeting the physical, cognitive, and emotional needs of AD patients (16–18). They frequently experience fatigue and reduced stamina (19). Additionally, negative emotions such as anxiety and depression are common among informal caregivers due to their generally low level of awareness about Alzheimer’s disease (20–22). Surveys have shown that family caregivers often do not receive adequate medical support, assistance, and caregiving information. This lack of support leads to low levels of caregiving readiness, which in turn, increases the stress and burden on caregivers (23). Inadequate preparation and insufficient disease-related knowledge also raise the risk of rehospitalization due improper caregiving behaviors (24, 25). Furthermore, the health and living conditions of family caregivers directly impact the quality of life and prognosis of patients with dementia (26).

Given this context, it is crucial for healthcare professionals to actively promote primary caregiver preparedness and disease-related knowledge to improve health outcomes of both AD patients and their informal caregivers. Research reported that empowerment education could be an effective method. Inspired by Paulo Freire, Empowerment education is a unique approach that promotes active participation and control among learners, aiming to shift power dynamics and enhance individuals’ capacity to act on their own behalf. This contrasts with conventional education interventions, which focus on addressing specific learning gaps or behavioral issues through targeted and structured teaching methods. While empowerment education fosters self-efficacy and collaborative learning, other interventions often employ individualized instruction to meet specific needs such as behavioral modifications or social and emotional skill enhancement (27, 28). In nursing, empowerment education differs from conventional health education must fulfill the following four conditions (29): (i) Effective communication between medical professionals and participants (30); (ii) Care measures tailored to individual needs, conditions, and expectations of the empowered person (30); (iii) Acquisition of the necessary knowledge base for caregiving, improvement in caregiving and problem-solving skills, and increased confidence; and (iv) Active participation as the core of empowerment enabling caregivers to improve their abilities and beliefs in caregiving through the intervention process (31). Literature reviews reveal that empowerment education has been widely applied to various contexts including glycemic control behaviors in patients with prediabetes (32), interventions in young and middle-aged cardiac patients (33), cancer patients (34), subsequent pregnancies after cesarean sections (35), caregivers of children with precocious heart disease (36), and individuals diagnosed with Alzheimer’s disease (37). However, there is still a lack of studies on interventions for informal caregivers of AD patients. This study aims to investigate the role of empowerment education for informal caregivers of patients with amnestic Alzheimer’s disease. It examines the effects on caregivers’ knowledge of dementia, caregiving readiness, positive feelings, and negative emotions.



2 Methods


2.1 Study design

This study, conducted from April 2021 to February 2022 was a prospective, single-blinded, parallel-group, randomized controlled trial. The intervention group received 12 weeks of empowerment health education along with usual care, while the control group received only usual care. Outcomes were measured in three points: before the intervention (baseline, T0), at the first follow-up (4 weeks after intervention, T1), and at the second follow-up (12 weeks, T2).



2.2 Participant recruitment

The study site was conducted at a memory disorders clinic of a tertiary care hospital in Tianjin, China. Participants were family caregivers of people with dementia, selected based on specific inclusion and exclusion criteria. The inclusion criteria: (a) 18 years or older; (b) Family caregiver of an individual with a confirmed medical diagnosis of dementia who has been residing in the community; and (c) Providing care for at least 3 months, with the family caregiver defined as an unpaid individual who has a significant personal relationship with the person with dementia. Exclusion criteria: (a) History of mental disorders; (b) Presence of serious or chronic diseases such as cancer or cardiovascular disease; and (c) Participation in any empowering intervention, cognitive therapy, or structured psychosocial intervention within the 6 months prior to recruitment. After applying these criteria, a research assistant explained the study’s purpose, procedure, potential benefits, and possible risks to the participants. Those who agreed to participate signed an informed consent form.



2.3 Randomization

The informal caregivers were randomly assigned to two groups using a computerized random number method. Each participant was assigned a number from 1 to 80 and then randomly divided into two groups labeled with 1 or 2 using SSPS 21.0. In this study, group 1 was the intervention group, while group 2 was the control group. To avoid contamination, the intervention and control groups were scheduled at different times.



2.4 Blinding

Blinding of the participants and the nursing researcher (QW) who delivered the intervention was not possible due to the nature of the intervention. However, the research assistant, who collected all outcome data was blinded to the group allocations.



2.5 Sample size

The sample size calculation used the formula for comparing the means of two independent samples (38), where [image: The Greek letter sigma, represented in its lowercase form.] represents the standard deviation and [image: Lowercase Greek letter delta, represented by the symbol δ.] represents the mean difference. In this case, [image: Lowercase Greek letter sigma.] = 5.66 and [image: The equation \(\delta = 6.41\) is displayed, with the Greek letter delta on the left side and the numerical value six point four one on the right side.]. [image: \( Z_{\alpha} = 1.96 \)] and [image: \( Z_{\beta} = 1.64 \)] were determined based on related research by Wang et al. (39), which used the same dementia knowledge level scale to evaluate the primary outcomes. Substituting these parameters into the sample size calculation formula, the estimated sample size was 66 participants (33 per group). Accounting for the natural attrition rate of 20% (40), the study ultimately recruited a total of 80 patients (40 per group).



2.6 Interventions

Two different health education approaches were applied to the control group and intervention group, respectively. The control group received conventional health education on dementia care, which focuses on treating the patient’s disease, with healthcare providers taking the lead and patients passively complying with treatments. This model aims to increase patient compliance through active disease management by healthcare workers.

In contrast, the intervention group received dementia care based on empowerment theory and self-management principles. This approach emphasizes the patient’s internal experiences as a form of psychological empowerment, involving mutual participation and equal authority between patients and healthcare providers. It aims to promote behavioral changes by encouraging patients to actively engage in health decision-making and by enhancing their self-management abilities. The comparison between conventional and empowerment education is summarized in Table 1.



TABLE 1 Comparison between education applied in each group.
[image: Comparison table outlining differences between control and intervention groups in healthcare. Control group focuses on treating diseases, healthcare providers as primary leaders, participant passive compliance, and active disease management by workers. Intervention group emphasizes psychological empowerment, equal participant roles, active engagement, and enhancing self-management abilities.]


2.6.1 Control group (conventional health education on dementia care)

The control group received conventional health education, which covered topics such as AD symptoms, daily dietary guidance, sleep guidance, exercise guidance, medication guidance, home-safety guidance, outpatient medication guidance, and follow-up schedules. This program was delivered by a nurse with 3 years of work experience in dementia care. After the initial education session, participants received regular follow-ups via phone call or WeChat every 2 weeks, with each session lasting 20–30 min. To ensure consistent support, all participants were also provided with free real-time (24-h support) guidance and Q&A.



2.6.2 Intervention group (empowerment education on dementia care)

The intervention group participated in a 12-week, one-to-one program comprising six sessions lasting 45–60 min each. The program focused on empowerment education and covered six key themes: (1) Lifestyle empowerment; (2) Emotion management; (3) memory cognitive training methods for AD patients; (4) home safety; (5) Medication management; and (6) Social support empowerment. The intervention details are illustrated in Figures 1, 2 and Table 2.

[image: Cycle diagram detailing a caregiving process with five steps: Identify the Problem, Expressing Emotions, Goals Setting, Plan Development, and Evaluation Effectiveness. The core focuses on primary caregiver involvement, enhancing caregiving capacity and confidence. Detailed actions accompany each step, including identifying issues, expressing emotions, setting realistic goals, collaborative planning, and evaluating results.]

FIGURE 1
 Empowering education implementation flow chart.


[image: Table with two columns: "Empowerment themes" and "Contents". Themes include Lifestyle, Emotional management, Memory and cognitive training, Home safety, Medication, and Social support. Each theme focuses on aiding family members to assist patients, covering daily care, emotional management, memory development, home safety, medication, and social support.]

FIGURE 2
 Empowerment healthy education program.




TABLE 2 Details of empowerment healthy education.
[image: Table outlining caregiver support themes for Alzheimer's patients, covering Lifestyle, Emotional Management, Memory and Cognitive Training, Home Safety, Medication, and Social Support. Each theme includes content on establishing problems, expressing emotions, setting goals, developing plans, and evaluating effectiveness. Durations range from thirty to sixty minutes, implemented by researchers, psychological consultants, clinicians, nurses, and doctors.]

Delivery of the program involved a combination of group sessions, individual counseling, and the provision of a health manual. Additionally, a WeChat group was created to offer free real-time guidance and Q&A available 24 h a day to all participants. Follow-up visits were conducted every 2 weeks via WeChat or telephone to assess participants’ understanding of the health education material and to address caregivers’ emotions while reinforcing caregiving beliefs.

To ensure standardized delivery empowering health education, the intervention program was reviewed by an expert panel comprising dementia specialists, nurses with over 3 years of experience in dementia care, and psychological counselors. The researchers who provided the empowering health education had undergone relevant training.




2.7 Measurements

The primary outcome measures included the knowledge level of dementia, assessed using the Dementia Knowledge Assessment Scale (DKAS), and caregiver readiness, measured by the Caregiver Preparedness Scale (CPS). Additionally, secondary outcomes comprised psychological evaluations using the Hospital Anxiety and Depression Scale (HADS) and Positive Aspects of Caregiving (PAC).

The DKAS, developed by Australian academic Annear et al. (41) in 2015, is suitable for assessing health service workers or family caregivers lacking formal dementia training. It comprises four subscales with 25 items covering dementia etiology, characteristics, communication and behavior, caregiving considerations, risks, and health promotion. Each item offers five response options of “correct, probably correct, incorrect, probably incorrect, unknown,” scored from 0 to 2, with higher scores indicating better caregiver knowledge. The Cronbach’s alpha coefficient is 0.818.

The CPS, developed by Archbold et al. (42), assesses the readiness of informal caregivers using a 5-point Likert scale ranging from 0 to 4 indicating “not at all ready to fully ready.” Higher scores indicate better readiness for care. The Cronbach’s α coefficient was 0.925.

The PAC scale was developed by Tarlow et al. measures caregivers’ positive feelings (43), using nine items across two dimensions: self-affirmation and outlook on life. Each item is rated on a 5-point Likert scale, ranging from 1 to 5 on a scale from “strongly disagree” to “strongly agree,” with a total of 45 points. Higher total scores reflect a more positive perception of caregiving. The Cronbach’s α coefficient was 0.903.

The HADS, developed by Zigmond et al. (44), assesses anxiety and depression through two dimensions, HA and HD, each comprising seven items. Items are scored from 0 to 3 points, with higher scores indicating more severe symptoms. The Cronbach’s alpha coefficients of HA and HD dimensions were 0.834 and 0.810, respectively.



2.8 Ethical approval and study registration

Ethical approval for this study was obtained from the ethics committee of The First Central Hospital of Tianjin (ethics number: 2021N166KY). The trial was registered under the Chinese Clinical Trial Registry, ChiCTR (ChiCT2300071777). Due to processing time, the registration was completed after the recruitment of the first participant.



2.9 Increase adherence to the intervention

To increase participant engagement and reduce dropout rates during the study, the following measures were implemented:

	1. Establishing a good relationship with participants to gain trust and support.
	2. Creating a WeChat group, where the researcher could provide free assistance with difficulties and emergencies encountered during the caregiving process.
	3. Preventing participant dropout due to fatigue.
	4. Providing gifts after completing the questionnaire everyone each intervention day. The type and number of gifts were consistent for all participants to eliminate any influence on the outcomes (e.g., pill cutters, small pill boxes).



2.10 Statistical analysis

Data were entered, managed, and analyzed using IBM SPSS Statistics version 21.0. General data for both groups were expressed as percentages (%), while measurement data were presented as mean ± standard deviation. Normality tests were conducted before data comparison and analysis. Independent samples t-tests were used to investigate DKAS, CPS, PAC, and HADS scores for the intervention and control groups at three time points: pre-intervention (T0), 4 weeks post-intervention (T1), and 12 weeks post-intervention (T2). Chi-square tests were employed to assess balance in count data, and repeated measures ANOVA was used to analyze changes in indicators between the control and intervention groups over time.




3 Results


3.1 Characteristics of the participants

One hundred and twenty family caregivers expressed interest in participating in this study. Of these, 96 met the sample selection criteria and 80 agreed to participate in the study. The CONSORT flowchart is shown in Figure 3. The demographic of the family caregivers is summarized in Table 3. Most participants were female (60%), with a mean age of 56.97 (S.D. = 13.97) years. The majority were children of patients with dementia (47.5%), and provided care for more than 12 h per day (63.7%). There were no statistically significant differences in baseline data between the two groups (p > 0.05).

[image: Flowchart depicting a study process. Initially, 120 participants were assessed for eligibility; 40 were excluded due to various reasons. Eighty participants completed the baseline assessment and were randomized into two groups: 40 in the empowerment healthy education group and 40 in the normal education group. Both groups had complete participation at one-month and three-month follow-ups, with all participants analyzed.]

FIGURE 3
 Consort flow chart. Changes in primary and secondary outcomes.




TABLE 3 Characteristics of the participants.
[image: A table presents demographic and caregiving statistics comparing intervention and control groups. Categories include gender, age, relationship, income, education, employment status, duration of care, self-awareness of physical condition, and financial stress. Percentage distributions are shown for each category, with statistical measures such as mean, standard deviation, t or chi-squared tests, and p-values displayed for group comparisons. Categories like gender, relationship, and education show percentage breakdowns, while age presents a mean with standard deviation. Statistical significance is not detected as all p-values are above 0.05. Annotations specify group labels: IG (Intervention Group) and CG (Control Group).]



3.2 Baseline comparison

An independent samples t-test was used to analyze dementia knowledge, caregiver readiness, self-affirmation, life outlook, anxiety, depression in the two groups before the intervention. The results shown in Table 4, indicate no statistically significant differences between the two groups (p > 0.05), demonstrating that the groups were comparable.



TABLE 4 Pre-intervention baseline comparisons ([image: The mathematical expression "x plus or minus s".]).
[image: Table comparing Intervention Group (IG) and Control Group (CG) scores for various instruments: DKAS, CPS, Self-affirmation, Life outlook, HA, and HD. Means and standard deviations are provided for each group, along with t-values and p-values. Notable differences are highlighted in DKAS and HD measurements.]



3.3 Changes in primary outcomes, dementia knowledge

The results indicated that dementia knowledge scores of caregivers in the intervention group (IG) significantly increased compared to the control group (CG) after 4 weeks and 12 weeks (p < 0.05). Specifically, IG scores rose from approximately 25 at T0 to 35 at T1 and 45 at T2, marking an 80% increase over 12 weeks. In contrast, CG scores showed minimal changes from about 24 at T0 to 25 at T1 and 26 at T2, representing only an 8.3% increase. The main effect of the grouping factor was statistically significant (F = 78.643, p < 0.001), as was the main effect of the time factor (F = 125.216, p < 0.001). The significant interaction effect between the time factor and the grouping factor (F = 80.609, p < 0.001) suggests differential changes over time between the groups (Table 5). As illustrated in Figure 4A, the trend of increasing dementia knowledge scores was significantly more pronounced in the IG, underscoring the intervention’s effectiveness.

[image: Line graphs depicting changes over time in six areas: A) Dementia knowledge, B) Care preparedness, C) Self-affirmation, D) Life outlook, E) Anxiety, F) Depression. Each graph compares two groups, CG and IG, with IG showing improvement or decline, while CG remains stable. Time points are T0, T1, and T2, and data points include error bars.]

FIGURE 4
 Changes in primary and secondary outcomes.




TABLE 5 Data analysis on study outcomes and effect sizes (Between groups).
[image: A table comparing the results of an Intervention Group (IG) and Control Group (CG), each with 40 participants, across several instruments. Measurements include mean and standard deviation at pre, post, and follow-up times for DKAS, CPS, Self-affirmation, Life outlook, HA, and HD. Also shown are 95% confidence intervals, Mann-Whitney U test results with t-values, p-values, effect sizes, and repeat measurement analysis including time, group, and interaction effects. Statistical significance is consistently highlighted with p-values less than 0.05.]



3.4 Changes in primary outcomes, care readiness

At 4 weeks and 12 weeks post-intervention, caregiver preparedness in the IG significantly increased compared to the CG (p < 0.05). IG scores improved from about 20 at T0 to 25 at T1 and 30 at T2, reflecting a 50% increase over 12 weeks. In contrast, CG scores exhibited only slight changes from around 21 at T0 to 22 at T1 and 23 at T2, indicating a 9.5% increase. The main effect of the grouping factor was statistically significant (F = 9.357, p < 0.05), as was the main effect of the time factor (F = 95.842, p < 0.001). The significant interaction effect between the time factor and the grouping factor (F = 39.390, p < 0.001) demonstrates differing trends over time between the groups (Table 5). Figure 4B shows a notable upward trend in caregiving preparedness scores in the IG, highlighting the substantial impact of the intervention.



3.5 Changes in secondary outcomes, self-affirmation

Self-affirmation scores in the IG significantly increased at 4 weeks and 12 weeks post-intervention compared to the CG (p < 0.05). IG scores rose from approximately 15 at T0 to 18 at T1 and 21 at T2, indicating a 40% increase. In contrast, CG scores remained relatively stable, changing from around 16 at T0 to 16.5 at T1 and 17 at T2, representing a 6.3% increase. The main effect of the grouping factor was statistically significant (F = 33.355, p < 0.001), as was the main effect of the time factor (F = 39.477, p < 0.001). The significant interaction effect between the time factor and the grouping factor (F = 21.549, p < 0.001) underscores the differing trends over time between the groups (Table 5). Figure 4C demonstrates a significant upward trend in self-affirmation scores in the IG, reinforcing the intervention’s efficacy.



3.6 Changes in secondary outcomes, life outlook

Life outlook scores in the IG significantly improved at 4 weeks and 12 weeks post-intervention compared to the CG (p < 0.05). IG scores increased from about 13 at T0 to 17 at T1 and 20 at T2, representing a 53.8% increase. Meanwhile, CG scores showed a modest increase from around 13.5 at T0 to 14 at T1 and 15 at T2, an 11.1% increase. The main effect of the grouping factor was statistically significant (F = 5.667, p < 0.05), and the main effect of the time factor was highly significant (F = 67.998, p < 0.001). The significant interaction effect between the time factor and the grouping factor (F = 27.411, p < 0.001) indicates differing trends over time between the groups (Table 5). Figure 4D clearly illustrates the more significant upward trend in life outlook scores in the IG, validating the intervention’s positive impact.



3.7 Changes in secondary outcomes, anxiety

Anxiety scores in the IG significantly decreased compared to the CG (p < 0.05). IG scores dropped from about 6.5 at T0 to 4 at T1 and 2 at T2, marking a 69.2% reduction. In contrast, CG scores remained relatively stable, changing from around 5.5 at T0 to 5 at T1 and 4.5 at T2, representing an 18.2% reduction. The main effect of the grouping factor was statistically significant (F = 4.081, p < 0.05), as was the main effect of the time factor (F = 95.199, p < 0.001). The significant interaction effect between the time factor and the grouping factor (F = 49.981, p < 0.001) highlights the differing changes over time between the groups (Table 5). Figure 4E shows a significant downward trend in anxiety scores in the IG, demonstrating the intervention’s effectiveness in reducing anxiety.



3.8 Changes in secondary outcomes, depression

Depression scores in the IG significantly decreased compared to the CG (p < 0.05). IG scores declined from about 6.5 at T0 to 4 at T1 and 2 at T2, indicating a 69.2% reduction. Conversely, CG scores changed from around 6.5 at T0 to 6 at T1 and 5.5 at T2, representing a 15.4% reduction. The main effect of the grouping factor was statistically significant (F = 4.310, p < 0.05), as was the main effect of the time factor (F = 31.950, p < 0.001). The significant interaction effect of time and grouping (F = 22.058, p < 0.001) indicates differing trends over time between the groups (Table 5). Figure 4F highlights the more pronounced downward trend in depression scores in the IG, further supporting the intervention’s substantial impact.



3.9 Adverse events

No study-related adverse events were reported in either the cognitive training or active control groups.




4 Discussion

This trial investigated the impact and effectiveness of an empowerment theory-based approach to health education in improving dementia knowledge, caregiver readiness, positive aspects of care, and reducing anxiety and depression among dementia caregivers. The summarized results indicate that health education based on empowerment theory is highly effective. Through this approach, caregivers significantly enhanced their caregiving competencies and beliefs, enabling them to cope with the challenges associated with Alzheimer’s disease and to adapt more effectively to care needs at both individual and family levels.

Regarding the primary outcomes, we found that empowerment theory-based health education led to a significant improvement in dementia knowledge, as measured by the DKAS and caregiver preparedness as measured by the CPS, compared with those in the control group. The results highlight that the knowledge of Alzheimer’s disease among informal caregivers in China is low, with caregivers expressing an urgent need for specialized health education from medical professionals to enhance their understanding of the disease (45).

Due to medical and economic constraints, most Alzheimer’s disease patients in China are cared for at home by family members. As the disease progresses, patients experience a gradual decline in cognition and self-care abilities, making family caregivers crucial for their survival. Therefore, it is essential for these caregivers to be well-versed Alzheimer’s disease-related knowledge. Similar studies on family caregivers of children with heart disease (36) have shown that empowerment interventions improve caregivers’ predisposition and readiness. This finding was corroborated in our study.

Empowerment education facilitates effective interactions with caregivers. Notably, even the control group, which received conventional health education, showed improvements in dementia knowledge and caregiver preparedness during the follow-up periods, although these improvements were less significant.

Caregiving readiness refers to the preparedness of caregivers to meet all aspects of the care recipient’s needs and emergencies, impacting both the quality of care and the caregiver quality of life (42). Empowerment helps caregivers recognize current situations and potential needs, improve their negative emotions, enhance their ability to make autonomous decisions, solve problems, and improve interpersonal communication skills. In short, empowerment stimulates caregiver’s potential, fostering a sense of self-efficacy and control over their lives (36). This readiness is crucial to the quality of life and disease prognosis of patients.

According to the theory of empowerment, health education plays a crucial role in caregivers of AD patients. Caregivers require cognitive knowledge to effectively address challenges and difficulties in caregiving. Through effective interaction and empowering education caregivers are encouraged to express their concerns and difficulties. We offer understandable teachings on AD management using various intervention methods. Caregivers with higher educational levels tend to be more receptive and willing to learn new knowledge. Using online lectures, free consultations, and Q&A sessions helps enhance knowledge and confidence among caregivers.

Empowering education equips caregivers with essential Alzheimer’s disease-related knowledge and caregiving skills, ultimately improving their satisfaction with the care they provide. By encouraging caregivers to identify and express issues during caregiving, empowering health education enables them to set care goals, develop improvement plans, and implement effective solutions. Regular evaluations reinforce positive impacts and enhance self-confidence. This theory-based intervention strengthens caregivers’ understanding of Alzheimer’s disease-related diseases, emotional management, and caregiving skills, thereby enhancing their overall preparedness. Researchers communicate with equality and respect, fostering trust and openness with caregivers. As caregivers express their anxieties, relationships improve, and they are more likely to seek support, leading to a reduction in caregiving stress. Therefore, theory-based empowering health education significantly improves caregivers’ preparedness for proving care to AD patients.

For secondary outcomes, our findings indicate that empowerment theory-based health education demonstrates significant effectiveness in improving self-affirmation and life outlook, as measured by the PAC, as well as reducing anxiety and depression, measured by the HADS, compared with those in the control group. This trend aligns with the primary outcomes of dementia knowledge and caregiver preparedness.

Firstly, empowerment-based health education enables caregivers to enhance their self-recognition and self-confidence by providing relevant knowledge and skills. The study results reveal that the intervention group exhibited significantly higher self-affirmation scores than the control group, indicating that empowerment theory-based health education intervention can improve caregivers’ self-affirmation levels. This underscores the importance of providing accessible and understandable information, as along with continuous learning and training, to effectively help caregivers comprehend relevant AD knowledge, thereby enhancing their caregiving abilities and the quality of care they provide.

Secondly, empowerment-based health education positively influences caregivers’ life outlook levels by using various intervention methods, fostering an optimistic attitude toward their future lives. The results suggest that this approach can significantly improve caregivers’ outlook on life and empower them to establish cognitive awareness and a sense of control over the disease, which align with a previous study (46). Among these, anxiety, characterized by constant tension, worry, apprehension, and uneasiness about potential adverse consequences or ambiguous threats (47), is particularly prevalent among caregivers of AD patients who often face physical and psychological burdens, sometimes leading to mood disorders such as anxiety and depression. As mentioned earlier, the psychological well-being of family caregivers plays a crucial role in both the quality of life of patients and disease progression (24, 25).

Research has demonstrated that family caregivers who lack understanding of patient treatment and prognosis, struggle to anticipate disease progression and lose confidence in recovery are susceptible to negative emotions such as anxiety and depression (48). Additionally, when family caregivers lack robust social support, their caregiving burden significantly intensifies. Empowerment-based health education aims to actively listen and support caregivers’ emotional needs, offer professional knowledge and caregiving skills training, and establish effective social support networks. These interventions effectively alleviate caregivers’ psychological stress and enhance their mental well-being.

Empowerment education is particularly useful because it addresses the psychological and emotional needs of caregivers, providing them with sustainable skills to manage ongoing caregiving challenges. Unlike conventional approach that may offer static information, empowerment education promotes continuous growth and adaptability, which are essential for long-term caregiving success. Future research should focus on integrating digital tools to provide flexible learning options, conducting long-term studies to evaluate sustained impacts, and adapting materials for diverse cultural contexts. By emphasizing the unique benefits of empowerment education and addressing these challenges, we aim to support and empower caregivers, ultimately improving the quality of care for people with dementia.

This study offers valuable insights into developing a health promotion model for family caregivers of AD patients. The findings underscore the significance of adopting of an empowerment-based approach to health education, which empowers family caregivers within health promotion frameworks. Given that family caregivers constitute the immediate social environment for AD patients, prioritizing the health of family caregivers becomes crucial. Both researchers and society should actively engage in monitoring the health status of caregivers and provide relevant medical services and support to effectively address their caregiving needs. Moreover, specialized caregiver programs tailored to specific conditions will be essential, particularly for other types of AD such as PCA and lvPPA. These variants, often caused by underlying AD pathology, present unique challenges characterized by cortical visual and/or linguistic impairments, with relatively spared memory function. As such tailored support programs are essential to address the distinct needs of caregivers facing these challenges (49).


4.1 Limitations

Several limitations need to be acknowledged in this study. Firstly, the research was conducted at a single hospital in Tianjin, which may restrict its applicability to other settings or populations with diverse cultural backgrounds or healthcare systems. The prevalence of media usage, particularly WeChat in Chian, could have significantly influenced our results. However, this prevalence may vary in other regions, necessitating consideration of media prevalence in future studies. Secondly, although we used validated scales to measure various aspects of caregiving outcomes, self-report measures are susceptible to social desirability bias or recall bias. Thirdly, we did not assess the long-term effects of the intervention beyond the 12-week follow-up period. Lastly, this is a single-blind study, and non-blinded interventionists may have influenced the results. We recommend that future research investigate the sustainability of intervention effects over an extended period.




5 Conclusion

In conclusion, healthy education grounded in empowerment theory significantly improved caregivers’ understanding of dementia, their readiness for caregiving, their positive outlook for caregiving, and reduced their levels of anxiety and depression when caring for AD patients. It is imperative for medical professionals to continuously update their knowledge to cater to the diverse needs of AD caregivers, with follow-up support extended as necessary. Early diagnosis and intervention are vital in slowing disease progression, lessening the burden on family caregivers, and ultimately improving the quality of life of both patients and caregivers.
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Objectives: This review aims to summarize the common physiological mechanisms associated with both mild cognitive impairment (MCI) and musculoskeletal aging while also examining the relevant literature on how exercise regulation influences the levels of shared myokines in these conditions.Methods: The literature search was conducted via databases such as PubMed (including MEDLINE), EMBASE, and the Cochrane Library of Systematic Reviews. The searches were limited to full-text articles published in English, with the most recent search conducted on 16 July 2024. The inclusion criteria for this review focused on the role of exercise and myokines in delaying musculoskeletal aging and enhancing cognitive health. The Newcastle‒Ottawa Scale (NOS) was utilized to assess the quality of nonrandomized studies, and only those studies with moderate to high quality scores, as per these criteria, were included in the final analysis. Data analysis was performed through narrative synthesis.Results: The primary outcome of this study was the evaluation of myokine expression, which included IL-6, IGF-1, BDNF, CTSB, irisin, and LIF. A total of 16 studies involving 633 older adults met the inclusion criteria. The current exercise modalities utilized in these studies primarily consisted of resistance training and moderate-to high-intensity cardiovascular exercise. The types of interventions included treadmill training, elastic band training, aquatic training, and Nordic walking training. The results indicated that both cardiovascular exercise and resistance exercise could delay musculoskeletal aging and enhance the cognitive functions of the brain. Additionally, different types and intensities of exercise exhibited varying effects on myokine expression.Conclusion: Current evidence suggests that exercise mediates the secretion of specific myokines, including IL-6, IGF-1, BDNF, CTSB, irisin, and LIF, which establish self-regulatory circuits between the brain and muscle. This interaction enhances cognitive function in the brain and improves skeletal muscle function. Future research should focus on elucidating the exact mechanisms that govern the release of myokines, the correlation between the intensity of exercise and the secretion of these myokines, and the distinct processes by which myokines influence the interaction between muscle and the brain.Keywords: exercise, musculoskeletal aging, mild cognitive impairment, Alzheimer’s disease, myokines, muscle-brain loop
1 INTRODUCTION
With a global increase in life expectancy, sarcopenia, cognitive impairment, frailty, and age-related anorexia, have become prominent issues in geriatric care (Morley, 2017b). A previous study reported that the global prevalence of dementia is expected to double every 20 years, potentially reaching 131.5 million patients by 2050 (Prince et al., 2015). A significant majority (60%–80%) of dementia cases comprise individuals with Alzheimer’s disease (AD), a neurodegenerative disorder. Mild cognitive impairment (MCI), on the other hand, serves as a transitional stage between mild dementia and normal aging, and often precedes the onset of AD (Grundman et al., 2004). Unlike the typical cognitive changes associated with aging, MCI often involves a decline in cognitive abilities, such as memory loss and learning difficulties, but does not meet the criteria for dementia. However, over 50% of individuals with MCI often progress to AD or other forms of dementia within 4–6 years (Hansson et al., 2006).
Sarcopenia and cognition, both of which are linked to aging, are also closely associated with each other and are crucial areas of ongoing research. Components of sarcopenia, such as gait speed and muscle strength, have been linked to cognitive impairment. Buchman et al. reported a 9% increase in the risk of AD for every 1-lb annual decrease in grip strength (Buchman et al., 2007). Additionally, gait speed is also a well-established predictor of dementia, especially in individuals with underlying cognitive impairment (Montero-Odasso et al., 2020). The EWGSOP2 criteria for muscle mass and gait speed correlate with a higher risk of mortality, indicating that a decrease in muscle mass or function is linked to an elevated risk of death (Cruz-Jentoft et al., 2019). Therefore, sarcopenia may lead to a strong bidirectional association between muscular dysfunction, diminished gait speed, and cognitive decline, which is often referred to as the muscle-brain loop.
Multiple studies have highlighted the importance of regular exercise in preventing and managing metabolic disorders, such as obesity, type 2 diabetes, and sarcopenia (Booth et al., 2012). Physical activity has also been linked to improved cognitive function and a reduced risk of neurodegenerative diseases (Tyndall et al., 2018). With chronic exposure to exercise, the body undergoes a series of adaptations to meet increased demands. This can involve changes in muscle strength, cardiovascular capacity, and metabolic efficiency, among other factors. The allostasis-interoception model posits that the brain plays a key role in predicting and meeting physiological needs resulting from regular exercise. By constantly monitoring internal conditions, the brain can adjust the body’s systems to maintain optimal function (Bobba-Alves et al., 2022). Regular physical activity plays a crucial role in maintaining the body’s ability to effectively anticipate and respond to stressors. Conversely, a sedentary lifestyle can disrupt this ability, leading to a decline in overall health and an increased risk of chronic conditions. Studies have indicated that sedentary behavior and a lack of physical activity are risk factors for sarcopenia in individuals with MCI and AD (Sugimoto et al., 2016), and consistent exercise or physical training can lead to various physiological changes that enhance skeletal muscle size and strength, ultimately aiding in counteracting the negative effects of sarcopenia in older adults. Despite these findings, a complete understanding of the molecular mechanisms involved is lacking.
A noteworthy contribution to this field is the concept of myokines (cytokines produced by muscles) by Pedersen and colleagues (Pedersen et al., 2003). Subsequently, Safdar and his team introduced the concept of exerkines, which include myokines as well as other compounds, such as metabolites, extracellular vesicles, and nucleic acids that are released during muscle contraction, all of which together form the myometabokiome (Safdar et al., 2016). The interactions among myokines, which are transported to various organs through the circulatory system, present a promising area of research as it may potentially offer insights into their access to the central nervous system (CNS). Therefore, in this research, we examined the molecular mechanisms underlying the role of exercise-regulated myokines in musculoskeletal aging and MCI, to provide new insights and identify therapeutic targets for the treatment of aging-associated skeletal muscle atrophy and MCI.
2 METHODS
2.1 Search strategy and selection criteria
This review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines (Page et al., 2021). The literature search was carried out across various databases, such as PubMed (including MEDLINE), EMBASE, and the Cochrane Library of Systematic Reviews. The search was restricted to full-text articles published in English, with the most recent search conducted on 16 July 2024. The search terms used were “physical activity,” “physical exercise,” “exercise,” “sport,” “myokine,” “musculoskeletal aging,” “sarcopenia,” “aging-associated skeletal muscle atrophy,” “mild cognitive impairment,” “cognition,” and “Alzheimer’s disease”. Sixteen articles meeting the inclusion criteria were included after a thorough review process. The flowchart detailing the literature screening process can be found in Figure 1. Furthermore, a manual search of reference lists from review papers and articles in the final review was carried out. Three independent reviewers assessed papers for inclusion at three stages: title assessment, abstract assessment, and full paper assessment.
[image: Flowchart illustrating the identification of new studies via databases, following three stages: Identification, Screening, and Inclusion. In the Identification stage, 2,366 records identified from Cochrane, Embase, and PubMed are reduced by 312 due to duplicates. In the Screening stage, 247 records are excluded for not being in English, and 487 records are not retrieved due to previous screening. In the Eligibility assessment, 1,632 reports are further reduced, excluding non-relevant topics and unspecified data, culminating in 16 reports included in the review.]FIGURE 1 | The flowchart of this review.
2.2 Selection criteria
The inclusion criteria for the studies focused on the role of exercise and myokines in delaying musculoskeletal aging and improving cognitive health. Studies had to be published in English language peer-reviewed journals and could include original research, randomized controlled trials, observational studies, cohort studies, and case‒control studies conducted on human subjects. The intervention had to involve exercise as the primary stimulus for myokine release, with reported quantitative outcomes related to musculoskeletal aging (e.g., muscle mass, strength, exercise performance) and/or mild cognitive impairment (e.g., cognitive function, memory). Attempts were made to contact the authors for additional information when possible. The exclusion criteria included animal and in vitro studies, as well as reviews; studies not directly focusing on the effects of exercise and myokines on musculoskeletal aging or cognitive health; studies with incomplete or unclear outcome reporting; and non-English language publications. Two reviewers independently screened titles, abstracts, and full texts of the articles for inclusion, with a third reviewer providing input in cases of disagreement.
2.3 Data extraction
Data extraction was performed systematically by two independent reviewers via a standardized data extraction form. The following information was extracted from each study: author(s) and publication year; study design (RCT, observational, cohort, case‒control); sample size and participant characteristics; exercise intervention details (type, intensity, duration, frequency); measured outcomes related to musculoskeletal aging and mild cognitive impairment; statistical methods used for analysis; and key findings and conclusions. Any discrepancies in data extraction were resolved through discussion between the reviewers or by consulting a third reviewer.
2.4 Quality assessment
The Newcastle‒Ottawa Scale (NOS) was utilized to evaluate the quality of nonrandomized studies (observational, cohort, case‒control) in three domains: selection of study groups, comparability of groups, and ascertainment of the outcome of interest. Only studies with moderate to high quality scores, as determined by these criteria, were included in the final analysis.
2.5 Data analysis
Data analysis was conducted via narrative synthesis. The narrative synthesis involved summarizing the findings of each study and identifying common themes and patterns across studies. The results of the review were presented in a nonstructured format, including the main advancements in this topic.
3 RESULT
3.1 Study characteristics
The section detailing the study characteristics highlights the essential components of the systematic review methodology and the studies included, in accordance with PRISMA guidelines. Illustrated in Figure 1, the flowchart demonstrates the meticulous selection procedure employed to identify and screen relevant studies. This review incorporated a comprehensive search strategy designed to encompass all pertinent investigations assessing the potential of exercise to leverage myokines for delaying musculoskeletal aging and enhancing cognitive health. The search spanned several electronic databases without restrictions regarding publication dates or languages, thereby ensuring a diverse and up-to-date array of evidence. Musculoskeletal aging is defined as a process characterized by a reduction in skeletal muscle mass and functionality, typically resulting from the natural aging process and a decline in physical activity levels.
In addition, the studies included in this review had different designs, including randomized controlled trials (RCTs), observational studies, cohort studies, and case-control studies. To ensure the robustness of study results, NOS rigorously evaluates the study quality of non-randomized studies. Specifically, NOS is used to assess study group selection and comparability between groups and to identify exposures or outcomes in cohort and case-control studies. It is worth noting that the NOS score of all studies was 7 out of 9, indicating that the included retrospective cohort studies had acceptable bias. Furthermore, most of the studies included in this review were preclinical studies designed to investigate the role of myokines in delaying and ameliorating musculoskeletal aging. The studies are summarized in Table 1. This review includes sixteen studies, from which data extraction was systematically conducted by two independent reviewers using a standardized form. This approach was implemented to minimize errors and ensure consistency. Key information extracted from each study encompassed the author(s) and publication year, study design, sample size, participant characteristics, details of the exercise intervention (including type, intensity, duration, and frequency), outcomes measured in relation to musculoskeletal aging and mild cognitive impairment, and the statistical methods utilized for analysis. This rigorous methodology in data extraction and analysis ensures that the findings of the review are based on a thorough and precise synthesis of the available evidence. In summary, this review offers a comprehensive and reliable synthesis of the existing evidence regarding the potential of exercise to utilize myokines in mitigating musculoskeletal aging and enhancing cognitive health.
TABLE 1 | Effect of different exercise modes on musculoskeletal aging and mild cognitive impairment.
[image: Table summarizing studies on exercise effects on myokine levels in various elderly populations. Columns include myokine type, model (age and health condition), sample size, exercise mode, duration and frequency, changes in myokine levels, source of myokine, and references. Different exercises such as resistance training, Nordic walking, and cardiovascular exercises are mentioned with noted increases in specific myokines like IL-6 and IGF-1. References are detailed for each study.]4 DISCUSSION
4.1 Musculoskeletal aging is an independent risk factor for MCI, and vice versa
Meta-analyses of the studies published over the past decade have revealed a consistent two-fold increase in the likelihood of cognitive impairment among older adults with sarcopenia compared to those without this condition (Peng et al., 2020). Sarcopenia and cognitive impairment are significant contributors to disability in elderly individuals. For instance, in patients with AD, the prevalence of sarcopenia is considerably high even in the early stages of the disease. Moreover, advanced age, a reduced BMI, and a decreased Mini-Mental State Examination (MMSE) score are also linked to sarcopenia in both male and female patients with AD (Ogawa et al., 2018). One cross-sectional survey confirmed a positive correlation between sarcopenia and MCI in low- and middle-income countries (LMICs) (Jacob et al., 2021). Another previous study indicated that the scores on the Short Physical Performance Battery (SPPB) correlate positively with the risk of cognitive impairment in older individuals (Moon J. H. et al., 2016). Additionally, a slow gait has also been suggested as an early indicator of cognitive impairment and the onset of dementia (Verghese et al., 2007; Mielke et al., 2013). According to one study, cognitive impairment is linked to sarcopenia primarily due to its correlation with a slow gait. Cognitive impairments in elderly men, including issues with processing speed and executive functions, are connected to sarcopenia, as well as a slow and weak gait (Kim and Won, 2019). These findings suggest a strong relationship between sarcopenia and the cognitive impairment associated with AD and dementia, thereby highlighting the potential role of sarcopenia in the pathophysiology of these disorders.
Sarcopenia and cognitive impairment share certain common risk factors, such as cerebrovascular disease, diabetes, and hypertension. Studies have shown that following a Mediterranean diet rich in high-quality protein may reduce the risk of developing MCI (Wu et al., 2019). However, a lack of physical activity due to a sedentary lifestyle and a lack of exercise in patients with sarcopenia can further reduce cognitive function and stability in these patients (Witham et al., 2020). In summary, sarcopenia is a potential risk factor for cognitive impairment and a potential predictor of the likelihood of cognitive impairment. However, further investigations are warranted to identify the causal association between sarcopenia and MCI.
4.2 Musculoskeletal aging and MCI: overlapping risk factors and potential mechanisms
Skeletal muscle atrophy and cognitive impairment are frequently observed in aging individuals, suggesting a potential connection between the two. While the negative impacts of muscle loss on daily functioning and wellbeing are well documented, the specific biological pathways linking sarcopenia and cognitive decline are not fully understood. However, the potential physiological mechanisms common between the two include nutritional deficiencies, hormonal imbalances, mitochondrial dysfunction, chronic inflammation, and irregularities in autophagy (Figure 2).
[image: Illustration showing the effects of aging. On the left, a young person with arrows pointing to hormonal disorders, mitochondrial dysfunction, chronic inflammation, and autophagic dysfunction. On the right, an older person with a cane is shown, indicating mild cognitive impairment with decreased cognitive function, and reduced muscle mass and strength, leading to musculoskeletal aging. An arrow at the top represents the progression from young to old, highlighting aging, sedentary lifestyle, and nutritional deficiency as contributing factors.]FIGURE 2 | Illustration of the potential mechanisms underlying musculoskeletal aging and mild cognitive impairment. With aging, factors such as a sedentary lifestyle, insufficient physical activity, and nutritional deficiencies can lead to hormonal imbalances, mitochondrial dysfunction, chronic inflammation, and impaired autophagy in both the skeletal muscles and brain tissues. These changes ultimately affect the maintenance of the skeletal muscle mass and impact cognitive function.
4.2.1 Hormonal disorders
The dysregulation of endocrine hormones, such as insulin-like growth factor (IGF), growth hormone (GH), testosterone, estrogen, and cortisol, during aging is closely associated with sarcopenia and cognitive impairment (Zeng et al., 2020; Dabin et al., 2022). A decrease in IGF expression with advancing age leads to limited IGF/PI3K/Akt signaling-mediated protein synthesis, a reduction in the number of satellite cells available for damage repair, and ultimately, a decrease in muscle mass and strength (Serra et al., 2007). IGF-1 plays a crucial role in preventing cell death, promoting neurogenesis in the hippocampus, facilitating the normal phosphorylation of tau proteins, and clearing Aβ. Therefore, reduced IGF-1 levels in the bloodstream of patients with AD have been linked to increased Aβ deposition in the brain of these individuals (Westwood et al., 2014). GH, on the other hand, promotes muscle growth directly via GHR or indirectly by stimulating IGF-1 production. In the brain, GH activation in the hypothalamus triggers the release of GH-releasing hormone (GHRH), leading to elevated circulating levels of IGF-1, thereby supporting neuronal growth and survival, regulating tau protein phosphorylation, and counteracting the negative effects of Aβ in vivo (Winston et al., 2018). Furthermore, in the context of aging, a decrease in the level of testosterone, a critical sex hormone, has been associated with a decrease in muscle mass and strength (Mouser et al., 2016). Testosterone also plays a role in inhibiting SMAD-mediated protein degradation through the ubiquitin-proteasome system, thus reducing protein atrophy. While age-related decreases in testosterone levels appear to increase disease risk in humans, estrogen activates dormant muscle satellite cells, aiding in the repair of damaged muscle tissues (Morley, 2017a; Liao et al., 2019). However, compared to testosterone, estrogen, which possesses potential neuroprotective functions, appears to have a reduced ability to protect microglia from Aβ toxicity and promote microglial Aβ clearance (Keyvani et al., 2018).
In addition to anabolic hormones, glucocorticoids, particularly cortisol, also play a significant role in influencing human skeletal muscles (Kaplan and Shimizu, 1963). Cortisol levels are regulated at both the systemic and tissue levels to maintain glucocorticoid homeostasis. Elevated cortisol levels can result in muscle atrophy by increasing proteolysis through the ubiquitin-proteasome and lysosome systems (Sato et al., 2017). Additionally, glucocorticoids can decrease muscle protein synthesis by inhibiting IGF-I signaling and increasing myostatin signaling. This dual effect of cortisol on the muscles can impact muscle function and overall muscle health (Schakman et al., 2013). Furthermore, studies have revealed a correlation between plasma cortisol levels and cognitive impairment in individuals with AD, suggesting that the hyperactivity of the hypothalamic-pituitary-adrenal axis, which leads to elevated cortisol levels, may contribute to the progression of cognitive decline in these individuals (Zvěřová et al., 2013; Popp et al., 2015). Moreover, cortisol levels tend to increase with age, and higher levels of cortisol are associated with poorer cognitive function (Roelfsema et al., 2017; Qiu et al., 2021). These findings highlight the importance of understanding the impact of hormone levels on both muscle health and cognitive function, especially in the context of aging and neurodegenerative diseases.
4.2.2 Mitochondrial dysfunction
The increased production of reactive oxygen species (ROS) during aging is associated with increased damage to biomolecules (Radak et al., 2016). This increase in oxidative damage results in the development of different pathophysiological states, such as aging-related skeletal muscle loss and neurodegenerative disorders (Naudí et al., 2007; Tang et al., 2019). Additionally, the decrease in antioxidant activity with aging leads to the activation of nuclear factor kappa-B (NF-κB) and forkhead box O (FoxO) through the ROS pathways, thus triggering apoptosis and protein degradation in skeletal muscles. These transcription factors subsequently promote the expression of the muscle atrophy F-box protein (MAFbx/Atrogin-1) and the muscle-specific ring finger protein 1 (MuRF1), ultimately resulting in skeletal muscle atrophy.
Compromised mitochondrial function leads to the expression of oxidative stress markers, such as IL-6, CRP, and IL-1RA, which are closely associated with reduced physical function and muscle strength in elderly individuals (Bellanti et al., 2018). Therefore, the maintenance of mitochondrial health is crucial for the viability and functioning of neurons, as their structural and functional integrity are closely intertwined (Rugarli and Langer, 2012). Moreover, the maintenance of normal mitochondrial function is essential for maintaining the stability of the internal environment in mammals, and any disruption in the ROS scavenging system during mitochondrial oxidative phosphorylation can lead to brain aging and neurodegenerative disorders (Bernardo et al., 2013). Recent studies have highlighted a strong relationship between oxidative stress, aging, and neurodegenerative conditions. These findings suggest that the accumulation of Aβ triggers detrimental cellular changes, including oxidative damage to the mitochondria (Bozner et al., 1997; Pappolla et al., 1998). However, the precise mechanisms by which Aβ operates in vivo are not fully understood. Some studies have proposed that the translocase of the outer mitochondrial membrane 40 (TOMM40) plays a role in regulating the entry of Aβ into the mitochondria through the Tom40 outer membrane pore, underscoring its role as a potential target for the treatment of cognitive impairment (Yu et al., 2007). Collectively, these reports suggest that the restoration of mitochondrial function is crucial for the effective management of nerve disorders, especially cognitive dysfunction.
4.2.3 Chronic inflammation
Aging is commonly associated with a chronic low-grade inflammation known as inflammaging, which results in an elevation in the levels of inflammatory factors, which in turn cause the heightened metabolic degradation of skeletal muscles (Sato et al., 2016). Multiple potential mechanisms underlie chronic low-grade inflammation and its negative impacts on muscle health during the aging process. Age-related redox imbalances can lead to the upregulation of pro-inflammatory cytokines, which are key players in inflammatory pathways. Additionally, ROS can trigger inflammation, causing the release of TNF-α, leptin, and GH, and this cascade ultimately results in insulin resistance, accelerated muscle breakdown, and the loss of muscle mass (Thoma and Lightfoot, 2018). Proinflammatory cytokines, on the other hand, can counteract the anabolic effects of GH and IGF-1, causing a negative muscle protein balance, thereby affecting muscle function and strength (Kim et al., 2018). Recent evidence suggests that age-related chronic inflammation is correlated with elevated levels of circulating biomarkers, such as TNF-alpha, IL-1beta, IL-6, COX-2, iNOS (Chung et al., 2009). The findings reveal that this inflammatory response contributes to increased muscle breakdown and depletion through various pathophysiological pathways, thus contributing significantly to the aging of skeletal muscles (Kedlian et al., 2024). TNF-α, another key cytokine, has also been implicated in chronic inflammation and the onset of neurodegeneration (Hofman et al., 1989; Mogi et al., 1994). Furthermore, inflammatory cytokines have been shown to interfere with insulin function at the cellular level and worsen its neurotoxic effects, thus exacerbating cognitive decline (Fava et al., 2017). Therefore, chronic inflammation may serve as a shared pathogenic factor for aging-associated muscular dystrophy as well as MCI.
4.2.4 Nutritional deficiency
Aging-associated muscular dystrophy is a distinct disease associated with malnutrition. Reduced dietary intake and protein synthesis in patients with cognitive impairment can result in muscle loss, exacerbating the development of skeletal muscle atrophy (Cederholm et al., 2017). Malnutrition in elderly individuals, on the other hand, can result in decreased physical fitness and muscle strength and fitness, thus creating a vicious cycle. Inadequate nutritional intake can downregulate the Akt/mTORC1 signaling pathway, thus reducing muscle protein synthesis by inhibiting the phosphorylation of the downstream markers p70S6K and rpS6, and ultimately resulting in sarcopenia (Margolis et al., 2016). Inadequate nutrient intake can also increase oxidative stress or inhibit antioxidant mechanisms, contributing to the onset and progress of dementia. Evidence suggests that decreased food intake and activity in elderly individuals can cause vitamin D deficiency, which in turn impacts muscle protein synthesis and its metabolism through disturbances in the calcium and phosphorus levels and via insulin imbalance, ultimately leading to the development of sarcopenia (Ceglia et al., 2010). Moreover, since vitamin D and physical activity act synergistically and promote muscle protein ubiquitination and degradation, physical inactivity and vitamin D deficiency can worsen muscle atrophy (Yang et al., 2020). Furthermore, the risk of cognitive impairment is also greater in individuals with vitamin D deficiency, as vitamin D regulates calcium balance and Aβ deposition and displays antioxidant and anti-inflammatory properties in patients with AD.
4.2.5 Autophagic dysfunction
Autophagy plays a crucial role in breaking down dysfunctional organelles and damaged macromolecules in aging cells, thus aiding in the maintenance of the internal environment of the muscle cells. Evidence suggests that the inhibition of autophagy in skeletal muscles can lead to neuromuscular synaptic issues and reduced muscle strength, potentially impacting the quality of life and the lifespan of animals (Carnio et al., 2014). This close association between autophagy and aging results in reduced autophagy or disrupted autophagic flux, leading to the excessive degradation of muscle proteins, thus exacerbating skeletal muscle loss. The age-associated reduction in neuronal autophagy, on the other hand, hinders mitochondrial renewal, causing the accumulation of impaired mitochondria, accelerated cell death, and inflammation (Sheng et al., 2010). Mounting evidence indicates that the interplay between cellular autophagy and mitochondrial dysfunction can contribute to the onset of various age-associated disorders (Green et al., 2011).
Similar to replicating cells, neurons, which are terminally differentiated post-mitotic cells during early development, do not possess the ability to eliminate misfolded proteins and damaged organelles through cell division (Metaxakis et al., 2018). Therefore, the dysfunction of the autophagic lysosomal degradation process disrupts neuroendocrine homeostasis, causes lipofuscin accumulation, inhibits autophagy, and establishes a detrimental cycle. Evidence suggests that the accumulation of autophagosomes in the hippocampus of aged mice due to reduced degradation is possibly linked with cognitive impairment (Soontornniyomkij et al., 2012). In addition, brain aging is also characterized by a gradual decline in neuronal autophagic lysosome function, which plays a crucial role in the progression from normal aging to pathological aging, ultimately resulting in neurodegeneration in patients with AD (Ling and Salvaterra, 2011). These findings suggest that impaired autophagy can contribute significantly to cognitive decline in elderly individuals.
4.3 Crosstalk between the muscles and the brain in musculoskeletal aging and MCI
Exercise stimulates the production and autocrine secretion of myokines, which regulate muscle health (Boström et al., 2012; Eaton et al., 2018; Cai et al., 2019). With age and decreased physical activity, there is a decline in skeletal muscle mass, which leads to reduced myokine secretion and a detrimental cycle. Conversely, physical activity has a neuroprotective effect, counteracting the cognitive decline caused by neurodegenerative processes. Notably, physical activity may have fewer side effects compared to the therapies currently in use for neurodegenerative disorders. The myokines released during physical activity can improve cognitive function, memory, neuroplasticity, appetite, and mood, and reduce neuroinflammation through peripheral mechanisms. IL-6, IGF-1, BDNF, CTSB, irisin, and LIF are some of the key myokines that jointly participate in the regulation of musculoskeletal aging and MCI (Figure 3).
[image: Illustration showing the muscle-brain loop. Exercise influences musculoskeletal aging and muscle releases myokines like IGF-1, insulin, CSTB, LIF, and BDNF. These myokines affect the brain, potentially reducing mild cognitive impairment.]FIGURE 3 | Overview of the mechanisms underlying the role of exercise-regulated myokines in musculoskeletal aging and mild cognitive impairment. Physical activity induces the release of various muscle-derived factors, such as IL-6, IGF-1, BDNF, CTSB, irisin, and LIF, into the bloodstream during muscle contraction. These factors either circulate freely or are enclosed in small vesicles that are capable of crossing the blood-brain barrier and impacting the cognitive and executive brain regions. The brain, on the other hand, modulates muscle activity and peripheral metabolism by directly influencing the target tissues and regulating cortisol levels through the hypothalamic–pituitary–adrenal axis. Effective coordination between the brain and muscles is thus essential for maintaining brain function, preventing cognitive decline, and preserving muscle mass.
4.3.1 IL-6
Prolonged exercise leads to the production and release of IL-6, which is classified as a myokine, by the skeletal muscles. However, the release of IL-6 during exercise is associated with muscle damage (Bruunsgaard et al., 1997), and increased levels of circulating IL-6 have been linked to mortality in healthy elderly individuals (Harris et al., 1999). In a previous study, individuals with elevated levels of both IL-6 and CRP exhibited increased fibrinogen levels, indicating the potential presence of a chronic low-level inflammation associated with aging (Cohen et al., 1997). While elevated levels of IL-6 in the plasma lead to skeletal muscle atrophy through the STAT3/5 signaling pathway, the inhibition of the IL-6 receptor reduces muscle atrophy by suppressing the expression of MuRF1 (Yakabe et al., 2018). Therefore, IL-6 not only impedes muscle growth and disrupts energy balance but also actively contributes to muscle breakdown and subsequent atrophy (Goodman, 1994; Tsujinaka et al., 1995). Studies on transgenic mice with increased expression levels of human IL-6 have demonstrated significant muscle wasting in the mice by 10 weeks of age, along with the activation of lysosomal enzymes and increased expression of proteasomal subunits (Tsujinaka et al., 1995; Tsujinaka et al., 1996). However, the inhibition of IL-6 signaling by the prolonged administration of an IL-6R antibody led to the reversal of the muscular alterations observed in the IL-6 transgenic mice, and the alleviation of muscle atrophy in wild-type mice with tumors. Various studies have indicated that the Otago exercise program (Gde Agung Mahendra et al., 2022) and moderate-intensity strengthening resistance exercise (Heo and Jee, 2024) effectively decrease the risk of falls among elderly individuals by increasing muscle strength and stability and lowering the levels of IL-6.
IL-6, a key player in the early stages of amyloid plaque formation in the brain of patients with AD (Huell et al., 1995), has also been linked to tau phosphorylation, synapse loss, and cognitive impairment in mouse models of AD (Quintanilla et al., 2004). Despite certain conflicting opinions from the academic community, previous meta-analyses have shown that IL-6 levels are elevated in both the cerebrospinal fluid (CSF) and the plasma of individuals with MCI and AD compared to that in the CSF and plasma of control subjects (Brosseron et al., 2014). In individuals with AD, the elevation in the levels of IL-6 in both the brain and the bloodstream is associated with the severity of dementia (Huell et al., 1995; Kálmán et al., 1997). However, recent research has shown that the neutralization of IL-6 and the inhibition of the STAT3 signaling pathway in the brain of AD mouse models can improve memory impairment (Lyra et al., 2021). Despite its proinflammatory properties, IL-6 displays different effects during physiological and pathological conditions. One study revealed that the positive effects of Nordic walking are manifested by a decreased concentration of proinflammatory proteins such as HMGB1 and IL-6 and increased irisin (Gmiat et al., 2017). IL-6 can be considered both a pro-inflammatory protein and an anti-inflammatory protein. Previous research has reported significant variations in IL-6 levels in response to exercise, which are influenced by factors such as intensity, duration, working muscle mass, and an individual’s endurance capacity (Febbraio and Pedersen, 2005; Petersen and Pedersen, 2005). Overall, regular exercise has been associated with a significant reduction in inflammation by decreasing the circulating levels of specific inflammatory markers, including IL-6 (Bautmans et al., 2021).
4.3.2 IGF-1
IGF-1 plays a crucial role in promoting mesenchymal stem cell differentiation and migration, as well as enhancing muscle fiber proliferation, differentiation, and contraction. IGF-1 also contributes to nerve remodeling and skeletal muscle regeneration by acting as a powerful neurotrophic factor that supports nerve regeneration and facilitates neuromuscular repair (Apel et al., 2010). The IGF-1/Akt/mTOR signaling pathway is known to regulate skeletal muscle hypertrophy (Rommel et al., 2001), and higher levels of IGF-1 can inhibit the expression of the protein degradation markers Atrogin-1 and MuRF1, thereby alleviating skeletal muscle atrophy (Schulze et al., 2005). Nevertheless, research indicates that this age-related decrease in IGF-1 levels in the skeletal muscles can be partially counteracted by progressive resistance training (Urso et al., 2005).
In addition to its role in the growth and development of the body, IGF-1 plays a key role in the development and metabolism of the CNS. A recent study in male mice has shown that the overexpression of IGF-1 in the CNS can protect against age-related cognitive dysfunction (Farias Quipildor et al., 2019). For example, in a rat model of sporadic Alzheimer’s disease (sAD), adenovirus-mediated IGF-1 gene transfer into the brain led to an increase in the levels of synaptic markers, leading to enhanced hippocampal synaptic plasticity, thereby improving recognition and spatial memory (Zappa Villar et al., 2021). In humans, on the other hand, IGF-1 deficiency results in cognitive dysfunction, which can be improved by interventions that increase circulating IGF-1 levels (Sonntag et al., 2013). Additionally, exercise has also been found to counteract the negative effects of MCI by regulating the serum IGF-1 levels (Tsai C. L. et al., 2018). In aging rats, an 8-week swimming training program led to the activation of the IGF-1/PI3K/Akt signaling pathway in the hippocampus, resulting in the reduced apoptosis of the hippocampal neurons and improved hippocampal function (Lin et al., 2020). In humans, while studies on older women have shown that 16 weeks of aquatic exercise and 24 months of progressive resistance exercise can increase serum IGF-1 levels (Kang et al., 2020; Molina-Sotomayor et al., 2020), a study on 30 elderly males demonstrated that strength and endurance training can elevate the serum IGF-1 levels and enhance cognitive function in elderly individuals (Arazi et al., 2021).
4.3.3 BDNF
BDNF, a protein belonging to the neurotrophic family, is primarily found in the brain and skeletal muscles and is vital for the development and differentiation of myoblasts and myofibers. It has also been detected in various tissues and body parts, including the periphery and the CNS, suggesting the presence of a neurotrophic connection between the different systems of the body and the blood-brain barrier (BBB) (Ribeiro et al., 2021). The level of BDNF decreases during myoblast maturation and myogenic differentiation, thus impacting the satellite cells or muscle progenitor cells (MPCs) and supporting the early differentiation of myoblasts (Mousavi and Jasmin, 2006). A study on a murine injury model revealed that BDNF functions via the tropomyosin-related kinase-B receptor (TrkBR) and the p75 neurotrophin receptor (p75NTR), both of which are markers of highly differentiated muscle precursor cells, thus enhancing myogenesis and myofiber maturation. Moreover, the expression of BDNF in the muscle satellite cells is upregulated during muscle injury, thereby facilitating the activation of the satellite cells (Yarrow et al., 2010).
BDNF also plays a crucial role in the CNS, overseeing neuronal survival, growth, and maintenance. It also regulates synaptic plasticity, cell survival, and brain cell differentiation (Aguado et al., 2003). Studies in mice have shown that BDNF positively affects brain function by promoting hippocampal cell regeneration, increasing BDNF gene expression, enhancing spatial memory, improving motor performance, and preserving the overall functionality of the brain (Marlatt et al., 2012). BDNF also acts as a key factor in exercise-induced neuroprotection, mediating the changes in synaptic strength and enhancing neurotransmitter release. Even in case of advanced memory impairment, cardiovascular exercise has been found to elevate BDNF levels, which in turn enhance hippocampal neuroplasticity and memory function in mice across various age groups from young to old (Tsai S. F. et al., 2018). Both human and animal studies have shown that acute/long-term cardiovascular/resistant exercise elevates circulating BDNF levels. In women, high-intensity cardiovascular exercise results in increased insulin sensitivity and reduced circulating levels of cortisol and BDNF, along with cognition-enhancing effects that are most pronounced for executive control tasks (Baker et al., 2010). In aging rats, cardiovascular exercise and strength training improve spatial memory by inducing neuroplasticity through distinct molecular mechanisms. Both exercise protocols also led to an increase in BDNF levels after training. While cardiovascular exercise specifically increased the levels of glutamatergic proteins (the NMDA receptor and PSD-95), strength training increased the levels of PKCα and the pro-inflammatory factors TNF-α and IL-1β (Vilela et al., 2017). These results suggest that cardiovascular exercise can positively impact brain functionality by affecting BDNF levels.
4.3.4 Irisin
A study from 2012 revealed that prolonged exercise training in mice led to a significant increase in the expression of PGC-1α in the muscles, which in turn led to the enhanced expression of the target gene, FNDC5, resulting in the production of irisin, a myokine that converts white adipose tissue to brown fat (Boström et al., 2012). Irisin is a novel cytokine that is primarily found in the brain and skeletal muscles. Although its secretion decreases with age, it can be partially restored by resistance exercise training (Kim et al., 2015). Generally, individuals with sarcopenia exhibit lower levels of skeletal muscle protein biomarkers, including irisin, compared to those without sarcopenia (Yen et al., 2022). Irisin, an exercise-induced polypeptide secreted by skeletal muscles, crosses the blood-brain barrier and brings about certain exercise-mediated effects in the brain. Previous studies have shown a positive correlation between irisin levels and aging-induced cognitive dysfunction. The primary pathological process of AD involves the over-accumulation of Aβ in the brain due to an imbalance in Aβ production and clearance (Lourenco et al., 2019). This excessive accumulation of Aβ leads to neurotoxicity, resulting in a decrease in the number of neurons, loss of synapses, and impaired nerve signal conduction, ultimately leading to cognitive impairment. Notably, FNDC5, the irisin precursor, has been found in various regions of the brain and is associated with neural differentiation (Hashemi et al., 2013). Physical exercise has been shown to enhance FNDC5 expression (Wrann et al., 2013) and irisin levels (Siteneski et al., 2018) in the hippocampus. In a study involving rats, the administration of Aβ1‒42 to the hippocampus led to spatial learning and memory impairments, along with reduced hippocampal FNDC5 expression. However, 4 weeks of moderate-intensity running exercise increased the hippocampal FNDC5 mRNA levels and improved spatial learning and memory loss in the rats.
4.3.5 Cathepsin B
Cathepsin B (CTSB), which is expressed in various tissues, including the skeletal muscles and the brain, can play a crucial role in brain flexibility. Moon et al. identified CTSB as a myokine in a study utilizing rat myotubes treated with the AMPK agonist AICAR (Moon H. Y. et al., 2016). Typically, physical activity increases the CTSB level in the blood and the CTSB gene expression in the hippocampus, indicating that CTSB impacts brain function both directly and indirectly. In mice, the deletion of the CTSB gene prevented the exercise-induced improvement in spatial memory retention and adult neurogenesis, reduced the inhibitory signals transmitted to dentate granule cells (GCs), and reduced the levels of hippocampal P11, a crucial protein necessary for the effect of CTSB on the differentiation and migration of neurons (Moon H. Y. et al., 2016). Additionally, CTSB also possessed the ability to penetrate the blood-brain barrier. While CTSB administration did not affect hippocampal cell proliferation in the mice, it increased the BDNF mRNA and protein expression levels. Additionally, CTSB treatment also elevated the level of doublecortin, a protein known for its neuroprotective effect and ability to promote neuronal migration.
CTSB is a potential therapeutic target for neurodegenerative diseases such as AD. Plasma levels of CTSB increased after adults at high risk for AD participated in 26 weeks of moderate-to-vigorous intensity cardiovascular exercise, with this alteration in CTSB positively correlated with cognitive performance (Gaitán et al., 2021). In a mouse model of AD, CTSB was found to reduce the levels of Aβ42 and improve behavioral abnormalities (Hwang et al., 2019). Conversely, another study revealed a correlation between an increase in the plasma CTSB levels and the progression of MCI and AD from the mild to the severe forms of the disease, with the pathological worsening of the disease being mediated by protein accumulation (Morena et al., 2017). However, CTSB also possesses neuroprotective and anti-amyloidogenic properties (Mueller-Steiner et al., 2006), and mice studies have revealed neuronal loss and brain atrophy in double-KO mice lacking both CTSB and CTSL (Felbor et al., 2002). Additionally, CTSB may also be involved in the exercise-mediated enhancement of hippocampal neurogenesis, memory, and learning. However, further research is needed to determine the extent to which this myokine influences the exercise-mediated improvement in cognitive function in humans.
4.3.6 LIF
LIF was first identified as a factor that promotes macrophage differentiation. It is produced by cardiac, neural, and skeletal muscles and acts as a versatile myokine (Hilton, 1992). LIF plays a role in controlling the proliferation and differentiation of satellite cells, which are crucial for muscle hypertrophy (Spangenburg and Booth, 2006). Studies have shown that LIF stimulates human myoblast proliferation and induces JunB and c-Myc expression in human myotubes. Conversely, the suppression of the LIF receptor has been shown to reduce myoblast proliferation (Broholm et al., 2011). LIF also has the ability to cross the blood‒brain barrier and enter the nervous system, where it plays a role in astrocyte development and oligodendrocyte survival. Treatment of mouse hippocampal cells with LIF has been found to activate the Akt/mTOR and STAT3 signaling pathways, downregulate LC3-II, increase c-fos expression (a marker of neuronal activation), and enhance cell survival. Similar results have also been observed in a Drosophila model of AD wherein LIF was found to inhibit LC3-II (Lee et al., 2019). Multiple studies have revealed elevated LIF levels in patients with AD, suggesting a possible connection between Aβ and the initiation of LIF-induced inflammation (Soilu-Hänninen et al., 2010). Theoretically, Aβ acts as a trigger for LIF, leading to an inflammatory response in individuals with AD. However, LIF also possesses neuroprotective properties, which it exerts by inducing oligodendrocyte apoptosis via TNF-α (Vanderlocht et al., 2006). In a drug trial involving rats with CNS injury, LIF was found to boost neurotrophin expression and facilitate corticospinal axon growth (Pan et al., 2000). However, owing to its potential instability, the impact of LIF on neural tissues was limited to a short duration. Further exploration is needed to address these limitations and establish LIF as a promising therapeutic option for the treatment of AD.
4.4 Optimal exercise prescription for myokine secretion and function
Previous research has confirmed that different types of physical activities affect skeletal muscle metabolic processes via unique mechanisms. Similarly, the secretion of myokines is also influenced by the specific nature of the physical activity (Little et al., 2018). The myokines produced during exercise have been shown to impact the muscle-brain communication surrounding musculoskeletal aging and MCI. Nevertheless, the secretion patterns of many other myokines remain somewhat unclear and are subject to various influences, including the intensity, type, and duration of exercise, as well as individual traits. It appears that exercise can trigger incremental changes ranging from minor to substantial, with peak levels observed immediately post-workout and within the first hour, followed by a return to baseline levels between 180 min and 24 h post-exercise (Bettariga et al., 2024). Both age and training status influence the myokine response to an acute bout of blood-flow restricted resistance exercise (Cordingley et al., 2023). Research on resistance exercise in individuals susceptible to probable MCI has revealed higher levels of IL-6 in blood markers than in controls do, particularly in older adults at high risk of MCI (Vints et al., 2024). A possible interpretation for the increase in IL-6 could be that resistance exercise was too intense for the participating older adults (Morishita et al., 2019). Additionally, sex appears to be a significant determinant of the IGF-1 response to exercise training. Research has indicated that older women exhibit variations in IGF-1 levels following elastic band resistance exercise (Hofmann et al., 2016), whereas younger men show increased IGF-1 levels in response to strength training programs (Takano et al., 2005). This discrepancy may be attributed to the fact that, with aging, persistent inflammation can inhibit the GH/IGF-1 axis (Schmidt et al., 2011). Additionally, while it is known that BDNF can traverse the blood-brain barrier, the release of myogenic BDNF into the bloodstream and its impact on the brain are still debatable (Rasmussen et al., 2009). Conversely, other myokines such as CTSB and irisin, which are regulated by exercise, are released into the bloodstream and cross the blood-brain barrier to increase the brain BDNF levels (Moon H. Y. et al., 2016; Momenzadeh et al., 2022). Maass et al. (2016) demonstrated that the inhibition of the IGF-1 receptor leads to the suppression of the exercise-induced upregulation of pro-BDNF and BDNF expression in the hippocampus, indicating that IGF-1, an upstream factor of BDNF, plays a role in hippocampal neurogenesis and BDNF gene regulation. In an 8-week study comparing cardiovascular and resistance exercise, resistance exercise alone was found to activate the IGF-1/Akt signaling pathway, enhancing hippocampal synaptic plasticity. This study revealed that the molecular mechanisms underlying hippocampal synaptic plasticity varied depending on the type of exercise (Cassilhas et al., 2012).
Different types of exercise may have different effects on the blood IGF-1 levels and facilitate the transport of IGF-1 from the bloodstream to the brain. For instance, a study that tracked IGF-1 levels overnight after intense resistance training revealed that the IGF-1 levels remained unaltered overnight (Nindl et al., 2001). In contrast, a lower-intensity resistance exercise routine may be more advantageous for older adults who prefer to avoid exerting greater effort and wish to mitigate potential injuries associated with heavier loads. Additionally, increasing the total load can be more easily achieved by increasing the number of repetitions at lower intensities (Cornish et al., 2018). It is crucial to consider the duration and intensity of exercise when aiming to increase blood IGF-1 levels, especially when dealing with resistance exercise, to prevent injuries in elderly individuals or patients. Although exercise is a recognized method for promoting good health and maintaining normal brain function and research shows that physical activity can have positive effects on human health and help individuals with conditions such as MCI and AD, caution is important, as high-impact and high-intensity exercise can have negative consequences. Studies indicate that engaging in low-intensity exercise, rather than high-intensity exercise, is more beneficial for protecting and revitalizing the aging brain in individuals with AD (Kim et al., 2003). It is important to consider the duration and intensity of exercise when aiming to increase blood IGF-1 levels, especially when dealing with resistance exercise, to prevent injuries in elderly individuals or patients. Although exercise is a recognized method for promoting good health and maintaining normal brain function and research shows that physical activity can have positive effects on human health and help individuals with conditions such as MCI and AD, caution is important, as high-impact and high-intensity exercise can have negative consequences. Studies indicate that engaging in low-intensity exercise, rather than high-intensity exercise, is more beneficial for protecting and revitalizing the aging brain in individuals with AD (Kim et al., 2003). Additionally, certain studies have indicated that cardiovascular and resistance training may have a more significant impact on cognitive function in individuals with MCI than multimodal exercise interventions do. Therefore, incorporating cardiovascular or resistance training into exercise regimens could serve as an effective strategy to mitigate cognitive decline in this population (Akalp et al., 2024). Consequently, implementing suitable exercise might orchestrate the interplay between the various myokines and provide health benefits.
Exercise, as an effective non-pharmacological intervention, can impact multiple organs of the body simultaneously. Different organs and tissues respond to exercise at the same time, highlighting the intricate network of mechanisms involved. While neuro-endocrine-immune network regulation is important, the communication between organs and tissues through exercise-induced myokines is also crucial. However, the relationship between physical activity parameters (such as type, intensity, and frequency) and the secretion of myokines remains unclear, impeding the development of targeted exercise programs. Future research should focus on understanding how physical activity influences the secretion of myokines and the effects of myokines on distant target organs. This knowledge will help establish connections between exercise, myokines, and chronic diseases, offering new insights into the health benefits of exercise. Moreover, it is essential to not only identify the role of individual myokines but also evaluate how different factors interact synergistically to impact the entire body. Furthermore, Various research studies have demonstrated the diverse nature of cognitive function changes with age, as some older individuals retain their cognitive abilities, while others experience mild or severe declines (Yaffe et al., 2009). Moving forward, artificial intelligence (AI) algorithms and biomarkers (D'Amico et al., 2020), such as physiological and myokines integrated into AI indices, hold promise in offering more precise and dependable approaches for identifying and addressing the biological markers of cognitive decline or sarcopenia across different age groups.
4.5 Limitation
This review examines the myokines that are known to play a significant role in the pathophysiology of musculoskeletal aging and mild cognitive impairment, aiming to inspire researchers to identify new strategies for developing drugs or interventions that mimic the health effects of exercise. Exploring the interactions between tissues and organs, one of the health benefits of exercise, along with their molecular mechanisms, will provide a solid foundation for creating personalized exercise prescriptions for musculoskeletal aging and mild cognitive impairment and is poised to become a leading focus in the field of exercise health studies. However, this review has certain limitations; the main limitation is that this is a narrative review rather than a complete systematic review. Nevertheless, this study represents the first attempt to investigate the relationships among myokines, aging-associated muscle atrophy, and cognitive dysfunction from an exercise perspective. There is a clear need for further research and a systematic review in this area. Only well-designed studies without methodological information will help expand our understanding of the connections between musculoskeletal aging, cognitive dysfunction due to aging, and their treatment implications.
5 CONCLUSION AND OUTLOOK
The muscles and the brain, which are the primary organs responsible for locomotion, are interconnected systems that communicate with each other and share vital functions, including immunity and nutrition, in addition to locomotion. Their developmental processes are mutually regulated, with their crosstalk and the underlying mechanisms seen as complementary and reciprocal physiological mechanisms rather than independent functional regulations. Exercise acts as a mediator for the secretion of certain muscle-secreted factors, such as IL-6, IGF-1, BDNF, CTSB, irisin, and LIF, establishing a self-regulating loop between the brain and the muscles, thus enhancing the cognitive functions of the brain and the skeletal muscle functions.
Research on the regulation of skeletal muscle atrophy and mild cognitive impairment by myokines has gained significant attention in the fields of contemporary geriatrics and exercise physiology. Myokines may play an important role in the interplay between sarcopenia and cognitive function by regulating their pathogenesis and influencing clinical and pathological injuries. The identification of characteristic risk factors and markers for muscular atrophy in patients with mild cognitive impairment is a new direction. The myokines discussed here are only the tip of the iceberg, with some questions surrounding them requiring further clarification: the exact mechanisms underlying myokine release, the dose-effect relationship between exercise and exercise-induced myokine release, and the precise mechanisms underlying the regulation of the muscle-brain loop by myokines. Further research on the cross-talk in the muscle-brain axis will deepen the understanding of the mechanisms by which exercise promotes health and could pave the way for new avenues in exercise physiology research.
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Objective: To explore the trajectories of cognitive function development and predictive factors in disabled middle-aged and older adults.
Methods: Utilizing data from 983 disabled middle-aged and older adults in the China Health and Retirement Longitudinal Study (CHARLS) from 2013 to 2020, latent growth mixture models were constructed to analyze the categories of cognitive function development trajectories and their predictive factors.
Results: The cognitive function trajectories of the disabled middle-aged and older adults were classified into three categories: rapid decline (32.6%), Slow decline (36.1%), and Stable (31.2%). Multinomial logistic regression analysis identified age, gender, residence, education, marital status, household income, sleep duration, depression, hearing ability, and social participation as predictors of these trajectories.
Conclusion: There is heterogeneity in the cognitive function development trajectories among disabled middle-aged and older adults. Healthcare professionals can implement targeted health management based on the characteristics of different groups to prevent the deterioration of cognitive function in this population.
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1 Introduction

Cognitive function is an important indicator reflecting health status, directly influencing an individual’s ability to perform daily activities and overall quality of life (1). Cognitive impairment is relatively common among middle-aged and older adults. It is known that cognitive impairment is an early clinical symptom of dementia, which may later develop into cognitive disorders, Alzheimer’s disease, and other conditions (2). Currently, approximately 10 million older adults in China suffer from cognitive disorders, accounting for one-fifth of the world’s population with cognitive disorders. This number is projected to increase to 16 million by 2030 (3). There are currently no effective treatments for cognitive impairment or dementia (4). Therefore, identifying modifiable risk factors associated with cognitive decline is crucial for delaying and preventing the onset of cognitive impairment and/or dementia.

According to the 2006 Second National Sample Survey on Disability in China, older adults with disabilities constitute 24.43% of the total older population and 53.24% of the total disabled population (5). Recent statistics indicate that individuals aged 45 and above account for 43.43% of the population, with those aged 60 and above comprising 18.94% (6). With the intensification of population aging, the number of middle-aged and older adult individuals with disabilities is gradually increasing. There is a close association between disability and cognitive impairment. Research indicates that disability and cognitive impairment often co-occur, sharing common risk factors and biological mechanisms, including disease-dependent and age-dependent mechanisms (7). From 2010 to 2020, the proportion of older adults with cognitive impairment in China increased from 13.26 to 18.7% (3). Another study based on national survey data revealed that the detection rate of cognitive impairment among older adults with disabilities in China is as high as 56.13% (8), significantly higher than the overall detection rate of cognitive impairment among the older adults. The cognitive function status of the older adults disabled population is therefore a cause for concern.

Currently, research on depression among middle-aged and older adults with disabilities is noticeably lacking. To our knowledge, no studies have been conducted on the trajectories of cognitive function changes in disabled middle-aged and older adults. Previous research on the relationship between cognitive function and disability has mostly been based on cross-sectional surveys (9, 10), which do not account for the dynamic nature of cognitive function, influenced by health status, lifestyle, and environmental factors over time. Moreover, cognitive changes in middle-aged and older adults follow different differentiated trajectories, exhibiting heterogeneity (11, 12). Therefore, it is essential to enhance in-depth research on cognitive function among the disabled middle-aged and older adults to promote a comprehensive understanding of their cognitive status and to prevent or delay the onset of cognitive impairment in this demographic.

The health ecology model applies ecological theory and methods to the health domain, emphasizing the multi-layered influence of the social environment on individuals. This model posits that individual health results from the interplay of individual factors, social environment, healthcare policies, cultural customs, and other elements (13). In recent years, the health ecology model has been widely applied in the medical and health fields. Utilizing this model allows for a multidimensional exploration of the cognitive function trajectories and their predictive factors among disabled middle-aged and older adults, thereby providing new approaches and perspectives for the prevention and control of cognitive function decline in this population (14). Previous studies adopting this health ecological perspective have demonstrated that the factors influencing cognitive function are multifaceted (15).

Based on this model, this study utilizes four waves of data from the China Health and Retirement Longitudinal Study (CHARLS) to conduct a comprehensive analysis of the cognitive function trajectories, considering five factors ranging from individual characteristics to external environment. The aim is to analyze the cognitive function changes and their predictive factors among the disabled middle-aged and older adults in China, providing a theoretical basis for identifying and intervening in cognitive impairment in this demographic, thereby promoting healthy aging.



2 Materials and methods


2.1 Data collection

The China Health and Retirement Longitudinal Study (CHARLS) is a large-scale, interdisciplinary survey project hosted by the National School of Development at Peking University. It collects high-quality longitudinal survey data through household interviews from a nationally representative sample of individuals aged 45 and above and their spouses. The survey covers 150 counties and 450 communities (villages) across 28 provinces (autonomous regions and municipalities) in China. The baseline survey was conducted in 2011, with follow-up assessments every 2 years, including physical measurements during each follow-up. The CHARLS database comprises seven modules: basic demographic information, family information, health status and functioning, healthcare and insurance, work, retirement and pension, income, expenditure and assets, and housing. This study has received approval from the Biomedical Ethics Review Committee of Peking University (Ethics approval number: No. IRB00001052-11015), and all participants have provided informed consent.

This study utilized four waves of CHARLS data from 2013, 2015, 2018, and 2020. Based on the research objectives, the inclusion criteria were: age ≥ 45 years in the 2013 baseline survey; ADL scale (14) includes six activities: dressing, bathing, eating, getting in or out of bed, using the toilet, and controlling bowel and bladder functions, where difficulty in completing any one of these tasks is defined as ADL functional limitation (disability) (16); full participation in all four waves of the survey; complete demographic information, required health-related information, physical examination data, etc. The exclusion criterion was unwillingness to participate in the CHARLS survey. In this longitudinal cohort study, a total of 983 participants were selected, excluding those under 45 years of age, non-disabled, lost to follow-up, and those with missing cognitive function data. The response rates for waves 1 to 4 were 88.3, 87.1, 86.4, and 86.8% (17). The complete process of participant selection is shown in Figure 1.

[image: Flowchart showing participant selection from the 2013 CHARLS study with an initial N of 18,604. Exclusions include those with missing disability data or no disability (N=15,841), missing MMSE (N=657), and missing demographic data (N=584). Remaining N is 1,522. Further exclusions for missing MMSE from waves 2 to 4 (N=539) reduce the final model to N=983.]

FIGURE 1
 CHARLS selection process flowchart.




2.2 Cognitive function

Cognitive function scores are calculated using the Telephone Interview for Cognitive Status (TICS) from the CHARLS questionnaire, encompassing three dimensions: mental status, immediate recall ability, and delayed recall ability. Mental status involves asking the respondent about the current year, month, date, day of the week, and season, and to subtract 7 sequentially five times from 100, with the number of correct answers contributing to the score, up to 10 points. Immediate recall ability involves reading 10 words to the respondent and scoring the number of words correctly recalled, also up to 10 points. Delayed recall ability tests recall of the same 10 words after a time interval, with each correct word also scoring a point, up to 10 points. The total possible score is 30 points, with higher scores indicating better cognitive function (17). Cognitive impairment was defined according to the educational level of the participants: illiterate individuals scoring <17, primary school education <20, secondary school education (including vocational school) < 22, and college education (including junior college) < 23 (18) (Figure 2).

[image: Line graph showing MMSE scores from 2013 to 2020 for three groups: C1 with rapid decline (32.6%) noted by blue dotted line decreasing from about 10 to under 4, C2 with slow decline (36.1%) shown by orange dashed line decreasing from about 16 to 10, and C3 stable (31.2%) represented by black solid line remaining around 18.]

FIGURE 2
 Development trajectory of cognitive function in disabled middle-aged and older adult people.




2.3 Variable

The health ecology model is one of the derivative models of ecology and has been widely applied to analyze the influencing factors of individual diseases or health (19). This model emphasizes that an individual’s health is the result of the combined effects of the individual and the environment. It advocates analyzing the influencing factors of health or disease from multiple levels, including the individual and the environment, to provide health information from different dimensions and ultimately promote health (20). The health ecology model is mainly divided into five dimensions:

Personal characteristics: Variables include age (1 = 45–59 years, 2 = 60 years and above), gender (1 = male, 2 = female), and chronic diseases (1 = yes, 2 = no);Behavioral characteristics: Variables include smoking (1 = yes, 2 = no), sleep duration (1 = <6 h, 2 = 6–8 h, 3 = >8 h), self-rated health (1 = good, 2 = average, 3 = poor), and hearing ability (1 = good, 2 = average, 3 = poor). Interpersonal network: Variables include marital status (1 = married, 2 = not married), residence (1 = rural, 2 = urban), social participation (1 = yes, 2 = no), and depression (1 = yes, 2 = no). Living and working conditions: Variables include education level (1 = illiterate, 2 = primary school and below, 3 = junior high school and above) and family income (1 = annual income <15,000 RMB, 2 = 15,000–30,000 RMB, 3 = >30,000 RMB). Policy environment: Variables include medical insurance (1 = yes, 2 = no) and pension insurance (1 = yes, 2 = no).

Definitions of some independent variables are as follows: (1) Smoking: Defined as having smoked in the past year; (2) Social participation: Assessed by the question “Have you participated in the following social activities in the past month?” Participation in at least one social activity is considered as social participation; otherwise, it is considered as no participation; (3) Hearing ability: Measured by the question “How is your hearing?” with answers including “excellent, very good, good, average, poor.” In this study, “excellent, very good, good” are categorized as good, “average” as average, and “poor” as poor; and (4) Pension insurance: Assessed by the question “Are you currently participating in or receiving any of the following pension insurances?” Participation in at least one is considered as having pension insurance; otherwise, it is considered as not having pension insurance.



2.4 Statistical analysis

Statistical analyses were conducted using Mplus version 8.3 software to perform latent growth mixture modeling (LGMM). The number of classes was incrementally increased, and model fit indices were compared to determine the optimal model based on practical significance and statistical indicators. Key fit indices included the Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), and sample-size adjusted BIC (aBIC), with lower values indicating better model fit. Entropy, ranging from 0 to 1, was also considered. Model comparison utilized the Lo–Mendell–Rubin (LMR) test and the Bootstrap Likelihood Ratio Test (BLRT). A p-value less than 0.05 indicated that the fit of model K was superior to that of model K-1. Descriptive analysis was carried out using SPSS version 26.0, presenting count data as frequencies or percentages, and normally distributed metric data as means ± standard deviations (x ± s). Multivariate logistic regression was employed to analyze predictive factors for cognitive trajectories among the disabled middle-aged and older adults, with a significance level set at α = 0.05.

The baseline data from the 2013 CHARLS survey included variables across five dimensions: personal characteristics, behavioral traits, interpersonal networks, work and living environment, and policy environment. These variables were used to explore the predictive factors for changes in cognitive function trajectories among disabled middle-aged and older adults from 2013 to 2020.




3 Results


3.1 Descriptive characteristics

At the 2013 baseline, the study included 983 disabled older adult participants with an average age of 61.10 ± 8.71 years. The majority were female (60.42%), married (84.64%), residing in rural areas (68.87%), with an educational level of primary school or less (77.62%), and a family income less than 15,000/year. The number of participants with cognitive impairments across the four waves of the survey was 662 (67.34%), 708 (72.02%), 729 (74.16%), and 765 (77.82%), respectively. Baseline characteristics of the participants are detailed in Table 1.



TABLE 1 Comparison of basic characteristics of cognitive function in different potential categories of study subjects.
[image: A table comparing three trajectory groups: Rapid decline (n=321), Stable (n=361), and Slow decline (n=301). Variables include age, gender, chronic disease, smoking, sleep duration, self-rated health, hearing ability, marital status, residence, social participation, depression, education level, family income, medical insurance, and pension insurance, with statistics and p-values. Results show significant differences in most categories except for chronic disease, smoking, self-rated health, and medical insurance, indicating varied demographic and health characteristics across the groups.]



3.2 Results of the cognitive function LGMM latent class analysis

Models with 1 to 5 classes were set, and the results showed that as the number of classes increased, the values of AIC, BIC, and aBIC decreased, and the Entropy values also changed accordingly. Asparouhov suggested that the number of profiles could be determined by the inflection point where the AIC, BIC, and aBIC values drop (21). Although the AIC, BIC, and aBIC values generally decreased, there was a significant inflection point at the three-class model, where the rate of decline markedly slowed, indicating that the four-class model was not significantly better than the three-class model in terms of AIC, BIC, and aBIC indices. Additionally, the four-class model was merely an extension of the three-class model without providing new theoretical contributions. Howard argued that when profiles have similar theoretical significance, a simpler profile model should be selected (22). Therefore, considering the simplicity of the model, the three-class model was chosen as the optimal model (see Table 2).



TABLE 2 LGMM fitting information of cognitive function change trajectory of study sample.
[image: A table comparing five models across several metrics: AIC, BIC, aBIC, Entropy, LMR, BLRT, and Class Probability. Values for AIC, BIC, and aBIC decrease from Model 1 to 5. Entropy values range from 0.908 to 0.838. LMR and BLRT are consistently less than 0.001 across models. Class Probabilities are detailed as ratios, varying per model. A footnote explains the acronyms used.]



3.3 Analysis of latent class trajectories

The estimation results for the three-class LGMM model revealed distinct patterns in cognitive function among the classes: Low-Level Deterioration Group: This group had the lowest average cognitive function score (α = 8.064, p < 0.001), with a rapid decline over time (β = −1.571, p < 0.001). Normal Aging Group: The cognitive function scores for this group were at a medium level (α = 14.300, p < 0.001), showing a gradual decline over time (β = −1.160, p < 0.001). High-Level Stability Group: This group had the highest average cognitive function score (α = 18.525, p < 0.001), which remained relatively stable (β = −0.150, p = 0.164). Graph 2 illustrates the trajectories of cognitive function development for each latent class. Table 3 presents the estimated intercepts and slopes for cognitive function along with their respective statistical test results.



TABLE 3 Intercept and slope estimates of potential categories of cognitive function in the study subjects and their test results.
[image: Table displaying statistical estimates for three classes. Each class has intercept and slope values with corresponding standard errors, ratio of estimate to standard error, and p-values. Class 1: Intercept 8.064, Slope -1.571. Class 2: Intercept 14.300, Slope -1.160. Class 3: Intercept 18.525, Slope -0.150. P-values for intercepts in all classes are less than 0.001, whereas the slope p-value for Class 3 is 0.164.]



3.4 Univariate analysis of cognition trajectory classes in disabled middle-aged and older adults

Univariate analysis indicated statistically significant differences among the different classes based on age, gender, residence, marital status, education level, family income, sleep duration, hearing ability, depression, and social participation. These results are detailed in Table 1.



3.5 Characteristics by cognition of trajectory classes

Using cognitive function trajectory classes as the dependent variable and the variables with statistical significance from univariate analysis as independent variables, a multivariate logistic regression was performed with the “stable” group as the reference. When comparing the “rapid decline” group to the “stable” group, living in rural areas, family income less than 15,000/year, and depression were more likely to be classified as “rapid decline” group. On the other hand, being male, married, having 6–8 h of sleep, social participation, an education level of junior high school and above, and being aged 45–59 were more likely to be classified as “stable” group; When comparing the “slow decline” group to the “stable” group, living in rural areas and depression were more likely to be classified as “slow decline” group. In contrast, having good hearing ability, an education level of junior high school and above, and being aged 45–59 were more likely to be classified as “stable” group. See Table 4 for details.



TABLE 4 Logistic regression analysis of factors influencing cognitive function of research subjects.
[image: A table displays statistical data analysis comparing various independent variables against dependent variables C1 vs. C3 and C2 vs. C3. It includes coefficients (β), standard errors (SE), Wald chi-square values (Wald X²), p-values (p), odds ratios (OR), and ninety-five percent confidence intervals (95% CI). Variables include age, gender, sleep time, hearing ability, residence, marital status, social participation, depression, education level, and family income. Each variable is analyzed with reference groups and significance levels.]




4 Discussion

To the best of our knowledge, this is the first study to analyze the cognitive function trajectories of disabled middle-aged and older adults using data from a 7-year longitudinal study and to explore their predictive factors. Our findings indicate that there are three distinct cognitive function trajectories among disabled middle-aged and older adult individuals: Rapid decline (32.6%), Slow decline (36.1%), and Stable (31.2%).

The management of cognitive function in disabled middle-aged and older adults should focus not only on treatment but also on prevention and control. Therefore, identifying and understanding the cognitive function trajectories and their predictive factors is more meaningful for maintaining cognitive function in this population. Our study results show that disabled middle-aged and older adults who are male, married, have 6–8 h of sleep, good hearing ability, social participation, an education level of junior high school and above, and are middle-aged (45–59 years old) are more likely to maintain a good and stable level of cognitive function. In contrast, those living in rural areas, with family income less than 15,000/year, and with symptoms of depression are more likely to experience a rapid decline in cognitive function. It is evident that the predictive factors of cognitive function trajectories in disabled middle-aged and older adults in China involve not only personal characteristics and behaviors but also interpersonal networks and living and working conditions.

A study on the cognitive trajectories of middle-aged and older adults in China identified three distinct trajectories: slow decline (46.83%), moderate decline (38.44%), and rapid decline (14.73%) (23). Notably, our research found that the proportion of disabled middle-aged and older adults with a rapid cognitive decline trajectory was as high as 32.6%, significantly higher than the rapid decline trajectory in the general older adult population (14.73%). Additionally, even the “stable” group with the highest average cognitive function scores (α = 18.525) exhibited relatively poor cognitive function, indicating that cognitive impairment is more severe among disabled middle-aged and older adults. A study in Japan suggested that physical disability might be associated with neurodegeneration, and the progression of disability is related to cognitive decline (24). For the disabled middle-aged and older adults, it is crucial to establish regular cognitive function assessment mechanisms, as early detection of cognitive issues can facilitate timely intervention measures.

Individual traits, as variables that are not easily changed, are the most direct factors affecting health. Many other factors, such as interpersonal networks, environment, and psychology, influence disease occurrence through their impact on individual traits (20). Middle-aged individuals (45–59 years) are more likely to maintain stable cognitive function compared to older adults (≥60 years), consistent with previous studies (25). As age increases, cognitive abilities tend to decline, which may be related to increased oxidative stress and amyloid protein deposition in the brain leading to brain damage in older adults (26). Men are more likely to maintain stable cognitive function compared to women. This gender difference may be due to differences in socioeconomic status (SES), social networks, engagement in leisure activities, and early life experiences (27, 28).

Behavioral characteristics are closely related to cognitive function in disabled middle-aged and older adults. A national survey indicated that smoking is one of the modifiable risk factors for cognitive impairment (29). In this study, smoking did not have a significant impact on cognitive function in disabled middle-aged and older adults, which may be due to survivor bias among the middle-aged and older adults (30). Disabled middle-aged and older adults who sleep 6–8 h have better cognitive function compared to those with short (<6 h) or long (>8 h) sleep durations, consistent with previous research (31). There is an inverted “U” shaped relationship between sleep duration and the risk of cognitive impairment (32). Short sleep duration (<6 h) may lead to reduced clearance of metabolic waste by the brain’s glymphatic system, chronic neuroinflammation, and hypoxemia (33–35). The decline in cognitive function associated with long sleep duration (>8 h) may be related to increased sleep fragmentation and insufficient deep sleep (36). Since sleep duration is a modifiable and intervenable factor, it is necessary to consider the physical condition, lifestyle, and environmental factors of disabled individuals to develop the most suitable sleep improvement plan. Disabled middle-aged and older adults with good hearing ability are more likely to maintain good cognitive function. Hearing loss has been identified as one of the major modifiable risk factors for dementia (37). The “cascade hypothesis” suggests that hearing loss leads to cognitive decline in a comprehensive manner, where sensory deprivation, social isolation, and increased depressive symptoms due to hearing loss can all contribute to cognitive deterioration (38). For disabled middle-aged and older adults with hearing loss, we recommend the use of hearing aids and cochlear implants to prevent cognitive decline.

Interpersonal networks have a significant impact on the cognitive function of disabled middle-aged and older adults. Those living in urban areas tend to have better cognitive function, as urban regions generally offer more medical resources and health services. Disabled middle-aged and older adults in these areas can more easily access healthcare, rehabilitation services, and treatment, which helps maintain good cognitive function (39). Married disabled middle-aged and older adults also demonstrate better cognitive function, aligning with previous research (40). The resource model suggests that the loss of marriage also means the loss of economic, social, practical, and psychological resources, which are risk factors for cognitive decline (41). Married disabled individuals can receive support and care from their spouses, accompanied by more social interaction and emotional connection, which is beneficial for maintaining cognitive function. Our study shows that disabled middle-aged and older adults with social participation have better cognitive function. Social participation in the disabled population is often overlooked, but our research confirms its value in cognitive function. As one of the three pillars of active aging (42), the cognitive reserve theory proposes that social participation provides mental stimulation through complex communication and interaction with others, which can activate and strengthen various neurobiological pathways, thereby maintaining cognitive function in a relatively stable state (43, 44). Pain, fatigue, and architectural barriers are significant obstacles to the participation of the disabled population (45). Therefore, we recommend providing regular health check-ups and medical services for disabled middle-aged and older adults, and ensuring that public places, residential areas, and transportation facilities are equipped with accessible designs to facilitate social participation. Depression is a predictor of rapid cognitive decline in disabled middle-aged and older adult individuals. Previous research has shown that depressive symptoms precede cognitive decline in the older adult (46). Additionally, depression is a mediating factor for cognitive impairment and functional disability in middle-aged and older adult individuals (47). Our study’s last follow-up was in 2020, during which many COVID-19 survivors experienced persistent depression and related neurocognitive disorders (48, 49). A French study indicated that immune system disorders triggered by COVID-19 infection might induce psychopathology, leading to depressive symptoms and cognitive impairment (50). Some scholars view disability as a chronic stress experience, suggesting that disability interferes with individuals’ perceived social support and sense of control, subsequently increasing the level of depression in the middle-aged and older adults (51). Regular monitoring and detection of depressive symptoms in the disabled population may help slow down irreversible cognitive decline (52).

At the level of work and living environment, our study found that disabled middle-aged and older adults with an education level of junior high school or above had better cognitive abilities. This supports the view that longer education helps to slow down cognitive decline and increases brain cognitive reserve (29). Families income of less than 15,000/year were more likely to fall into the rapid decline group, consistent with previous research (53). Low-income disabled families may face more economic pressure and lack resources, making it difficult for them to obtain adequate medical and healthcare services. In contrast, high-income disabled families may have more resources for a healthy lifestyle and health management, increasing their likelihood of utilizing health services and thereby delaying cognitive decline (54).

The impact of policy environments as distal factors on disabled middle-aged and older adults cannot be ignored. Since 2016, China has implemented long-term care insurance (LTCI) to ensure that disabled individuals can access affordable medical services (55). Research by Ye found that the implementation of LTCI significantly improved the cognitive function of disabled older adults (56). However, our study did not find an impact of medical insurance and pension insurance on the cognitive function trajectories of disabled middle-aged and older adults at the policy environment level. One reason is that our study used data from the 2013 CHARLS for medical and pension insurance. Additionally, 42.4% of our sample were middle-aged individuals (45–59 years old), while long-term care insurance is available from age 60. We recommend formulating future medical policies to support disabled middle-aged individuals and extending the applicable age range for disability benefits to enhance their access to health services.


4.1 Strengths and limitations

The main strength of this study is that it is the first to investigate the trajectories of cognitive function changes and their predictors among disabled middle-aged and older adults in China. This research extends the understanding of cognitive function trajectories in the disabled middle-aged and older adults within the socio-economic and cultural context of China. By using a latent growth mixture model, this study overcomes the limitations of traditional growth models that assume all individuals follow the same trajectory. It allows for the identification of distinct subgroups with different trajectory characteristics and trends, which can help in developing targeted intervention and support strategies to improve cognitive function among disabled middle-aged and older adults. Guided by the health ecological model, this study explores the cognitive trajectories and their predictors from factors such as personal characteristics, behavioral lifestyles, and social environments, providing a new perspective for future cognitive function research in the disabled population. Lastly, this study is based on a nationally representative, population-based prospective cohort, making the results highly generalizable and representative.

This study has several limitations. First, we did not categorize the severity of disability. Future research could explore the cognitive change trajectories of middle-aged and older adults with different levels of disability (low, medium, high). Second, due to limitations of the CHARLS database, this study only examined some factors within the health ecological model and did not include physiological and biochemical indicators. Nonetheless, understanding the cognitive function trajectories and their predictors over 7 years in disabled middle-aged and older adults in China remains significant, as it may help the Chinese government in planning and guiding future interventions. Third, the study sample is limited to participants from China, so the generalizability of the findings to other countries or populations remains uncertain. Finally, we used self-reported survey data, which may introduce bias. However, self-reported data are commonly used in disability research of older adults and can more accurately reflect personal status in interaction with the real world (57).




5 Conclusion

There are three distinct trajectories of cognitive function in disabled middle-aged and older adults: Rapid decline, Slow decline, and Stable. Preventive measures to address cognitive decline in this population are crucial. We should focus on the value of modifiable factors such as hearing ability, sleep duration, depression, and social participation to achieve healthy aging in disabled middle-aged and older adult individuals.
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Objective: The goal of this study was to further validate the effect of multimorbidity on cognitive performance in older adults after controlling for confounders using propensity score matching (PSM).
Methods: A cross-sectional survey of older adult people aged 60 years or older selected by convenience sampling was conducted in seven medical institutions, three communities, and five nursing homes in Zunyi City, Guizhou Province. The data collected included general information, health-related information, and Mini-Mental State Examination (MMSE) scores. Variables were controlled for confounders by PSM to analyze differences in cognitive ability between multimorbidity and nonmultimorbidity older adults. Logistic regression and multivariate-adjusted restricted cubic spline (RCS) curves for matched samples were used to assess the relationship between multimorbidity and cognitive decline.
Results: A total of 14,175 respondents were enrolled, and the mean age of the participants included in this study was 71.26 ± 7.1 years, including 7,170 (50. 58%) of the participants were males, 7,005 (49.42%) were females, and 5,482 participants (38.67%) were screened for cognitive decline. After PSM, logistic regression analysis revealed that multimorbidity was a risk factor for cognitive decline (OR = 1.392, 95% CI = 1.271–1.525, p < 0.001). The RCS show that the risk of cognitive decline is always greater in older adults with multimorbidity than in older adults without multimorbidity at the same age. Age, sex, marital status, educational level, monthly income, drinking status, participation in social activities, and exercise were influential factors for cognitive decline in older adults (p < 0.05). The incidence of cognitive decline in older adults with multimorbidity was also greater than that in older adults with one chronic disease (p < 0.001).
Conclusion: The risk of cognitive decline in older adults with multimorbidity is greater than that in older adults without multimorbidity; therefore, the government should strengthen the prevention and treatment of multimorbidity in older adults to further protect their cognitive abilities.
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1 Introduction

In recent years, global aging has become a serious problem, especially in China, where the health of older adult people has become an increasingly prominent issue. According to the National Bureau of Statistics of China, the population aged 60 years or older in China reached 280 million at the end of 2022, accounting for 19.8% of the country’s population (1). The population of older adults is affected by declining organismic functions, prolonged survival periods, and an increasing prevalence of incapacitated persons; one of the causes of these phenomena is the persistently high prevalence of multimorbidity among older people (2). Multimorbidity, a condition in which a person suffers from two or more chronic diseases or long-term medical conditions at the same time, has become a major public health problem that threatens the health status of older people, and previous studies have shown that the prevalence of multimorbidity in older adult people increased from 15.6 to 30.76% from 1998 to 2018 (3). In recent years, the prevalence of multimorbidity has ranged from 40 to 65% in different countries (2, 4, 5).

With the increasing age of the population, the incidence of cognitive dysfunction in older adult people is also increasing, with a prevalence rate of 15.5% (6). Cognitive ability, which refers to the ability of the human brain to process, store and extract information, is an important factor affecting the quality of life of older persons (7). Cognitive decline may affect the ability of older persons to perform daily living tasks (8). Older persons may face problems such as memory loss and slowed thinking, making it difficult for them to perform daily tasks on their own. It may also have a direct effect on the health of older adults, exacerbating their risk of developing dementia, including Alzheimer’s disease and other forms of dementia, which can further impair cognitive function in older adults, causing a vicious cycle (9, 10). Furthermore, family members often need more time and energy to care for older adults, placing a burden on society by increasing financial and emotional strain on the family (11). Cognitive decline in older adults is an important issue, and importantly, older adults are at risk for cognitive impairment and may not be able to cope with the effects of cognitive decline on their lives.

Many chronic diseases, such as diabetes, hypertension, respiratory diseases, digestive diseases, and degenerative osteoarthropathies, have been shown to affect cognitive function in older adults (12, 13). A study of multimorbidity combinations and the risk of developing dementia revealed that compared with people without multimorbidity, the risk of dementia was highest in multimorbidity clusters with cardiometabolic multimorbidity (mainly heart or circulatory diseases, hypercholesterolemia, stroke, diabetes, and high blood pressure) and mental health multimorbidity (mainly depression and other mood disorders), and lowest in inflammation and autoimmune clusters. The inflammation and autoimmune groups had intermediate levels of risk, and the cancer group had the lowest level of risk (14). However, the study was incomplete regarding controlling for confounders.

Many factors affect the cognitive ability of the older adult people, and some studies have shown that age, sex, mode of residence, marital status, educational level, and monthly income are among the multidimensional factors affecting multimorbidity and cognitive ability in older adult people, with age and sex taking the main role (15–19). Some lifestyles such as a sedentary lifestyle, smoking and diet are also risk factors for cognitive ability (20–22), the more unhealthy one’s lifestyle is, the greater the degree of cognitive decline (23). The above sociodemographic, health behavior, and lifestyle factors have an impact on cognitive performance in older adults, however, few studies have considered the impact of confounding factors on outcomes.

The propensity score matching (PSM) method developed by Rosenbaum and Rubin in 1983 (24) can be used to address nonrandomized data by using a single propensity score (PS) to represent multiple confounding variables, thus balancing the distribution of covariates between the multimorbidity and nonmultimorbidity groups, controlling for confounding bias between the two groups, and decreasing its interference with the results and improving accuracy in the results of the study of the effects of multimorbidity on cognitive decline. The restricted cubic spline (RCS) model can be used to visualizes the effect of small changes in variables on the results as a continuous curve and is an effective tool for exploring the differences between two sets of dependent variables. Therefore, the study further validated the effect of multimorbidity on cognitive ability in older adults by using the PSM to control for confounders and using the RCS to observe the difference in the risk of cognitive decline with age between older adults in the multimorbidity and nonmultimorbidity groups, with the aim of providing data to support the implementation of interventions for the prevention of cognitive decline in older adults.



2 Methods


2.1 Participants

Older adult people aged 60 years and older from seven medical institutions, three communities, and five nursing homes in Zunyi City, Guizhou Province, were selected for the study from October 2022 to September 2023 using convenience sampling. The inclusion criteria for the study subjects were as follows: (1) aged ≥60 years and (2) willing to voluntarily participate in this study and provide informed consent. The exclusion criteria were as follows: (1) had previous severe mental illness or severe cognitive impairment and were unable to communicate; (2) had acute critical illness (including shock, respiratory failure, acute heart failure, acute myocardial infarction, stroke, etc.) and were unable to cooperate with the survey; and (3) had acute exacerbation of chronic disease or terminal stage of disease (expected survival <3 months). This study was reviewed by the Ethics Review Committee of the Affiliated Hospital of Zunyi Medical University (KLL2022-814). The study was conducted in accordance with the principles outlined in the Declaration of Helsinki. Each participant voluntarily agreed to participate in the study and provided informed consent.



2.2 Sample size

Cognitive decline in older adult people is an important variable in this study, and by referring to a large amount of literature, we know that the rate of cognitive decline in China is approximately 28.6% (25), and the minimum required sample size of 7,845 was calculated using the following formula based on the 95% confidence interval (CI):

[image: Sample size formula calculating N, with the equation: \( N = \frac{Z^2 P (1-P)}{\delta^2} = \frac{1.96^2 \times 0.286 \times (1 - 0.286)}{0.01^2} \approx 7845 \).]



2.3 Assessment of cognitive function

The Mini-Mental State Examination (MMSE) was developed in 1975 by Folstein et al. (26) and has good reliability, with a Cronbach’s alpha coefficient of 0.916. The MMSE is used to measure cognitive function in older adults and consists of 30 items, including orientation (10 points), verbal ability (8 points), attention and calculation (5 points), delayed memory (3 points), immediate memory (3 points) and visuospatial skills (1 point). The total score ranges from 0 to 30 points, with higher scores indicating better cognitive functioning. Educational level, as a rank variable, is distinguished from the conditions of application of the MMSE as illiterate, elementary school, middle school and above. The MMSE defines cognitive decline on the basis of the following criteria: those who score < 17 at the illiteracy level, those who score < 20 at the elementary school level, and those who score < 24 at junior high school and above.



2.4 Assessment of multimorbidity

The 17 chronic diseases surveyed included hypertension, asthma, diabetes, heart disease, degenerative osteoarthropathy, cerebrovascular disease, hyperlipidemia, chronic lung disease, chronic bronchitis, cataracts, anxiety, renal disease, malignant tumors, liver disease, depression, gastrointestinal disease, and stomach disease. The total number of chronic diseases suffered by the respondents was counted, and multimorbidity was defined as respondents suffering from two or more of the above chronic diseases, whereas no multimorbidity was defined as respondents suffering from one or no chronic diseases.



2.5 Data collection

We selected age, sex, marital status, educational level, residence, mode of residence, type of medical insurance, monthly income, drinking status, smoking status, annual physical examination, participation in social activities, exercise, social support, and the presence of multimorbidity as covariates, with age as a continuous variable, and the other definitions are shown in Table 1.



TABLE 1 Definition of covariates.
[image: Table listing variable names and their definitions for a survey. Variables include sex, marital status, educational level, residence, mode of residence, type of medical insurance, monthly income, drinking, smoking, annual physical examination, participation in social activities, exercise, social support, presence of multimorbidity, and only one chronic disease. Definitions use numerical codes to denote categories, such as 1 for male, married, or urban, and 2 for female, other marital status, or rural. Further codes detail educational levels, income brackets, and health-related behaviors.]

The questionnaire was conducted in the form of face-to-face interview using a paper-based questionnaire. During the survey, the researcher asked the respondents questions and collected basic patient information and MMSE scores in a process that took approximately 30–40 min. The questionnaires were reviewed for completeness of content and retrieved in a timely manner at the end of the survey to ensure the accuracy of the survey results. The questionnaires completed on the day of the survey were uniformly checked.



2.6 Statistical analysis

To ensure the accuracy of the data, to prevent overall bias caused by too many or too few variables and to avoid data entry errors, outlier detection for continuous variables is needed. In this study, the box method was used to identify whether there were outliers, and the outliers were reconfirmed through the data source; if they were not available or confirmed as outliers, they were replaced with “null” to represent missing data. Then, the missing values were deleted.

SPSS 29.0 (IBM Inc., Armonk, NY, United States) and R 4.3.3 (R Foundation, Vienna, Austria) were used for statistical analysis. The quantitative data are presented as frequencies and percentages (%). The χ2-test was used to compare the differences between groups. In this study, after several attempts, the caliper value was set to 0.05, and the nearest neighbor matching method was used to match older adults with multimorbidity and older adults without multimorbidity at a ratio of 1:1, the standardized mean difference (SMD) of the covariates were used to assess the balance before and after PSM. After matching, conduct a univariate logistic regression analysis, considering cognitive decline as the dependent variable. Covariates and presence of multimorbidity as the independent variable. Then, incorporate variables that achieve statistical significance from the univariate regression into the multivariate logistic regression. Using the RCS model with age as the independent variable and cognitive decline as the outcome variable, the matched samples were categorized into a nonmultimorbidity group and a multimorbidity group to compare the difference in the risk of cognitive decline with increasing age between the two groups. The logistic regression analysis was done using SPSS 29.0 software and the RCS curves were done using R 4.3.3 software. p < 0.05 was considered to indicate statistical significance.




3 Results


3.1 Sample characteristics

A total of 14,175 respondents were enrolled, with an average age of 71.26 ± 7.19 years, including 7,170 (50.58%) males and 7,005 (49.42%) females; 12,110 (85.43%) were married, and 2065 (14.57%) were not married (separated/divorced/widowed/unmarried); 9,484 (66.91%) had an elementary school and below educational level, 2,818 (19.88%) had a junior high school educational level, 1,385 (9.77%) had a high school or junior college educational level, and 488 (3.44%) had a college educational level; and 6,921 (48.83%) were living in urban areas, 7,254 (51.17%) were living in rural areas, 13,387 (94.44%) were not living alone, and 788 (5.56%) were living alone. Multimorbidity was noted in 30.17% (4,276/14175) of respondents and 69.83% (9,899/14175) of respondents were without multimorbidity. Of these patients, 50.05% (4,954/9899) did not have chronic disease, and 49.95% (4,945/9899) had chronic disease.



3.2 Occurrence of cognitive decline in older adults

The incidence of cognitive decline in older adults with multimorbidity was 46.68% (1996/4276), which was significantly greater than that among older adults without multimorbidity (35.22%; 3486/9899) (p < 0.01) (Table 2). Among 9,221 older adults with chronic diseases, 3,908 (42.38%) experienced cognitive decline. Among the 9,221 older adult individuals with chronic diseases, 3,908 (42.38%) experienced cognitive decline, and the incidence of cognitive decline in older adult individuals with multimorbidity was 46.68% greater than that in older adult individuals with only one chronic disease (1912/4945) (38.67%). This difference was statistically significant (p < 0.05) (Table 3).



TABLE 2 Comparison of the incidence of cognitive decline in older adults with and without multimorbidity.
[image: Table showing the relationship between multimorbidity and cognitive decline. Total participants: 14,175. Multimorbidity present in 4,276. No cognitive decline: 8,693; with decline: 5,482. Chi-square value: 165.453, with P < 0.001 indicating statistical significance.]



TABLE 3 Comparison of the incidence of cognitive decline in older adults with multimorbidity versus those with only one chronic disease.
[image: Table showing the relationship between multimorbidity and cognitive decline. Out of 9,221 total participants, 4,276 had multimorbidity, with 2,280 showing no cognitive decline and 1,996 showing cognitive decline. Those with only one chronic disease numbered 4,945, with 3,033 having no cognitive decline and 1,912 experiencing cognitive decline. Chi-square test result is 60.307, with P value less than 0.001, indicating statistical significance.]



3.3 Covariates and their relationships with cognitive decline in older adults with and without multimorbidity before and after PSM


3.3.1 Comparison of the characteristics of older adults before and after PSM

Before PSM, among the 14,175 survey respondents, age, marital status, educational level, type of residence, mode of residence, monthly income, drinking status, smoking status, annual physical examination status, social activity status, and exercise status significantly differed (p < 0.05) between the older adults with no multimorbidity and the older adults with multimorbidity. After PSM, 4196 pairs of older adults were included, and the differences in the above variables were not statistically significant (p > 0.05) (Table 4). SMD analysis showed that all covariables were less than 0.1, suggesting that the results were well balanced (Supplementary Figure S1). Probability density estimation indicate that the two groups show adequate overlap after matching, with good control matching for each sample individual (Supplementary Figure S2).



TABLE 4 Covariates for older adults with and without multimorbidity before and after PSM.
[image: Table comparing characteristics of patients with and without multimorbidity before and after propensity score matching (PSM). Variables include age, sex, marital status, educational level, residence, mode of residence, insurance type, income, drinking, smoking, physical exams, social activities, exercise, and social support. Statistical measures such as Z/χ² and P-values are provided for each variable, indicating statistical significance.]



3.3.2 Cognitive decline in older adults with and without multimorbidity after PSM

After PSM, the incidence of cognitive decline in older adults with multimorbidity was 46.16%, which was significantly greater than that in older adults without multimorbidity (38.89%; p < 0.05). The differences in the incidence of cognitive decline among older adults of different ages, sexes, marital status, educational level, residence, mode of residence, monthly income, drinking, smoking, social activities, and exercise were statistically significant (p < 0.05) (Table 5).



TABLE 5 Differential covariate comparison of the occurrence of cognitive decline in older adults after PSM.
[image: A table showing variables related to cognitive decline among 8,392 participants. It includes data on age, sex, marital status, education, residence, medical insurance, income, drinking, smoking, physical exams, social activities, exercise, social support, and multimorbidity. The table is divided into groups with and without cognitive decline, presenting chi-square and P values to indicate statistical significance. Age, educational level, and marital status show strong significance with P values less than 0.001. Data are displayed in numbers and percentages.]



3.3.3 Multivariate logistic regression analysis of cognitive decline in older adults

Univariate logistic regression analyses with the presence of cognitive decline as the dependent variable and the included indicators as independent variables (see Table 1 for defined values), incorporated variables that were statistically significant in univariate regression into multivariate regression analysis, showed that multimorbidity was a risk factor for the emergence of cognitive decline in older adult people [OR = 1.392, 95% CI (1.271, 1.525), p < 0.001]. Moreover, age, sex, educational level, monthly income, drinking status, participation in social activities, and physical exercise were also influential factors for the development of cognitive decline in older adults (p < 0.05), and no significant relationship was noted with cognitive decline at the high school or secondary school level (p > 0.05) (Table 6). According to the correlation analysis in Figure 1, a significant difference existed (p < 0.001) except between sex and age, between exercise and drinking, and between the presence of multimorbidity and the individual variables (p > 0.05).



TABLE 6 Univariate and multivariate logistic regression analyses of factors influencing cognitive ability after PSM.
[image: Logistic regression analyses table comparing univariate and multivariate analyses for various variables, such as age, sex, marital status, education, and income. Columns list coefficients, standard errors, p-values, odds ratios, and confidence intervals. Significant values are highlighted.]

[image: Correlation matrix showing relationships among variables: sex, age, educational level, monthly income, drinking, participation in social activities, exercise, presence of multimorbidity, and cognitive decline. Values range from -1 to 1, with color coding from blue (high positive correlation) to red (high negative correlation). Notable correlations include educational level with cognitive decline (-0.22) and exercise with cognitive decline (0.47).]

FIGURE 1
 Spearman correlation among independent variables. **p < 0.01 (two-tailed).




3.3.4 Comparison of differences in dose–response relationships between age and the risk of cognitive decline in older adults with and without multimorbidity

The relationship curve between age and cognitive decline was plotted for both groups of older adults using quartiles of age as nodes and OR at median age in the nonmultimorbidity group as a reference line. After adjusting for all covariates in the model, the RCS curves revealed a significant dose–response relationship between age and the risk of cognitive decline (overall p < 0.001), with the risk of cognitive decline being significantly greater in the multimorbidity group than in the nonmultimorbidity group at the same age (Figure 2). A positive correlation was noted between age and the risk of cognitive decline in the nonmultimorbidity group (P Nonlinear = 0.030), and P Nonlinear = 0.342 in the multimorbidity group.

[image: Line graph depicting cognitive decline risk by age. The red line shows increased risk for patients with multimorbidity, while the blue line for those without shows a lower risk. Both risks rise with age. Shaded areas represent confidence intervals.]

FIGURE 2
 Analysis of restricted cubic spline regression. The model was based on logistic regression models and adjusted for sex, marital status, educational level, residence, mode of residence, type of medical insurance, monthly income, drinking, smoking, annual physical examination, participation in social activities, exercise, social support, and presence of multimorbidity.





3.4 Patients with multimorbidity and older adults with one chronic disease before and after PSM and their cognitive decline

PSM was conducted on 9,233 older adults with chronic diseases. Before PSM, statistically significant differences (p < 0.05) in age, marital status, residence, mode of residence, drinking status, smoking status, annual physical examination, participation in social activities, and exercise were noted between older adults with multimorbidity and older adults with one chronic disease. After PSM, for 3,933 pairs of older adults, the above variables were not significantly different (p > 0.05) (Table 7).



TABLE 7 Comparison of general conditions between older adults with multimorbidity and those with only one chronic disease before and after PSM.
[image: A detailed table comparing demographic and clinical variables before and after propensity score matching (PSM) in groups with multimorbidity and only one chronic disease. The variables include age, sex, marital status, educational level, residence, mode of residence, type of medical insurance, monthly income, lifestyle factors such as drinking, smoking, physical examination, participation in social activities, exercise, and social support. Statistical values such as Z/Z' and P-values are provided, indicating significance where applicable.]

The results revealed that the incidence of cognitive decline in older adults with multimorbidity was 45.64%, which was significantly greater than that the 39.69% reported in older adults with only one chronic disease (p < 0.05) (Table 8).



TABLE 8 Incidence of cognitive decline in older adults with multimorbidity versus one chronic disease after PSM.
[image: Table showing the association between multimorbidity and cognitive decline. Total participants are 7,866. Multimorbidity and only one chronic disease each have 3,933 participants. In the no cognitive decline group, 2,138 have multimorbidity (54.36%) and 2,372 have one chronic disease (60.31%). In the cognitive decline group, 1,795 have multimorbidity (45.64%) and 1,561 have one chronic disease (39.69%). The chi-square value is 28.457, and P is less than 0.001.]




4 Discussion

In this study, we used PSM to balance confounding bias between older adults with and without multimorbidity to ensure the comparability of the observation and control groups and the reliability of the findings. Therefore, we further validated the effect of multimorbidity on cognitive performance in older adults. We conclude that the incidence rate of cognitive decline in older adults with multimorbidity was 1.392 times greater than that in older adults without multimorbidity. Similarly, the RCS curves revealed that older adults with multimorbidity are at greater risk of cognitive decline than older adults without multimorbidity at the same age.


4.1 Increased incidence of cognitive decline in older adults

A total of 14,175 survey respondents were included, 38.67% of whom experienced cognitive decline, which was similar to the findings of Cong Lin (27) (36.02%). This percentage was higher than that reported by Lei Shen (28) for urban older adults (16.2%) but slightly lower than that reported by Wang et al. (29) for rural older adults in North China (42.9%). This difference was likely attributed to the relative scarcity of health care resources for older adults in rural areas compared with those in urban areas, resulting in the possibility of older adults not being able to receive adequate health care services, such as early detection and treatment (30). This percentage was slightly greater than that reported in the Li et al. (31) survey of older adults ≥65 years old (30.52%) likely because the age of the respondents was slightly greater than that of the older adults (>60 years old) selected for this study. In previous studies, Hou et al. (32) collected data on older adults from 2013 to 2017 and reported a cognitive decline incidence of 16.8%, and Ding et al. (33) surveyed community residents in 2009 and reported a cognitive decline incidence of 20.1%. Although the incidence of cognitive decline in older adults has not been consistent across different studies, generally, the incidence of cognitive decline in Chinese older adult individuals is gradually increasing, probably due to increasing life expectancy and aging of the population (2, 34). The rate of cognitive decline accelerates with age (35). These findings are also consistent with the results of this study. As the population ages, the incidence of cognitive decline in older adults increases, indicating the need for early intervention programs.



4.2 Multimorbidity as a risk factor for developing cognitive decline in older adults

The results of this study revealed that the incidence of cognitive decline in older adults with multimorbidity and in those with no multimorbidity after PSM was as high as 46.16%, and the risk of developing cognitive decline in older adults with multimorbidity was 1.392 times greater than that in older adults with no multimorbidity. The RCS curves provide more intuitive evidence that the risk of cognitive decline is higher in older adults with multimorbidity after controlling for age factors. After PSM, in older adults with multimorbidity versus older adults with only one chronic disease, the incidence of cognitive decline in older adults with multimorbidity was 45.64%, which significantly differed from that in older adults with only one chronic disease (39.69%), indicating that multimorbidity is a risk factor for developing cognitive decline in older adults. This finding is consistent with the results of previous studies (36, 37), and it can be analyzed from the perspectives of medication effects, secondary effects of chronic diseases, and chronic disease characteristics. The number and type of medications taken by patients with multimorbidity, multiple medication regimens and drug–drug interactions or cumulative effects may increase the risk of cognitive decline in patients with multimorbidity (36, 38). In addition, multimorbidity may lead to a decrease in the independence of older adults’ related functions, which reduces the number of social activities (31, 39).

Furthermore, the underlying biological mechanisms of multimorbidity and cognitive decline are largely unknown, but several possible effects of chronic disease on cognitive performance which underlie this unknown mechanism. It has been found that chronic inflammation, increased frequency of cerebrovascular disease, and inadequate cerebral oxygenation may increase the risk of developing cognitive decline in patients with multimorbidity (40). Chronic diseases are often associated with low-grade chronic inflammation, which plays an important role in the pathogenesis of cardiometabolic multimorbidity, and inflammation and hereditary predisposition further increase the risk of cognitive decline induced by multimorbidity (41). In cardiovascular-metabolic multimorbidity, hypertension alters cerebral blood flow, which may damage blood vessels in the brain and white matter (causing white matter hyperintensity), leading to a decrease in overall brain volume due to the damage to neurons and their connections and neuronal death, which in turn leads to cognitive decline (42). When an individual is in a chronic hypertensive state, vasoconstriction reduces vascular elasticity and increases the risk of cerebral hemorrhage, cerebral infarction, and cerebral small-vessel disease, which are all known risk factors for cognitive decline (43). Diabetes disrupts neuronal glucose metabolism and increases oxidative stress, and aggravated cerebrovascular damage leads to decreased cerebral blood flow and oxygen supply, impairing cognitive function (44). Neuroinflammation, a result of systemic inflammation in diabetes, can lead to synaptic dysfunction and neuronal loss, which in turn increases the risk of cognitive decline (18, 22, 45). There are also studies on the relationship between genes and cognitive function that show that five genes, PFKFB4, PDK3, KIAA0319L, CEBPD, and PHC2T, have the potential to recognize Alzheimer’s disease (46).

However, the current clinical model is mostly a single-disease management model, and a standard multimorbidity management model that can meet the health management needs of older adult individuals with chronic diseases has not yet been developed (47). Medical institutions and health centers should fully recognize the severe damage caused by multimorbidity to the cognitive ability of older adult people and should pay attention not only to the recovery of physical health but also to cognitive function abnormalities.



4.3 Factors influencing cognitive decline in older adults

Age, sex, low monthly income, and lack of socialization are risk factors for developing cognitive decline in older adults. This study revealed that the risk of cognitive decline increased by 1.067 times with each year of age compared with that in the previous year, and the risk of cognitive decline increased with age (35). Older women have a greater rate of cognitive decline; consistent with the findings of previous studies, the prevalence of cognitive impairment in women is significantly greater than that in men globally (48). This difference arises as a result of a combination of physiological factors (i.e., differences in the levels of sex hormones at the cellular, organ, and systemic levels) and social factors (environmental, social, cultural, and other factors) (49, 50). Older adults with a high monthly income can afford a higher-quality diet and lifestyle, with access to more adequate nutrition and better medical care, which, consistent with the results of the present study, helps maintain their cognitive function (51, 52). Psychosocial factors are important factors affecting cognitive performance in older adults. Negative emotions increase the risk of cognitive decline in older adults (39). Older adults who frequently participate in social activities usually have stronger social support and emotional attachments.

In addition to the above risk factors, the results of this study revealed that a high education level, alcohol consumption and not engaging in exercise were protective factors against cognitive decline in older adults. The higher the education level of older adults was, the lower the prevalence of cognitive decline was, which is in line with the findings of previous studies (53, 54). Older adults with a high educational level usually have a greater knowledge base and stronger self-management skills (30, 55), moreover, they are more adaptable to new technologies and information, which allows them to remain socially connected, gain more information, in turn, delay cognitive decline (55). The prevalence of cognitive decline in older adults who consume alcohol is 0.758 times greater than that in older adults who do not drink alcohol, and older adults who do not drink alcohol are more likely to experience cognitive decline, which is not entirely consistent with the results of previous studies (29, 56). This study suggested that light alcohol consumption may have a protective effect on cognitive function in older adults, whereas heavy alcohol consumption adversely affects cognitive function. A cohort study in the United States (57) also demonstrated that light or moderate alcohol consumption (women less than 8 drinks per week and men less than 15 drinks per week) was positively associated with cognitive improvement in middle-aged and older adults. A recent study of more than 3.93 million people (58) showed that light and moderate drinkers had a reduced risk of dementia compared with nondrinkers, but heavy drinkers had an 8% increased risk of dementia. There is still much controversy about the association between moderate drinking and cognition, and the present study did not grade the level of alcohol consumption, which could be improved accordingly in future studies. Although most studies consider exercise as a protective factor for cognitive decline, the results of the present study revealed that the incidence of cognitive decline in older adult people who do not exercise is 0.825 times higher than that of older adult people who exercise, a result that is shared by only a few studies. The risk of cognitive decline was greater in older adults who exercised in the present study, and an intervention study of older adults who engaged in physical activity for 18 months revealed no significant improvement in cognitive function in older adults (59). A systematic evaluation and meta-analysis (60) revealed a very small correlation between exercise and the risk of experiencing cognitive decline, with no significant dose–response association. The correlation coefficient between exercise and cognition in this study was 0.04, which is a very weak correlation.

On the basis of the results of this study, the government can optimize the allocation of medical resources, increase attention and investment in patients with multimorbidity and those at potential risk, achieve early identification of cognitive decline in older adults at risk of multimorbidity, and ensure the provision of timely and effective medical services and health management. Public health promotion and education campaigns can underscore the link between multimorbidity and cognitive decline, along with the aforementioned influencing factors, and increase the public’s awareness of self-care and health management skills, especially among older adult individuals.

Our research has two main strengths. Observational studies often involve multiple covariates and complex data structures, and PSM facilitates the elimination of selection bias, reduces the effect of potential confounders, and improves between-group balance, which greatly improves the reliability of the results. The above results and discussion of the influencing factors in this study provide new ideas about the factors of cognitive functioning.

This study has several limitations. First, this study used patient self-reported data, which may exhibit some bias. In addition, the cross-sectional study design limited the ability to infer causality. Although several confounders were controlled for in this study, potential factors that affect cognitive function in older adults with multimorbidity remain unaddressed. The results of a meta-analysis revealed that abnormal sleep duration and insomnia were associated with increased odds of multimorbidity (61). Adequate and high-quality sleep is essential for memory consolidation and the clearance of metabolic waste from the brain (62). Insufficient or poor-quality sleep is closely related to cognitive decline, potentially leading to reduced attention, memory impairment, and decreased decision-making ability (63). Adequate nutrition is even more known to reduce the risk of cognitive decline and promote brain health while influencing the incidence of various chronic diseases, specifically, live microbes, vegetables, fish, and nuts, is believed to promote brain health (16, 64). Future studies could incorporate additional confounders to deepen the understanding of the relationship between multimorbidity and cognitive decline.




5 Conclusion

In conclusion, the increased risk of cognitive decline in older adults with multimorbidity was further validated in this study. After controlling for confounders using PSM, RCS curves were used to demonstrate a greater risk of cognitive decline in older adults with multimorbidity at the same age. And factors that increase the risk of cognitive decline in older adults were identified, including advanced age, female sex, bottom monthly income, and lack of socialization. The protective factors for cognitive decline in older adults were a high education level, alcohol consumption, and no physical activity. These findings suggest that the prevention and treatment of chronic diseases in older adult individuals should be strengthened and that we should also focus on early intervention for individuals with cognitive decline. In the future, the in-depth association between multimorbidity and cognitive ability should be investigated by controlling for confounders and expanding the survey sample size.
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Background: The impact of cardiovascular diseases on cognition raises important research questions. The study aimed to investigate the relationship between demographic data, cardiovascular diseases, kidney disease and depressive symptoms on cognition.
Methods: A cross-sectional study of patients with cardiovascular diseases was performed. The Montreal Cognitive Assessment (MoCA) was applied for cognitive evaluation. Based on MoCA three groups were defined: preserved cognition, mild, and advanced cognitive dysfunction (CD). Data were analyzed using Cronbach alpha (Cα) and McDonald’s ω (Mω) for internal consistency. The Chi-square test, Cramer’s V test, and correlation analyses were also applied.
Results: Of 628 patients, 55.2% had mild CD, and the mean age was 67.95 (SD 9.53) years. Cα and Mω were 0.7, indicating good internal consistency. We found a moderate positive correlation between depression and the severity of CD (r = 0.25, p = 0.0001). A weak association between CD and female gender (p = 0.016), atrial fibrillation (p = 0.03), stroke (p = 0.009), and a moderate association for age group (p < 0.0001), education level (p < 0.0001), smoking (p < 0.0001), and renal dysfunction (p < 0.0001) was found. Age ≥ 70 years, eGFR 30–59 mL/min/1.73m2 significantly increased the likelihood for mild and advanced CD, while smoking and > 9 classes decreased it. Female gender, history of atrial fibrillation, and stroke significantly increased the likelihood of advanced CD.
Conclusion: Mild CD was the most common in patients with cardiovascular diseases. Older age, lower education, being a non-smoker, and renal dysfunction were risk factors for both mild and advanced CD. Female gender, previous diagnosis of atrial fibrillation, and stroke are risk factors for advanced CD.
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 cognitive impairment; older adult; cardiovascular; risk factors; Montreal Cognitive Assessment; atrial fibrillation; stroke


1 Introduction

Despite the enormous efforts of healthcare professionals, cardiovascular diseases (CVDs) and their complications have become a global burden on society and the economy due to the aging population (1, 2). Mild cognitive impairment is a transitional state between normal cognitive aging and dementia when activities of daily living are not limited. A considerable amount of literature demonstrated that CVDs and dementia share risk factors. According to the latest report of the 2020 Lancet Commission on dementia prevention, intervention and care, 12 potential risk factors may be responsible for the deterioration of cognitive function. Half represent classic cardiovascular risk factors (CVRFs): arterial hypertension, diabetes mellitus, smoking, high alcohol intake, obesity, and sedentarism (3). In Romania, dementia accounts for 1.43% of the population and is expected to rise to 2.56% by 2050 (4). This data refers to diagnosed dementia cases when the disease is usually advanced. Currently, there is no data about the prevalence of mild cognitive impairment in Romania.

Cognitive dysfunction (CD) and dementia mainly occur in the older adult population (4). However, in the Young Finns Study, CVRFs in childhood and adolescence were associated with lower cognitive function in midlife (5). Researchers along the heart-brain axis have studied the relationship between CD and cardiovascular pathologies (6). According to our knowledge, myocardial infarction, heart failure (HF) and atrial fibrillation (AF) are the most investigated pathologies lately. Ischemic heart disease, such as myocardial infarction or previous surgical revascularization for coronary heart disease and even high coronary calcium score were associated with an increased risk of CD development (7–9). AF is the most common arrhythmia with an increased risk for thromboembolism, often leading to ischemic stroke (10). Stroke plays an undisputed role in the deterioration of cognitive function (10). However, AF increases the risk of CD independently of stroke in older adults (11). Comorbid depressive symptoms are common in patients with CVDs and not only did they increase the short-and long-term risk for adverse cardiovascular events (12) but they also accelerated cognitive decline in a one-year follow-up (13).

Heart and brain health have much in common and this explains why this topic has received considerable interest nowadays. We hypothesized that individuals with different CVDs have worse cognitive performance and the impact on CD severity differs depending on the type of CVD. This study aimed to examine the prevalence of CD in the most common CVDs, such as atherosclerotic diseases, HF, AF and stroke. Furthermore, our objective was to evaluate the contribution and scale of the impact of demographic data, CVDs and two of the commonly co-occurring health conditions with CVDs, renal dysfunction (RD) and depression on cognitive deterioration.



2 Methods


2.1 Study population and design

This cross-sectional study enrolled participants from cardiology clinics in Mures County, Romania, between December 2016 and March 2022 (our study was stopped between March 2020 and January 2022 due to the coronavirus pandemic). Patients with CVDs admitted to the hospital were included based on past medical history records or actual medical data: ischemic heart disease, HF, AF, lower extremity peripheral artery disease and carotid artery disease. We considered ischemic heart disease based on the evidence of previous myocardial infarction (not recent), stable angina pectoris, coronary artery intervention (percutaneous or bypass surgery), significant artery stenosis (>50%), or occlusion demonstrated on coronarography. We included patients with significant peripheral artery stenosis (>50%) or occlusion demonstrated on angiography/Doppler ultrasound examination and prior percutaneous or surgical intervention for peripheral and carotid artery disease. In the case of AF, we included patients with established AF diagnosis and patients with AF on the admission electrocardiograms. For HF, previously established diagnoses, patients receiving guideline-recommended therapy, signs and symptoms of HF, and echocardiographic parameters were considered. HF patients with a left ventricle ejection fraction (LVEF) of less than 40% were considered as HF with reduced EF. A history of stroke was also reported. RD was determined based on the estimated glomerular filtration rate (eGFR) using the Modification of Diet in Renal Disease Study Group formula (MDRD, eGFR, mL/min/1.73m2). We divided patients into four groups: normal renal function: eGFR >90 mL/min/1.73m2, RD 2: eGFR 60–90 mL/min/1.73m2, RD 3: eGFR 30–59 mL/min/1.73m2, RD 4: eGFR <30 mL/min/1.73m2. Exclusion criteria were refusal to sign the written consent, the acute phase of any disease, recent (past 3 months) major cardio-or cerebrovascular events, patients on dialysis, or eGFR <15 mL/min/1.73m2. Other exclusion criteria were Alzheimer’s disease and other types of dementia, mental illness, or a disability that could hinder or affect cognitive tests, such as blindness, deafness, paresis, or paralysis of the dominant hand.

Anamnesis, sociodemographic data, physical examination, and laboratory tests were obtained from all patients. Risk factors for CVDs (arterial hypertension, diabetes, obesity, dyslipidemia, smoking) were recorded. Five age groups were established: Age I: 37–49 years, Age II: 50–59 years, Age III: 60–69 years, Age IV: 70–79 years, Age V:>80 years. We determined the educational level of 1–8 classes as low, 9–13 as intermediate, and > 13 as high.

The study protocol was approved by the Medical Science Committee of the George Emil Palade University of Medicine, Pharmacy, Science, and Technology of Targu Mures, the Emergency Institute for Cardiovascular Diseases and Transplantation of Targu Mures, and the County Emergency Clinical Hospital of Targu Mures, in accordance with the Declaration of Helsinki. All patients signed a written consent to participate in the study.



2.2 Applied questionnaires

The cognitive evaluation was carried out using the Montreal Cognitive Assessment (MoCA) questionnaire in the native language (Romanian, Hungarian) of the patients. Furthermore, we used the original ‘paper’ format. MoCA is a validated, efficient, and widely used screening test for the detection of mild cognitive impairment. It requires a standardized paper format and a pencil and usually takes 10 min to complete. The test has a maximum of 30 points and a cut-off value of 26 points (14). An extra point was added for an educational level of 12 classes or less. Based on the test results, three groups were determined: preserved cognition, scores between 26 and 30 points marked as MoCA 0, mild CD between 18 and 25 points (MoCA 1), and advanced CD <18 points (MoCA 2). In the advanced CD group, we combined moderate with severe CD, as the severe CD was not representative of the studied sample.

In addition to the cognitive examination, participants completed the shortened 13-item form of the Beck Depression Inventory (BDI) to detect depression as a confounding factor of cognitive performance.



2.3 Statistical analyses


2.3.1 Internal consistency

We calculated Cronbach α (Cα) and McDonald’s ω (Mω) to verify the internal consistency of the 7 variables of the MoCA. We also calculated how the internal consistency is influenced by the individual variables (items) with the value of Cα for each variable if deleted.



2.3.2 Descriptive statistics

Characteristics of participants were ordered by cognitive status. Welch’s test was applied for the comparison of means, as standard deviations were different, and the assumption was verified using the F-test. The difference between percentages was verified using the “N-1” Chi-squared test.



2.3.3 Correlation analysis of cognitive dysfunction and depression

A positive linear correlation between cognitive dysfunction (MoCA) and depression (BDI) was verified. First, data normality was checked with the Lilliefors test (Lill), then we calculated the 95% CI of r and applied the ANOVA test.



2.3.4 Independence analysis

Formulated hypotheses related to the independence of studied variables to CD were analyzed using the Chi-Square test. The Cramer’s V (Vcr) test was applied to measure the effect size for the obtained statistically significant hypotheses (Supplementary Table S1). It must be noticed that Cramer’s V produces relatively low measures, even for highly significant findings. Also, we have calculated the Odds Ratio (OR) and the 95% Confidence Interval (CI) for contingency tables by size 2×2. In the case of larger than 2×2 contingency tables, we analyzed the resulting 2 by 2 contingency tables obtained by decomposition and the OR and the 95% CI of OR were calculated.



2.3.5 Hypotheses

Supplementary Table S2 presents the formulated hypothesis.





3 Results


3.1 Study sample characteristics

A total number of 628 patients participated in the study. Obtained Cα = 0.7 (0.697) and Mω = 0.7 (0.74) indicated a good internal scale consistency (Table 1). This result shows that the internal consistency cannot be increased significantly by removing any of the variables. Table 2 shows the baseline characteristics of the participants. The mean age of the cohort was 67.95 (SD 9.53) years, between 37 and 93 years with a median age of 69. Female gender was present in 52.2%. Approximately two-thirds of the participants were between 70 and 79 (37.7%) and 60 and 69 (32.8%) years. Most of the patients came from urban areas (56.8%) and had intermediate level of education (51.9%). Among the measured CVRFs, arterial hypertension was the most frequent (96.5%) followed by dyslipidemia in 68.6% and obesity in 52.7%.



TABLE 1 Cα and Mω value if variable/item dropped, with Cα = 0.697 and Mω = 0.74 for all included variables.
[image: Table displaying cognitive domains and their related statistical measures if an item is dropped. Categories include Visuospatial/executive, Naming, Attention, Language, Abstraction, Delayed recall, and Orientation. Measures shown are Scale mean, Scale variance, Cronbach's alpha (Cα), and McDonald's omega (Mω). Values range for Scale mean from 16.65 to 20.99, for Scale variance from 13.37 to 19.85, for Cα from 0.62 to 0.71, and for Mω from 0.69 to 0.74.]



TABLE 2 Demographic data and clinical characteristics of study participants.
[image: Table comparing demographic data, cardiovascular risk factors, and comorbidities between groups with preserved cognition and cognitive dysfunction. Data includes age, gender, race, educational level, smoking status, obesity, diabetes, hypertension, ischemic heart disease, heart failure, depression, and renal function. p-values indicate statistical significance, with many factors showing significant differences.]



3.2 Results of cognitive assessment

One patient was excluded from further analysis because of the lack of data about the severity of CD. We found cognitive impairment in 66.2% of patients, and overall, the mean MoCA score was 23.08 points, 20.84 points in the CD group and 27.45 points in the group with preserved cognition (Supplementary Table S3). Figure 1 demonstrates the distribution of the severity of CD in age groups.

[image: Horizontal stacked bar chart showing cognition levels across age groups. Categories include Preserved Cognition, Mild Cognitive Decline (CD), and Advanced CD. Key findings: Most over 80 years have Mild CD; highest Preserved is in 60-69 years; Advanced CD increases with age.]

FIGURE 1
 The prevalence of mild and advanced cognitive dysfunction. The distribution of CD severity based on MoCA test results in different age groups. More than half of the participants, 346 subjects (55.2%) had mild cognitive impairment and 69 patients (11.0%) had advanced CD. CD, cognitive dysfunction.



3.2.1 Cognitive dysfunction and depression

After eliminating patients with missing values, 607 cases were obtained for the correlation of depression and CD. We applied the Spearman correlation based on the Lilliefors test (Supplementary Table S4). A moderate positive correlation between depression and CD was revealed, r = 0.25, 95% CI: 0.17, 0.33, p = 0.0001.



3.2.2 Association analysis result

The association analysis of all variables is summarized in Table 3. Female gender (p = 0.016), older age (p < 0.0001) and having a higher level of education (p < 0.0001) were associated with the severity of CD. The strength of the association was weak regarding female gender (Cramer’s V test p = 0.016) and moderate for older age group (Cramer’s V test p < 0.0001) and higher educational level (Cramer’s V test p < 0.0001). Active or former smoker status was associated with better cognitive function (p < 0.0001). Other CVRFs were not significantly related to CD. The severity of CD was found to be associated with AF (p = 0.03), stroke (p = 0.009), and RD (p < 0.0001). Cramer’s V test indicated a weak association between the severity of CD and AF (p = 0.033), respectively, between the severity of CD and the history of ischemic stroke (p = 0.009). In the case of RD, we found a moderate strength of association (p < 0.0001) (Table 4).



TABLE 3 Associations analysis results between variables and the severity of cognitive impairment.
[image: A table displays hypotheses with corresponding data on valid cases, assumption passage, degrees of freedom (DF), p-values, chi-squared values, and significant associations. Variables include gender, age, education, and health conditions like hypertension risk and diabetes. Significant associations are marked for gender, age, education level, smoking, atrial fibrillation, stroke, and renal dysfunction. The table footnote explains abbreviations such as AF for atrial fibrillation, CAD for carotid artery disease, and RD for renal dysfunction.]



TABLE 4 For significant associations, the obtained effect size and its interpreted strength.
[image: Table showing hypotheses with related statistics: p-values, effect size, strength of association, and proportion of variations (PV). Gender, age, education, smoking, AF (atrial fibrillation), stroke, and RD (renal dysfunction) are evaluated. Age, education, smoking, and RD show moderate associations, while gender, AF, and stroke are weak. PV percentages range from 1.08 to 5.76.]

Significant associations obtained were further analyzed with results presented in Table 5, reflecting the significant associations in preserved cognition (MoCA 0), mild cognitive impairment (MoCA 1), and advanced cognitive impairment (MoCA 2).



TABLE 5 The OR and 95% CI in MoCA 0, MoCA 1, and MoCA 2.
[image: Table comparing different demographics and health conditions with their MoCA scores, indicating odds ratios (OR) and p-values. Categories include gender, age groups, education level, smoking status, atrial fibrillation (AF), stroke, and renal dysfunction (RD). Notable findings: Age IV and V show significant association with higher odds ratios; advanced education and non-smoking show lower odds. Detailed odds ratios and confidence intervals are provided for each comparison.]

Female gender increased the likelihood of advanced cognitive impairment (MoCA 2 OR: 2.21, 95% CI: 1.25–3.93), but not for mild cognitive impairment (MoCA 1). A higher age group increased the likelihood of mild CD (MoCA 1). The OR was 2.64 times greater for persons over 70 years (95% CI: 1.6–4.36) and 9.18 times greater for persons over 80 years (95% CI: 3.37–25.03) than those in their fifties. For advanced CD (MoCA 2), age presented the highest risk. The likelihood of odds increased to 40.61 (95% CI: 5.39–306.05) over 70 and to 122.4 (95% CI: 13.06–1147.2) over 80 years compared to patients between 50 and 59 years. More than 8 years of education decreased the likelihood of odds for mild and advanced CD (MoCA 1 and MoCA 2). The history of smoking reduced the likelihood of both mild and advanced CD (MoCA 1 OR: 0.57, 95% CI: 0.35–0.93; MoCA 2 OR: 0.19, 95% CI: 0.08–0.48). The presence of AF and stroke were associated with advanced CD (OR: 2.11, 95% CI: 1.18–3.8 and OR: 3.12, 95% CI: 1.5–6.5). RD 3 (30–59 mL/min/1.73m2) was a risk factor for both mild (OR: 2.76, 95% CI: 1.61–4.76) and advanced CD (OR: 8.27, 95% CI: 3.73–18.37). Significant associations were found between mild CD (MoCA 1) and advanced CD (MoCA 2). Female gender (OR: 2.04, 95% CI: 1.18–3.53, p = 0.011), previous stroke (OR: 1.97, 95% CI: 1.04–3.73, p = 0.038) and eGFR between 30 and 59 mL/min/1.73m2 (OR: 2.99, 95% CI: 1.47–6.08, p = 0.002) increased the likelihood of advanced CD (MoCA 2). Meanwhile, intermediate (OR: 0.37, 95% CI: 0.2–0.68, p = 0.001) and high level of education (OR: 0.16, 95% CI: 0.04–0.7, p = 0.014) and smoking (OR: 0.34, 95% CI: 0.14–0.83, p = 0.017) decreased it.





4 Discussion

According to the dementia forecast, the number of people living with CD is increasing due to the higher life expectancy and age is the main risk factor (2, 15). A considerable number of patients are not diagnosed (16). Since middle-aged and older adult patients commonly have multiple comorbidities, we thought it would be appropriate to investigate this patient profile. This study examined the prevalence of cognitive impairment in patients with CVDs in a Romanian sample. We found that cognitive impairment is high among patients with CVDs and the most common form is mild cognitive impairment. We investigated the relationship between cognitive impairment and gender, age, educational level, cardiovascular risk factors, the most common cardiovascular pathologies, and frequently associated conditions with CVDs, such as RD and depression. A significant association was found between gender, age group, level of education, smoking, AF, stroke, RD, depression and the severity of CD (Figure 2).

[image: Diagram illustrating factors contributing to cognitive dysfunction. It includes demographic data, cardiovascular risk factors, cardiovascular diseases, and associated pathologies. Contributing elements are grouped into categories, such as age, gender, and conditions like arterial hypertension and depression. The diagram shows overlapping areas labeled "Mild CD" and "Advanced CD" with specific factors like older age and atrial fibrillation. An hourglass symbol and group of people graphic suggest the progression and impact of these factors over time.]

FIGURE 2
 Central illustration. In the study sample, the risk factors for advanced cognitive dysfunction were female gender, previous diagnosis of AF and stroke; older age, lower education, absence of smoking, and renal dysfunction for both mild and advanced cognitive dysfunction. AF, atrial fibrillation.


Researchers of the SHARE Database depicted a recent and authentic image of Europe from the CD point of view. Data was obtained from 16 European countries enrolling more than thirty thousand subjects aged 50 years or over. They found a decline in verbal fluency, perceived memory, and numeracy between 20.75 and 28.02% in the domains of the Mini-Mental State Examination test. In Hungary, another Eastern European country, a higher prevalence of impairment of perceived memory and verbal fluency (32.7 and 39.0%) was observed compared to global results (17). In the Romanian population, the only existing data is about dementia, whose prevalence was 279,607 individuals, representing 1.43% of the total population, according to the 2019 Dementia in Europe Yearbook (4). In our sample, the prevalence of CD was higher. We assessed CD in patients with established cardiovascular pathologies, contrary to Lourenco et al., where data referred to the general population (17). On the other hand, in a cross-sectional study conducted among community residents over 65 years, the overall incidence of cognitive impairment was 54.9% (18). These findings are closer to our results, not to mention that our research included patients with CVDs. Overall, the results highlighted the different prevalence of cognitive status between countries and may motivate other countries to obtain population data.

The present study’s findings are consistent with the main and established risk factor for cognitive decline (19). Older age (≥70 years) had a negative impact on cognition, both in mild and advanced CD. In addition, the female gender was a risk factor for advanced CD, which has already been confirmed in prior studies (20, 21). Furthermore, in line with other studies, we found that higher education is a protective factor for cognitive function. Longitudinal studies suggested that nine and 10 classes could be determinative in preserving cognitive abilities (22, 23). Our results confirmed that 9 years of education could be the threshold.

Despite expectations based on previous research (6, 17, 24), our study did not demonstrate a significant association between CVRFs and cognitive impairment, except for smoking. Unlike some previous reports, our correctly applied statistically grounded result on smoking in the studied cohort of patients indicated a different finding. In the present paper, smoking appeared to be a protective factor for mild and advanced CD. Smoking cessation is one of the potentially modifiable risk factors to prevent all types of dementia (3). Moreover, a meta-analysis revealed that active and former smokers had a significantly increased risk for all-cause dementia, Alzheimer’s disease, and vascular dementia compared to non-smokers. This association was weaker in former smokers than in current smokers (25). This may further favor smoking cessation. However, a limited body of evidence showed a positive effect of smoking on various cognitive domains, such as attention, short-, and long-term memory (26). It was suggested that the nicotine compound of the cigarette could be responsible for this improvement (27). Moreover, the administration of lower-dose nicotine gum in young non-smokers showed improvement in cognitive performance (28). Taking into consideration the massive scientific data about the harmful effects of smoking (29), our result that smoking might have a positive effect on cognition in this patient sample highlights the gaps in evidence and implies future investigation of the research team. From blood-derived CVRFs, such as glucose, lipid profile, homocysteine, high sensitivity C-reactive protein, only increased high-density lipoprotein cholesterol level was associated with better cognitive function after 2 years in individuals with normal baseline cognitive function (30). Similar results were found in 1324 community residents, where the incidence of CD was significantly higher in individuals with arterial hypertension and low level of low-density lipoprotein cholesterol, but not with other CVFRs (18). In addition, heart diseases and risk factors sometimes overlap. Grouping cardiovascular pathologies in cognitive studies is more common in the literature than assessing a single disease. In a study with self-reported CVDs such as “heart attack, coronary heart disease, angina, congestive heart failure or other heart pathologies” there was no increase in the risk of CD compared to patients without CVDs for 8 years of follow-up (31). A Mexican study analyzing 1807 subjects concluded that CVDs in mid-life, but not late-life disease, increased the likelihood of mild cognitive impairment by 1.7 times. In this study, cumulative CVDs, such as arterial hypertension, diabetes mellitus, heart disease, and stroke, were considered. Further evaluation of one single disease from those mentioned above demonstrated that arterial hypertension and diabetes mellitus in mid-life and late-life heart disease increased the risk of mild cognitive impairment (32). It must be mentioned that this longitudinal study also applied self-reported CVDs. The main practical problem that concerns us is implementing these results in a middle-aged or older adult patient with more than one pathology. These results may suggest that the relationship between CVDs and cognitive decline should be assessed separately for pathologies. In contrast to other colleagues, we included patients with documented pathologies, as self-reported or anamnestic health conditions may mask biases.

A large body of evidence supports that ischemic heart disease, AF, and stroke are risk factors for vascular dementia (19). Previous diagnostics of AF and ischemic stroke increased the risk for advanced cognitive decline in our study, but not for mild CD with a weak effect size. Clinical data showed that not only did AF represent a risk factor for CD (19) but a longer history of AF was suggested to lead to faster deterioration of cognitive performance (33). Advanced CD, such as dementia, may raise concerns, as deterioration of cognitive domains interferes with activities of daily living (3). Our findings suggest that AF and a history of stroke similarly impact cognitive function. Considering that some of the risk factors for CD from our results are non-modifiable, such as age, gender, and educational level, the presence of AF could be a modifiable risk factor in some instances. However, data are insufficient to support rhythm or frequency control in AF patients to prevent CD (34). Anticoagulation therapy could offer a protective effect against CD in AF patients, although further research is needed to confirm this hypothesis (34, 35). Stroke-related decline in cognitive function is an acknowledged complication of stroke (36, 37). Unfortunately, few patients can expect to recover from it (38). Even though contrary results have been reported too, in a study with 7 years of follow-up the incidence of CD in patients with and without stroke was not significantly different (39). The outcome of cognitive performance after stroke is uncertain, but cognitive reserve may represent a protective factor (40).

Insufficient data is available in the case of low cardiac output conditions (19). Approximately half of the participants had a history of heart failure, which was in accordance with other studies (41). Even though the prevalence of CD was high in HF patients in our study, no association between HF and the severity of CD was found, regardless of the HF type and level of EF. Prior research has found an increased risk for CD in patients diagnosed with HF either with reduced or preserved EF (HFrEF, HFpEF) (42) and in any reduction of LVEF (43, 44). Even the NYHA class of ≥II was associated with the decline of cognitive function in patients with HFrEF (45). Nevertheless, it is needed to mention that 77% of HF patients in the present study were documented with preserved ejection fraction, the patients were relatively well compensated and there was no need for high doses of loop diuretics and inotropic/vasopressor usage.

We found a considerable proportion of patients who had comorbid conditions such as RD and depressive symptoms. A systematic review and meta-analysis revealed that the prevalence of depression was 32% in patients with CD, with a higher proportion in clinical studies compared to community studies (46). Depressive symptoms were positively correlated with CD. RD was associated with the severity of CD and increased the risk of cognitive decline with moderate association strength. An eGFR between 30 and 59 mL/min/1.73m2 increased the likelihood for mild and advanced CD, while eGFR 60–90 mL/min/1.73m2 for advanced CD. In the “Reasons for Geographical and Racial Differences in Stroke” (REGARDS) study, eGFR<60 mL/min/1.73m2 was associated with CD (47) and it was also demonstrated in HFrEF patients measured by the Mini Mental State Examination test (45).

Although most of the research in the field of cognitive impairment among patients with CVDs was performed on older adult individuals, midlife CVDs also hide a risk for cognitive decline in younger patients. A longitudinal study over 30 years has found that cognitive dysfunction was associated with premature CVDs (the term of premature denoted patients <60 years) and with a higher percentage of white matter hyperintensities on brain magnetic resonance images (48). These findings emphasize whether the key factor in maintaining cognitive function is the prevention of CVDs. This research question was aimed at the FINGER trial (Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability). The authors revealed that intensive control and management of risk factor as well as specific recommendations and interventions related to cognitive training and healthy lifestyle, such as advice on diet, physical activity, and weight loss, contributed significantly to the reduction in cognitive decline in older patients from the general population at risk for dementia (49).

While other studies searched for an association between risk factors, diseases, and CD, we investigated whether there is a difference between these conditions and the severity of CD. Few studies assessed the strength of the association between demographic data, CVDs, and related pathologies and cognitive decline. The novelty of this study lies in more aspects. Firstly, we revealed the prevalence of CD in a high-risk sample and also found that the most common form of CD was mild CD. Secondly, we demonstrated that some of the investigated pathologies hide a greater risk for advanced CD, such as atrial fibrillation and stroke in comparison with mild CD. Furthermore, we investigated CVDs separately against global CVDs.

An obvious limitation of our study was the observational design and the absence of a control group from the general population or primary health services. Our study may overestimate the prevalence of CD in the general population since we included patients hospitalized for specific reasons, sometimes with multiple CVDs. In addition, we utilized a cognitive test that assesses various cognitive domains, but instead we focused on global cognition. Furthermore, given that we conducted a cross-sectional study, cognitive performance was measured once. All authors agree that longitudinal follow-up is needed for more robust findings and conclusions.



5 Conclusion

The findings of the present manuscript show that in patients with CVDs mild cognitive impairment was more common than advanced (moderate or severe) CD. AF and stroke were associated with the severity of cognitive decline with a weak association of strengths. Moreover, AF, stroke and female gender increased the probability of advanced CD but did not influence mild CD. The likelihood for mild and advanced CD was increased by advanced age, lower level of education, renal dysfunction, and being a non-smoker. The clinical implications of these findings remain subject to future investigations.
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Background: Age-related changes in attentional abilities can lead to a decline in body segment awareness in space. However, studies have reported that physical activity can improve proprioception among older adults, although proven activities with this potential are limited. Juggling is a promising activity for enhancing proprioception, as it requires high levels of attention and sensory precision. The first hypothesis posited that a juggling intervention would positively impact ipsilateral and contralateral elbow joint position matching without visual input. The second hypothesis suggested a correlation between cognitive abilities and joint position sense efficiency.
Methods: A total of 20 older women (mean age: 69.95 ± 4.58) participated in a repeated-measures study using a Latin square design. Measurements were taken at three time points (baseline, post-juggling, and control). Ipsilateral and contralateral elbow joint position matchings without visual or verbal feedback of accuracy were used to assess proprioception. Attention and reaction time variables were measured using the Vienna Test System protocols.
Results: Although significant changes were observed between baseline and subsequent time points in joint position sense accuracy, no specific effect of juggling was detected. Low and medium correlations were found between decision time and the variability of choice reaction time with contralateral accuracy. For ipsilateral accuracy, a relationship was observed only with handedness. No correlations were found between attention test scores and joint position sense accuracy.
Conclusion: The study did not demonstrate a significant effect of juggling on position-matching ability. However, cognitive abilities such as decision speed and the stability of choice reaction time may play a role in enhancing position-matching in older women.
Clinical trial registration: ClinicalTrials.gov, identifier NCT06108713.
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1 Introduction

The level of physical fitness decreases with age, which can impair functional performance, particularly in activities of daily living (1, 2). A loss of coordination, often contributing to an increased risk of falls, is a key factor in functional deterioration and may be associated with decreased proprioception (2). By the end of 2020, approximately 25% of Poland’s population was aged ≥60 years, with women comprising the majority (51). Although women tend to live longer than men, they are also more likely to experience chronic diseases and disabilities (3). Additionally, the age-related decline in physical activity is more pronounced in women than in men (4), which may contribute to a less active lifestyle among older women (5).

Proprioception plays an important role in age-related changes in coordination or precise movement planning (6, 7). It enables the orientation and stability of the body during static and dynamic activities (6, 8).

Awareness of body segments in space is crucial for the body to interact effectively with the environment (6, 9). Proprioception depends on mechanoreceptors located in tendons, ligaments, muscles, and joint capsules (10, 11). Mechanoreceptors transmit information about joint position and movement to the central nervous system (2). Therefore, proprioception is an important factor influencing the quality of life in aging populations. Age-related changes in the peripheral and central nervous systems cause deterioration of proprioceptive mechanisms (2, 10). Two types of tasks are commonly used to assess proprioceptive acuity in clinical and research situations (12). These joint position matching methods involve matching the position of a joint to a reference position, most often without visual input. The first task, “ipsilateral matching” (IPSI), involves determining the reference location and adjusting the arm using memory. This reliance on memory occurs because the reference joint angle, which was demonstrated before the task was performed, is not available during the task.

The second task, “contralateral matching” (CONTRA), takes advantage of the constant presence of the joint’s reference position and that of the other limb. Therefore, memory-based matching in this case does not occur.

Additionally, matching using the opposite limb requires greater interhemispheric communication (or transfer) than in the IPSI task (12). Joint position-matching methods reflect the processing of external sensory feedback and many basic sensorimotor processes (13, 14). Both internal and external feedback are combined in the process of sensorimotor integration involving activation of the somatosensory cortex, primary motor and premotor cortical areas, and subcortical areas (13, 15).

Moreover, cognitive decline represents another significant issue that worsens with age. These declines may be partly dependent on proprioceptive acuity (16). Structural and functional changes at the central level may underlie the decline in proprioceptive performance in older adults (17). Reduced attention, memory, and cognitive resources may diminish proprioceptive acuity in older adults compared to younger adults (17, 18). Age-related declines in cognitive processing ability also contribute to changes in proprioceptive function, particularly in tasks requiring greater cognitive effort (16, 17). Aging leads to a reduction in the dynamic sensitivity of muscle spindles, which affects both position and velocity feedback.

In addition to a reduction in the number of alpha motor neurons, brain areas involved in planning descending motor commands also deteriorate significantly in older people (16, 19).

Improving proprioception in older people is likely possible and may depend on the type of physical training undertaken (18). One activity with a strong association with enhanced proprioceptive abilities is traditional Chinese tai chi (12, 20, 21). Tai chi promotes an increased sense of joint position through slow, deliberate movements and constant awareness of body positioning (20, 21). Similarly, proprioceptive benefits have been reported in older adults who practice activities like golf or creative dancing, which also involve heightened joint position awareness (20, 22). Although little is known about the effects of other forms of physical activity on proprioception in older people (22), juggling shows promise as an activity that can potentially enhance proprioception.

Moreover, data indicate that proprioception contributes greatly to juggling (23). It is an activity that involves throwing and catching balls with both hands simultaneously according to a specific motor pattern (24). Additionally, the neuroplasticity potential of juggling has been confirmed by numerous studies (24–27). There is evidence showing a link between juggling and mental rotation performance and, more broadly, between motor and cognitive performance (28–30). In the juggling cascade, hands toss and catch balls alternately. Combining the limbs into a new phasing relationship requires practice to learn new phasing relationships between limb movements (31). Juggling as a bimanual task requires attention, which can contribute to both proprioception and attention development. Importantly, with greater juggling experience, the direction of focus changes from the hands to the top of the parabolic arc of ball flight (31). An important part of increasing the effectiveness of learning and predicting the trajectory of a ball is focusing one’s attention on the stimuli rather than on the hand (31, 32). Juggling, as an exercise that requires the catching hand to compensate for the throwing hand’s mistakes, appears to perfectly reflect the proprioceptive coordination of two hands. To master juggling, it is crucial to reduce the variability of throws and learn to compensate for errors by producing similar phase relationships of limb movement (31). Notably, performing this physical activity is both appealing and safe for older people (33).

The majority of the studies evaluating the effect of exercise on joint position matching, including the elbow joint, have primarily focused on the effect of acute exercise rather than long-term training (34–37). Additionally, there is limited research on the effect of juggling on brain function and cognitive performance in older adults (26, 38). Therefore, investigating the impact of systematic juggling exercises on elbow joint position adjustment in older women presents a promising area for further exploration.

Given the limited data on juggling interventions in older people, this study aimed to evaluate the effects of juggling on proprioception (through IPSI and CONTRA elbow joint task matching) and assess its impact on attentional abilities in older women, a population known for lower physical activity levels. Moreover, the purpose was to assess the association between attentional abilities and joint position sense. We hypothesized that after physical activity in the form of juggling, there may be a positive change in proprioception in both the IPSI and CONTRA tasks. Moreover, we hypothesized that there may be a significant relationship between attentional abilities and joint position sense, indicating that better attention test results may correlate with better elbow joint position matching results.



2 Materials and methods


2.1 Participants

A total of 25 right-handed older women responded to announcements about juggling classes, which were made via local radio, television, newspapers, and social media.

Finally, 20 older women were included in the study, which used a repeated measures design based on three conditions (69.95 ± 4.58 years; min-max: 65–76). Five respondents were excluded because they did not meet the inclusion criteria.

The inclusion criteria for participants were as follows: women aged 65 years or older, with no known injuries or pathologies affecting the upper limb, no neurological conditions, and no significant visual impairments. Each participant underwent an interview to confirm that these criteria were met.

Additionally, the handedness of the participants was assessed with the Edinburgh Handedness Inventory – short version (Cronbach’s α = 0.93) (39). No dropouts occurred during the study. All participants who started the protocol completed it, and complete measurement data were obtained. The study was conducted in accordance with the Declaration of Helsinki 2013 and approved by the Ethics Committee of Poznan University of Medical Sciences (No. 106/21, date: 04.02.2021). Participants were informed about the procedures before the study commenced. All participants signed a written informed consent form and were informed that they could withdraw from participation at any time. The study was registered retrospectively at ClinicalTrials.gov (NCT06108713). The basic characteristics of the whole group are presented in Table 1.



TABLE 1 Participants characteristics.
[image: Table displaying variables with their mean and standard deviation (SD): Age is 69.95 years (4.58 SD), Body mass is 62.88 kg (8.55 SD), Body height is 158.65 cm (5.12 SD), Body mass index is 25.04 kg/m² (3.52 SD), Lateralization, assessed by the Edinburgh Handedness Inventory, is 92.50 points (12.43 SD).]



2.2 Experimental design and intervention

The experiment followed a repeated measures design with three measurement time-points (TPs) and an intervention/control condition applied in the assigned sequence order (Figure 1). After the series of the first measurements (baseline, BASE), each participant was randomly assigned to the mentioned different sequence order of intervention/control condition in a crossover manner (each participant experienced both conditions in the assigned sequence), based on the Latin square design (AB/BA). The intervention (A) consisted of four weeks of juggling training, in which participants participated in structured, supervised activities three times a week for 45 min each. The training was a structured juggling activity. The success of the juggling training was defined as the ability to juggle a three-ball cascade. The detailed intervention condition (juggling training) and information on training success were thoroughly described and published elsewhere (33).

[image: Flowchart depicting a study design: 25 women assessed for eligibility, 5 excluded for not meeting criteria, 20 enrolled. After baseline tests, participants randomized into a Latin Square design. Two groups (JUGG/CON, CON/JUGG) follow a sequence of 4-week activities with no-activity periods. Data preprocessing and analysis conclude the study.]

FIGURE 1
 Study design chart; BASE, the series of the first measurements; JUGG, the intervention period with the series of measurements at the end; CON, the control period with the series of measurements at the end; wk, weeks.


The control (B) condition involved four weeks without juggling, and participants were also asked not to undertake any new physical activities. The following two TP measurements (A, B) refer to the series of measurements after each condition. To be precise, the second series of measurements for one sequence order was indeed the third series for the other sequence order, and conversely. To simplify, the series of measurements that occurred after the intervention condition, juggling training, was labeled JUGG, and the series of measurements after the control condition was labeled CON. Additionally, the second sequence was implemented after a four-week break of no activity, during which participants were asked to refrain from juggling or any other new physical activity. A chart of the study design is presented in Figure 1.


2.2.1 Ipsilateral and contralateral position matching

During each measurement meeting for joint position matching, both the IPSI and CONTRA conditions were performed on a special chair that allowed flexion measurement in the elbow joints with an accuracy of 0.1 degrees. Joint flexion was recorded using electrogoniometers, a base unit, and DataLink CP software (Biometrics Ltd.) with a 40 kHz total sampling frequency. This method’s intra-and interrater reliability was described as good (0.76 and 0.86 for flexion, 0.92 and 0.89 for extension, respectively) (41). The chair was individually adjusted to the participants’ body height and limb length, taking into account the shoulders and the axis of the elbow joints. Participants performed eight trials, preceded by three practice trials, with a 30-s break between tasks. For each TP, the results of individual participants in both the IPSI and CONTRA conditions were checked for outliers using the IQR method. Outliers were removed because they may have occurred on a one-time basis if there was less engagement on the task or if there was increasing fatigue. During the whole task, all participants wore a pair of blindfolds that prevented the participants from visually accessing the arm position. While seated upright, both participants’ forearms rested on the movable splints of a bimanual manipulandum, and they were instructed to keep their arms relaxed.

The armrest had a stopper to ensure the same starting position for all the trials (90° flexion of the elbow joint, 80° arm abduction, 10° arm lateral flexion). For both conditions, passive limb displacement was performed in such a way as to achieve a value of 10 degrees of displacement per second. The order of conditions was randomized. The position matching tests allowed us to determine the constant error (CE), absolute error (AE), variability error (VE), and root mean square error (RMSE) for each condition.

The IPSI condition assessed working memory performance during a proprioceptive task. In each IPSI trial, the experimenter moved the splint on the participant’s dominant arm 30 degrees from the starting position toward the body. The experimenter verbally informed the participants when the desired target position was reached. The forearm was then passively moved back to the starting position. Subsequently, the participants actively moved their forearms to the remembered target position. The participants were instructed to stop their movement and verbally indicate when they felt they had reached the reference target. Angular data were recorded immediately after the participant’s command using the potentiometer. They did not receive verbal or visual feedback on the accuracy of their matching performance.

In the CONTRA matching condition, both arms were controlled, and the inversion angle for both arms was kept similar and constant across and within participants. This task aimed to assess the efficiency of interhemispheric proprioceptive information processing during a bimanual proprioceptive task. In each trial, the examiner moved the participants’ non-dominant forearm to a target position of 30 degrees from the starting position toward the body. The examiner verbally informed the participants when the desired target position was reached. The participant’s task was to move their dominant hand to such a position that the elbow flexion angle of the dominant hand matched the elbow flexion angle of the non-dominant hand. The participants held their positions for approximately 3 s to allow for the collection of stable angular data via a potentiometer. They did not receive verbal or visual feedback regarding the precision of their matching performance.

We based the above methods on reports of the general practice of proprioception testing by adjusting joint positions, including that joint position adjustment tasks should be performed at the same magnitude of target amplitudes, should always be adjusted in the same way, and should always be adjusted at the same speed (12).



2.2.2 Reaction time and attention

The results of cognitive abilities were obtained with the Vienna Test System (VTS; SCHUHFRIED GmbH, Austria; Polish distribution - COGNIFIC). Participants performed three different tasks in the following order: simple reaction time test and choice reaction time test (which made it possible to determine simple reaction time and its variability), choice reaction time and its variability, motor time and its variability, decision time and Cognitrone test, which allowed to assess mean time of correct acceptance, mean time of correct rejection, number of correct answers and task duration time. In each measurement meeting, all of the tests were preceded by practice trials.

The simple reaction time test consisted of responding to a visual stimulus displayed on the computer screen (yellow spot). Participants used one finger of the dominant hand to maintain constant contact with the touch panel. After the stimulus was displayed, participants were asked to let go of the touch panel as quickly as possible (reaction time), use the same finger to press the button above the panel, and return to the initial position (motor time).

The choice reaction time test required the same response as the preceding test. Different visual stimuli were presented, but participants had to respond only to a predetermined stimulus. Responding to other stimuli was considered a mistake. The Cronbach’s alpha of the reaction time tests varied between 0.83 and 0.98 for the reaction time results and between 0.84. and 0.95 for the motor time results (SCHUHFRIED GmbH).

The Cognitrone test consisted of finding as quickly as possible among the four figures displayed, the reference figure presented below, and reacting appropriately depending on whether the figure was there (green button under the right hand) or not (red button under the left hand). The level of complexity of the figures presented increased as the test progressed. The test consisted of 60 cases. The Cronbach’s alpha of the Cognitrone test results is 0.95 (SCHUHFRIED GmbH).




2.3 Statistical analysis and sample size

The Shapiro–Wilk test was used for data to test the normality of all the data. Differences between three TPs (BASE, JUGG, CON) for each condition separately (IPSI, CONTRA) were checked by repeated measures analysis of variance (ANOVA RM), which included Mauchly’s sphericity analysis. When the sphericity condition was not met, the Greenhouse–Geisser correction was used. Alternatively, Friedman’s analysis of variance (F ANOVA) was used for abnormally distributed data.

After repeated measures analysis, Post-hoc tests (Bonferroni or paired Wilcoxon) were used for pairwise comparisons. Differences between conditions were analyzed using paired t-tests for normal distributions or Wilcoxon tests for non-normal distributions. The correlation coefficient was checked by the Spearman correlation coefficient, given the distribution of the variables (nonnormal distribution). The following interpretation of correlation coefficients was applied: less than 0.20 as very weak, 0.20 to 0.40 as weak, 0.40 to 0.60 as medium, 0.60 to 0.80 as strong, and at least 0.8 as very strong.

The results are presented in the tables and figures as means with standard deviations and medians with interquartile ranges (IQR). The effect size for ANOVA RM was determined as partial eta-square (ⴄp2; 0.01 – small effect; 0.06 – medium effect; 0.138 – high effect), for F ANOVA, it was determined as Kendall’s coefficient of concordance (W; 0.20 – fair agreement, 0.40 – moderate agreement, 0.60 – substantial agreement, 0.80 – almost perfect agreement), and for pairwise t-tests, it was determined as Cohen’s d (d; 0.2 – small effect; 0.5 – medium effect; 0.8 – high effect) or Wilcoxon with bivariate correlation coefficient rank (rc; 0.1 – small effect; 0.3 – moderate effect; 0.5 – large effect). Differences between the means (Md) of paired data are presented with 95% confidence intervals (CI 95%) for all compared variables. A p-value of <0.05 was considered to indicate statistical significance. G*Power software (version 3.1.9.6, Germany) was used to calculate the minimum sample size. According to Niespodziński et al. (42), assuming a large effect size, the required sample size at a power of 0.80 is 15 participants. Due to the duration of the study and the possibility of unforeseen situations, we decided to increase this number by 30%. Nevertheless, based on previous studies of elbow joint proprioception in older adults, with sample sizes ranging from 12 to 17 (16, 43–45), the adopted sample size of 20 participants appeared to be sufficient.




3 Results


3.1 Carryover effect analysis

The carryover effect analysis for the CON condition revealed no significant differences between the sequence order of intervention/control (AB/BA) in the joint position matching tests (for IPSI, p-values ranged from 0.473 to 0.970; for CONTRA, p-values ranged from 0.307 to 0.678). In terms of cognitive abilities, the carryover effect analysis revealed a significant difference in motor time (p = 0.035) between the sequence order of intervention and control. However, no significant differences were found for the other test results (for reaction time tests, p-values ranged from 0.175 to 0.950; for Cognitrone test results, p-values ranged from 0.266 to 0.921).



3.2 Joint position matching

In the IPSI condition, a significant main effect of TPs for CE was observed (p = 0.03, ⴄp2 = 0.17). The Bonferroni post-hoc test for CE in the IPSI condition showed no significant differences between the TPs. The change observed between BASE and the other TPs was very pronounced. The JUGG and CON were characterized by more precise joint position matching. All the TP results were characterized by an overestimation.

In the CONTRA condition, the changes in CE from BASE to JUGG and CON were characterized by deterioration of joint position matching. All TPs were characterized by an underestimation of the position matching the reference position. However, ANOVA RM showed that there was not any statistically significant effect of TPs (p = 0.32, ⴄp2 = 0.06), which was reflected by the nonsignificant post hoc test of differences between TPs.

Data on CE differences across the TP are presented in Table 2. A significant difference between conditions was observed for the CON condition (p = 0.01, d = 0.64) but not for the BASE (p = 0.09; d = 0.49) or the JUGG condition (p = 0.31; d = 0.23). Visualization of changes in CE for each condition and task is shown in Supplementary Figure S1, while data on CE differences between each condition are presented in Table 3. Means with standard deviations of CE are presented in Table 4.



TABLE 2 Mean differences with confidence intervals between the series of measurements (BASE-JUGG; BASE-CON; JUGG-CON).
[image: Table comparing measurement differences among conditions BASE-JUGG, BASE-CON, and JUGG-CON for CE, AE, VE, and RMSE. Each condition is divided into IPSI and CONTRA, with values for Md, confidence intervals, and p-values. Statistically significant p-values are marked with an asterisk. CE, AE, VE, and RMSE represent different error types in joint position matching assessment.]



TABLE 3 Mean differences with confidence intervals between joint position matching conditions (IPSI-CONTRA).
[image: A table showing data for joint position matching assessment under three conditions: BASE, JUGG, and CON. Metrics include CE, AE, VE, and RMSE with mean difference, 95% confidence intervals, and p-values. Statistically significant values are marked with an asterisk.]



TABLE 4 IPSI and CONTRA means with standard deviations obtained in three different TPs.
[image: Table comparing the mean and standard deviation of various measures at three time points: BASE, JUGG, and CON. Variables include IPSI\_CE, CONTRA\_CE, IPSI\_AE, CONTRA\_AE, IPSI\_VE, CONTRA\_VE, IPSI\_RMSE, and CONTRA\_RMSE. The table also shows percentage changes and p-values indicating statistical significance. Significant differences are marked with letters B and C or an asterisk. Definitions of terms are provided below the table.]

A significant difference in AE was observed in the IPSI condition (p < 0.01, W = 0.29), with worse AE scores observed in the BASE condition compared to the other TPs, indicating a disadvantage for BASE. Wilcoxon pairwise comparison revealed significant differences between BASE, as well as between JUGG and between BASE and CON, but not between JUGG and CON.

For the CONTRA condition, no statistical significance was observed in the F ANOVA analysis (p = 0.86, W = 0.01), which was corroborated by Wilcoxon pairwise comparisons. The percentage difference indicated a minor advantage for CON and a slight disadvantage for JUGG compared to BASE. Data on AE differences across TPs are presented in Table 2.

Between the conditions, a statistical difference was observed for JUGG (p < 0.01, d = 0.68) and CON (p < 0.05, d = 0.44) but not for BASE (p = 0.43, rc = 0.23). All AE data are presented in Supplementary Figure S2, and data on AE differences between all conditions are presented in Table 3. Means with standard deviations for AE are presented in Table 4.

F ANOVA showed no statistically significant main effect of TPs for the IPSI condition in the VE (p = 0.55, ⴄp2 = 0.03). The lack of significant changes was further confirmed by the results of Wilcoxon pairwise comparisons. However, the overall percentage change between the BASE and the other conditions showed noticeable improvement in later TPs.

In the CONTRA condition, no statistical significance was observed (p = 0.12, ⴄp2 = 0.11). Compared to BASE, an approximation to the reference value was observed for JUGG and CON. Data on VE differences between each TP are presented in Table 2.

No statistically significant differences were detected across the TPs (BASE: p = 0.79, rc = 0.06; JUGG: p = 0.71, rc = 0.08; CON: p = 0.43, rc = 0.17). All results from the VE analysis are presented in Supplementary Figure S3, with data on VE differences between conditions presented in Table 3. Means with standard deviations for AE are presented in Table 3.

ANOVA RM showed a statistically significant difference in RMSE for the IPSI condition (p < 0.01, ⴄp2 = 0.25). The results recorded in both the JUGG and CON were noticeably closer to the reference values than those recorded in the BASE group. Bonferroni post hoc pairwise comparisons detected differences between BASE and JUGG and between BASE and CON. Differences between JUGG and CON were not statistically significant.

In the CONTRA condition for the RMSE, F ANOVA was used. No statistical significance was detected between TPs (p = 0.70, W = 0.02). However, the difference between the TPs indicated that BASE performed worse. Data of RSME differences between each TP are presented in Table 2.

Differences between conditions were observed in JUGG (p < 0.01, d = 0.68) and CON (p = 0.04, d = 0.51) but not in BASE (p = 0.19, rc = 0.29). All the RMSE data are presented in Supplementary Figure S4, data of RMSE differences between each condition are presented in Table 3, and means with standard deviations of RMSE are presented in Table 4.



3.3 Cognitive abilities

The only statistically significant change was observed for correct reactions in the Cognitrone test. All the cognitive test data are presented in Table 5.



TABLE 5 Results of cognitive tests in three different TPs.
[image: Table comparing variables across three time-points: BASE, JUGG, and CON, with mean, standard deviation, median, and interquartile range for each. Variables include reaction times, motor time, decision time, correct rejections and acceptances, correct reactions, and duration time in the Cognitrone test. p-values and effect sizes are listed, with significant values marked with an asterisk.]



3.4 Correlation coefficient

Spearman’s Rho analysis revealed statistically significant correlations for the CONTRA condition: a weak negative correlation between CE and simple reaction time, a weak positive correlation between CE and variability in choice reaction time, and a medium positive correlation between CE and decision time. Additionally, variability in choice reaction time was weakly and negatively correlated with AE and RMSE in the CONTRA condition. In the IPSI condition, a weak negative correlation was found between handedness and both AE and RMSE. No other variables were significantly associated with any type of error in either the IPSI or CONTRA conditions. The results of the correlation analysis between cognitive variables and joint position matching are presented in Table 6.



TABLE 6 Correlation coefficient between join position matching conditions and cognitive abilities.
[image: Table presenting Spearman correlation coefficients and p-values for various cognitive and motor variables under IPSI and CONTRA conditions. Columns include Constant Error (CE), Absolute Error (AE), Variable Error (VE), and Root Mean Square Error (RMSE). Significant correlations are marked with an asterisk. Variables analyzed are reaction times, motor time, decision time, and Cognitrone test scores.]




4 Discussion


4.1 Joint position matching

The main purpose of this study was to determine the effect of additional juggling exercises on joint position-matching tasks and cognitive abilities in healthy, physically active women older than 65 years. The assessment was performed in BASE, JUGG, and CON. The results showed minor improvements in joint position-matching accuracy in the JUGG group.

Similar changes were also observed in the CON group, especially for CE and VE in all conditions, as well as for AE and RMSE in the IPSI condition. We hypothesized that physical activity in the form of juggling would have a positive effect on the accuracy of elbow position matching among older women. Thus, we found that the juggling training intervention did not improve the accuracy of elbow joint position matching among the older women studied.

A systematic review (40) of studies on improving proprioception (including balance) showed that positive effects could be observed after just 3 weeks of intervention. However, in studies considering the effects of whole-body exercises on proprioception in older adults, the most common duration of intervention varied from 6 weeks to 12 months.

The lack of significant effects of juggling on elbow position matching in our study could be due to the intervention being too short. The secondary aim of this study was to evaluate the correlations between attention and reaction time variables and type of error in two different joint position matching tasks. A significant correlation was observed mostly for CE in the CONTRA condition. These were weak or medium correlations.

Few studies have assessed the effect of specific activities on the proprioception of the upper limbs among older women. In particular, research on juggling, which may have a promising impact on neuroplasticity, is lacking (24). As such, this discussion is based on the limited available literature.

Age-related changes in proprioceptive abilities are well-documented (12, 16, 18, 52). Although the potential for physical activity to improve proprioception is increasingly recognized (18, 20–22, 52), there remains a need to explore new types of physical activities that can influence these abilities. Studies (16, 52) have shown that active older adults tend to have better positional accuracy scores than their more sedentary counterparts.

The degree of AE results in studies conducted by Adamo D.E. et al. (16, 52) is comparable to the scores of our participants, especially at the BASE. However, in later TPs for the IPSI condition, all error variables showed a noticeable improvement for both the JUGG and CON groups compared to the BASE, with statistically significant improvements observed for AE, CE, and RMSE. A similar trend of difference was also observed in VE, although the differences were not statistically significant.

This finding suggests that, at least in older women, familiarity with a task may enhance performance in proprioceptive tasks over time. Given the lack of differences between the JUGG and CON groups, it is difficult to determine whether the intervention itself contributed to this effect. One possible explanation is the “familiarity effect,” as research suggests older adults are more inclined to engage in activities with which they are familiar (46).

In the CONTRA condition, no statistically significant changes were observed for any type of error. However, a trend emerged, indicating a deterioration in performance for both JUGG and CON compared to BASE. Interestingly, despite this decline, the JUGG group remained close to the reference values.

Compared to BASE, JUGG showed deterioration in each error type, while in CON, AE, VE, and RMSE improved noticeably relative to BASE. These differences, particularly the decline in accuracy for JUGG, are intriguing. Given the documented brain changes following juggling training—such as increased gray matter volume in the visuomotor complex (24–26, 47)—the observed difference may be related to neuroplastic changes that occur in the brain after bimanual tasks (48–50). Another possibility is that participants had not previously engaged their upper limbs to the same extent as during the juggling intervention, leading to changes in limb activation (53). However, since these differences were not statistically significant, further research is needed to explore changes in interhemispheric communication during bimanual task improvement.

Of the two joint position matching conditions used, previous scientific data (12) indicated that the smallest AE, relative to the reference value, should be characteristic of the IPSI condition, which involves memory requirements. In contrast, higher AE values are usually observed in the CONTRA condition, during which memory is no longer involved. However, this condition requires more interhemispheric interaction during task performance (12). In our research, these speculations were confirmed. We observed significant differences between conditions in both JUGG and CON for AE and RMSE. The BASE was characterized by no significant differences between conditions for all types of error but better accuracy between conditions. Thus, it can be speculated that the interhemispheric interaction that occurs during the CONTRA condition in older women affects both the accuracy of item matching and the repeatability of matching attempts.



4.2 Cognitive abilities

In the Vienna Test System, the only significant change was observed in the number of correct answers on the Cognitrone test. However, no significant differences were found between the JUGG and CON groups in terms of correct answers. The results for other cognitive abilities did not differ significantly across all TPs.

However, most variables showed better (though not statistically significant) results across the TPs following the familiarization phase. This suggests that, similar to joint position matching, familiarity with the tasks prior to the main research sessions is essential for obtaining reliable results in cognitive testing. This trend highlights the importance of conducting familiarization sessions before the primary evaluations to ensure more accurate and consistent outcomes.

In summary, the juggling training intervention did not have any measurable effect on the cognitive abilities of older women studied in the chosen cognitive tests. Previous studies (54–56) have shown that physical activity can significantly improve cognitive abilities, especially attention (55, 56). Unfortunately, our results did not support the idea that juggling produces similar cognitive benefits in older adults. However, research on healthy older adults (47–50) has demonstrated that the effect size of cognitive changes following physical activity interventions varies, ranging from non-significant (47, 48) to 0.48 and higher (56–58). It is likely that older, physically active women may be a population in which changes in cognitive abilities are more difficult to discern.



4.3 Correlation results

Correlation analysis revealed that in the IPSI condition, a higher degree of right-handedness was associated with greater accuracy in position matching with the right hand. However, attentional abilities and reaction time were not related to accuracy in the joint position-matching task in this condition. This could mean that for people who use their left hand less frequently in daily activities, the right hand may exhibit significantly better accuracy in detecting position. Moreover, it appears that the participant’s reaction speed or fluctuations in attentional abilities do not have a substantial impact on elbow joint position matching in the IPSI condition.

In contrast, the CONTRA condition showed no relationship with handedness, which confirms that this task requires communication between both hemispheres (12). Correlation analysis showed that participants who had slower reaction times tended to underestimate position matching in the CONTRA condition. An inverse relationship was observed for variability in choice reaction time and decision time: greater variability in response to stimuli requiring decisions and longer decision-making times were associated with respondents’ tendency to overestimate the elbow position matching task in the CONTRA condition.

Interestingly, variability in choice reaction time was negatively correlated with errors in item matching accuracy (AE and RMSE), suggesting that less variability was associated with better joint position-matching performance. This discrepancy may be due to similar decision times across trials requiring choices between several stimuli. Thus, longer decision-making times may lead to overestimations in the joint position-matching tasks. However, greater variability in decision response times was linked to fewer errors in joint position matching in the CONTRA condition. These findings suggest that improvements in the consistency of choice reaction time and decision time are associated with better position-matching accuracy in the CONTRA condition. Therefore, it may be worth considering adjustments for decision time when evaluating elbow joint position matching in the CONTRA condition, as it could significantly influence the results.

No significant correlations were found between attention tasks measured by the Cognitrone test and performance in the CONTRA condition, indicating that attention may not play a critical role in elbow position adjustment tasks in either the IPSI or CONTRA condition. Further research is needed to explore the role of attention in joint position-matching tasks more comprehensively.



4.4 Limitations

Notably, our research has several limitations. We assessed the effects of juggling only in a group of physically active women over 65 years of age. The participants were those who voluntarily responded to announcements about the classes, making them unlikely to represent the broader population of older women. Instead, they are probably more representative of individuals motivated to engage in new activities.

Additionally, changes in cognitive functioning and proprioceptive abilities can occur at different rates within a wide age range (65–76 years). Including both genders in a comparative analysis would likely have enhanced the quality and generalizability of the results. Notably, although the sample size was consistent with estimation requirements and larger than many studies on elbow joint position matching, it may still have been insufficient to detect clear differences for variables with such subtle effects.

The chair used to measure elbow joint position was a custom-made instrument that may have deviated from common standards. However, this design allowed for precise adjustments to accommodate participants’ body heights and individual limb segment lengths. Despite using reliable tools to measure elbow flexion, the custom-made chair may have slightly reduced the reliability of these tools. Moreover, the maximal force in the upper extremities—used to condition muscle spindles before the joint position matching test—was only measured during the BASE phase, potentially changing throughout the study.

Due to the length of the measurement sessions, we chose to assess joint position matching only with the dominant hand, which unfortunately limits the scope of the findings compared to examining both limbs under the same conditions.



4.5 Strengths

A key strength of our study was the design, which included familiarizing the participants with proprioception and cognitive ability tests during separate TPs. Notably, participants’ performance in both the IPSI and CONTRA conditions often deviated from the reference values at the BASE, while better results were observed in the JUGG and CON conditions. To obtain reliable results in proprioception testing, particularly with the elbow joint position adjustment method, it may be beneficial to conduct the familiarization session on a different day from the main test, especially with older adults.

An additional advantage of our study was the inclusion of average differences between TPs and the percentage range of change across conditions, providing a comprehensive view of the changes within study group. To the best of our knowledge, this is the first time that outliers for individual trials were rejected based on an internal analysis of the participants’ attempts at a given TP, rather than discarding all results from a participant due to a single outlier in the group.

While this approach may have contributed to the normalization of the study group’s results, it also risks excluding individuals who could represent an interesting segment of the population, thus limiting insights. In addition, correlating the results of attention and reaction time tests with joint position matching performance provided a more detailed understanding of the relationship between cognitive and proprioceptive abilities, an area that warrants further investigation in further research using joint position-matching tasks.




5 Conclusion

The present study did not confirm a significant effect of juggling on joint position matching in either the IPSI or CONTRA conditions in healthy, physically active older women. No differences were found between the JUGG and CON groups in terms of reaction time, attention, or joint position-matching accuracy. However, some fluctuations were observed, suggesting a possible influence of the bimanual task on participants. A noticeable improvement in variable error (VE) was seen following juggling, but the lack of statistical significance prevents drawing firm conclusions for the wider population.

Additionally, relationships between variables pointed to a potential role of decision speed and the stability of choice reaction time in achieving more accurate position representation. However, no evidence was found regarding a correlation between attention and joint position matching in the IPSI condition. These relationships warrant further investigation in future research.
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Background: Previous observational studies have suggested associations between high-level educational attainment (EA) and a lower risk of sarcopenia. However, the causality inferred from those studies was subjected to residual confounding and reverse causation. The protective effect of EA on sarcopenia may be mediated via changes in brain cortical structure. The aim of this study was to use a two-step Mendelian randomization (MR) analysis to illustrate the causal relationship between EA, brain cortical structure, and sarcopenia.
Methods: Instrumental variables at the genome-wide significance level were obtained from publicly available datasets, and inverse variance weighted as the primary method was used for MR analysis. We perform several sensitivity analyses, including Cochran Q test, MR-Egger intercept test, leave-one-out analyses, and MR Pleiotropy Residual Sum and Outlier to evaluate the reliability of the results.
Results: EA was causally associated with increased appendicular lean mass (β = 0.25, 95% confidence interval (CI): 0.19 to 0.31, p = 2.25 × 10−15), hand grip strength (left: β = 0.042, 95% CI: 0.013 to 0.071, p = 4.77 × 10−3 and right: β = 0.050, 95% CI: 0.022 to 0.079, p = 5.17 × 10−4), and usual walking pace (β = 0.20, 95% CI: 0.18 to 0.22, p = 6.16 × 10−83). In addition, EA was associated with increased brain cortical surface area (β = 4082.36, 95% CI: 2513.35 to 5681.38, p = 3.40 × 10−7) and cortical thickness (TH) (β = 0.014, 95% CI: 0.0045 to 0.023, p = 3.45 × 10−3). Regarding the causal effect of EA on usual walking pace, the mediatory effect of TH was 0.0069 and the proportion of mediation by TH was 3.43%.
Conclusion: The study will have revealed the protective causal effect of EA on sarcopenia, which provides a reference for the prevention of sarcopenia at the public health level. We also will have found EA could affect the brain cortical structure, and the brain cortical structure could mediate the protective effect of EA against sarcopenia risk.
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Introduction

Sarcopenia is an age-related condition featured by a progressive and generalized skeletal muscle disorder that involves the accelerated loss of muscle mass and function (1). In addition to usually affecting the older adult, it can also occur in middle age (1) and is prevalent in patients with certain diseases, such as cancer (2) and metabolic disorders (3). Sarcopenia is associated with an increased risk of falls, fractures, functional decline, and mortality (4). These symptoms and risks seriously reduce the quality of life of patients and place a greater burden on families and society (4). The prevalence of sarcopenia in the older adult is about 5–12.9% (5, 6). With the aging of the population, sarcopenia may impose an increasing burden on medical and health institutions in the future. Sarcopenia has gradually become a public health problem (1). However, the etiology and risk factors of sarcopenia are still not fully described (1, 7). It is therefore necessary to identify potential causal risk factors that will help guide prevention efforts.

Several observational studies have reported that a high level of educational attainment (EA) was associated with a lower risk of sarcopenia (8–12). However, these observational studies were prone to be influenced by confounding factors and reverse causality (13). Although randomized controlled trials are the gold standard for establishing causality, so far, there have been no randomized controlled trials to investigate the effects of EA on sarcopenia, which may be due to practical or ethical issues (7). In fact, clarifying the causal relationship between EA and sarcopenia is of broad significance for understanding the etiology and prevention of sarcopenia. Faced with sarcopenia, which is gradually becoming a public health problem, it is not enough to just treat patients. It is necessary to study its epidemiology and reform public health policies to prevent more cases from occurring. Moreover, observational neuroimaging studies in the older adult have shown that education was related to magnetic resonance imaging (MRI) measurements of brain structure. For example, higher levels of EA were associated with increased volume of gray matter in the whole brain and regions (14, 15), increased cortical thickness (16), and increased cortical surface area (17). At the same time, more and more studies have confirmed the existence of muscle-brain cross-talk through a variety of cytokines and neuromuscular junctions (18, 19). Given the existence of these associations, we have reason to assume that if the causal effect between EA and sarcopenia is confirmed, then changes in brain cortical structure may mediate the protective effect of EA against sarcopenia risk. However, interpreting these observed associations means that the causal relationship between EA, brain cortical structure and sarcopenia needs to overcome the interference of confounding factors and reverse causality.

Mendelian randomization (MR) is a genetic epidemiologic method using genetic variants as instrumental variables to determine the inter-causality between exposure and risk factors related to diseases, avoiding confounding biases inherent in observational studies (20). Because the genotype is randomly assigned during conception, genetic variation is not affected by potential confounding factors (such as environmental exposure), nor is it changed by the occurrence of disease (21). Therefore, the aim of this study was to use a two-step MR analysis to illustrate the causal relationship between EA, brain cortical structure, and sarcopenia based on the available genome-wide association studies (GWASs) public data from a large population, with a view to providing a evidence for the prevention of sarcopenia at the public health level.



Methods

The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). The study used publicly available non-identity data from studies of participants in human trials approved by the medical ethics committee. Hence, ethical approval was not needed for our study. Details of ethical approval and written informed consents of participants for each of the studies that contributed to the GWAS can be found in the original publications.


Data sources

For educational attainment, the definition of educational attainment is the number of years of schooling that participants had completed. Each major educational qualification was mapped to the International Standard Classification of Education to derive the equivalent years of schooling. The GWAS data correlated with years of schooling were obtained from Social Science Genetic Association Consortium (SSGAC) summary data, which was a meta-analysis of 70 cohorts including 766,345 participants of European ancestry (Details of each cohort are shown in Supplementary Table S1) (22).

For brain cortical structure, defined as human brain cortical surface area (SA) and cortical thickness (TH) measured by MRI, the GWAS data correlated with it were obtained from Evidence-based Network for the Interpretation of Germline Mutant Alleles (ENIGMA) Consortium (23, 24). They were the meta results of 60 cohorts around the world including 51,665 participants, primarily (94%) of European descent. Our study used data including only European ancestry (Details of each cohort are shown in Supplementary Table S2).

For sarcopenia, the most widely cited definition nowadays was proposed by the European Working Group on Sarcopenia in Older People (EWGSOP) (25) and updated as EWGSOP2 in January 2019 (26). The diagnosis of sarcopenia requires the measurement of a combination of muscle mass, muscle strength, and physical performance (26). We chose the summary-level GWAS data for three sarcopenia-associated traits, namely appendicular lean mass (ALM), hand grip strength (left and right), and usual walking pace, which were used to assess muscle mass, muscle strength, and physical performance, respectively. The data of ALM were obtained from a GWAS with 450,243 participants from the UK Biobank (27). The GWAS data of hand grip strength (left and right) including 461,026/461,089 participants (left and right) and usual walking pace including 459,915 participants were both obtained from the UK Biobank (28).



Selection of instrumental variables

In MR analysis, single-nucleotide polymorphisms (SNPs) from the exposure data set are used as instrumental variables. Instrumental variables must satisfy the following three assumptions: (1) The instrumental variables are strongly correlated with the exposure; (2) The instrumental variables are not associated with confounders; (3) The instrumental variables can only affect the outcome through the exposure (29). Instrumental variables for exposure traits were selected according to several criteria: (1): the GWAS-correlated p-value <5 × 10−8; (2) the linkage disequilibrium [LD] r2 < 0.001, and < 1 MB from the index variant; (3) F statistics >10 (30).



Mendelian randomization analysis

This is a two-step MR analysis to illustrate the causal relationship between EA, brain cortical structure, and sarcopenia-associated traits. In this study, brain cortical structure was analyzed as the mediator. The specific causal analysis included the following steps (1) exploring the causal relationship between EA and sarcopenia-associated traits; (2) assessment of the effects of EA on brain cortical structure and brain cortical structure on sarcopenia-associated traits; (3) investigating how brain cortical structure mediates the causal relationship between EA and sarcopenia-associated traits. The random-effect inverse-variance weighted (IVW), MR Egger, and weighted median were used in the MR analyses, in which IVW was used as the main outcome while MR Egger and weighted median were used to complement and validate IVW. For the first step, the Bonferroni-corrected p-value was set as 1.25 × 10−2 (0.05/4). For the second step, a p-value <0.05 was regarded as significant and the Bonferroni-corrected p-value was set as 6.25 × 10−3 (0.05/8). In addition, mediation analysis was conducted on the mediator (brain cortical structure) with potential correlation. The effect of EA on brain cortical structure was multiplied by the effect of brain cortical structure on sarcopenia-associated traits to obtain the mediatory effect of brain cortical structure. The mediatory effect of brain cortical structure was subtracted from the total effect of EA on sarcopenia-associated traits to obtain the direct effect of EA on sarcopenia-associated traits. Moreover, the mediatory effect was divided by the total effect of EA on sarcopenia-associated traits to obtain the proportion of mediation by brain cortical structure.

To further ensure the robustness of our MR analysis, we performed the following sensitivity analyses. The heterogeneity was estimated with the Cochran Q test and significant heterogeneity was indicated if the p-value <0.05; the horizontal pleiotropy was assessed using the MR-Egger intercept test and leave-one-out analyses; To further control for potential pleiotropy, we also used the MR Pleiotropy Residual Sum and Outlier (MRPRESSO) to identify potential pleiotropic outlier variables, and repeated random-effect IVW analysis after removing these outlier variables. All analyses were performed using the TwoSampleMR packages in R software (v4.3.0, R Foundation for Statistical Computing, Vienna, Austria).




Results

For EA, a total of 317 SNPs were selected as the instrumental variables (Supplementary Table S3). For SA (Supplementary Table S4) and TH (Supplementary Table S5), 12 SNPs and 6 SNPs were selected as the instrumental variables, respectively.


The causal relationship between EA and sarcopenia-associated traits

EA was associated with increased ALM (β = 0.25, SE = 0.031, p = 2.25 × 10−15), hand grip strength (left: β = 0.042, SE = 0.015, p = 4.77 × 10−3 and right: β = 0.050, SE = 0.015, p = 5.17 × 10−4), and usual walking pace (β = 0.20, SE = 0.010, p = 6.16 × 10−83) (Table 1). Other details are presented in Figure 1.



TABLE 1 Mendelian randomization analysis between EA, brain cortical structure, and sarcopenia-associated traits.
[image: Table detailing the relationships between different exposures (EA, SA, TH) and outcomes (ALM, hand grip strength, usual walking pace). Columns include IVW-derived p-value, beta coefficients with 95% confidence intervals, Cochran’s Q-derived p-value, and MR-Egger intercept-derived p-value. Notable values include significant IVW-derived p-values for EA on ALM and usual walking pace, and for SA on ALM across the table. Educational attainment, EA; inverse variance weighted, IVW; appendicular lean mass, ALM; cortical surface area, SA; cortical thickness, TH.]
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FIGURE 1
 Mendelian randomization analysis between EA and sarcopenia-associated traits. (A) Scatter plots from genetically predicted EA on ALM; (B) Scatter plots from genetically predicted EA on hand grip strength (left); (C) Scatter plots from genetically predicted EA on hand grip strength (right); (D) Scatter plots from genetically predicted EA on usual walking pace.


For all four MR estimates, p values of the Cochran Q tests were < 0.05 and showed heterogeneity. As we used the random-effects IVW as the main result, heterogeneity is acceptable (31). The MR-Egger intercept tests did not show evidence of directional pleiotropy in any of the analyses, and there was no distortion in any of the leave-one-out plots (Supplementary Figure S1). MRPRESSO identified no outliers.



The effects of EA on brain cortical structure

EA was associated with increased SA (β = 4082.36, SE = 800.52, p = 3.40 × 10−7) and TH (β = 0.014, SE = 0.0046, p = 3.45 × 10−3) (Table 1). Other details are presented in Figure 2.
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FIGURE 2
 Mendelian randomization analysis between EA and brain cortical structure. (A) Scatter plots from genetically predicted EA on SA; (B). Scatter plots from genetically predicted EA on TH.


For both two MR analyses, Cochran Q-derived p values were also <0.05 and showed heterogeneity. No directional pleiotropy was found in the MR-Egger intercept tests. No outlier between EA on brain cortical structure was identified by MRPRESSO, and the robustness of results was confirmed by the leave-one-out plots (Supplementary Figure S2).



The effects of brain cortical structure on sarcopenia-associated traits

For SA and TH, only TH was found to increase the usual walking pace (β = 0.49, SE = 0.16, p = 2.69 × 10−3). The causal effects of SA on sarcopenia-associated traits and TH on ALM and hand grip strength (left and right) were not established (Table 1). Other details are presented in Supplementary Figure S3.

Cochran Q-derived p values were < 0.05 and showed heterogeneity. No directional pleiotropy was found in the MR-Egger intercept tests and MRPRESSO identified no outliers. There was no distortion in the leave-one-out plots (Supplementary Figure S4).




Mediation analysis

Because only TH has a causal relationship with sarcopenia-associated traits, only TH was analyzed for mediation. Regarding the causal effect of EA on usual walking pace, the mediatory effect of TH was 0.0069 and the proportion of mediation by TH was 3.43%. In addition, the direct effect of EA on the usual walking pace was 0.19.



Discussion

To our knowledge, this was the first MR analysis using large-scale GWAS data that revealed the causal relationship between EA, brain cortical structure, and sarcopenia. In our study, we revealed strong evidence in support of a protective causal effect of EA on sarcopenia-associated traits including ALM, hand grip strength (left and right), and usual walking pace. Moreover, we also found EA could affect the brain cortical structure including SA and TH, and the brain cortical structure could mediate the protective effect of EA against sarcopenia risk, mainly through the effect of TH on the usual walking pace. It also provided evidence for the existence of muscle-brain cross-talk.

Sarcopenia is an age-related disease with high incidence and serious consequences in the older adult and has become a major public health issue, especially in the context of an aging population (1). As the pathogenesis of the disease is not clear, it brings difficulties to the treatment and prevention of sarcopenia. The studies found that the incidence of sarcopenia was very high in people with lower socioeconomic status (9, 10, 32). In addition, it was found that higher level EA was associated with a lower incidence of sarcopenia (8–12). Then, as a major indicator of socioeconomic status, EA is expected to become a potential intervention factor to solve the problem of high incidence in people with low socioeconomic status. In our study, we confirmed the protective causal effect of EA on sarcopenia-associated traits while minimizing biases due to confounding and reverse causation. This will provide important inspiration for the prevention of sarcopenia. Findings from a study revealed that directly intervening on EA by raising the school-leaving age has been shown to be effective in improving health including reduced risks of diabetes and reduced mortality (33). Although in our study, we defined EA by the number of years of schooling, it is obvious that it is not the only indicator that affects EA. For example, educational opportunities and educational quality also need to be considered. All in all, our results show that education policy reforms at the population level are effective for the prevention of sarcopenia. We hope that the education department and the public health department can collaborate effectively and formulate reasonable policy reforms to effectively prevent sarcopenia, a public health problem in aging.

After confirming the causal relationship between EA and sarcopenia, we explored the possible mechanism by which EA reduces the risk of sarcopenia. The results showed that EA could affect the brain cortical structure including SA and TH, and the brain cortical structure could mediate the protective effect of EA against sarcopenia risk, mainly through the effect of TH on the usual walking pace. The founding that EA could affect the brain cortical structure was consistent with the results of the existing observational neuroimaging literature (16, 17, 23), and we have confirmed this causal relationship again by the genetic epidemiologic method. The mechanism of EA affecting the structure of the cerebral cortex may come from two aspects, one is to promote cranial nerve development in children or adolescents, and the other is to protect and slow down cranial nerve degeneration in adulthood or old age (34). At present, some studies have also tried to distinguish the effects of EA on neurodevelopment and neurodegeneration. One study addressed this problem by exploring the relationship between EA and total gray matter volume and intracranial volume in a cohort covering childhood and older age (4–97 years) (35). This study found that there was a consistent positive relationship between EA and total gray matter volume and intracranial volume in early childhood development, but there was no evidence that EA was related to the protective effect of total gray matter volume and intracranial volume in old age, indicating that the effect of EA on cranial nerve is mainly the promotion of development in childhood, rather than the protective effect of preventing neurodegeneration in old age. This conclusion has also been confirmed by several studies (36, 37). The mediating effect of the brain cortical structure on the prevention of sarcopenia by EA may be realized by the confirmed muscle-brain cross-talk (19). The brain affects the muscles through the regulation of neuromuscular junctions, and in turn, the muscles affect the brain through a series of cytokines such as myokine. Study by Lu et al. added evidence for muscle-brain cross-talk (38). Our results further confirmed the existence of the muscle-brain axis.

Although this study can draw more reliable conclusions by using large-scale genetic variation data, some limitations of the study still need to be considered. First of all, all GWAS data come from the European population, and it is not clear whether our conclusions can be extended to other populations. Second, although we have used data measured by MRI to evaluate the brain cortical structure, we cannot determine what extent these data capture pre-morbid brain cortical structure data, rather than neuropathological changes secondary to the disease. Third, we only studied the overall change data of the brain cortical structure, but not the data of the specific structure of the cerebral cortex. Finally, sample overlap between GWAS studies may have biased MR estimates toward observational association estimates.



Conclusion

The study will have revealed the protective causal effect of EA on sarcopenia, which provides a reference for the prevention of sarcopenia at the public health level. We also will have found EA could affect the brain cortical structure, and the brain cortical structure could mediate the protective effect of EA against sarcopenia risk.
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Background: As individuals age, they commonly experience reduced physical activity and cognitive decline. While evidence, there is limited trajectory research on their concurrent progression and interrelation in individuals over 55 years old.
Methods: The data was collected from 5,765 individuals aged over 55 years who participated in the China Health and Retirement Longitudinal Study (CHARLS) between 2011 and 2020. Physical activity was measured by IPAQ, cognitive function by episodic memory, and mental intactness score. Separate sets of group-based trajectory models were fitted to identify physical activity trajectories and cognitive function trajectories. Multivariate logistic regression was used to estimate the association between baseline characteristics and each set of trajectories. Group-based dual trajectory modeling (GBDTM) was applied to quantify these associations.
Results: GBDTM identified three distinct trajectory groups for physical activity and cognitive outcomes. The physical activity trajectories were classified as “Persistently low physical activity” (74.2%), “Decreasing physical activity” (13.7%), and “Rising physical activity” (12.1%). Similarly, cognitive function trajectories were categorized as “Persistently low cognitive function” (22.2%), “Persistently moderate cognitive function” (37.9%), and “Persistently high cognitive function” (39.9%). Notably, 15.6% of participants followed the trajectories of “Persistently low physical activity” and “Persistently low cognitive function.” The presence of a severe decline in physical activity was associated with an increased likelihood of poor cognitive function and vice versa. Age, sex, education, residential status, BMI, and visual impairment were identified as significant predictors for physical activity and cognitive decline.
Conclusion: This study found that the GBDTM can determine the consistent trajectories of physical activity and cognitive function trajectories that persistently decline in individuals over 55 years. Analyses of predictive factors can be instrumental in promoting physical activity and delaying cognitive decline.
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 physical activity; cognitive function; group-based dual trajectory modeling; older adults; cognitive decline


1 Introduction

Cognitive impairment is prevalent among older adults, affecting memory, attention, learning, and executive function (1). This is primarily due to the gradual hardening of cerebral blood vessels with age, resulting in cumulative brain damage (2). Initially, individuals experience a gradual decline in their ability to remember, think logically, and perform daily tasks, potentially progressing to severe impairments in daily functioning or dementia in later stages (3). As the global population ages, the prevalence of cognitive impairment will continue to rise (4). Reports suggest that most screening currently focuses on community-dwelling older adults over the age of 60, where the prevalence of mild cognitive impairment is approximately 20%. However, 7.6% of individuals aged 55–59 are still diagnosed with mild cognitive impairment (5), highlighting the importance of early cognitive screening and intervention. Furthermore, as dementia is an irreversible disease with no effective treatment (6), identifying potential risk factors associated with cognitive decline is crucial for slowing the progression of the disease.

The association between physical activity (PA) and cognitive function in older adults has been extensively studied, but the evidence remains inconsistent. For example, Wang et al. (7) analyzed the association between physical activity and memory and executive function at baseline using mixed linear regression methods, while Reas et al. (8) examined the positive impact of regular PA on cognitive function in older adults from a lifespan perspective. Similarly, focusing on the intensity and duration of PA, Wang et al. (9) suggested that moderate-intensity PA at least 6 days per week can slow the decline of cognitive function. Most researchers are optimistic about the role of PA and social activities in slowing cognitive decline. However, some recent high-quality studies suggest that the link between cognitive function and physical activity should be viewed with caution (10). They pointed out that the evidence level of cross-sectional studies is often limited by the inherent design, making it difficult to determine causal relationships or temporal sequences. At the same time, they emphasized the impact of follow-up time, covariates, activity indicators, and cognitive assessment tools on the research outcomes. In addition, most previous longitudinal studies have used linear mixed-effects models (LMMs), which relate repeated measures to random effects and subsequently analyze individual differences in baseline cognitive scores and rates of cognitive decline (11–13). However, physical activities and cognitive function exhibit overall heterogeneity among subjects. Specifically, through individual trajectories across all subjects can vary significantly. Nonetheless, it is also possible that certain individuals share similar developmental trends, thereby forming distinct groups or categories. Kim and Yoon (14) used latent class growth modeling to predict cognitive functioning by analyzing the trajectories of older adults’ participation in social activities. Similarly, Li et al. (15) analyzed cognitive aging trajectories over time using group-based trajectory modeling, suggesting that frequent participation in social and intellectual activities was associated with a reduced risk of cognitive decline and dementia. These studies revealed the heterogeneity of cognitive trajectories and the degree of association between different subgroups, emphasizing the necessity of deeper analysis of the dynamic relationship between PA and cognitive trajectories in older adults.

There are fewer longitudinal studies examining overall activity status and cognition in older adults from a heterogeneous perspective, and it is unclear whether this association varies across subgroups such as age, sex, and depression. Group-Based Dual-Trajectory Models (GBDTM), an extension of Group-Based Trajectory Modeling (GBTM), can effectively analyze the correlation between two measures, exhibiting the probabilistic strength of the association between the two outcomes (16). The aims of our study were (i) to identify the trajectories of PA and cognitive functioning and to describe the baseline characteristics of the physical activity and cognitive functioning trajectory groups, (ii) to estimate the conditional probabilities of different cognitive changes occurring under different physical activity trajectory groups and of different PAs occurring under different cognitive trajectory groups, and (iii) to assess the probability of the associations and the situation of the association between PA and cognition.



2 Methods


2.1 Background of the study

The China Health and Retirement Longitudinal Study (CHARLS) is a multidisciplinary, cross-sectional social science research project led by the National Development Research Institute at Peking University in collaboration with the China Social Science Survey Center (17). This project systematically collects health, economic status, and retirement arrangements for individuals aged 45 and older, aiming to deeply understand the aging issues in China and provide data support for policy-making. Using a multi-stage stratified random sampling method, the project conducted its first survey among 17,708 participants across 150 counties in 28 provinces during 2011–2012. It has followed up every 2 to 3 years to update data. By 2020, five rounds of data collection were completed (2011, 2013, 2015, 2018, and 2020). The study has been approved by the Biomedical Ethics Committee of Peking University, and all participants have signed informed consent forms (18). Detailed design, sampling procedures, and data collection processes for the CHARLS project can be accessed in prior publications and on the official website.1



2.2 Study population

This study initially included 13,249 participants aged 55 years and older who participated in the first wave of the survey. A total of 643 were excluded for the following reasons: 297 had been diagnosed with dementia and Parkinson’s disease at baseline; 346 exhibited severe cognitive impairment (overall cognitive scores below 5, which is 1.5 standard deviations below the mean). An additional 6,841 participants were excluded because they were without at least two measurements on PA and cognition from waves 1 to 5. Ultimately, 5,765 participants were included in the longitudinal analyses (see Supplementary Figure S1).

For participants with missing data on variables other than cognitive and PA, the most recent year’s data were used for imputation. If data remained missing, multiple imputation methods were employed (19).



2.3 Assessment of physical activity

Combining previous definitions of physical activity (20) and research on Chinese older adults’ activity engagement (21), the evaluation of physical activities employed a standardized self-report questionnaire designed with reference to the International Physical Activity Questionnaire (IPAQ) to classify activity intensity into moderate (22), vigorous, and light intensity. The duration of physical activity in the questionnaire was categorized into five groups: no activity, 10–29 min, 30–119 min, 120–239 min, and 240 min or more. For convenience in calculations, the durations were recoded as 0, 20, 75, 180, and 240 min. By combining the metabolic equivalents (METs) for light, moderate, and vigorous activities with the activity duration (times per week), the total minutes of physical activity were calculated as the sum of these three components (23–25).

Given the variability in scoring methods, to ensure comparability, we analyzed standardized test scores across five waves of data by subtracting the means and dividing by the standard deviations. By subtracting the means and dividing by the standard deviations, we calculated the Z-scores for both physical and social leisure activities (22).



2.4 Assessment of cognition

Previous research (7, 26) indicates that cognition assessments primarily focus on episodic memory and mental intactness. Episodic memory was evaluated using a word recall test, including immediate recall (repetition right after reading a 10-word list) and delayed recall (repetition after 10 min), scoring 1 point per word. The cumulative average score ranged from 0 to 20. Mental health (mental state) was evaluated using the TICS battery, which includes tests on serial subtraction, recognizing dates and days, seasons, and simple graph drawing, with a total possible score of 0 to 11. The overall cognitive score, ranging from 0 to 21, is the sum of the episodic memory score and the mental health score. Additionally, z-scores for the cognitive function test data were calculated.



2.5 Covariates

In this study, demographic characteristics of participants were collected based on prior literature and clinical practice guidelines (27–30). Assessed variables included age (continuous), sex (male, female), education (no formal education, primary school, middle school, high school, or college and above), marital status (married, other), residency (rural, urban), annual household income (low, medium, high), smoking (never, former, current), drinking (never, former, current), self-reported health (good, fair, poor), number of chronic diseases (0, 1, 2+), and visual hearing impairment (no, yes), and hospitalization (no, yes). Depressive symptoms were assessed using a 10-item version of the Centre for Epidemiological Studies Depression Scale (CES-D), with questions 5 and 8 reverse coded. Each question was scored on a 4-point scale (0–3), with total scores ranging from 0 to 30, indicating increasing severity of depression, with a score of ≥12 indicating the presence of depressive symptoms (29).

The functionality of participants in basic and instrumental activities of daily living was assessed using the ADL (31) and IADL (32) scales. Responses to the first two options indicated normal functioning and were coded as 0, while responses to the last two options indicated a loss of functioning and were coded as 1. Participants were then classified as having 0, 1, or 2+ impairments. Body Mass Index (BMI) was calculated as weight in kilograms divided by height in meters squared and categorized as follows: underweight (<18.5 kg/m2), normal (18.5–23.9 kg/m2), overweight (24.0–27.9 kg/m2), and obese (≥28.0 kg/m2) (33).




3 Statistical analysis

We used group-based trajectory modeling (GBTM) to identify distinct cognition and activity score trajectories in each wave. GBTM allows for the inclusion of all available scores in the model estimates, assuming that any missing scores occur at random. The successive Z-scores were modeled as censored normal averages (34). A maximum of six trajectory groups was set a priori based on the initial analysis. We fitted models ranging from one-group to six-group trajectories. To determine the model with the optimal number of different trajectories, the cubic model was used as a first step and then the model was adjusted according to the p-value. We then compared the Bayesian Information Criterion (BIC) to identify the best-fitting model. Furthermore, an average posterior probability (AvePP) of assigning each participant to a group of approximately 70% or higher indicated a good fit. The model is considered highly accurate when its Odds of Correct Classification (OCC) are above 5 for all trajectory groups, and models with more than 10% of participants assigned to each trajectory group were selected (16, 34, 35).

GBDTM allows us to examine the associations between cognitive and physical activity (PA) trajectories through conditional and joint probabilities. Two sets of associative relationships are one-to-one correspondence restricted relationships. Specifically, it includes: (1) the probability of PA trajectories given specific cognitive trajectories, and (2) the probability of cognitive trajectories given specific PA trajectories.

Multivariate logistic regression models were then used to separately estimate the associations between sample characteristics at baseline and the trajectories of PA and cognitive function measures, reporting the odds ratios (ORs) and corresponding 95% confidence intervals (CIs).


3.1 Stratified analysis

Finally, the study analyzed stratified analysis by age group (<70 and ≥70 years), sex (male and female), depression (yes, no), functional status (0, 1, ≥2), and analyzed interaction effect between members of the PA and cognitive functioning trajectory group.

All statistical analyses were performed using R packages (http://www.R-project.org, The R Foundation) with PROC TRAJ and Free Statistics software version 1.9.2. All statistical tests were two-sided, and p < 0.05 was considered statistically significant.



3.2 Sensitivity analysis

First, participants with incomplete baseline data or a diagnosis of dementia, Parkinson’s disease, or severe cognitive impairment were excluded from the comparison of baseline characteristics. Second, participants who were lost to follow-up were compared to those who were ultimately included. Third, studies have shown that trajectory analysis estimation is more stable with three or more measurements; thus, participants with data from three waves were selected to repeat the primary analysis. Additionally, a total of 2,510 participants had cognitive and activity data for all three waves (Supplementary Figures S4, S5).




4 Results


4.1 Sample characteristics

During the study period from 2011 to 2020, 5,765 participants aged over 55 years old from the China Health and Retirement Longitudinal Study (CHARLS) were included. Of this sample, 45.9% were female, with a mean age at baseline measurement of 64.1 ± 6.9 years. Of these participants, 47.8% had never received any education, 88% were married, 79.4% lived in urban areas, and about 30% were current smokers and drinkers. Nearly half (44.9%) reported multiple chronic diseases, 30.2% rated their health as poor, about 15% reported hearing impairment and visual impairment, and about 25% reported two or more functional impairments.



4.2 Cognitive and physical activity trajectory group characteristics

Groups 2–6 cognitive and physical activity trajectories were fitted to derive the optimal group (Supplementary Tables S1, S2). In the cognitive trajectory group, although the four-group model had the lowest BIC, the mean posterior probability was less than 0.7. Therefore, three trajectories were identified as the optimal model in this study. Figure 1A shows the three trajectory patterns of cognitive functioning: Class 1, “Persistently low cognitive function” (N = 1,262, 22.2%), Class 2, “Persistently moderate cognitive function” (N = 2,195, 37.9%), and Class 3, “Persistently high cognitive function” (N = 2,308, 39.9%).

[image: Graphical data visualization of cognitive and physical activity trajectories. (A) Line chart showing cognition trajectory model from 2011 to 2020, with three classes: low, moderate, and high cognitive function. (B) Line chart of physical activity trajectory model with three classes: low, decreasing, and rising physical activity. (C) Bar chart of cognition trajectory probability based on physical activity categories. (D) Bar chart of physical activity trajectory probability based on cognition categories. Each chart includes percentages and color coding for different classes.]

FIGURE 1
 Cognitive function and physical activity trajectories and conditional probabilities linking trajectories of physical activity and cognitive function. The solid line indicates the observed value; the dotted line and the dashed line indicate the predicted value. (A) Cognition trajectory model, (B) Physical activity trajectory model, (C) Probability of cognition trajectory conditional on physical activity, (D) Probability of physical activity trajectory conditional on cognitive function.


In the selection of the PA trajectory, since the fourth group accounted for less than 10%, the same three groups were selected as the optimal model. The physical activity data from the 2020 survey may have been influenced by the COVID-19 pandemic that began in 2019. However, the pandemic’s impact on physical activity trends among older adults is complex. While most studies indicate a restriction in physical activity due to the pandemic, some older adults may have prioritized physical activity more as a result of the outbreak (36). Overall, PA also chose the three-group trajectories: Class 1, “Persistently low physical activity “(N = 4,349, 74.2%); Class 2, “Decreasing physical activity” (N = 722, 13.7%); and Class 3, “Rising physical activity” (N = 694, 12.1%). The three cognitive function and physical activity trajectories for the three groups are shown in Figure 1B.

The GBDTM provides a view of the conditional and joint probabilities between physical activity and cognition in a two-trajectory model. Figure 1C illustrates the conditional probabilities of different cognitive decline groups based on varying physical activity trajectories. The percentage of cognitive trajectories in the “Persistently low physical activity” group is essentially similar to the overall percentage of cognitive conditions. Of those in the “Decreasing physical activity” group, 27.6% will experience “Persistently low cognitive function,” and 23.7% will experience “Persistently high cognitive function.” In contrast, in the “Rising physical activity” group, only 23.5% will be in persistently low cognitive function, but 28.1% will be in “Persistently high cognitive function” (Figure 1C). Figure 1D illustrates the conditional probabilities of different physical activity trajectories based on varying cognitive trajectories. Regardless of cognitive trajectory, the most likely physical activity trajectory was “Persistently low physical activity,” with probabilities ranging from 70.1% for “Persistently low cognitive function” to 83.1% for “Persistently high cognitive function.” However, there was a significantly higher proportion of “Decreasing physical activity” (17.1%) than “Increasing physical activity” (12.9%) in the “Persistently low cognitive function.” The probability of persistently low cognitive function was significantly higher than that of “Increasing physical activity” (12.9%), while the opposite was confirmed in the “Persistently high cognitive function” (Figure 1D).

The stratified characteristics are described based on the respective trajectory groups from GBDTM (Tables 1, 2). Table 1 presents the baseline characteristics of overall cognitive functioning for participants in each trajectory group. Participants in the “Persistently low” trajectory group were more likely to be older, have lower levels of education and income, have depressive symptoms, live in a rural area, have more comorbidities, and be current smokers than those in the “Persistently high” trajectory group. Table 2 presents the baseline PA characteristics for participants in each trajectory group. Compared to the “Rising physical activity” trajectory group, participants in the “Decreasing physical activity” trajectory group were more likely to be older, female, have lower education levels and income, and have more comorbidities.



TABLE 1 Baseline characteristics of the participants according to trajectories of cognitive function.
[image: Table comparing cognitive function across three classes: low, moderate, and high. Displays variables such as age, gender, marital status, education, self-reported health, depressive symptoms, residential area, comorbidity, income, BMI, drinking, smoking, visual and hearing impairment, hospitalization, ADL, and IADL. Significant p-values indicate differences among groups.]



TABLE 2 Baseline characteristics of the participants according to trajectories of physical activity.
[image: Table comparing three classes of physical activity: Class 1 (Persistently low), Class 2 (Decreasing), and Class 3 (Rising), detailing demographics and health variables like age, education, health, income, BMI, drinking, smoking, impairments, and activities of daily living. P-values indicate statistical significance across categories.]



4.3 Association of physical activity and cognition trajectories

Univariate logistic regression analyses for PA and cognition trajectories are presented in Supplementary Tables S7, S8. When using the multivariate logistic model with the identified cognitive function trajectories as the primary independent variable, a significant association with the PA trajectories was observed (Table 3). Age, residency, and educational level were significant predictors for the “Persistently moderate cognitive function” and the “Persistently high cognitive function” groups. For the “Persistently high cognitive function” group, being female may have been a cognitive risk factor (OR = 0.79, 95% CI: 0.68–0.92), whereas a steadier and increased PA was a vital protective factor.



TABLE 3 Multivariate logistic regression analyses with cognitive function trajectory groups.
[image: A table shows the odds ratios (OR) and p-values for cognitive function trajectories based on various variables. Variables include physical activity, age, gender, marital status, educational level, and urban vs. rural residence. For each variable, OR and p-values are provided for persistently moderate and high cognitive functions with reference categories. Persistently high cognitive function is notably associated with rising physical activity and higher educational levels, among others, all with significant p-values.]

In multivariate analyses of physical activity (Table 4), compared to the “Decreasing physical activity” group, those with “Persistently high cognitive function” were more likely to be in the “Persistently low physical activity” group (OR = 2.87, 95% CI: 2.28–3.62), in addition to being more educated (OR = 1.59, 95% CI: 1.03–2.43), older (OR = 1.06, 95% CI: 1.05–1.08), less likely to live in rural areas (OR = 0.47, 95% CI: 0.36–0.63), more likely to have the experience of hospitalization in the past year (OR = 1.55, 95% CI: 1.07–2.24), and more likely to be overweight or obese, with likelihoods of 1.57 (95% CI, 1.13–2.17) and 2.44 (95% CI, 1.59–3.72), respectively. Similarly, compared to the “Decreasing physical activity” group, members of the “Rising physical activity” trajectory group were also more likely to be in the “Persistently high” trajectory group (OR = 1.49, 95% CI: 1.10–2.01), younger (OR = 0.96, 95% CI: 0.94–0.98), and less probability of visual impairment (OR = 0.45, 95% CI: 0.07–0.97, p = 0.017).



TABLE 4 Multivariate logistic regression analyses with physical activity trajectory groups.
[image: Table displaying odds ratios and p-values for variables related to physical activity trajectories. Variables include cognitive function, age, educational level, rural vs. urban setting, BMI vs. underweight, visual impairment, and hospitalization. Comparisons made between low and rising physical activity, with reference to decreasing activity. Key values include persistently high cognitive function (OR 2.87, p<0.001 for low activity), age (OR 1.06, p<0.001 for low activity), and obesity (OR 2.44, p<0.001 for low activity).]



4.4 Non-response analyses

From the completed CHARLS cohort, 645 participants (4.8%) were excluded due to incomplete baseline data or diagnoses of dementia, Parkinson’s disease, or cognitive impairment. Excluded participants, compared to those included in the current analysis, were more likely to be older, female, have lower levels of education, depressive symptoms, poorer self-reported health, reside in rural areas, have lower incomes, hearing impairment, poorer activity functioning, had lower levels of PA and poorer cognitive functioning at baseline (Supplementary Table S5). An additional 6,841 participants (51.63%) were excluded due to loss to follow-up. Also, they had higher levels of key risk factors, lower levels of physical activity, and poorer cognitive function at baseline (Supplementary Table S6).



4.5 Sensitivity analysis

Given that trajectory analyses were more stable over time for participants with three or more observations, we conducted sensitivity analyses for participants who completed all three waves of cognitive functioning and PA. The pattern of cognitive and physical activity trajectories using data from all three waves was similar to the two-wave trajectories (Supplementary Figures S4, S5). As shown in Supplementary Figure S6, the associations between physical activity and cognitive trajectory groups were similar regardless of age (younger: <70 years; older: ≥70 years), sex, depression status, and mobility (all p-values > 0.05 for interaction).




5 Discussion

In this study, 5,765 older adults were longitudinally followed using the GBDTM, identifying three distinct cognitive and PA trajectories. The study identified demographic and clinical features associated with each trajectory and explored the interactions among these trajectories separately. Most studies have noted that more active participation is associated with better cognitive function (37–39). However, in a recent study from “The China Family Panel Study” in 2010 and 2018, it was found that the positive association between regular physical activity and cognitive functioning was insignificant in 10,691 older adults (40). Differences in the above studies may be due to the level of study design and methodology, which will be further investigated in this study in terms of longitudinal and group heterogeneity.

The cognitive and activity trajectories of different older adults, such as those of different sexes and those in nursing homes, have been studied but with different patterns (24). In terms of cognitive trajectories, a 6-month study of older adults identified three cognitive trajectories in the first 6 months after admission: “always severe,” “always moderate,” and “always intact/mild” (41), in addition, there were findings that categorized cognitive trajectories as stable on average, high and stable, and declining trend, but less than 10% declining (42), in terms of PA trajectories, one study of PA in older men identified three groups of PA trajectories, high, moderate, and low (43), while another study identified four different PA trajectories low, decreasing, increasing and persistently high (44).

Overall, most of the cognitive trajectories of older adults in this study were stable over a 10-year period. 39.9% of Chinese older adults had sustained trajectories of high cognitive functioning, which is consistent with previous studies of hospitalized older adults and older adults in other countries and regions (23). Therefore, stable cognitive trajectories may reflect average cognitive performance and trends in later life. The “persistently high cognitive function” group generally belongs to the group of older adults with more PA, which is a growing trend. Meanwhile, younger, male, higher education level, and living in urban areas are also protective factors. However, we did not observe any significant association between hospitalization and cognitive function. This finding might be attributed to the specific circumstances of hospitalization. Previous research has indicated that unplanned hospitalization may contribute to the long-term impact on cognitive function in older adults, while selective hospitalization may not result in similar outcomes (45).

In addition, 74.2% of older adults had a low and relatively flat trend in PA over 10 years, consistent with findings from a 21-year longitudinal study of women’s health in Australia (23). Thus, low and stable PA may reflect typical activity trajectories in later life for the majority of older adults. Additionally, 12.1% of older adults experienced increased activity over time, and 13.7% experienced a decrease. It is concerning that older adults with declining levels of PA and low physical activity are potentially at an increased risk for cognitive decline and other adverse health outcomes (46). The data indicates that these groups are associated with lower cognitive levels, higher age, unhealthy BMI, lower education levels, rural residence, and visual impairment. The visual impairment associated with retinal aging is of particular concern as it limits mobility and leads to social isolation (47) and depression (48).

Meanwhile, stratified analyses were conducted to further explore the relationship between the two. Previous studies have indicated that the change in the longitudinal phenotypic dimensions of aging is not necessarily linear, as increasing age may affect the outcome of developmental trajectories (13). Cognitive function declines more rapidly after age 70, with the brain’s white matter volume decreasing and ventricular volume increasing rapidly at this age (49). Therefore, we divided the study population into two groups, using 70 years as the threshold. Additionally, the effects of physical activity on cognitive function in older adults may vary by sex and age, since women’s physical mobility and hormone metabolism differ from men’s (28). People of different sex and age have varied preferences and motivations for participating in activities (50). Finally, some studies have indicated that physical activity and cognitive function are more likely to be affected over time due to depression in older Chinese adults (47, 51, 52). However, no statistically significant interactions were found in this study. This may indicate that the GBTM can adequately differentiate between populations with different levels of risk. However, conclusion should be interpreted with caution, as it may also be attributed to the sample.

The strength of the present study lies in its use of long-term and large-scale follow-up data, along with the application of an advanced statistical GBDTM to fit the dual trajectories and explore the multidimensional and dynamic associations between PA and cognition in later life. However, there are several limitations. First, despite using well-validated questionnaires to measure PA and cognition, the TICS scale cannot accurately evaluate individuals’ cognitive status compared to computerized cognitive assessment batteries or clinical dementia screening tools. Although recall bias still exists, we consider it to be a random error. Second, despite conducting multiple robust analyses and adjusting for various demographic characteristics, health behaviors, and health status, we cannot rule out the presence of confounders. Third, the current analyses had a high nonresponse rate. The excluded participants were generally older, less educated at baseline, and had poorer cognitive function and PA. These participants will likely remain in the persistent low cognitive and PA trajectories, based on usual trends, and therefore, are unlikely to significantly impact our findings. Furthermore, 15.6% of subjects followed the trajectories of persistently low physical activity and cognitive function. However, characteristics associated with both sets of trajectories could not be identified. Future studies should incorporate older adult characteristics into the dual trajectory model and conduct further research to examine the risk profile of these individuals to develop tailored care strategies. Finally, due to the observational study design, a causal relationship between the two trajectories could not be established.



6 Conclusions and implications

In summary, this study identified three trajectories of PA. While most older adults maintain activity levels in the sustained and low categories, some either improved or declined in PA. Additionally, three trajectories of cognitive functioning were identified, with minimal change over time. The trajectories of PA were closely linked to the trajectories of cognition. Aging is often accompanied by an increased prevalence of degenerative diseases, such as metabolic decline, malnutrition, and visual and auditory impairments (53), which severely affect daily activities and cognition in older adults (54). As recreational physical activity is a non-invasive strategy for combating aging (55), the present study advocates for further research into exercise programs as a therapy to slow the deterioration of physical and cognitive functions. Furthermore, different model structures resulted in distinct classes with contrasting clinical phenotypes, highlighting the importance of identifying subgroups at higher risk of adverse outcomes. This identification is crucial for developing and testing targeted interventions and care pathways. The socio-demographic and clinical characteristics associated with the trajectories can inform clinical staff in categorizing and providing appropriate care.
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Introduction: Apolipoprotein E (APOE) epsilon 4 is regarded as the most significant genetic contributor linked to mild cognitive impairment (MCI) and Alzheimer’s disease (AD). Daily life elements might also influence cognitive abilities to some extent. This research aimed to investigate whether carrying APOE ε4 alters the effects of lifestyle on cognitive ability.
Methods: The research included 1871 senior community members with APOE gene data, all participating in clinical, neuropsychological, and daily living factor assessments. Based on their APOE ε4 status, they were categorized into two groups: the 
APOE ε4
 group (n = 362) and the non-APOE ε4 group (n = 1,509). Subsequently, a multivariate logistic regression analysis was employed to investigate the link between cognitive deficits and APOE ε4, along with lifestyle patterns.
Results: Our research revealed a reduced incidence of MCI (OR = 0.745, 95% CI: 0.587–0.945, p = 0.015) and dementia (OR = 0.422, 95% CI: 0.259–0.688, p = 0.001) in the non-APOE ε4 carriers. Furthermore, the general linear regression analysis revealed a notable interplay between APOE ε4 and sleep disturbances, potentially impacting cognitive deterioration together (F = 6.817, p = 0.001).
Conclusions: The research indicates that possessing APOE ε4 alters the impact of everyday life factors on cognitive decline. In addition, there is a significant interaction between APOE ε4 and sleep disorders, which may jointly lead to the appearance of cognitive impairment.

Keywords
 APOE ε4
; ways of living; mild cognitive impairment; dementia; community


1 Introduction

Despite numerous extensive genome-wide association studies (GWAS) and meta-analyses, the ε4 allele in the APOE gene continues to be the primary genetic contributor to sporadic Alzheimer’s disease (AD) (1). The presence of APOE ε4 elevates the likelihood of AD development and concurrently diminishes the onset age of AD (2). Increasingly, data suggests that APOE ε4 heightens the likelihood of Alzheimer’s disease development through amplified toxic impacts and diminished protective capabilities (3). Beyond Alzheimer’s disease, APOE ε4 is also linked to mild cognitive impairment (MCI) (4, 5), typical aging (6, 7), and other neurodegenerative conditions like Lewy body dementia (LBD) (8) and vascular dementia (VD) (9). Yet, the precise function of APOE ε4 in these illnesses remains unclear.

Because dementia is thought to begin decades before clinical symptoms appear, interventions targeting risk factors in non-Alzheimer’s and even middle-aged adults may prevent or delay the onset of cognitive decline (10). Previous studies have explored the link between the Mediterranean diet and Alzheimer’s disease, with diets low in salt, fat, fruits and vegetables thought to be associated with cognitive status (11, 12). In addition to diet, other modifiable lifestyle, such as smoking, depression, hypertension, diabetes mellitus, physical inactivity, low educational attainment, and obesity in middle age, may also play a significant role in the development of dementia (13, 14). Therefore, we propose a comprehensive theory that a “healthy lifestyle” such as a Mediterranean diet, non-smoking, light to moderate alcohol consumption (1–15 g/day for women; 1–30 g/day for men), moderate or vigorous exercise, and active treatment of chronic diseases such as hypertension, diabetes, and depression are associated with cognitive function. An unhealthy lifestyle of high salt, high fat, high sugar diet, sedentary, excessive smoking, excessive alcohol consumption, poor blood sugar and blood pressure control can lead to cognitive decline (15). Similarly, even if all of the above healthy lifestyle patterns or unhealthy lifestyle patterns are not realized, individual or isolation factors may be related to cognitive function. It must be clarified here that the present study was intended only to examine some aspects of the theory, not all.

However, it is not known whether lifestyle influences cognitive function vary by carrying different APOE genotypes. In Licher et al.’s (16) study, they demonstrated that favorable modifiable risk profiles were associated with a lower risk of dementia compared to poor genetic risk in individuals with moderate to low genetic risk. In Rosenich et al. (17) study, they found that aging and APOE ε4 were associated with an increased rate of hippocampal volume (HV) loss and decline in episodic memory (EM). However, the Rodriguez et al. (18) study found that in the general population aged 40–79, the APOE gene’s dementia risk variation did not alter the relationship between lifestyle factors and cognitive performance. Large differences between epidemiological studies can be attributed to possible common factors such as differences in sample size, demographic characteristics of participants (including age and sex), method design, and comorbidities (19).

In this study, we used data from the Shanghai Brain Health Cohort Study to investigate whether APOE gene changes the impact of lifestyles (e.g., smoking, drinking alcohol, tea drinking, eating habits, characteristic food consumption habits and chronic diseases) on cognitive function. We hypothesized that (1) certain lifestyle patterns (such as smoking, and alcohol consumption) may have an impact on cognitive function; (2) APOE ε4 genotype may alter the impact of certain lifestyle factors on cognitive function.



2 Methods

All participants were from the Shanghai Brain Health Cohort Study, which has been described in detail in our previous studies (20). Simply put, 1,871 community older adults with APOE gene data were included in the current study. Of these, 649, or 34.7 percent, were men. Their average age was 69.31 ± 7.87 years, average years of schooling was 10.56 ± 3.64 years, and mean body mass index (BMI) was 23.97 ± 3.37 kg/m2. All subjects underwent comprehensive physical examinations, daily habits surveys, clinical data collection, and neuropsychological evaluation. They will also be asked to fill out a standardized questionnaire that includes daily living habits (such as smoking, alcohol drinking, tea drinking, surfing the Internet, etc.), eating habits (such as whether they eat fruit, whether they eat ginger, etc.), and surveys of chronic diseases (such as hypertension, diabetes, depression, sleep duration, etc.).

The research program complies with the Helsinki Declaration ethical guidelines and was approved by the Medical Committee of the Shanghai Mental Health Center. Written informed consent was obtained from all participants.


2.1 Clinical assessment

Clinical assessments in all subjects were conducted by two experienced attending physicians. MCI diagnosis was based on Petersen’s criteria: (1) subjective cognitive complaints and were best narrated by family members; (2) neuropsychological tests showing objective cognitive impairment; (3) the ability to maintain daily life; and (4) without dementia (21). Dementia was diagnosed on the basis of Diagnostic and Statistical Manual of Mental Disorders IV (DSM IV) (22, 23): (1) impaired ability to work or perform daily activities; (2) reduced function and performance compared to before; (3) cognitive decline that cannot be explained by delirium or other mental illness; and (4) cognitive or behavioral disorders involving at least two aspects: memory, executive function, visuospatial abilities, speech functions, personality, and behavior changes. The final diagnosis was based on information obtained from semi-structured interviews with the participant’s medical history, standard physical, neurological, and psychiatric examinations.



2.2 Neuropsychological tests


2.2.1 Montreal cognitive assessment (MoCA)

Montreal Cognitive Assessment (MoCA) is a screening instrument developed by Kang et al. (24) to detect cognitive impairment. MoCA has a total score of 30, including memory, visuospatial ability, executive ability, language ability, orientation, etc. Based on previous studies, the optimal thresholds for the MoCA comprehensive index of screening for MCI were ≤75 years old, education ≤6 years was 19.5; >75 years old, education ≤6 years was 15.5; and education >6 years was 24.5 (25).




2.3 APOE genotyping

All participants stopped eating after 9 pm and collected peripheral blood between 7 am and 9 am the following day. Genomic DNA was extracted from blood cells using the Blood Genome DNA Extraction kit (Qiagen NV, Venlo, Netherlands) (after high-speed centrifugation), and APOE genotypes were determined by polyploid-amplified-refractory mutation system polymerase chain reaction (PCR). According to method above (26), APOE ε4 types include ε2/ε4, ε3/ε4, and ε4/ε4, while the class of non-APOE ε4 types includes ε2/ε2, ε2/ε3, and ε3/ε3.



2.4 Lifestyle assessment

Trained interviewers collect data through face-to-face interviews and complete ongoing training before the study begins. Lifestyles we surveyed included smoking, alcohol drinking, tea drinking, eating habits (such as fruit and ginger), surfing the Internet, and information about chronic disease (such as hypertension, diabetes, depression). These variables were selected because previous literature has indicated that all of these factors are strongly associated with cognitive function (27–32). In general, smoking, alcohol consumption, chronic diseases such as hypertension, diabetes, depression, etc., were linked to poorer cognitive function, while tea, vegetables, ginger consumption and surfing the internet were linked to better cognitive performance.

In the current study, smokers were defined as those who smoked more than 100 cigarettes a day in their lifetime, while non-smokers were defined as those who never smoked or smoked fewer than 100 cigarettes in their lifetime (33). A standard unit of alcohol is defined as 14 g of pure alcohol, and five units a day is considered light to moderate alcohol consumption. Non-drinkers are defined as those who never or rarely drink alcohol (for example, holiday drinking, drinking less than one standard unit at a time) (34). Tea drinker was defined whether respondents drank tea more than three times a week. The question is that “over the past month, you have typically had tea several times a week” (35). Since our previous studies have only shown that green tea could help with cognition, in the current study, we are only looking at the effects of green tea on cognitive function (35, 36). Through the Food Frequency Questionnaire (FFQ) (37), we obtained information on participants’ dietary consumption habits and frequency of consumption of fruits and ginger. Investigators would ask, “Do you eat fruit?.” Responses were recorded as daily (people who ate fruit at least once a day), weekly (people who ate fruit 1–6 times a week) or monthly (for those who ate fruit less than once a week). Those who ate fruit at least once a week are considered fruit eaters. The same true of ginger consumption. In the current study, ginger consumption was defined as eating ginger (as a dish) at least once a week, primarily as a food, not a mere flavoring agent. Ginger was listed as a separate variable because previous studies have suggested it may have cognitive protection (38, 39). Surfing the Internet was defined as whether respondents used the Internet and/or e-mail. The question is “Do you use the internet or email?” How often do you surf the Internet?” People who use the internet less than once every 3 months or never go online will be classed as non-internet users (40). Sleep duration surveys are conducted primarily through self-reporting, including: too little sleep (less than 5 h), too much sleep (more than 8 h), and normal sleep (5–8 h). The question is “How many hours of sleep do you get each night.” Diabetes status is determined based on self-reported diagnosis by a physician or treatment with insulin and/or oral hypoglycemic agents. Fasting blood glucose level was ≥7.0 mmol/L (126 mg/dL) or oral glucose tolerance test 2-h value was ≥11.1 mmol/L may also be considered for T2DM (41). Hypertension status was based on self-reported or oral treatment with antihypertensive drugs. Their average systolic blood pressure (SBP) ≥140 mmHg and/or diastolic blood pressure (DBP) ≥90 mmHg was also considered hypertension (42). In addition, depression status was based on self-reporting or oral antidepressant treatment.




3 Statistical analysis

The representation of continuous variables was in the form of mean ± standard deviation (SD), while categorical variables were denoted as percentages. Subjects were categorized into groups with APOE ε4 carriers (n = 362) and those without (n = 1,509), depending on their APOE ε4 gene status. Initially, the study employed ANOVA to examine continuous factors like age, education, BMI, and MoCA. Subsequently, the chi-square test evaluated categorical elements including gender, smoking habits, alcohol consumption, tea use, dietary patterns, fruit intake, ginger consumption, surfing the internet, sleep length, hypertension, diabetes, depression, and cognitive categorization between the two groups. The Bonferroni method was employed to account for the effects of multiple tests. Subsequently, we employed multivariate logistic regression to evaluate the link between a solitary lifestyle element and cognitive abilities (MCI and dementia), considering APOE status, age, education, BMI, and gender as additional variables. Additionally, to examine if the APOE ε4 genotype influenced the link between cognitive abilities and lifestyle, multivariate adjusted logistic regression models were employed in subgroup studies. Ultimately, the impact of APOE ε4 and lifestyle interplay on cognitive abilities was examined using the general linear regression analysis model. Every analysis utilized IBM SPSS Statistics for Windows 22.0, with all p-values determined at a two-tailed significance threshold of 0.05.



4 Results


4.1 Characteristics of the participants

Table 1 displays the features of the research samples. The present study encompassed 1,871 individuals, comprising 362 carriers of APOE ε4 and 1,509 carriers of non-APOE ε4. Within this group, 649 individuals were males, making up 34.7 percent of the overall count. The average age stood at 69.31 ± 7.87 years, with an average educational duration of 10.56 ± 3.64 years, and a mean body mass index of 23.97 ± 3.37 kg/m2. People diagnosed with APOE ε4 showed a reduced tendency to consume ginger, decreased internet usage, a higher probability of experiencing sleep issues, and a greater chance of mild cognitive impairment or dementia (p < 0.05).



TABLE 1 Baseline characteristics of the 1,871 participants by APOE ε4 genotype.
[image: Table comparing characteristics between APOE e4 genotype carriers (n=362) and non-carriers (n=1,509) out of a total sample of 1,871. Categories include demographics, eating habits, sleep duration problems, health conditions, and cognitive groupings. Significant differences (p < 0.05) are noted for ginger consumption, internet surfing, sleep issues, and cognitive impairment.]



4.2 Relationship between single lifestyle factors and cognitive impairment

Table 2 displayed the correlation between ginger consumption, surfing the internet, and issues with sleep length with cognitive deficits. Upon adjusting for factors like age, gender, education, APOE ε4, and BMI, it was discovered that insufficient sleep significantly correlated with an increased likelihood of MCI (Odds Ratio = 1.275, 95% confidence interval: 1.106–1.600, p-value = 0.036). Likewise, our findings indicate a significant correlation between insufficient sleep and an increased likelihood of developing dementia (OR = 1.880, 95% confidence interval: 1.094–3.232, p = 0.022). Nonetheless, the revised model revealed no notable links between ginger consumption or surfing the internet, and the presence of MCI or dementia.



TABLE 2 Association between single lifestyle factor and cognitive impairment.
[image: Table showing logistic regression results for the odds ratios (OR) of mild cognitive impairment (MCI) and dementia. Variables: eating ginger, internet use, and insufficient sleep. ORs with confidence intervals and p-values are provided for both unadjusted and adjusted models. Significant p-values (p < 0.05) are marked with an asterisk. Adjustments consider age, sex, education, APOE ε4, and BMI.]



4.3 Association between APOE ε4 genotypes and lifestyles and cognitive impairment

The multivariable logistic regression analysis, treating diagnosis as the dependent factor and APOE ε4 classification as the independent, revealed that individuals without APOE ε4 had a reduced likelihood of developing MCI (OR = 0.745, 95% confidence interval: 0.587–0.945, p = 0.015) and dementia (OR = 0.422, 95% confidence interval: 0.259–0.688, p = 0.001). Our examination of subgroups with the APOE ε4 gene revealed that educational levels (OR = 0.871, 95% confidence interval: 0.810–0.938, p < 0.001), BMI (OR = 0.913, 95% confidence interval: 0.847–0.985, p = 0.019), and tea consumption (OR = 0.548, 95% confidence interval: 0.339–0.886, p = 0.014) correlated with a reduced likelihood of MCI; age (OR = 1.145, 95% confidence interval: 1.061–1.236, p = 0.001) was linked to an increased risk of dementia, whereas hypertension (OR = 0.157, 95% confidence interval: 0.047–0.527, p = 0.003) correlated with a decreased risk of dementia.

Our examination of subgroups lacking the APOE ε4 gene revealed a correlation between age (OR = 1.016, 95% confidence interval: 1.001–1.032, p = 0.031) and an increased likelihood of MCI, whereas education (OR = 0.093, 95% confidence interval: 0.874–0.933, p < 0.001) correlated with a reduced probability of MCI. Factors such as age (Odds Ratio = 0.004, 95% Confidence Interval: 1.017–1.093, p-value = 0.004), insufficient sleep (Odds Ratio = 2.612, 95% Confidence Interval: 1.508–4.522, p-value = 0.001), and depression (Odds Ratio = 7.410, 95% Confidence Interval: 2.706–20.291, p-value<0.001) correlated with an increased likelihood of dementia. Conversely, education (Odds Ratio = 0.887, 95% Confidence Interval: 0.828–0.950, p-value = 0.001), tea consumption (Odds Ratio = 0.506, 95% Confidence Interval: 0.277–0.925, p-value = 0.027), and fruits consumption (Odds Ratio = 0.309, 95% Confidence Interval: 0.143–0.666, p-value = 0.003) were linked to a reduced risk of dementia. The findings are displayed in Tables 3, 4.



TABLE 3 Association between multiple lifestyle factors and cognitive impairment in participants with the APOE ε4 gene.
[image: A table showing variables related to Mild Cognitive Impairment (MCI) and Dementia with their respective B, S.E., Wald, df, p-values, OR, and 95% confidence intervals. Significant variables (p < 0.05) for MCI include Education, BMI, and Tea drinker. For Dementia, significant variables include Age and Hypertension. Hyphens denote missing data, and significant p-values are marked with an asterisk.]



TABLE 4 Association between multiple lifestyle factors and cognitive impairment in participants without the APOE ε4 gene.
[image: Table displaying statistical analysis for variables affecting MCI and Dementia. Includes B, S.E., Wald, df, p-values, OR, and 95%CI for each variable such as age, education, and BMI. Significant p-values are marked with an asterisk.]

Ultimately, a general linear regression model was employed to explore how the interaction of APOE ε4 genotype with sleep duration issues impacts general cognitive abilities. This general linear regression model was executed with insufficient sleep as the sole lifestyle factor, as it was the only one significantly linked to both MCI and dementia in the logistic regression studies. Within this framework, the aggregate MoCA score serves as the dependent variable, whereas issues related to sleep duration and the APOE ε4 genotype are categorized as a constant element. Ultimately, the findings revealed a notable interplay between the APOE ε4 genotype and issues with sleep duration, potentially impacting cognitive deterioration (F = 6.817, p = 0.001), and the existence of APOE ε4 coupled with “insufficient sleep” indicated a potential reduction in MoCA scores (notably, APOE ε4 by itself had no impact on MoCA scores). Due to the lack of significant positive outcomes (p > 0.05) for other factors like ginger consumption and surfing the internet in the general linear regression model, the aforementioned results were omitted.




5 Discussion

In the current study, we investigated the relationship between APOE ε4 genotype, lifestyle and cognitive decline. Unlike other studies, we added some new variables, such as eating habits, eating ginger, sleep duration problems, and internet use, etc. The reason for adding the above variables is that our previous studies have suggested that these variables are associated with cognitive function (43–46). At the same time, ethnic differences are an important factor to consider. Compared with the older adult in Europe and America, the older adult in China may also have different lifestyles (such as drinking tea, eating ginger, and lunch break), leading to differences in dementia incidence and influencing factors. The incidence of dementia, for example, varies by race, as high as 8.5 percent Latin America and 5.14 percent China (47). A meta-analysis found that the APOE ε4 and ε2 affect blacks differently form other races (48). Asians have the highest burden of physical and memory impairments and are more likely to show impaired language fluency due to low education (49). In addition, other studies have shown that birth can lead to differences between ethnic groups in Asia, and that social factors may have a different impact on the development of dementia (50). Therefore, through the epidemiological investigation of the older adult in China, we can find new influencing factors of Alzheimer’s disease and provide new theoretical basis for the prevention and treatment of Alzheimer’s disease. Through multiple logistics regression analysis, we finally found that (1) the risk of mild cognitive impairment and dementia was significantly reduced in people who did not carry the APOE ε4 allele; (2) APOE ε4 carrying status may affect the impact of everyday life on cognitive decline; and (3) there was a significant interaction between APOE ε4 and sleep duration problems, both of which may contribute to cognitive impairment.

The apolipoprotein (APOE) epsilon 4 allele is the most common genetic risk factor for Alzheimer’s disease (AD), accounting for about 4% of Alzheimer’s disease variation (51). The relationship between APOE ε4 genotype and cognitive impairment is well studied. For example, a meta-analysis showed that APOE ε4 was strongly associated with susceptibility to vascular dementia in Chinese population (52). Another meta-analysis showed that APOE ε2+ was neither a risk factor nor a prevention factor for Parkinson’s disease dementia (PDD), while APOE ε4+ was a risk factor for PDD (53). In addition, many studies have also shown that APOE ε4 may adversely affect MCI (54–56). Therefore, our conclusions are consistent. There are several theories about the effects of the APOE ε4 allele on the brain. One theory is that different APOE variants have different effects on the accumulation of amyloid-beta in the brain (57). Another theory is that different APOE alleles differ in binding and clearance of Aβ (58). In addition, the study further suggests that e4 variants increase blood–brain barrier damage (59).

Our results showed that the carrying status of APOE ε4 could change the influence of daily lifestyle on cognitive decline, and the influencing factors of MCI and dementia were significantly different with APOE ε4 gene carrying status. For example, in our current study, we found that education, BMI and tea drinker were associated with lower MCI odds among participants with the APOE ε4 gene, while age was associated with higher MCI odds, and education was associated with lower MCI odds among non-APOE ε4 carriers. However, we found only a significant interaction between APOE ε4 and sleep duration problems on cognitive impairment, and not no interaction between APOE ε4 and other variables, such as tea drinking, Internet use, diabetes, hypertension, depression, etc.

Aging is characterized by changes in sleep quality and structure. When sleep changes become apparent, they can produce or accelerate cognitive decline, even in the absence of significant pathological factors (60). Aging changes sleep duration and quality, which is also common in Alzheimer’s disease. The increased in Aβ production and decrease in reduced Aβ clearance were due to the close interplay of Aβ, sleep disturbance and wakefulness. In addition to Aβ, sleep deprivation found in AD may be associated with the effects of tau pathology (61). There is strong evidence linking sleep quality to the onset and development of dementia (62, 63). For example, a cross-sectional study conducted in China showed that poor suboptimal sleep duration and quality in non-institutionalized adults aged 45 years and older (n = 10,768) were associated with poor cognitive ability. A state-of-the-art review shows a four-pronged link between sleep disruption and quality of life of people with dementia: physical, social/behavioral, emotional health, and cognition (64). In addition, a systematic study suggested that up to 90 percent of people with Lewy body dementia (LBD) have at least one sleep disorder, such as subjectively poor sleep quality, excessive daytime sleepiness (EDS), and rapid eye movement behavior disorder (RBD) (65).

Interestingly, sleep quality appears to be intrinsically linked to APOE genetic polymorphism. For example, a pilot study showed that healthy older adults with a risk allele (APOE ε4+) have more sleep complaints or objective evidence of sleep disruption than healthy older adults without a risk allele (APOE ε4−) (66). An integrative review have shown that APOE ε4 was associated with poor sleep quality in terms of sleep efficiency, sleep latency, rapid eye movement, wake after sleep onset, 24-h total sleep time, and the deterioration of nighttime total sleep time in people with mild cognitive impairment (MCI) or AD (67). In addition, a population-based study of older adults in rural China showed a link between sleep problems and dementia and AD, mainly in people with APOE ε4 (68). Therefore, our conclusions are consistent.

We have to admit that our study has some limitations. First, it is only a cross-sectional study and cannot establish a causal link between APOE ε4, a variable of daily life, and cognitive decline; Second, long-term follow-up of these populations is needed to observe the long-term effects of APOE ε4 and daily life variables on cognitive function; Third, we were not able to uncover the mechanism by which APOE ε4 interacts with sleep duration problems to influence cognitive decline; Finally, this cross-sectional study includes people with MCI and dementia, and the exposure variable (participation in lifestyles) is collected using self-reported information. Thus, recall bias is present and can interfere with the findings.

In summary, we found that the carrying state of APOE ε4 can change the influence of daily life variables on cognitive impairment, and there may be a significant interaction between APOE ε4 and sleep disorders, which jointly promote the occurrence of cognitive impairment. Although many previous studies have pointed out that daily lifestyle may have a certain impact on cognitive function, they have not paid special attention to the regulatory role of APOE4 on the above effects. Therefore, in this sense, our study has made further extension and expansion to reveal the possible mechanism of APOE ε4’s regulation of cognitive function.
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Objective: To assess the prevalence and risk determinants of locomotive syndrome (LS) in geriatric cancer survivors in China. To generate evidence-based insights for the clinical prevention and intervention strategies concerning LS in this vulnerable population, emphasizing the need for integrated public health initiatives focused on maintaining mobility among geriatric cancer survivors.
Methods: Six hundred geriatric cancer survivors were recruited at a hospital in China. A demographic questionnaire, the International Physical Activity Questionnaire-Short (IPAQ-S), and the Geriatric Locomotive Function Scale (GLFS-25) were administered. Survivors were stratified into three physical activity level (PAL) groups via IPAQ-S scores: low, medium, and high. LS was operationally defined via GLFS-25 scores, with cut-offs established for LS-1, LS-2, and LS-3. Elevated GLFS-25 scores signified deteriorated motor function (MF) and increased severity of LS. Data analysis was done to investigate the risk determinants to the occurrence and exacerbation of LS among geriatric cancer survivors.
Results: Of the 524 geriatric cancer survivors who completed the study, 292 (55.7%) were diagnosed with LS, including 152 (29%) categorized under LS-1, 52 (9.9%) under LS-2, and 88 (16.8%) under LS-3. Univariate analysis indicated that variations in exercise habits, prior occupational type, presence of tumor metastasis or recurrence, visual impairments, somatosensory abnormalities, and PAL were significantly associated with differing occurrences and severities of LS (p < 0.05). Ordinal logistic regression revealed that prior occupational type (OR = 0.466), tumor metastasis (OR = 0.404), tumor recurrence (OR = 0.341), and PAL (medium: OR = 7.178; high: OR = 1.984) were independent risk determinants modulating both the occurrence and severity of LS in cancer survivors (p < 0.05).
Conclusion: The occurrence of LS is notably elevated among geriatric cancer survivors in China, indicating a significant public health concern. Individuals who were previously engaged in non-physically demanding occupations and those with histories of tumor metastasis or recurrence, coupled with reduced PAL, demonstrate a heightened susceptibility and severities to LS. Early identification of these risk determinants is imperative for mitigating the onset and progression of LS. Comprehensive public health strategies, including regular screening programs, targeted physical rehabilitation initiatives, and community-based interventions, are essential to mitigate the onset and progression of LS in this vulnerable population, ultimately reducing its broader impact on aging-related health outcomes.
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1 Introduction

A cancer survivor is a person who has survived cancer for a long time. The European Organization for Research and Treatment of Cancer (EORTC) defines a cancer survivor as an individual diagnosed with a malignant tumor who has completed primary antitumor therapy, has no evidence of an active tumor, and is in long-term remission (1, 2). Based on the 5-year survival rate, some studies have defined tumor patients who have survived for more than 5 years without an active tumor after a diagnosis of malignancy as tumor survivors (3). Some of these long-term survivors are actually clinically cured and are not suitable to be called “patients,” but they are still cancer survivors.

As tumor treatments progress, more and more tumor survivors are returning to society to continue their lives. According to the latest statistics in 2016, there are about 15.5 million cancer survivors in the United States, and this number is expected to increase to 26.1 million in 2040 (4). In contrast, data from China shows that in 2011 the number of cases in China that were diagnosed within 5 years and survived without active tumors was 7.49 million, with new patients aged 60–79 years (5, 6). This group will expand dramatically in the coming decades with the changes in social life patterns and the development of medical technology (6). However, after the initial intense anti-cancer treatment, these survivors continue to suffer from a variety of tumors and long-term sequelae from the anti-tumor treatments, many of which are psychologically and physically difficult. Enhancing survivors’ quality of life (QoL) through public health strategies is a crucial component of modern oncology, alongside improving survival outcomes. Central to improving QoL is the preservation of survivors’ motor function (MF), which is fundamental to maintaining essential activities of daily living (ADL) (7).

In order to accentuate public awareness about the cardinality of MF and ADL, the Japanese Orthopaedic Association (JOA) promulgated the concept of locomotive syndrome (LS)—a state characterized by the degradation or functional incapacitation of locomotor organs (8). The progression of LS culminates in functional constraints on limb activities, eventually compromising MF to the point of necessitating external care or causing bedridden states (8). Empirical research substantiates that LS is intrinsically linked with adverse public health outcomes such as diminished ADL, increased susceptibility to fractures, and elevated mortality rates (9). The global clinical and research focus on LS underscores its public health relevance, particularly given the growing aging population and cancer survivors (10).

Unlike sarcopenia or muscular weakness, LS provides a more holistic assessment of the body’s overall MF (10). The insidious degradation of locomotor constituents, notably the musculoskeletal system, often eluding early detection. Among cancer survivors whose Eastern Cooperative Oncology Group Performance Status (ECOG-PS) denoted a “Fully Active” categorization, 29.7% were diagnosed with LS, even in the absence of overt sarcopenia or muscular weakness (11). Masahiro contends that LS serves as a more sensitive barometer for gauging MF impairment, and its timely diagnosis facilitates preemptive interventions, thereby preserving ADL and QoL (12).

Vulnerability to LS is notably pronounced among geriatric cancer survivors. A range of bodily functions decline as a result of aging. Also, oncological afflictions can necessitate prolonged bedridden states, subsequently inducing muscle disuse atrophy, secondary osteoporosis, and radiation or surgery-induced lymphedema, etc.—each serving as a potential catalyst for LS development (12, 13). Early detection and intervention strategies to address LS within the geriatric cancer survivor population offer a significant opportunity for public health programs aimed at sustaining or improving ADL and QoL. The objective of this study is to explore the prevalence and risk factors associated with LS among geriatric cancer survivors, offering a foundation for developing targeted public health strategies to prevent and manage this condition.



2 Materials and methods

This investigation employed a single-center, cross-sectional study design. This study employed a cross-sectional study design. Participant voluntarily participated in the study and signed the consent. The study was approved by the Ethics Committee of the Affiliated Hospital of Jiangnan University (No. LS2023101) and completed the Chinese Clinical Trial Registration (No. ChiCTR2400079958), the date of first registration is 17/01/2024. All participants provided written informed consent. This study conformed to the standards of the Declaration of Helsinki.


2.1 Subjects

The recruitment of geriatric cancer survivors was executed through a convenience sampling methodology in the oncology ward of a Grade-A hospital in China, spanning from January to March 2024, at the Cancer Center of the Affiliated Hospital of Jiangnan University, Wuxi, Jiangsu Province, China. Individuals were selected from those attending outpatient appointments.

Inclusion Criteria: ① Participants must have a definitive cancer diagnosis. Currently defined no active tumor. ② Completion of therapeutic interventions including surgery, radiotherapy, and chemotherapy (active treatment, not palliative care). Survival of ≥5 years without active tumor. ③ Age > 60 years old. ④ Presence of stable vital signs. ⑤ Cognitive clarity and coherent responsiveness. ⑥ Capability for autonomous self-care. ⑦ Absence of any MF disorder attributable to primary orthopedic diseases. ⑧ Provision of informed consent and voluntary participation in the study.

Exclusion Criteria: ① Cognitive impairment or unconsciousness. ② Diagnosis of any incapacitating ailment contraindicating physical activity (PA).



2.2 Measurements

A structured questionnaire was fine-tuned based on insights from exhaustive literature review, clinical experts and pre-existing validated scales. The survey incorporated five primary domains:

	1. Sociodemographic Data: Including gender, age, height, weight, ADL, etc.
	2. Disease-specific Variables: Information about participants when they had active tumors in the past, including tumor type, metastatic occurrences, tumor recurrence, therapeutic modalities of tumors, whether they have visual abnormalities, auditory abnormality, somatosensory abnormality that significantly affect their daily lives, etc.
	3. Body Mass Index, BMI: BMI = weight/height2 in international units of kg/m2. The current Chinese adult BMI classification standard is four levels: <18.5 is underweight, 18.5–23.9 is normal, 24.0–27.9 is overweight, and ≥ 28.0 is obesity (14).
	4. PA: The International Physical Activity Questionnaire-Short Form (IPAQ-S) was employed. The IPAQ-S prompts participants to retrospectively catalog the frequency, duration, and sedentary behavior pertaining to PA engaged in over the prior one-week period. Subsequently, researchers calculated the aggregate physical activity level (PAL), expressed in Metabolic Equivalent of Task minutes per week (MET-min/week), based on the MET values attributed to diverse exercises (15).

Operational definitions for categorizing PAL:

	• High: Involvement in high-intensity PA for a minimum of 3 days, accumulating at least 1,500 MET-min/week, or engagement in PA of any intensity for 7 days, accruing at least 3,000 MET-min/week.
	• Medium: Participation in high-intensity PA for at least 3 days, each consisting of a 20-min session; or moderate-intensity PA and/or walking for a minimum of 5 days, with each session lasting at least 30 min; or engagement in PA of various intensities for at least 5 days, amassing a minimum of 600 MET-min/week.
	• Low: Either no reported PA or involvement in some PA that failed to meet the criteria for the medium or high PAL categories.

5. Tests and definition of LS: Developed by experts with extensive clinical acumen at the JOA, the Geriatric Locomotive Function Scale (GLFS-25) serves as a nuanced, quantitative, evidence-based instrument specifically designed for the early detection of LS (16). The GLFS-25 incorporates a composite of 25 items. Employing a Likert scale, ranging from “No difficulty” (scored as 0) to “Extremely difficult” (scored as 4), the scale’s cumulative scores extend from 0 to 100 points. LS was operationalized as a total score of ≥7, with higher scores signifying diminished MF and increased severity of LS. According to JOA-established criteria, three gradations of LS were identified: LS-1 (GLFS-25 score: 7–15), LS-2 (GLFS-25 score: 16–23), and LS-3 (GLFS-25 score: 24–100) (7, 11). LS-1 signifies incipient motor function degradation; LS-2 represents advanced MF impairment with heightened risk for compromised independent living; LS-3 indicates severe MF dysfunction (11). The psychometric properties of the GLFS-25 exhibited high reliability and validity, with a Cronbach’s α coefficient of 0.961 (16).



2.3 Sample size

Based on methodological convention, the sample size was ascertained to be quintuple the number of variables incorporated into the GLFS-25. At least 10% attrition rate was judiciously accounted. Consequently, a cohort of 600 cancer survivors was deemed adequate and participated in the study.



2.4 Data collection

This study adhered to rigorous protocols to ensure anonymity and the confidentiality of participant data. Prior to questionnaire administration, investigators elucidated the individual items to participants and addressed any queries to clarify their understanding of the instrument. The respondents completed the questionnaire under supervised conditions, thereby enhancing the veracity and objectivity of the collected data. Upon immediate collection, the completed questionnaires underwent meticulous scrutiny and double verification to ascertain their comprehensiveness and accuracy.



2.5 Statistical methods

The analysis of the collected data was conducted utilizing SPSS version 24.0. For continuous data adhering to a normal distribution, metrics were articulated as the mean ± standard deviation (Mean ± SD). Data demonstrating a skewed distribution were depicted through the median along with the interquartile range. Categorical variables were characterized by both frequency and percentage. Univariate analytical procedures were executed employing either the Wilcoxon rank-sum test or the Kruskal-Wallis H test. Specifically, these univariate analyses featured the LS gradation in cancer survivors as the dependent variable, with all survey items serving as independent variables. Variables that manifested statistically significant disparities in the univariate analyses were subsequently incorporated into an ordinal logistic regression model. This was designed to elucidate the independent risk determinants associated with the manifestation of LS among the cancer survivors. p-value less than 0.05 was established as the threshold for statistical significance.




3 Results


3.1 General information of Chinese geriatric cancer survivors, the occurrence and severity of LS

A comprehensive cohort of 600 geriatric cancer survivors were initially enrolled in this investigation. Following the exclusion of incomplete questionnaires, 524 subjects yielded analyzable data, reflecting a response rate of 87.3% (Figure 1). The mean age of participants spanned 65 years old with an interquartile range of 60–89 years old, and the median duration of disease stood at 8 years, with an interquartile range of 5–20 years. The diagnostic distribution was as follows: gastrointestinal tumors comprised 35.1% (184 cases); lung tumors 17.6% (92 cases); head and neck tumors 6.8% (36 cases); breast tumors 18.3% (96 cases); liver tumors 4.6% (24 cases); tumors of the reproductive system 15.3% (80 cases); and hematological malignancies 2.3% (12 cases). A preponderance of subjects, 66.4% (348 cases), did not present any co-morbid chronic disease (including hypertension, diabetes mellitus, dyslipidemia, stroke and chronic respiratory diseases), while 32.1% (168 cases) had one to two additional chronic disease, and 1.5% (8 cases) reported three or more. The median BMI for participants was 22.76, with an interquartile range of 20.31 to 24.22, conforming to normal weight criteria. The median total PAL was quantified as 495 MET-min/week, which classified the cohort predominantly in the low PAL category. The mean GLFS-25 score was 8 with an interquartile range of 2 to 16. LS was observed in 55.7% (292 cases) of the participants: 52.1% (152 cases) were categorized as LS-1, 17.8% (52 cases) as LS-2, and 30.1% (88 cases) as LS-3. Detailed data are presented in Table 1.

[image: Flowchart illustrating the reduction of participants in a study on geriatric cancer survivors. Initially, 600 were enrolled. Thirty-two were excluded due to not completing a personal information questionnaire, leaving 568 participants. An additional 37 were excluded for not implementing the Geriatric Locomotive Function Scale Assessment, reducing the number to 531. Finally, 7 more were excluded due to absence of physical activity data, resulting in 524 participants remaining.]

FIGURE 1
 Flow chart of study participants.




TABLE 1 Comparison of the occurrence and severity of LS in cancer survivors with different characteristics.
[image: A table displays various characteristics of patient groups with and without lumbar spondylosis (LS), segmented by factors like age, gender, BMI, exercise habits, and medical history. Each category includes total percentages and subgroup percentages for Non-LS and different LS stages (LS-1, LS-2, LS-3), along with mean rank, Z/H value, and p-values. Statistically significant differences (marked by an asterisk) are noted for several categories such as type of former occupation, tumor metastasis, visual abnormality, auditory abnormality, and PAL.]



3.2 Univariate analysis of LS in Chinese geriatric cancer survivors

Univariate analyses were executed, designating LS gradation as the dependent variable, while variables from the case report form served as the independent parameters. Determinants such as exercise habits, former occupation type, the presence of tumor metastasis or recurrence, visual or somatosensory abnormalities, and PAL emerged as influential determinants in LS gradation (p < 0.05). As delineated in Table 1, subjects who reported an absence of regular exercise, a history of non-physically demanding occupations, tumor metastasis or recurrence, co-existing visual or somatosensory abnormalities, and lower PAL displayed elevated LS gradations.



3.3 Multivariate analysis of LS in Chinese geriatric cancer survivors

In this segment, ordinal logistic regression analyses were conducted, incorporating LS gradation as the dependent variable and including only those independent variables that exhibited statistical significance in the univariate analysis. The allocation of these variables is articulated in Table 2. The p value of the goodness of fit Hosmer and Lemeshow Test of the included model was >0.05, indicating that the fitting effect was good. The outcomes revealed that the type of former occupation, the occurrence of tumor metastasis, the occurrence of tumor recurrence, and PAL were independent risk determinants exerting a significant influence on LS status among the participants (p < 0.05), as substantiated in Table 3.



TABLE 2 Independent variable assignment
[image: Table listing independent variables and their mode of assignment. Variables: Exercise habit (None=0, Yes=1), Type of former occupation (Non-Physical=0, Physical=1), Tumor metastasis, Tumor recurrence, Visual abnormality, Somatosensory abnormality (all None=0, Yes=1), PAL (Low=0, Medium=1, High=2).]



TABLE 3 Results of ordinal logistic regression analysis of the occurrence and severity of LS in cancer survivors.
[image: A table displays logistic regression analysis results for various factors. It includes items, regression coefficients, standard errors, Wald chi-squared values, p values, odds ratios, and 95% confidence intervals. Significant factors with p values less than 0.05 are type of former occupation, tumor metastasis, tumor recurrence, and medium PAL level. Significance is marked by an asterisk.]




4 Discussion


4.1 The occurrence rate of LS in Chinese geriatric cancer survivors is high

A large group of cancer survivors already exists in China, most of them are older adult. Due to the complexity and specificity of the coexistence of multiple diseases in geriatric cancer survivors, they not only have to bear the discomfort caused by the coexistence of multiple diseases, but also have to bear the physical damage and psychological pressure caused by the former cancer treatment. In the next few decades, this group will expand dramatically with the change of social life pattern and the development of medical technology.

In recent years, a cadre of policy initiatives aimed at promoting comprehensive health engagement has been promulgated by the Chinese Government (17). China is contending with an escalating demographic shift characterized by an aging population (18, 19). Against the backdrop of these dual societal imperatives, there is an intensified focus on enhancing MF, prolonging the duration of autonomous living, and attenuating the caregiving burden on both families and the broader society (19). LS offers a multidimensional diagnostic framework that encapsulates interactions between the musculoskeletal system, overall physiological functionality, body composition, and systemic health metrics. This integrative approach affords a nuanced understanding of functional decline and associated risks, thereby creating opportunities for targeted interventions to mitigate or reverse adverse health trajectories (20).

Five hundred and twenty-four Chinese geriatric cancer survivors were rigorously screened for LS, each of them led an independent, self-sufficient lifestyle. A substantial occurrence rate of 55.7% was identified, with further subclassifications indicating 52.1% at LS-1, 17.8% at LS-2, and 30.1% at LS-3 grades. This salient finding implies that even cancer survivors, who ostensibly lead self-sufficient lives, could be on the cusp of experiencing declines in MF. Importantly, our analysis discerned that the occurrence and severity of LS were not uniformly distributed but were predicated upon various variables: adherence to regular exercise, the physicality of previous occupational roles, metastatic status of the tumor, and the existence of visual or somatosensory abnormalities. Moreover, distinct levels of PA were found to exert differential impacts on the occurrence and severity of LS (p < 0.05). Ordinal logistic regression further elucidated survivors who had previously engaged in non-physically demanding occupation, had experienced tumor metastasis or recurrence, and exhibited lower levels of PA manifested a greater propensity for developing LS, often of a more severe grade.

In a parallel context within the East Asian geographical and cultural milieu, Japanese researcher reported an exceptionally high occurrence of LS among 176 cancer survivors, with prevalence rates as follows: LS-1 at 33.5%, LS-2 at 21.6%, and LS-3 at 40.9% (11). Our study revealed a lower occurrence of LS in Chinese geriatric cancer survivors when juxtaposed against their Japanese counterparts. In terms of LS grading, a greater proportion of Chinese geriatric cancer survivors were categorized into LS-1, while fewer populated the remaining severity grades, as compared to the Japanese cohort. This suggests that, while still concerning, the overall occurrence and severity of LS appear to be less pronounced in Chinese geriatric cancer survivors. Two potential contributing determinants warrant mention: ① Sample size in the current study was modest, and it consisted exclusively of cancer survivors who were fully self-sufficient and in relatively stable health; ② Study parameters restricted participation to those survivors who had concluded their primary course of treatment. Therefore, the absence of ongoing therapeutic interventions such as surgical procedures, chemotherapy, or radiation therapy likely renders this sub-population in a comparatively stable health state.

Notwithstanding these observations, it is imperative to note that the prevalence of LS among Chinese geriatric cancer survivors remains significantly elevated when contrasted with general populations that are not afflicted with substantial comorbidities (21–24). This phenomenon may be attributable to a gamut of determinants: direct sequelae like pain, paralysis, and tumor-induced fractures; as well as indirect repercussions such as protein catabolism, augmented inflammatory response, metabolic dysregulation in skeletal muscle, and overall systemic impairment stemming from tumor metastasis and attendant treatments (25, 26). Given the elevated occurrence rates substantiated by this research, there is an unequivocal need for heightened clinical attention to LS in the realm of cancer survivorship care.



4.2 Analysis of the risk determinants of the occurrence of LS in geriatric cancer survivors

Prevailing literature has indicated an age-related escalation in the occurrence of LS, with a notably higher prevalence in females relative to males (24–26). Though the current investigation aligned directionally with these observations, indicating elevated LS occurrence in subjects with advanced age categories and a marginally higher occurrence among females, these variations failed to reach statistical significance (p > 0.05). Two possible explanations merit consideration: ① Modest sample size imposes limitations on the study’s inferential power; ② Overbearing influence of the cancer pathology might overshadow subtler age and gender-related effects.



4.3 Type of former occupation, PAL are risk determinants for LS in geriatric cancer survivors

The present study ascertained a lower occurrence and reduced severity of LS among subjects who had engaged in physically demanding occupations and those exhibiting elevated PAL (p < 0.001). This observation finds consonance with Akinobu’s research, which postulates that sustained PA from a young age mitigates the risk of LS in later years (27). Two plausible mechanisms can account for this: ① Survivors engaged in occupations requiring long-term physical exertion or maintaining high PAL likely possess robust foundational physical health. This enhances their resilience to malignancy and its associated therapeutic regimens, expedites recovery from surgical and radiation-induced sequelae, and endows them with sufficient musculoskeletal and cardiorespiratory resilience to counteract fatigue; ② Chronic engagement in physically demanding work or elevated levels of PA confers adaptive benefits to the musculoskeletal system, thereby reducing both the susceptibility and the severity of LS upon its onset.

A corpus of studies has underlined the diminutive PAL observed among cancer survivors (28, 29). This study corroborates those findings, highlighting an overarching paucity of PA in this demographic. The debilitating impact of tumors manifests in multi-systemic functional impairments, including but not limited to, muscular atrophy, osteoporotic changes, pathological pain states, and degenerative musculoskeletal conditions. Such manifestations inevitably circumscribe physical functionality, engendering mobility challenges or even reluctance to engage in outdoor PA, thereby amplifying the risk and exacerbating the severity of LS (30).

The JOA recommends modest quotidian PA as efficacious, yet minimally invasive, interventions for LS prevention (31). Examples encompass commuting by walking or cycling; favoring staircases over elevators; engaging in stretch exercises during television viewing; opting for longer walks to procure groceries, etc. (27). Cumulative enhancements in daily PAL could serve as a viable strategy to attenuate both the occurrence and severity of LS (24, 32).



4.4 Survivors with tumor metastasis and recurrence are more likely to develop LS

Our data elucidate that both the metastatic status and recurrence of tumors function as independent predictors for the emergence of LS in geriatric cancer survivors. Individuals grappling with recurrent or middle-to-late-stage malignancies frequently exhibit extensive dissemination of cancerous cells. Subsequently, such patients are predisposed to an augmented regimen of surgical interventions, chemotherapy, and radiation treatments. These therapeutic modalities, while essential, levy a substantial physiologic toll and engender a cascade of adverse reactions. Notable among these are cachexia associated with chemotherapy, osteoporotic alterations in the context of hormone and steroid therapies, and chemotherapy-induced peripheral neuropathy (11). These adverse sequelae deleteriously amplifying both the occurrence and the severity of LS. This underscores the imperative for healthcare practitioners to judiciously manage disease stability during oncological treatments, while proactively addressing symptomology and forestalling both metastasis and recurrence (12).




5 Conclusion

The occurrence of LS among Chinese geriatric cancer survivors remains elevated, implicating that even survivors who ostensibly maintain high ADL are experiencing a decline in MF. By contrast, the majority of hospitalized cancer survivors are in progressive disease states, shouldering a more substantial therapeutic burden. It can be inferred that the overall prevalence and intensity of LS among the broader spectrum of cancer survivors could be more pronounced, meriting heightened vigilance of clinical professionals. From a public health perspective, this underscores the need for population-level screening programs aimed at early identification of LS, particularly in cancer survivors who may not exhibit obvious physical impairments but are at risk of functional decline.

Individuals previously engaged in non-physical labor, those with recurrent or metastatic tumors, and those with diminished PAL are predisposed to a higher occurrence and exacerbated severity of LS. Given these findings, public health strategies should prioritize the early detection of LS through regular screenings in geriatric cancer survivors, alongside the development of comprehensive care models that integrate physical activity interventions, rehabilitation programs, and support services. These measures can help mitigate tumor progression, enhance PAL, and ultimately reduce the public health burden associated with LS in this vulnerable population.



6 Limitations

The study encompassed only survivors who had completed primary treatment and were managing an autonomous existence, this resulted in a limited sample size, thereby potentially compromising the external validity and generalizability of the findings. Future research endeavors employing larger cross-sectional methodologies are warranted to further explore the prevalence of LS among cancer survivors. Special care must be taken when conducting studies involving cancer as a whole because cancer patients are a heterogeneous population and selection bias may occur in the study population. More LS investigations of geriatric patients with specific tumor types and stages are needed thereafter.

In addition, malabsorption may exacerbate or worsen LS by resulting in deficiency of calcium, vitamin D, and other nutrients vital to the health of bones and muscles. Thus, diet, nutrition and malabsorption will be taken into account in future large sample surveys.
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INTRODUCTION
Sarcopenia is generally defined as an age-related musculoskeletal disease characterized by the reductions in muscle strength, lean/muscle mass (quality) and functional ability leading to various adverse health outcomes, including impaired physical function and reduced quality of life (Kirk et al., 2024). Sarcopenia is also associated with cognitive decline in older adults (Arosio et al., 2023). As sarcopenia is a potentially reversible condition whose prevalence increases with age, several non-pharmacological strategies have been developed to counteract its progression in older adults (Cannataro et al., 2021; Cannataro et al., 2022).
Sedentary and physically inactive older adults exhibit a reduced myofibrillar protein-synthesis response to dietary protein intake, which significantly accelerates the progression of sarcopenia (Moore, 2014). This issue is further exacerbated in obese elderly populations. Age-related muscle ‘anabolic resistance’ becomes particularly pronounced in response to low or moderate protein intake, a dietary pattern commonly observed in older individuals (Aragon et al., 2023). It is now recognized that a daily intake of at least 1.0 g of protein per kg/day, rich in essential amino acids (primarily leucine) is crucial to maintaining positive protein balance in musculoskeletal tissue. While we acknowledge the importance of high protein intake in older adults, we will not elaborate on this topic, given the extensive international and governmental efforts already in place. For example, the ESPEN Expert Group (Deutz et al., 2014) and the PROT-AGE Study Group (Bauer et al., 2013) provide international guidelines, while governmental initiatives such as the World Health Organization’s ‘Keep fit for life: meeting the nutritional needs of older persons’ (Organization WH and Policy TU-SoNS, 2002) and the European Commission’s ‘Dietary recommendations for protein intake for adults and older adults’ (Commission) address this issue comprehensively.
In this opinion article, we advocate for the combination of creatine monohydrate supplementation and resistance training as a safe and effective non-pharmacological strategy to prevent and treat sarcopenia that should be internationally recognized by health practitioners and public health organizations.
Creatine is a conditionally essential nutrient for lifelong vitality
Creatine is derived from reactions involving amino acids in the liver and brain. Approximately 95% of the creatine pool in the body is found in skeletal muscle, while 5% is found in other tissues with high energy demands such as cardiomyocytes, hepatocytes, kidney cells, inner ear cells, enterocytes, spermatozoa, and photoreceptor cells. Creatine in its phosphorylated form, phosphocreatine (PCr), plays a pivotal role in sustaining adenosine triphosphate (ATP) in these cells (Bonilla et al., 2021a).
Creatine is naturally present in meat, fish, and poultry with an estimated daily requirement of approximately 2 g·day−1 for a 70-kg male to maintain normal creatine levels in the human body (Kreider and Stout, 2021; Wallimann et al., 2011). Notwithstanding, research across diverse populations has demonstrated that endogenous creatine synthesis may be insufficient under numerous physiological and pathological conditions (Ostojic and Forbes, 2022).
Following the groundbreaking research of Dr. Roger Harris in 1992 (Harris et al., 1992), creatine monohydrate became widely available as a dietary supplement in the United States and Europe, fully compliant with the U.S. Food and Drug Administration (FDA) regulations. Given its natural presence in food and its availability as a supplement before 15 October 1994, creatine was grandfathered under the Dietary Supplement Health and Education Act (DSHEA) as a legal dietary supplement in the U.S. Recently, the FDA expressed no objections to a Generally Recognized as Safe (GRAS) application, permitting the inclusion of creatine monohydrate as a food additive in various food products (GRAS Notice 931) (USFaD and Inventories, 2020). Further, after consultation on novel food status under Regulation (EU) 2015/2283, creatine is not considered a novel food as creatine monohydrate has been used for human consumption to a significant degree in the European Union before 15 May 1997 (Safety EHaF, 2023). Creatine is approved for inclusion in dietary supplements and/or food products in numerous countries, including Canada, Australia, the European Union, Japan, South Korea, and Brazil, among others (Jager et al., 2011). Extensive research, including randomized, double-blind, placebo-controlled clinical trials, have consistently demonstrated that creatine monohydrate supplementation is both safe and effective in humans (Kreider and Stout, 2021; Kreider et al., 2017; Kreider et al., 2022), including older adults (Candow et al., 2022; Candow and Moriarty, 2024). Thus, there is a strong consensus within the scientific community that creatine monohydrate supplementation (e.g., 20 g/day or 0.3 g/kg/day for 5–7 days; 3–5 g/day or 0.03 g/kg/day; or 0.1–0.14 g/kg/day) can safely and effectively enhance exercise performance capacity and training adaptations in both untrained and trained individuals, regardless of exercise interventions, biological sex or age (Kreider and Stout, 2021; Kreider et al., 2017; Burke et al., 2019; Candow et al., 2019; Forbes et al., 2021a; Kley et al., 2013; Maughan et al., 2018; Bakian et al., 2020; Korovljev et al., 2021a; Korovljev et al., 2021b; Korovljev et al., 2021c; Ostojic, 2021a; Ostojic, 2021b; Ostojic, 2021c; Ostojic et al., 2021a; Todorovic et al., 2023; Ostojic et al., 2024a; Ostojic et al., 2024b).
Consequently, an adequate intake of dietary creatine is likely conditionally essential for maintaining optimal health and promoting growth (Ostojic and Forbes, 2022). Due to the energy and mechanical optimization of cells (Bonilla et al., 2021a), increasing intracellular creatine levels through nutritional supplementation reduces protein degradation (Parise et al., 1985), promotes activation of satellite cells (Olsen et al., 2006), and increases whole-body lean tissue mass (Pashayee-Khamene et al., 2024). The cellular bioenergetics improvements after creatine supplementation offer potential benefits beyond musculoskeletal tissue, such as in the brain, the heart, vascular health, immune system, among others (Roschel et al., 2021; Clarke et al., 2021; Solis et al., 2021; Balestrino, 2021), especially in older adults (Candow et al., 2019; Gielen et al., 2021). In the context of this opinion article, several studies show that creatine monohydrate supplementation can augment muscle mass, physical and cognitive function in older adults (Kreider et al., 2017; Candow et al., 2021; Forbes et al., 2021b), with more clinically significant effects when combined with resistance training (Delpino et al., 2022).
Resistance training offsets sarcopenia
Strength training involves contracting skeletal muscles to work against an external force. Resistance training, a form of strength training, involves different types of applied external forces, such as body weight, free weights, or resistance bands. In this article, we focus on resistance training, emphasizing its role in increasing muscle mass and strength, which are linked to improved health outcomes. Resistance training offers several physical benefits, including enhanced muscle strength, endurance, and power, along with increased bone mineral density and connective tissue remodeling. Clinically, it contributes to cardiometabolic health, helps prevent neurodegenerative disorders and mental health issues, and improves functionality, leading to reduced frailty and a lower risk of falls (American College of Sports et al., 2009; Cunha et al., 2024). Based on the available evidence, resistance training constitutes a key component of physical conditioning programs aimed at improving activities of daily living, self-care, and quality of life while reducing all-cause mortality in older adults (Cannataro et al., 2022; Kraschnewski et al., 2016).
The resistance exercise recommendations provided by the American College of Sports Medicine (ACSM) in collaboration with the American Heart Association (AHA) emphasize a training frequency of at least 2 days per week. The recommended intensity ranges from moderate (Moore, 2014; Aragon et al., 2023) to vigorous (Deutz et al., 2014; Bauer et al., 2013) on a scale of 0–10. The program should include progressive weight training with 8–10 exercises targeting major muscle groups, performing 8–12 repetitions per exercise (American College of Sports et al., 2009). Additionally, the National Strength and Conditioning Association (NSCA) suggests a resistance training regimen for older adults that involves 8–10 different free-weight or machine-based exercises, focusing on multi-joint movements and power/explosive training. This regimen includes 1-3 sets per exercise per muscle group, with 8–12 or 10–15 repetitions at 70%–85% of 1-RM, performed 2–3 days per week (per muscle group) (Fragala et al., 2019). Recent clinical evidence indicates that both low and high-frequency resistance training effectively enhances muscular strength, skeletal muscle mass, and muscle quality in older women with sarcopenia (Dos Santos et al., 2024). Cluster-set resistance training is an alternative approach that warrants further investigation in older adults, given its potential effectiveness in achieving superior results with less overall effort (Cannataro et al., 2022).
Before starting a resistance training program for older adults, it is advisable to use the ACSM’s exercise preparticipation screening tool for risk stratification (available at the ACSM Resource Library) and to establish goals based on a periodization plan. Assessing perceived exertion and pain levels are well-established methods for monitoring internal load and pain thresholds in different populations, including those at risk of frailty like older adults (Izquierdo et al., 2021). These straightforward techniques are effective for accurately tracking training intensity and making necessary adjustments (Falk Neto et al., 2020; Yu et al., 2021). Our recent findings suggest that using rating of perceived exertion (RPE) scales and perceived movement velocity is a valid, cost-effective, and practical method for assessing resistance training load progression and complementing other training metrics. Exercise professionals should ensure that participants are familiar with RPE scales and consider factors that may influence perceived exertion, such as training status, motivation, and environmental conditions (Petro et al., 2024).
We have previously outlined a comprehensive framework for understanding the etiology of resistance training-related injuries and provided detailed recommendations for exercise professionals, clinical exercise physiologists, and health practitioners to consider when designing exercise programs for older adults (Bonilla et al., 2022). Accordingly, it is essential to include sessions dedicated to familiarizing individuals with proper exercise techniques, irrespective of their experience or the type of resistance used (e.g., free weights, machine-based, or bodyweight exercises). These sessions should focus on teaching, observing, and correcting exercise techniques. Adhering to the safety principle in resistance training, it is crucial to select exercises that do not impact participants’ wellbeing. It is advisable to begin with simpler exercises (using machines or light weights) and gradually progress to more complex exercises (such as free weights with moderate-to-high loads) that demand greater control.
To enhance the health, functional capacity, and quality of life for older adults, it is recommended to implement community-based exercise programs that focus on moderate-intensity activities, such as circuit resistance training. Meta-analytic evidence demonstrates that these programs are more effective than standard care in improving functional capacity and health-related quality of life (Desveaux et al., 2014). Social media interventions targeting lifestyle behaviors—such as online communities, interactive web platforms, online education, and healthcare resources—have been well-received and can effectively promote physical activity among older adults (McKeon et al., 2022). Furthermore, promoting exercise programs that incorporate prescribed home-based therapy is also beneficial (Ricke et al., 2023). A notable example of these applications is the Curves Women’s Health and Fitness Initiative at the Exercise and Sport Nutrition Laboratory (Texas A&M University). This initiative has highlighted several benefits of circuit-style resistance training programs and the use of technology for health applications in women living with aging conditions (e.g., type-2 diabetes, obesity, etc.), including older females (Kerksick et al., 2009; Kreider et al., 2011; Magrans-Courtney et al., 2011; Galbreath et al., 2018; Kerksick et al., 2020).
Finally, creating and sustaining active environments that offer safe and equitable access to resistance exercise opportunities is crucial for older adults. This involves ensuring that cities and communities provide spaces and facilities that accommodate individuals of all ages and abilities, facilitating regular engagement in resistance training. For recommendations detailing the characteristics of resistance training protocols prescribed for older adults and a description of program variables, readers should refer to the Position Statement from the National Strength and Conditioning Association (Fragala et al., 2019) and the recent scoping review on the topic by da Silva et al. (2023).
THE BENEFITS OF CREATINE SUPPLEMENTATION PLUS RESISTANCE TRAINING IN OLDER ADULTS
Creatine monohydrate supplementation (≥5 g/day; 0.1–0.14 g/kg/day) during a resistance training program has the potential to preserve mental and physical abilities and mitigate sarcopenia and its associated risks. Table 1 shows large-scale epidemiological, meta-analytic and regulatory evidence supporting the importance of creatine intake and its positive effects when combined with resistance training to enhance cognitive function and physical vitality in older adults.
TABLE 1 | Epidemiological, meta-analytic and regulatory evidence supporting the intake of creatine alone or combined with resistance training in older populations.
[image: Table detailing studies and clinical evidence on creatine supplementation. It includes cross-sectional epidemiological studies, meta-analytic clinical evidence, and regulatory agency assessments. The table provides study characteristics, main findings, and references. It suggests benefits of creatine in cognitive function, muscle mass, and women's reproductive health, among others. Regulatory agencies in the USA, EU, Canada, Japan, and Spain have evaluated creatine as generally safe or beneficial.]The understanding of creatine’s potential cognitive benefits has advanced with recent studies, yet significant research is still needed to clarify the underlying mechanisms. Previously, we have described plausible biological regulators mediating effects of creatine supplementation using convergent functional genomics (Bonilla et al., 2021b) and have also found that cellular allostasis relies heavily on the creatine kinase/phosphocreatine system, which contributes to the intricate balance of subcellular energy production and cellular mechanics (Bonilla et al., 2021a). This reliance has been clinically evidenced by improvements in cerebral high-energy phosphates, cognitive performance, and processing speed, as reported by Gordji-Nejad et al. (2024) following a high single dose of creatine monohydrate (0.35 g/kg) during sleep deprivation. Furthermore, Bian et al. (2023) provided valuable insights into the potential role of creatine as a neurotransmitter, presenting strong evidence of creatine’s presence within synaptic vesicles. Although promising, these cognitive improvements require standardized measurement approaches and further investigation into their clinical implications for older adults at risk of neurodegenerative diseases. To address these gaps, we invite the scientific community to contribute their data and insights to our research topic “Exploring Creatine Supplementation: Enhancing Physical and Cognitive Health in Older Adults”, where the latest findings, next research directions, and collaborative efforts on creatine for health and disease will be collected. For example, in addition to what is listed in Table 1, more clinical research on creatine benefits in preventing the development of several other aging long terms conditions are needed (e.g., diabetes, cardiovascular disease, orthopaedical function, frailty, etc.).
Overall, creatine supplementation in combination with resistance training serves as a safe and effective approach to counteract the progression of sarcopenia (Figure 1). It is clear that creatine monohydrate supplementation—regardless of creatine loading, maintenance dosage, or frequency of ingestion—during a resistance training program increases lean tissue mass and strength compared to a placebo and resistance training alone in older adults (Forbes et al., 2021b). We advocate for the prompt implementation of public health initiatives that promote the inclusion of creatine-rich foods in human nutrition (www.creatine.global) and invite practitioners to visit www.creatineforhealth.com, an initiative that brings together creatine researchers worldwide to accelerate awareness about the role of creatine supplementation for health and in clinical diseases.
[image: Illustration featuring two elderly people exercising with dumbbells labeled "Creatine for Healthy Aging" at the center. Surrounding them are icons symbolizing benefits of creatine: female health, anti-fatigue symptoms, cognitive function, cardiovascular health, male fertility, clinically safe, recovery, and energy.]FIGURE 1 | Benefits of creatine monohydrate supplementation plus resistance training in older adults.
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Introduction: Falls are the primary cause of unintentional fatalities among individuals aged 65 and older. Enhancing research on fall prevention among older adults is an urgent priority. Consequently, this study aims to investigate the prevalence and influencing factors of falls among community-dwelling older adults in Guangzhou, China, with a particular emphasis on the impact of family functioning.
Methods: We used a multi-stage stratified cluster random sampling technique to successfully survey 2,399 individuals aged 65 and above across 11 districts in Guangzhou City. Data on sociodemographic characteristics, health and lifestyle factors, and fall incidents were collected through telephone interviews. Chi-square tests, Lasso regression, and logistic regression were utilized to pinpoint fall risk factors. Association rule mining uncovered the relationships between falls and associated variables.
Results: A total of 390 participants reported experiencing falls, the prevalence of falls among older adults was 16.3% (95%CI: 14.82% ~ 17.78%). Logistic regression analysis identified several risk factors for falls among older adults: female [OR = 1.511, 95%CI (1.188–1.922)], age 85 years and older [OR = 2.332, 95%CI (1.447–3.758)], stroke [OR = 1.821, 95%CI (1.038–3.192)], hypoglycemia [OR = 1.639, 95%CI (1.228–2.186)], visual impairment [OR = 1.418, 95%CI (1.097–1.833)], need to be cared for [OR = 1.722, 95%CI (1.339–2.215)], chronic pain [OR = 1.663, 95%CI (1.302–2.124)], and anxiety [OR = 1.725, 95%CI (1.243–2.395)]. In addition, it was shown that a well-functioning family was a protective factor against falls [OR = 0.589, 95%CI (0.44–0.789)].
Conclusion: The prevalence of falls among community-dwelling older adults in Guangzhou City was high, and the influencing factors were complex. It is recommended to develop and implement comprehensive intervention measures for high-risk groups, including those who are females, older adults, and suffer from chronic diseases while paying special attention to the care of family members for older adults.

Keywords
 falls; older adults; risk factors; family functioning; LASSO regression; association rules


Introduction

With the rapid development of the socio-economic and healthcare sectors, population health has improved significantly, and the life expectancy of the residents in different countries has also increased as a whole (1). According to data reported by the National Bureau of Statistics (NBS), by the end of 2022, China’s population of older people aged 65 and above will be close to 210 million, accounting for 14.9% of the total population. China is facing the problem of population aging (2). Aging is associated with changes such as increasing aging of body organs, increased prevalence of chronic diseases, and impaired ability to perform activities of daily living, which makes older adults a high-risk group for falls (3).

Falls were defined as a sudden, involuntary, unintentional change in body position to the same or lower plane than the starting position (4). According to WHO estimates, globally 28–35% of people aged 65 years and older experience at least one fall each year, and the prevalence of falls increases with age (5). In China, the prevalence of falls among older adults is 23.4% (6). The injuries caused by falls among older adults can lead to soft tissue damage, fractures, paralysis, craniocerebral injuries, and even death (7). Data show that falls are the leading cause of injury-related deaths among older adults aged 65 years and older (6, 8). The high prevalence and serious consequences of falls in older adults not only result in functional impairment, disability, or death, leading to a decline in long-term quality of life but also increase the burden on families and society (9). Therefore, falls among older adults are an important public health problem that has attracted widespread attention worldwide.

The factors influencing falls are complicated and the causes of falls may be varied in different countries, regions, and economic backgrounds. The prevention of falls among older adults has been taken up as an important research topic in China and a series of related studies have been carried out. The majority of older adults live in the community for a long time and use the family as the center of their lives. Family is the most basic and important living unit in human society, which provides certain environmental conditions for the healthy development of family members in terms of physical, psychological, and social support. However, the association between falls and older adult family functioning has not been reported. In summary, this study aimed to further explore the prevalence and influencing factors of falls among community-dwelling older adults in Guangzhou, China, focusing on its association with family functioning in particular.



Methods


Study design and sampling

This is a cross-sectional study of the prevalence of falls and their association with risk factors among 2,399 participants aged 65 years and older in 2023 in Guangzhou. Structured questionnaires for telephone interviews were adopted, and the interviews were conducted by a group of trained hotline staff and medical students in this study. Social expectation bias and non-response bias are two common biases in telephone interviews. We used measures such as avoiding sensitive questions in the questionnaire and promising confidentiality to the respondents to minimize social expectation bias, and we made multiple contacts with non-respondents to minimize missed interviews.

There are 11 districts in Guangzhou, each of which may differ in terms of economy, culture, and demographics. Consequently, stratified sampling should be used to ensure balanced coverage of the characteristics of each district, randomly select clusters to ensure sampling fairness, and stage-by-stage meticulous sampling to accommodate different strata, while considering intra-cluster and inter-cluster differences and determining a sufficient sample size so that the samples can accurately reflect the overall situation of the city of Guangzhou. Therefore, the researchers were selected based on a multi-stage stratified whole cluster random sampling method. In the first stage, ≥5 community health service centers were randomly selected as monitoring sites in each district of Guangzhou City according to the systematic sampling method of population size ordering; in the second stage, two neighborhood committees/village committees were randomly selected in each of the sampled community service centers; in the third stage, several householders were randomly selected; and in the fourth stage, a whole group of sampling was done among the sampled householders, in which older adults who met the inclusion and exclusion criteria were included as the survey respondents. The inclusion criteria were older adults in the population aged 65 years and older, with clear awareness and strong expression ability. The exclusion criteria were older adults who suffered from severe mental illness during the survey period and were unable to cooperate in completing the questionnaire.

A total of 5,004 older adults were selected as study participants. A total of 2,501 older adults were surveyed excluding death, missing phone numbers, and refusal to answer the phone. After data processing, 102 individuals with missing information were excluded, and 2,399 study participants were finally included.



Instruments

A self-designed questionnaire on the health status of older adults was used in this study, which was constituted by socio-demographic characteristics, health and lifestyle factors, and the assessment of falls and home functioning.



Socio-demographic characteristics

These measured the socio-demographic information, including gender, age, area of residence, marital status, education level, and medical insurance.



Health and lifestyle factors

Lifestyle-related factors included asking investigators about smoking, alcohol consumption, and physical exercise. Health-related factors included chronic diseases (diabetes, hypertension, osteoarthritis, osteoporosis, stroke, heart disease, dyslipidemia, kidney disease, and cancer), use of insulin, hypoglycemic and antihypertensive drugs, the presence of hypoglycemia, orthostatic hypotension, visual impairment, chronic pain, anxiety, and the need to be cared for, sleep quality status, frequency of easy or early awakening, sleep duration and the family functioning.



Assessment of family functioning

Family functioning was assessed using the Family Care Index Scale in five dimensions: family adaptation, partnership, growth, affection, and resolve (APGAR). For each question, there were three answers to choose from: “often” scored 2 points, “sometimes” scored 1 point, and “almost rarely” scored 0 points. The scores for the five questions were summed to produce a total score, with 7–10 indicating good family functioning and 0–6 indicating family dysfunction.



Assessment of falls

The assessment of falls was based on the question, Have you fallen in the past 2 years? Falls were defined as a sudden, involuntary, unintentional change in body position to the same or lower plane than the starting position (4). This includes slipping, tripping, fainting, being accidentally bumped or knocked over.



Ethics statement

Ethical approval for this study was obtained from the Ethics Committee of the Center for Disease Control and Prevention of Guangzhou.



Statistical analyses

Statistical analyses were performed using R 4.3.2 and Statistical Package for Social Sciences (SPSS), version 25.0 (SPSS Inc., Chicago, IL, United States). Categorical data were described by frequency and percentage. Univariate analysis was performed with the χ2 test to explore the effect of each explanatory variable on the prevalence of falls. A binomial logistic regression model was used for the analysis, and significant explanatory variables from the univariate analysis were included in the multivariate logistic regression analysis to identify factors associated with falls. Odds ratios (OR) and 95% confidence intervals (95% CI) were presented. Lasso regression was performed with R software to screen for explanatory variables associated with falls. Association rule algorithms are used to explore the association between falls and related factors. Two-tailed p values <0.05 were considered statistically significant in all performed analyses.




Results

A total of 2,399 older adults aged 65 years and older were investigated in this study in Guangzhou, of whom 390 reported falls, resulting in the prevalence of falls was 16.3% (95% CI: 14.82% ~ 17.78%). Univariate analyses of falls and sociodemographic characteristics, health and lifestyle factors, and family functioning are shown in Tables 1, 2, respectively.



TABLE 1 Prevalence of falls and its association with socio-demographic characteristics among community-dwelling older people in Guangzhou, China.
[image: A table showing demographic variables related to falls. Categories include gender, age groups, area, marital status, education, and insurance. Percentages of individuals with and without falls are given. Significant differences (p < 0.001) are noted in gender, age groups, and marital status. Data columns include total counts, chi-squared values, and p-values for each variable.]



TABLE 2 Prevalence of falls and its association with health and lifestyle factors among community-dwelling older people in Guangzhou, China.
[image: A table shows the relationship between various health and lifestyle variables and the occurrence of falls, with columns for totals, no falls, and falls. Variables include smoking, alcohol use, exercise, diabetes, hypertension, osteoarthritis, osteoporosis, stroke, heart disease, dyslipidemia, kidney disease, cancer, diabetes complications, insulin treatment, drug use, hypoglycemia, orthostatic hypotension, visual impairment, need for care, chronic pain, sleep quality and duration, awakening frequency, anxiety, and family care index. Chi-square values and p-values indicate statistical significance, with several conditions showing a significant relationship with falls occurrence.]

The results of the Chi-square test in Table 1 showed that the prevalence of falls among the respondents showed significant differences in gender, age, and marital status (p < 0.05), while there were no significant differences in areas of living, education level, and health insurance (p ≥ 0.05). The results of the Chi-square test in Table 2 showed that cigarette smoking, diabetes, hypertension, osteoarthritis, osteoporosis, stroke, kidney disease, diabetes complications, receipt of insulin treatment, use of antihypertensive or hypoglycemic drugs, hypoglycemia, orthostatic hypotension, visual impairment, need to be cared for, chronic pain, sleep quality, frequency of easy or early awakening, anxiety, and family functioning differed significantly in association with the prevalence of falls (p < 0.05), while alcohol drinking, physical exercise, heart disease, dyslipidemia, cancer, and sleep duration were not significantly associated with the prevalence of falls (p ≥ 0.05).

All statistically significant variables in the univariate analysis were subjected to stepwise logistic regression analysis and the results are summarized in Table 3. The results showed that risk factors for falls in older adults were: female [OR = 1.511, 95% CI (1.188–1.922)], age ≥ 85 years [OR = 2.332, 95% CI (1.447–3.758)], stroke [OR = 1.821, 95% CI (1.038–3.192)], hypoglycemia [OR = 1.639, 95% CI (1.228–2.186)], visual impairment [OR = 1.418, 95% CI (1.097–1.833)], need to be cared for [OR = 1.722, 95% CI (1.339–2.215)], chronic pain [OR = 1.663, 95% CI (1.302–2.124)], and anxiety [OR = 1.725, 95% CI (1.243–2.395)]. In addition, it was shown that a well-functioning family was a protective factor against falls [OR = 0.589, 95% CI (0.44–0.789)].



TABLE 3 Association of falls with socio-demographic and health and lifestyle factors among community-dwelling older people in Guangzhou, China.
[image: Table displaying odds ratios (OR) and p-values for various variables: gender, age groups, stroke, hypoglycemia, visual impairment, need for care, chronic pain, anxiety, and family care index. The OR is shown with a 95 percent confidence interval for each variable, adjusted and crude. Significant p-values are highlighted for each variable, indicating statistical relevance. The table includes notes explaining specific scoring for family dysfunctions and well-functioning families.]

The variables screened using Lasso regression were generally consistent with the logistic stepwise regression results. Lasso regression achieves variable selection by constructing a penalty function that compresses the coefficients of the variables and makes certain regression coefficients zero. This penalty function is mainly adjusted by the hyperparameter l. The value of l the smallest mean square error (left dashed line in Figure 1A) and the value of 1 one standard error away from the smallest mean square error (right dashed line in Figure 1A) are obtained by 10-fold cross-validation. The latter was chosen as the best l value as it helps to get more streamlined results. According to the optimal hyperparameter l selected in Figure 1A, nine variables with non-zero characteristic coefficients were selected, including gender, age, cigarette smoking, hypoglycemia, visual impairment, need to be cared for, chronic pain, anxiety, and the Family Care Index, and the specific characteristic coefficients are shown in Table 4.

[image: Panel (a) shows a line plot of binomial deviance versus log(lambda), with a U-shaped curve and red dots indicating data points. Panel (b) displays a coefficient trajectory plot with multiple colored lines representing how coefficients shrink to zero as log(lambda) increases.]

FIGURE 1
 Lasso regression analysis of falls among community-dwelling older adult people in Guangzhou, China. (a) LASSO regression cross validation curve plots; (b) LASSO regression variable contraction plot.




TABLE 4 Lasso variable characterization coefficient.
[image: A table listing variables alongside their characterization coefficients. Each variable is paired with a coefficient value, either positive, negative, or zero. Key entries: Gender (0.06120985), Age (0.13993201), Cigarette smoking (-0.03381937), Visual impairment (0.06760771), Need to be cared for (-0.10282625), Chronic pain (0.21956847), Anxiety (-0.34406864), Family Care Index (0.11797143). Other variables include Osteoporosis, Heart disease, Diabetes complications, and more, mostly with coefficients of 0.00000000.]

The fall patterns of community-dwelling older adults in Guangzhou based on Apriori algorithm association rule mining were demonstrated in Table 5. When there is only one item set on the left-hand side in the association rule, the most common pattern was the model of gender and falls (support: 57.11%, confidence: 19.05). When there were two item sets on the left-hand side, the most common pattern was the model of pain, gender, and falls (support: 34.68%, confidence: 23.08%). Meanwhile, the network diagram of falls among community-dwelling older adults in Guangzhou is presented in Figure 2.



TABLE 5 The pattern of falls based on the Mining Association Rules of Apriori algorithm among community-dwelling older adult people in Guangzhou, China.
[image: Table showing association rules for factors related to falls. Two sections distinguish between one and two left-hand factors. The table includes columns for left-hand side, right-hand side, sample size, support percentage, confidence percentage, and lift. Factors include hypoglycemia, FCI, vision, pain, gender, and anxiety.]

[image: A complex network diagram with nodes connected by blue lines representing relationships among various factors: age, anxiety, attention, falls, gender, hypoglycemia, pain, stroke, and vision. Each factor is designated by a colored dot with a legend at the bottom indicating the corresponding color for each factor. Solid and dotted lines show the strength or type of connections between the factors.]

FIGURE 2
 Web diagram of falls among community-dwelling older adults in Guangzhou, China.




Discussion

Our study found that the prevalence of falls was 16.3% among community-dwelling older adults in Guangzhou, China. This was similar to the prevalence of falls among people aged 60 and over in China, Korea, Singapore, and certain parts (Taiwan and Chengdu City) of China (10–14). However, it was lower than the United States (27.5%) (15) and South Africa (20.8%) (16). A systematic review of older adults worldwide showed that the prevalence of falls was 26.5% (17). Differences in the prevalence of falls between regions can be attributed to a variety of factors, including the selection of subjects for the survey, geographic location, sociodemographic differences, and economic level.

The result of the multivariate analysis showed that nine factors (gender, age, stroke, visual impairment, need to be cared for, chronic pain, anxiety, and family functioning) had a relationship with the prevalence of falls. In previous studies, age was a common risk factor for falls, and the prevalence of falls in older adults increased with age (18–20). It may be attributed to degenerative changes in the musculoskeletal system, the decline in gait stability, and the emergence of age-related diseases (such as osteoarthritis, and diabetes mellitus) of older adults with the increase of age, which leads to the increased risk of falls in older adults (21–23). Multiple studies have shown a correlation between gender and the occurrence of falls, with females being more prone to falls than males, which is consistent with our results (24, 25). This may indicate that the differences in falls in older adults stem from gender-related factors. In the years after menopause, women’s muscle strength decreases to some extent faster than men’s (26). At the same time, postmenopausal ovarian dysfunction leads to a decrease in estrogen levels, making women more likely to suffer from osteoporosis. This may explain why men are more prone to falls than men.

In our study, stroke was a risk factor for falls. Our finding is consistent with previous research findings (27). The higher prevalence of falls in the stroke population may be due to an increase in stroke-specific injuries. Muscle weakness or spasticity, sensory deficits, visual field deficits, balance dysfunction, decreased attention, and visuospatial deficits may all increase the risk of falls after a stroke (28–30). In addition, taking psychotropic drugs such as sedative-hypnotics and antidepressants is a risk factor for falls in stroke patients. These drugs directly act on the central nervous system, affecting the patient’s intuition, thinking, behavior, and mood, leading to decreased attention and impaired postural control, which may lead to falls.

Compared with people who had better vision, older adults with visual impairments were more likely to experience falls. This is consistent with previous research findings (31). Perhaps due to insufficient visual input, balance control, and obstacle avoidance abilities are impaired by distance misjudgments and misinterpretation of spatial information. This makes older people more likely to fall.

Our study found that older adults who need to be cared for in their daily lives are more likely to fall. It may be that the pushing and pulling difficulties that occur in daily life lead to losing balance, tripping, and ultimately falling (32, 33). Therefore, older people should be especially careful and try not to push or pull things to reduce the risk of falling. Another important reason is difficulty with bed and chair transfers, also known as sit-to-stand maneuvers, and the inability of older adults to perform this skill can lead to mobility problems, falls, or hospitalization (34). Previous studies have shown that difficulty rising from a chair was associated with decreased lower extremity muscle strength, poor balance, slow reaction time, and an increased risk of falling (35, 36).

In this study, chronic pain was a risk factor for falls in older adults. Previous studies have found that older adults with chronic multisite musculoskeletal pain or more severe generalized pain have reduced mobility and a higher risk of falling compared to older adults without pain (37–39). At the same time, chronic pain affects neuromuscular and motor control, cognitive function, and especially attention, leading to decreased responsiveness to postural perturbations (40–42). These factors may explain the higher prevalence of falls in older adults with chronic pain.

Anxiety is a common mental activity in life that increases the risk of falls in older adults. A study from the United States (43) suggested that fear of falling was correlated with anxiety. In addition, anxiety predicts fear of falling and activity restriction, which may be another way in which anxiety may influence fall risk. Other studies have reported that anxiety could cause a stiffening of the ankle joint, making balancing more difficult when an individual encounters a fall hazard (44). Additionally, anxiety can lead to a decrease in walking speed and stride length, which can also reduce balance. All of these factors combined can result in an increased risk of falls. Measures can be taken to help older adults manage anxiety and reduce the risk of falls due to psychological factors, such as the provision of psychological counseling services.

In our study, a well-functioning family was a protective factor for falls in older adults. First, a well-functioning family enhances the sense of security of older adults. The care and attention of family members can enable older adults to receive timely assistance when they experience mobility or vision problems and reduce the risk of falls due to solitary movement. Family members can prevent falls by reminding, accompanying or providing necessary assistive devices. Secondly, at the psychological level, a well-functioning family provides older adults with the necessary emotional support and reduces their feelings of anxiety and loneliness. This positive mental state helps older adults stay alert and focused, which in turn reduces the risk of falls. In addition, family members can help older adults maintain their physical vitality and balance by encouraging and participating in moderate physical activities, thereby reducing the risk of falls. At the same time, family members can also assist older adults to undergo regular health check-ups for timely identification and treatment of health problems that may increase the risk of falls.

The strength of this study is its population-based sample and analysis. Meanwhile, this study explored the association between family functioning and falls among older adults. However, some limitations of this study need to be considered. First, it is difficult to exhaust all potential risk factors for falls. For example, we did not make a detailed assessment of factors such as hearing, cognitive status, fear of falling, and environment. More detailed and comprehensive research on factors influencing falls in older adults is needed. Secondly, the data were obtained by conducting telephone interviews, so there may be social expectation bias and non-response bias. Third, due to the cross-sectional method of this study, the causal relationship between the factors studied and falls could not be inferred. Therefore, prospective studies were necessary to determine the prevalence and risk factors for falls.



Conclusion

In summary, people who are female, with advanced age, stroke, vision impairment, need to be cared for, chronic pain, anxiety, and family dysfunction are more susceptible to suffering falls. Identifying modifiable risk factors for falls in older adults is of importance to public health. The risk factors identified in this study provide a theoretical basis for developing fall prevention strategies for older adults.
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Alzheimer’s disease rates are expected to triple by 2050. Early detection and specific mitigation efforts are warranted to blunt the alarming increase. Physical function index (PFI) declines with age; additionally, higher PFI is associated with better cognitive functioning in middle-to-older age individuals. However, most studies utilize one domain of PFI to examine associations with cognition. Therefore, using clustering methods, the purpose of this investigation was to determine if high-risk individuals with higher PFI have better cognitive outcomes compared to individuals with lower PFI. Participants (n = 215; 73.1% female; 45–75 years) completed a body mass scan, venous blood draw, 7 PFI tasks, and 7 cognitive tests. A k-means cluster analysis was utilized to identify PFI cluster for participants, one-way ANCOVAs were used to assess differences in cognition among clusters. Cluster 1 (C1; n = 29) was characterized as the highest strength/power, faster dual-task walking time, and higher aerobic capacity, Cluster 3 (C3; n = 113) had the lowest values between PFI groups, Cluster 2 (C3; n = 74) was in-between C1 and C3. Individuals in C1 had significantly higher global cognitive, visuospatial scores, digital executive functioning and associative learning compared to individuals in C3 (p < 0.05). Individuals in C1 and C2 had significantly higher values on orientation task and figure recall than individuals in C3 (p < 0.05). The results from this current study demonstrate that individuals with higher combined PFI output have higher global cognitive scores than individuals with lower combined PFI output. Examining PFI variables together may be a valuable tool when assessing cognition among cognitively at-risk individuals.
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Introduction

The rates of Alzheimer’s disease (AD) are steadily rising as the aging population increases (1, 2). As of 2018, approximately 5.7 million Americans were diagnosed with AD, with an additional person being diagnosed every 65 s (1). Furthermore, AD is the sixth leading cause of death and responsible for more than 80,000 deaths annually in the United States (US) (2). The rise in rates of AD coupled with the increasing number of older adults is a major contributor to increased long-term healthcare costs in the US. As a result, early detection and tracking brain health in the aging population is now more important than ever. The earlier cognitive decline is detected, the more likely clinicians can implement programs to improve modifiable risk factors leading to improved cognitive outcomes.

Various risk factors such as age, sex, genetics, and education often effect cognition but are non-modifiable (age, sex, or genetics) or may not be easily accessible in older adults (education) (1, 2). One modifiable risk factor is exercise including aerobic fitness. The improvement and maintenance of aerobic fitness in an high-risk population offset decline in cognitive scores (memory and processing), increases cerebral blood flow, and maintains brain volume (3, 4). Another mode of exercise, muscular fitness (strength and power), improves brain function through the upregulation of brain derived neurotropic factor through induced Insulin-like Growth Factor 1 levels; higher muscular fitness is also associated with higher processing speed and executive function (5, 6). Lastly, gait speed and dual-task gait speed have exhibited strong relationships with global cognitive scores and declarative memory (7–9). The combination of these three components, termed physical function, may tell a greater story about an individual’s cognitive function than one component alone.

Furthermore, numerous interventions increasing physical activity and exercise have demonstrated improved cognitive outcomes in middle to older-aged adults (4, 10, 11). However, it remains to be seen whether individuals with high physical function, despite multiple cognitive risk factors, demonstrate higher global cognitive functioning than individuals with lower physical function. Physical function deficits later in life are related to cognitive decline (12–16). But, physical function variables, such as aerobic capacity, gait speed, and muscular fitness, combined, have not been used to evaluate cognition in mid-to-late life high-risk adults. High Risk, in this instance, is quantified by the Australian National University Alzheimer’s Disease Risk Index in which an individual with two or more risk factors for cognitive decline (Table 1). Understanding whether combined physical function output can delineate cognitive ability in high-risk individuals before clinical decline occurs may provide health care professionals with a time-efficient and cost-effective method of evaluating cognition.



TABLE 1 Inclusion and exclusion criteria.
[image: Inclusion and exclusion criteria list side by side. Inclusion criteria include age 45-75, BMI 18.5-39.9 kg/m², English fluency, and specific risk factors or conditions like high school education or less, diabetes, and smoking. Exclusion criteria include diagnosis of mental, neurologic, or significant health conditions, recent cardiovascular events, vision problems, history of learning disability, participation in cognitive training programs, and current or planned pregnancy within two years.]

Therefore, the purpose of this investigation was to understand if high-risk individuals with higher Physical Function or a higher physical function index demonstrate better cognitive outcomes than individuals with lower physical function index. We hypothesize high-risk individuals with higher Physical function index will display higher cognitive domain scores compared to high-risk individuals with lower Physical function index.



Methods


Study design and setting

This was an exploratory, cross-sectional design where participants were recruited on a rolling basis (~6 months) from the community in Northwest Arkansas (suburban/rural) and surrounding rural areas. Data was collected from January 2021 through June 2021. Data was collected in the Exercise Science Research Center in multiple rooms dependent on examination (i.e., quiet rooms for cognitive testing, larger spaces for functional assessments). All experimental protocols were approved by the University of Arkansas’ Institutional Review Board.



Participants

We tested 215 adults (male and female, ages 45–75 years) at increased risk for AD. During the visit, participants signed an informed consent approved by the University of Arkansas’ Institutional Review Board, provided a blood sample, underwent a body composition analysis, and completed a series of cognitive and physical measures. Inclusion and exclusion criteria are in Table 1. High-risk for cognitive decline was determined by the Australian National University Alzheimer’s Disease Risk Index (ANU-ADRI) (17). If participants had two or more risk factors for cognitive decline, they were considered high-risk and included in this investigation (Table 1). Participants were screened via survey, a follow-up visit was completed if researchers were not sure if the participant qualified. During this visit a blood pressure, body mass index (BMI), and cholesterol/glucose screening were completed.



Physical function index, sociodemographic, and anthropometric measures


Demographics and anthropometric assessments

Assessments included age, sex, education, height, weight, and body composition (fat free mass, fat mass, bone mineral density), blood pressure, fasting cholesterol and glucose. Height was measured with a standing stadiometer (Seca; Hamburg, Deutschland). During this assessment, participants were asked to remove their shoes and stand up as straight as possible. Height was recorded to the nearest 0.1 cm. Weight was measured with a balance-beam scale (Detecto, Webb City, MO). Participants removed their shoes, any heavy clothing (sweaters, jackets, or coats), and empty their pockets. Weight was measured to the nearest 0.1 kg. Body composition was measured through a dual energy X-ray absorptiometry scan (General Electric Company, Madison, WI). To assess clinical measurements such as cholesterol and fasting glucose, a venous blood draw was taken at the beginning of the visit (participants were instructed to fast for at least 3 h) and examined through Cholestech (Stat-technolgies, Golden Valley, MN). After 5-min of quiet rest, SBP and DBP blood pressure was assessed 3 times in a seated position using the automatic Mircolife Blood Pressure Monitor (Microlife USA, Inc., Clearwater, FL) and averaged.



Alzheimer’s disease risk

The ANU-ADRI is a self-report survey instrument assessing ADRD risk by quantifying several positive and negative risk factors and applying statistically-derived weightings (17). Protective (negative risk) factors included are social engagement, cognitive activity, physical activity level, non-fried fish and seafood consumption, and alcohol consumption (if less than 2 drinks per day). Risk (positive risk) factors included in the ANU-ADRI are diabetes/dysregulated blood glucose status, depression status, obesity, history of traumatic brain injury, history of smoking, high cholesterol, high alcohol consumption (3 or more drinks per day), exposure to pesticides, as well as known demographic risk factors such as sex, age, and level of education (17). The ANU-ADRI is a valid (18) and reliable (19) measure of ADRD risk.



Six-minute walking distance test (6MWDT)

The 6MWDT is a field measure of aerobic capacity, with a test–retest reliability (ICC = 0.96), a minimal clinical important difference (MCID) of 20.0 meters, and adequate stability over time (20). From a standing start, participants were instructed to walk continuously for 6 min back and forth between a 25-meter distance (around a cone on both ends), labeled by study staff, at the fastest pace they felt they could maintain throughout the duration of the examination. Participants were told their goal was to cover as much ground as possible in 6 min. Participants were allowed to stop and stand or sit in a chair if needed and were instructed to walk again when they felt able. Distance walked was recorded at the end of the test to the nearest 0.1 m.



Hand-grip strength

Hand-grip testing was used as a measure of isometric strength as it is correlated with overall strength and functional independence (21–23). All measurements were administered by a trained technician and measured in kilograms using a handheld dynamometer (Creative Health Products, Inc., Ann Arbor, MI). All measurements were performed on each hand with the participant standing, arm down at the side, wrist in neutral position, and interphalangeal joint of the index finger maintained at 90 degrees. Participants were instructed to maximally squeeze the handle for 3–5 s with standard encouragement provided. The test was administered three times with 60s rest between attempts. The average between the three trials was used for each hand. This test has shown test–retest reliability with an ICC of 0.95, MCID of 6.5 kg (19.5%) (15).



Lower-body muscular power

Sit-to-stand (STS) power was measured using the Tendo Weightlifting Analyzer (Trencin, Slovac Republic). The Tendo was attached to the side of each participant by securing a belt around the participant’s waist. To ensure consistency, the Tendo was placed on the participant’s left side, with the Kevlar string positioned in the sagittal plane, when the participant is in the standing position. From a seated position, with the arms placed across opposing shoulders, the participant was instructed to stand as quickly as possible before slowly returning to the initial seated position (outcome measures only consider the egress component of the STS). As the participant stood as quickly as possible, the Tendo’s Kevlar string was pulled and power (W), partial power (W), peak power output (W), velocity (m/s) and peak velocity (m/s), and peak force (N) for each stand was recorded. Five repetitions were recorded with a 60s rest between each repetition. Average power was calculated as the mean power generated among all 5 repetitions and peak power was determined as the average among the 5 peak power repetitions recorded. Average partial power (W) was calculated by the average of all 5 repetitions and used in the analyses. Average velocity (m/s) was calculated as the mean velocity generated among all 5 repetitions and peak velocity was determined as the average among the 5 peak velocity repetitions. Peak force was measured in Newtons, it was the average among of all 5 attempts. These measures were validated for use in middle-age and older adults (24, 25).



10-meter dual-task

The dual-task walking assessment evaluates physical function, attention and executive function (26, 27). This assessment has been described in detail elsewhere (8). Dual-task assessments vary in protocol, but for the purposes of this study, participants were instructed to walk 20 meters at their usual speed while time was recorded by the researcher. There was a 5-meter distance before and after the 10-meter distance to account for acceleration and deceleration (8). For the next part of the assessment, participants were instructed to walk as quickly and safely as possible without running. These two assessments were used as the baseline tests (the two baseline tests were averaged and included in the analyses). For the dual-task conditions, participants were instructed to perform the same walking conditions and simultaneously perform serial subtractions (28). A random 3-digit number between 199 and 999 was selected and participants were instructed to subtract three from each number while performing each walking condition. Four testing trials were completed, two at usual speed (dual-task habitual speed--DTHS) and two at their maximal speed (dual-task maximal speed--DTMS). Dual-task decrement was calculated as the difference between the walk trial while performing serial subtractions and the trial without subtraction. The walking speed trials (DTHS and DTMS) were averaged separately and used for all analyses.



4-meter dual-task walk

Dual-task assessments vary in protocol, but for the purposes of this study, participants were instructed to walk 4 meters at their usual speed while time was recorded by the researcher. For the next part of the assessment, participants were instructed to walk as quickly and safely as possible without running. These two assessments were used as the baseline tests (the two baseline tests were averaged and included in the analyses). For the dual-task conditions, participants were instructed to perform the same walking conditions and simultaneously perform serial subtractions (28). The same protocol was used as in the dual-task section above. This test has test–retest reliability (ICC: 0.92, CI95%: 0.85–0.96) (29).




Cognitive measures


Image pairs

Image pairs is an eye tracking task that measures visual recognition memory and learning (7, 30, 31). The visual paired comparison portion of the test measured the participant’s ability to recognize images they have already viewed during a familiarization phase. The paired recognition trial portion of the test measured the participant’s ability to learn and identify image pairs they have been tasked with learning. The image pairs exam is accurate with test–retest reliability (7, 30).



Symbol Match

Symbol Match is a processing speed and executive functioning task that utilizes a paired verification or rejection paradigm (forced choice) (32, 33). Participants were instructed to determine whether two symbols are equal or unequal utilizing a legend with nine number/symbol pairs. At the conclusion of the task, a brief implicit learning trial was administered without the legend present.



Arrow Match

The Arrow Match test is a measure of attention and processing speed (33). Participants were shown five arrows in the middle of the screen and were instructed to identify the direction of the middle arrow. The arrows pointed in either the same direction or in the opposite direction from the other arrows. Participants were presented with 32 trials and scores were reported as the number of correct responses relative to the time elapsed during all trials.



Item Price

Item Price is a brief visual paired associates paradigm (33). This task required participants to learn eight food/price pairs and discriminate between target and foil (items previously present but not paired) pairs during a recognition trial. All items belonged to the same semantic category (fruits, vegetables, etc.) and were presented in pseudorandom order using a blocking scheme.



Path Points

Executive function was assessed using the Path Points test. Similar to the paper-pencil Trail Making Test Part B (34), Path Points is a digital version where participants connected a series of alternating numbers and letters from 1-A to 7-G. Scores were reported as the amount of time required to complete the 14 responses. Only correct responses are allowed.



Light Reaction

Reaction time and inhibition was assessed with the Light Reaction test (33). Participants were presented with either a positive stimulus (green light) or negative stimulus (red light). If the positive stimulus appears, they were tasked with pressing a button. If the negative stimulus appears, they were tasked with refraining from pressing the button. Average response time for reacting to the positive stimulus (green light) was recorded.



Repeatable battery for neuropsychological status (RBANS)

Each participant was individually administered the RBANS assessment (RBANS; Form A). The RBANS assessment was completed on an iPad along with paper and pencil. The RBANS assessment construction is explained in detail elsewhere (35). Briefly, RBANS is made up of 12 subtests that are used to calculate five index scores and a total score. Test catalogues included: Immediate memory (list learning and story memory tasks), visuospatial/constructional (comprised of figure copy and orientation tasks), language (picture naming and semantic fluency tasks), attention (digit span and coding tasks), and delayed memory (list recall, story recall, figure recall, and list recognition tasks). Each index score falls within an age-adjusted score (35). The index scores were combined to produce a total score, which is a summary score of the participant’s performance on RBANS. The RBANS test took approximately 30 min to administer and complete. Previous research showed RBANS is significantly correlated with more extensive exams such as the Wechsler Adult Intelligence Scale III (r = 0.79, df = 148, p < 0.001) and the Wechsler Memory Scale III (r = 0.36, df = 144, p < 0.0001), it also has ICC score of 0.77 to demonstrate test–retest reliability (36, 37).




Covariates

The following variables are known to affect cognition with potential confounding effects: age, sex, education and Apolipoprotein E (ApoE) (1). Age was characterized as a continuous variable (all participants were between 45 through 75 years of age). Sex was measured using dichotomous indicators for male and female. Education was measured using dichotomous indicators for less than high school, high school degree, some college degree, and some education beyond college. To account for the ApoE gene, a venous blood draw was taken at the beginning of the visit (participants were instructed to fast for at least 3 h). Samples were stored at −800\u00B0C until analysis. Genetic testing was completed through real time polymerase chain reaction (PCR) to account for ApoE ε4, an additional risk factor for AD, by a third-party laboratory. For SNP Genotyping: DNA was extracted from participant’s whole blood. ApoE alleles were observed through SNPs rs7412 and rs429358 that were genotyped using real time PCR for 215 participants by a third party (CD Genomics, Inc., Shirley, NY). e2 genotype was determined by T for SNP rs7412 and T on SNP rs429358, e3 genotype was determined by C for SNP rs7412 and T on SNP rs429358, e4 genotype was determined by C for SNP rs7412 and C on SNP rs429358 (38). ApoE gene carriers (e4 genotype) and non-carriers (e2-3 genotype) were dichotomized in the dataset.



Statistical analysis

All data were inspected to identify missing items and outliers. Conclusions were formed that are robust to different missing-data mechanisms (39). All data were subjected to quality control checks prior to proposed statistical analysis. Assumptions for ANCOVA were assessed including heterogeneity, independence, and normality. Demographic and efficacy data were summarized by mean ± SD and categorical variables were presented as percentages. Hypothesis testing was carried out at the 5% (2-sided) significance level unless otherwise specified, and p-values were rounded to three decimal places. SPSS (version 26) was used for descriptive calculations and ANCOVA comparisons.

A hierarchical cluster analysis (HCA; Ward’s method based on squared Euclidean distances) was utilized to identify patterns based Physical function index levels among participants. We then categorized the participants’ data with K-means, an iterative distance-based clustering method. Briefly (40), a specific number of clusters (k), three based on patterns in the HCA, were selected in advance. Followed by the k points randomly selected as centers. All data cases were allocated to the closest center based on Euclidean distance. The cluster centers were calculated as the mean of all cases belonging to each cluster. This process was repeated until the same points were assigned to the same cluster in consecutive iterations, a total of 7 iterations were completed. These physical function index variables were included in both cluster analyses: STS variables (average power and velocity, peak power and velocity, average partial power, and peak force), handgrip, (6MWDT, 4-meter fast walking, 10-meter fast walking, 4-meter DTHS, 4-meter DTMS, 10-meter DTHS, 10-meter DTMS). One-way ANCOVAs determined the differences in cognitive domain scores and individual cognitive tests between each physical function index cluster. A Bonferroni post-hoc test was used to assess multiple comparisons between groups if ANCOVA identified significant differences. Age (not controlled for in digital cognitive tasks because the scores were age-adjusted), sex, education, APOE, and ANU-ADRI total score were co-variates in each model. To avoid bias, multiple testers and scorers were used to administer and score data. Additionally, a third-party biostatistician validated the results obtained from this study.


Sample size and power calculation

Based on power analysis in G power to document that we have a sufficient sample size, we anticipated exceeding 95% power to detect meaningful associations between proposed variables to delineate differences between groups with age, sex, education and ApoE used as covariates. Additionally, partial eta-squared (η2p) was utilized to demonstrate effect size. The following criteria for η2p was used to explain the practical significance of the findings: small (0.01), moderate (0.06), and large (0.14).





Results


Demographic information

Of the 215 participants who completed the study, the mean age was 59.7 ± 14.1 years, 73.1% female (158 participants), and 97% Caucasian Americans represented the sample; additionally, participants had average educational years in school of 17.9 ± 3.5 years. Participant’s biometric information included: weight of 84.1 ± 19.9 kilograms, height of 165.9 ± 18.4 centimeters, and body mass index (BMI) of 30.1 ± 5.2 kg/m2. Additionally, there were no significant vascular (blood pressure, cholesterol, fasting glucose, obesity) or genetic (ApoE) differences between clusters.



Physical function index clusters

Based on the observed changes of the agglomeration schedule and validation, a 3-cluster solution could best discriminate between measures of physical function index and produce satisfactory division of individuals between clusters and was, therefore, selected for the subsequent analysis. Cluster 1 (C1; n = 29) is characterized by high overall strength, power, faster dual-task walking time, and higher aerobic capacity. Cluster 3 (C3; n = 112) is described as the lowest strength, lower and slowest power output, slower dual task times, and lowest aerobic capacity. Cluster 2 (C3; n = 74) is in-between clusters 1 and 3 for all values (Table 2). Significant differences were identified in age and sex between groups. The observed power for significant cognitive variables ranged from 0.65–0.93. Validation for the number of clusters selected and table with cluster centroid distances is in the Supplementary material.



TABLE 2 Cluster centers, demographic, clinical data.
[image: Table comparing demographic, anthropometric, genetic, clinical, and physical function indices across three clusters with corresponding p-values. Cluster 1 (n=29), Cluster 2 (n=74), Cluster 3 (n=113). Significant differences are noted in age, sex, weight, height, some clinical characteristics, and physical function tests. Definitions of clinical measures and abbreviations are provided at the bottom.]



Cognitive outcomes


RBANS

Differences in global cognitive scores (RBANS total score) were found between groups (F (2,198) = 3.73, p = 0.018; η2p = 0.036; Table 3), C1 performed significantly better on RBANS total score than C3 (p = 0.014). Also, C1 had significantly higher visuospatial scores (F (2,197) = 6.28, p = 0.003; η2p = 0.060; Table 3) and Attention Scores than C3 (F (2,197) = 3.22, p = 0.040; η2p = 0.032; Table 3). Moreover, Line orientation scores were significantly different between groups (F (2,196) = 7.45, p = <0.001, η2p = 0.071; Table 4); C1 had significantly better scores compared to C3 (p = 0.004) and C2 performed significantly higher than C3 (p = 0.007). Furthermore, significant differences were seen between groups on the figure recall exam, a delayed memory test (F (2,196) = 5.45, p = 0.005; η2p = 0.052; Table 4), where C1 performed significantly better than C3 (p = 0.011).



TABLE 3 Cluster cognitive domain data.
[image: A table displays mean scores and standard errors for cognitive functions across three clusters, with 29, 74, and 113 participants respectively. Significant differences are noted for visuospatial, attention, and total scores, with p-values of 0.002, 0.042, and 0.026, respectively. Immediate memory and language show no significant difference, with p-values of 0.109 and 0.201.]



TABLE 4 Cluster individual exam cognitive data.
[image: A table presenting cognitive assessment data across three clusters (n=29, 74, 113) with various measures like Listen Learning, Story Memory, and several others. Results are shown as means with standard error. Significant differences are indicated with symbols and p-values are provided, showing statistical significance for some categories like Line Orientation and Path Points. Mean and other abbreviations are explained in a note.]



Digital cognitive battery

Among the digital cognitive tasks, there was a difference in path points (executive function) scores between groups (F (2,189) = 6.70, p = 0.002; η2p = 0.07; Table 4). C1 demonstrated better executive functioning than C3 (p = 0.006), C2 also had significantly higher scores than C3 (p = 0.016). Moreover, significant differences were identified between C1 and C3 Item Price (associative learning) scores (F (2,184) = 3.53, p = 0.044; η2p = 0.04; Table 4). No other significant differences were found between each cluster during the digital cognitive task.





Discussion

The purpose of this investigation was to examine if high-risk individuals with a higher physical function index would have better cognitive scores than individuals with a lower physical function index. To our knowledge, this is the first study to examine cognitive differences based on physical function variables grouped together between high-risk individuals. Our a priori hypothesis predicted high-risk individuals with higher physical function indexes would display higher cognitive domain scores compared to high-risk individuals with lower physical function indexes. This hypothesis was supported; individuals with a higher physical function index exhibited better global cognitive scores and other cognitive domains than the individuals with a lower physical function index. More specifically, visuospatial domain scores, attention tests, and delayed memory recall performance were significantly better for individuals in cluster 1 compared to individuals in cluster 3. Additionally, individuals in clusters 1 and 2 exhibited better scores on executive functioning and associative learning digital cognitive tasks than individuals in cluster 3. This study highlights the importance of early cognitive examination and tracking brain health through non-invasive measures. Understanding when to implement mitigation measures to combat cognitive decline such as non-pharmaceutical intervention could help alleviate the burden ADRD has on the healthcare system. Non-pharmaceutical interventions could improve physical function index, described in this manuscript, delaying cognitive impairment in high-risk individuals.

This exploratory analysis revealed individuals with a higher physical function indexing (cluster 1) had better global cognitive scores than individuals with a lower physical function index (cluster 3). Physical activity and exercise studies have shown men and women who are aerobically active in mid and late life are at lower risk for global cognitive decline (4, 14, 41, 42). Although some of these investigations were longitudinal, researchers found higher step counts and average metabolic equivalents have greater cognitive benefits and neuroprotection cross-sectionally. Moreover, our study showed executive functioning and delayed memory tasks were greater for individuals in cluster 1 compared to individuals in cluster 3. The Doetinchem Cohort Study exhibited the similar results with 6–11 year follow-up analyses (16). Researchers demonstrated that the intensity and variation of physical activities were positively associated with processing speed, memory, mental flexibility, and overall cognitive function—duration was not associated with better cognitive functioning. Likewise, another cross-sectional study found greater executive functioning among older men and women with higher physical activity and greater energy expenditure rates (12).

Similarly, the current study showed individuals in cluster 1 exhibited 34% greater average muscular strength values than individuals in cluster 3; and, cluster 2 exhibited 18% higher average muscular strength output than cluster 3. Previous investigations indicate higher handgrip values are associated with executive function, attention, memory, and overall cognition, similar to the results observed in this current study (43–45). Moreover, individuals in cluster 1 and 2 displayed 65 and 39% higher average lower body power than cluster 3, respectively. Additionally, cluster 1 exhibited 28% greater average lower body velocity than cluster 3; while cluster 2 on average displayed 23% higher lower body velocity than cluster 3. These current results are similar to previous literature in which higher muscular power and velocity scores had strong relationships with overall cognition and executive function scores (11, 13, 46). To our knowledge, there are no studies examining the relationship between lower body muscular power/velocity, grouped together, and cognition in middle-to-older high-risk adults. Results should be explored further due to the neural component of power and velocity. Additionally, our study showed quicker dual-task velocity and fast walking speeds (cluster 1 and 2) were associated with better cognitive functioning. Our results coincide with previous studies where faster walking velocity on both habitual and fast tasks were associated with better cognitive functioning (7–9).

Due to the cross-sectional nature of our study, we cannot demonstrate the causality of physical function affecting cognitive function. However, various clinical trials are examining the impact of different types of exercise on cognitive function and the physiological mediators between the relationship (5, 10, 11, 47–49). Mechanisms such as increased cerebral blood flow, augmented prefrontal oxygenation, neuronal network flexibility, neurogenesis through brain derived neurotropic factor and IGF-1 are potential mechanisms that may help explain why exercise and increased physical function index improve cognitive function in middle-to-older aged adults (11, 13, 50, 51). Future studies should examine mechanisms to elucidate biological and physiological pathways in which exercise and physical function may impact cognition and brain health.

This current investigation had limitations due to the sample, sample size, clustering results, and effect size. The sample was mainly Caucasian Americans which limits the generalizability of the results. Heterogeneity in different populations may change current results from this study due to education, genetics, and other social determinants of health. Additionally, the test used created imbalances in the weight of the physical function indexes. More gait speed tests are used in the analysis than other physical function variables, muscular fitness variables outnumber aerobic capacity variable as well. Moreover, it should be noted clusters have imbalances due age, sex, weight, and height allowing for those with more body mass and height to have greater mechanical advantages in muscular strength/power tests and walking distance test. However, it should be noted that age and sex was controlled for in each statistical analysis, while there were no significant differences in BMI between clusters. Additionally, this study sample size and effect size of results, which is small to medium, hindered the conclusions that could be made from the physical function indexes. A more robust sample size may help examine each variable on cognition. Lastly, cross-sectional data were used to evaluate these current findings, which limits the conclusions that can be made as it only examines a single time point.

This is the first study examining cognitive differences between combined physical function variables in high-risk individuals. Results suggest evaluating cognition through physical function variables combined may provide a more efficient way of evaluating physical function on cognition. Cluster 1 surpassed the minimal clinically important difference, for RBANS, of >3.3 against both cluster 2 and cluster 3 (52). This indicates the value in combining physical function variables into an index instead of examining a singular domain of physical function. More research is needed on a larger scale, incorporating genetics, to determine if higher functioning cluster values can offset genetic risk variants. Additional research is warranted to also understand cut-off values for normal cognitive function individuals without high-risk for cognitive decline and individuals with mild cognitive decline based on age. Furthermore, examining differences in early blood-based AD biomarker and brain imaging data would provide more support for this method. This is a prospective method of evaluating cognition that is less invasive and cost-efficient. Longitudinal research is required to foster well-rounded generalizable results, which neurologists could apply to cognitive decline evaluation.

In conclusion, the results of this current study showed value in evaluating individual’s cognitive outcomes through physical function indexes. Participant’s physical function index output delineated differences in global cognition, spatial ability, delayed memory, associative learning, and executive functioning scores. Future studies should examine physical function index clustering over time and between cognitive normal and mild cognitive impaired patients. Overall, the goal is to detect early cognitive decline through widely accessible measures and to implement timely mitigation measures to improve overall health and maintain brain health.
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Characteristic Total Normal cognition Cognitive J or t statistics

(n =5,577) (n =4,543) impairment
(n=1,034)

Gender 175,657 0,000
male 2,588 (46.4) 2,300 (50.6) 288 (27.9)
female 2,989 (53.6) 2243 (49.4) 746 (72.1)
Marriage 365,619 0000
unmarried 2727 (48.9) 1944 (42.8) 783 (75.7)
married 2,850 (51.1) 2599 (57.2) 251(243)
Place of residence 35619 0000
city 1,265 (22.7) 1,103 (243) 162(15.7)
town o rural 4312(77.3) 3,440 (75.7) 872(843)
Education 651994 0,000
Uneducated 2347 (421) 1,546 (34) 801(77.5)
educated 3.230(57.9) 2,997 (66) 233 (225)
Exercise 12133 0000
no exercise 3131 (56.1) 2,398 (528) 733 (70.9)
exercise 2,446 (43.9) 2,145 47.2) 301 (29.1)
Financial support 14847 0,000
not enough 696 (12.5) 530(11.7) 166 (16.1)
enough 4881 (87.5) 4,013 (88.3) 868 (83.9)
Disability 474044 0.000
disabled 824 (14.8) 447(9.8) 377 (36.5)
non-disabled 4753 (85.2) 4,096 (90.2) 657 (63.5)
Depressive symptoms 96832 0.000
non-depressed 4216 (75.6) 3,557 (783) 659 (15.6)
depressed 1,616 (24.4) 986 (21.7) 375 (36.3)
Frailty
no 3,076 (55.2) 2791 (61.4) 285 (27.6) 390.709 0000
yes 2,501 (44.8) 1752(38.6) 749 (72.4)
Comorbidity
no 1,481 (26.6) 1,169 (25.7) 312(30.2) 8522 0,004
yes 4,096 (73.4) 3,374 (74.3) 722 (69.8)
Age 821210859 80.0110.027 913949427 ~33295 0.000
Length of sleep 73562211 7342004 754266 -317 0.002
GAD-7 score 13442627 12442487 1813128 ~6369 0.000
CES-D-10score. 70244335 6684417 8554702 —12734 0.000
MMSE score 263644863 282941799 17.9245.081 110436 0,000
Sacial relationships (score) 81621671 8351645 73321528 18112 0,000
Social activities 0520751 0580787 0.17£0.430 16182 0.000
Social networks 246£1.055 257+1.045 1970960 16912 0.000
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Characteristics

Normal
OR (95%CI)

Fall group
mcl
OR (95%C)

Dementia
OR (95%CI)

Basic demographics
Gender

Female

Male
Age

61-69

71-79

280
Education

literacy

<6years

7-12years

>12years
Cohabitation status (living alone)
Living environment

With lift (Yes)

‘With indoor steps (Yes)
Cleanliness and tidiness of living environment

Clean and tidy

Acceptable

Unclean and untidy
Behavioral patterns
Housework

Done independently

Partially done by others

All done by others

Going out
Daily
Sometimes
Hardly

Social interactions

Good
Diminished
Completely lose

Health conditions

ADL

Normal
Mild disability
Moderate disability

Chronic diseases
o

1

>3

Restricted joints

0

n (impaired)

Quality of sleep
Good
Acceptable
Poor.

Diaper use (Yes)

1

0.809(0.745-0.877)

1
0.959(0.871-1.057)
0.803(0.719-0.897)

1
0.543(0.450-0.655)
0.419(0.354-0.497)
0.441(0.362-0.537)

1.002(0.903-1.112)

0.881(0.811-0.958)

1.154(0.968-1.375)

1
1.008(0.929-1.093)

1.545(1.151-2.073)

1
1.008(0.929-1.093)

0.854(0.707-1.033)

1
1.254(1.048-1.502)

1.600(1.334-

.920)

1
1.394(1.262-1.539)

2.395(1.249-4.591)

1
0.566(0.462-0.694)

0.700(0.559-0.878)

1
1.645(1.464-1.848)
1.311(1.158-1.484)
1.873(1.639-2.139)

1
1.783(1.444-2.202)
1.597(1.398-1.825)
1.436(1.308-1.577)

1.014(0.891-1.153)

1
0.323(0.272-0.384)
0.341(0.286-0.407)

1.297(1.119-1.503)

Each group was analyzed individually using a multivariable logistic regression.

The bold values provided in Tables 2, 3 refers to P value less than 0.05.

1

0.940(0.889-0.995)

1
0.998(0.921-1.082)
0.872(0.804-0.947)

1
1012(0930-1.101)
0.925(0.853-1.004)
1.005(0.897-1.126)

1.037(0.959-1.120)

0.979(0.921-1.040)

0.944(0.846-1.053)

1
1.137(1.074-1.202)

1.774(1.424-2.210)

1
0.681(0.536-0.864)
0.698(0.581-0.838)

1
0.795(0.666-0.949)

1.206(1.010-1.440)

1
1.240(1.164-1.321)

0.681(0.434-1.071)

1
0.368(0.295-0.459)

0.445(0.353-0.561)

1
1.478(1.349-1.619)
1.450(1.319-1.593)
1.773(1.609-1.955)

1
1.143(0.983-1.329)
1.226(1.111-1.352)
0.995(0.929-1.065)

1.096(1.008-1.192)

1
0.461(0.394-0.540)
0.479(0.409-0.561)

1.270(1.163-1.387)

0.919(0.878-0.962)

1
1.049(0.963-1.143)
1.025(0.945-1.111)

1
1.353(1.280-1.430)
1.317(1.239-1.400)
1.420(1.287-1.567)

1.191(1.109-1.278)

0.901(0.857-0.948)

1.591(1.492-1.695)

1
0.999(0.952-1.048)

1.374(1.180-1.599)

1
0.429(0.321-0.574)

0.464(0.377-0.570)

1

0.742(0.617-0.892)

0.965(0.804-

.158)

1
1.355(1.293-1.419)

1.143(0.931-1.403)

1
0.354(0.275-0.455)

0.320(0.248-0.413)

1
1.581(1.468-1.703)
1.663(1.537-1.798)
1.817(1.674-1.974)

1
1.628(1.435-1.848)
1.308(1.194-1.432)
1324(1.252-1.400)

1.008(0.950-1.071)

1
0.569(0.494-0.654)
0.641(0.557-0.737)

1.302(1.225-1.383)
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Characteristics Fall group

95%Cl

Basic demographics

Gender
Female 1 - -
Male 090 0.87-0.93 <0.001

Age
61-69 1 - -
71-79 099 0.94-1.04 070
>80 092 087-0.96 0.001

Education
Tliteracy 1 - -
<6years 105 100-1.10 0.03
7-12years 115 107-1.22 <0.001
>12years 120 114-125 <0.001

Cohabitation status
Living with others 1 - -
Living alone 105 100-1.10 0.04

Living environment
With lft (Yes) 092 0.89-0.95 <0.001
With indoor steps (Yes) 138 131-146 <0.001
‘With indoor handrail (Yes) 098 092-1.05 054

Cleanliness and tidiness of living

environment
Clean and tidy 1 B -
Acceptable 103 100-1.07 006
Unclean and untidy 151 135-169 <0.001

Behavioral patterns

Housework
Done independently 1 - -
Partially done by others 060 052-0.70 <0.001
Al done by others 063 0.56-0.69 <0.001

Going outside
Daily 1 - N
Sometimes 050 082-1.00 005
Hardly 124 112-137 <0.001

Social interactions
Good 1 - -
Diminished 133 129-138 <0.001
Completely lose 107 0.90-1.28 046

Health conditions

ADL

1 - E
039 034-0.44 <0.001
Moderate disability 037 033-0.42 <0.001

Cognitive functions
Normal 1 B -
jveel 108 103-113 0.002
Dementia 106 001-L11 0.03

Chronic diseases
0 1 - B
1 150 142-157 <0.001
2 147 140-1.56 <0.001
>3 176 1.66-1.86 <0.001

Restricted joints
0 1 - -

1 123 118-1.28 <0.001
2 135 128-1.44 <0.001
>3 149 137-163 <0.001

Vision (impaired) 106 Lo1-L11 0.02

Hearing (impaired) 097 0.93-1.02 022

Quality of sleep
Good 1 - -
Acceptable 037 034-0.40 <0.001
Poor 041 0.38-0.45 <0.001

Diaper use (Yes) 128 123-135 <0.001

The bold values provided in Tables 2, 3 refers to P value less than 0,05,
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Basic demographics
Gender
Female
Male
Age
61-69
71-79
>80
Education
Tliteracy
<6years
7-12years
>12years
Cohabitation status
Living alone (Yes)
Living environment
With lft (Yes)
With indoor steps (Yes)

‘With indoor handrail
(Yes)

Cleanliness and tidiness of

living environment
Clean and tidy
Acceptable
Unclean and untidy
Behavioral patterns
Housework
Done independently
Partially done by others
Al done by others
Going outside
Daily
Sometimes
Hardly
Social interactions
Good
Diminished
Completely lose
Health conditions
ADL
Normal
Mild disability
Moderate disability
Cognitive functions
Normal
McCl
Dementia
Chronic diseases
o
1

>3
Restricted joints
0
1

>3

Vision (normal)

Hearing (normal)
Quality of sleep

Good

Acceptable

Poor.

Diaper use (Yes)

Fall group
(N =21,932)

N (%)

13,541(61.7)

8,391(38.3)

2677(12.2)
7,142(32.6)

12,113(55.2)

6,058(27.6)
4711(21.5)
7,827(35.7)

1,708(7.8)

2,653(12.1)

6,850(31.2)
2159(9.8)

1,845(8.4)

468(2.1)
12,587(57.4)

8,877(40.5)

218(1.0)
302(1.4)

19,754(90.1)

332(1.5)
6,254(2855)

15,346(70.0)

13,259(60.5)
8,254(37.6)
415(19)

123(0.6)
13,750(62.7)

8,059(36.7)

3,189(14.5)
7,150(326)

11,593(52.9)

3,490(15.9)
7,637(34.9)
5,667(25.8)

5,138(23.4)

13,862(63.2)
5,114(23.3)
1,942(8.9)
1,014(4.6)
18,837(85.9)
17,653(80.5)

481(22)
7.281(33.2)
14,170(64.6)

4,609(21.0)

Not-fall

61.947(60.6)

40,245(39.4)

13,078(12.8)
31,563(30.9)

57,551(56.3)

32.410(31.7)
19,897(19.5)
36,224(35.4)

7,748(7.6)

11,168(10.9)

33,815(33.1)
7,620(7.5)

8,856(8.7)

1,306(1.3)
58,409(57.1)

42,477(41.6)

1,655(1.6)
1,563(1.5)

92,734(90.7)

271427)
34,636(33.9)
64,842(63.4)

70,028(68.6)
29,746(29.1)
2400(2.3)

1318(1.3)
69,395(67.9)

31,479(30.8)

17453(17.1)
32,279(31.6)

52,460(51.3)

21,658(21.2)
36,389(35.6)
25,589(25.0)

18,556(18.2)

70,433(68.9)
20.740(20.3)
7,167(7.0)
3,852(3.8)
89,650(87.7)
83.438(81.6)

1,865(1.8)
37,860(37.1)
62467(61.1)

18,509(18.1)

0.03

<0001

<0001

<0.001

001

<0.001

<0.001

<0.001

<0.001

<0001

<0.001

<0001

<0.001

<0.001

<0001

<0001

<0.001

<0.001

<0001
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Sample Treated Controls ATT S T
Total 10918 10.694 0224%% 0066 338

Matched  Urban 10.734 10.370 0364%% 0133 275
Rural 11.002 10.815 0.187%% | 0075 | 248

*p<0.05,** p<0.0L.
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Balance 1.00 (2.00) 1.00 (1.00) 0436 1.00 (3.00) 3.00 (1.00) 0,003
Gait Speed 1.00 (1.00) 1.00 (1.00) 0557 1.00 (1.00) 1.00 (1.00) 0956
Gait speed time (s) 1411 (14.72) 12.48 (1633) 0937 10.22 (9.00) 9.09 (8.14) 0682
Sit-Stand 0.00 (1.00) 0.00 (1.00) 0925 0.00 (1.00) 1.00 (2.00) 0.149

(*) p < 0.05.
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Balance 100 (2.00) 100 (3.00) 0317

Gait Speed 100 (1.00) 1.00 (1.00) 0739
Gait speed time (5) 1411 (14.72) 1022 (9.00) 0086
Sit-Stand 0,00 (1.00) 0.00 (1.00) 0206

1.00 (1.00)
1.00 (1.00)
12.48 (16.33)

0.00 (1.00)

3,00 (1.00)
1.00 (1.00)
909 (8.14)

1.00 (2.00)

<0.001%

0.129

0.004

0.002¢

) p < 005,
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Groups

CcG IG
DifBalance 000 (0.75) 100 (1.50) <0001%
DifGaitSpeed 0.00 (0.00) 0,00 (0.00) 0326
DifTGaitSpeed (s) [ (617) -138 (7.75) 0375
DifSitStand 0,00 (0.00) 100 (1.00) 0022*

(*) p < 0.05.
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Groups

CG IG
DifQuadDom 41.83 + 49.37 48.89 + 41.68 0.61
DifQuadnDom 39.78 + 54.11 50.05 + 40.67 0.481
| DifHAMDom 30.44 £ 26.19 25.94 £ 28.09 0581
DifHAMnDom 29.39 £ 27.33 3166 £ 24.89 0773
DifAddDom 2551 £ 16.18 2327 £ 14.00 0.624
 DifAddnDom 2687 +17.72 2239 £17.77 0.402
DifAbdDom 33.36 £ 29.15 3672 %2329 0.674
DifAbdnDom 27.15 2591 32.98 +24.94 0.448
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Total sample (n = 45) (n%) CG (n = 24) n (%) IG(n=21)n

‘ Male Participant 12 (266) 6(25) ‘ 6(2857) 0073
‘ Female Participant 33(733) 18 (75) ‘ 15 (7142)

‘ Dominant Right Side 38 (84.4) 21 (875) ‘ 17 (80.95) 0.689
‘ Dominant Left Side 7(155) 3(125) ‘ 4(19.04)

‘ Fall risk (FES-1 > 31) 26 (5738) 14 (58.3) | 1267) 0936
" Fall risk (ABC <67%) 27 (60) 14 (58.3) ‘ 13 (619) 0807
‘ Age 846 %84 85.13 (8.94) | 8410 £799 0.688
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QuadDom 164.98 + 60.29 1864 +51.04 0.209 206.82 + 49.69 2353 £ 442 0.05%
QuadnDom 159.57 + 68.68 17846 + 44.2 0.286 19936 + 64.24 22852 + 43.02 0.085
HAMDom 1262 + 4093 143 + 3961 0.171 156.65 + 47.1 16894 + 352 0333
HAMnDom 11923 + 49.88 136.96 + 32.09 0.17 148.63 + 51.85 168.63 + 38.95 0.156
AddDom 87.04 £ 1647 90.06 £ 13.61 051 11255 + 21.61 11333 + 1689 0.895
AddnDom 82.1 2373 8597 £ 14.78 0523 108.98 + 26.7 10836 + 14.11 0921
 AbdDom 10317 £ 225 10058 £ 18.19 0.676 13654 + 37.03 137.31 + 23.67 0933
AbdnDom 98.17 + 34.18 99.09 £ 19.38 0.914 12533 + 3427 13207 + 2242 0434
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QuadDom 164.98 + 60.29 206.82 + 49.69 <0.001* 1864 + 51.04 2353 £ 44.2 <0.001%
QuadnDom 159.57 + 68.68 199.36 + 64.24 0.002* 178.46 + 44.2 22852 + 43.02 <0.001%
HAMDom 1262 + 4093 156.65 + 47.1 <0.001% 143 £ 39.61 168.94 £ 35.2 <0.001%
7 HAMnDom 119.23 + 49.88 148.63 + 51.85 | <0.001* 13696 + 32.09 168.63 + 38.95 <0.001%
 AddDom 87.04 + 1647 112,55 + 21.61 <0.001* 90.06 £ 13.61 11333 £ 16.89 <0.001%
AddnDom 82.1+2373 | 10898 £ 267 <0.001* 8597 + 14.78 108.36 + 14.11 <0.001%
AbdDom 10317 + 225 13654 + 37.03 <0.001* 10058 £ 18.19 13731 £ 23.67 <0.001%
AbdnDom 98.17 + 34.18 12533 + 3427 <0.001* 99.09 £ 19.38 13207 + 2242 <0.001%

(*) p < 0.05.
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65-74 TE=E)

Frequency (N) Percentage Frequency (N) Percentage

Male 56 56.00 258 4209
Gender

Female 44 4400 355 5791

Young older people 100 (14.03)
Age

Old older people 613 (85.97)

Rural 68 68.00 386 6297
Region

Urban 32 3200 277 37.03

Cohabitation 7 79.00 484 7896
Marital status

Solitary 2 2100 129 2104
Household income (Mean/SD) CNY 3708281 (SD 35798.55) 41347.15 (36462.93)
Perceived social stratification (Mean/SD) 293(SD 0.77) 3.08 (SD 0.69)
Cognitive function (Mean/SD) 2555 (SD 5.46) 2213 (SD 7.60)
Leisure activity (Mean/SD) 1487 (8D 5.77) 12.80 (SD 4.35)

Depression (Mean/SD) 7.33(SD 4.96) 6.62(SD 4.25)
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Dependent Regular physical  Non-physical Bootstrap SE

variable exercise group exercise group
Physical health 6589 6047 0542 0078
Emotional health 1599 1786 ~0.187 0028
Cognitive health 21.846 20799 1032 0401

(1) SE—standard error; ATT—average treatment efect on the trateds (2) #p <0.05, **p <0.01, **¥p <0.001.

69497+
~6.6797%

2573%

0.000

0.000

001
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Physical health Emotional health Cognitive health

Sig* Sig™ Sig* Sig™ Sig* Sig™
10 0.000 0.000 0.000 0,000 0.000 0.000
L1 0,000 0,000 0,000 0,000 0.000 0,000
12 0,000 0,000 0,000 0,000 0.000 0,000
13 0.000 0,000 0.000 0.000 0.000 0.017
14 0,000 0,000 0,000 0,000 0.000 0.965
15 0,000 0.000 0,000 0,000 0.000 10.000
16 0.000 0,000 0.000 0,003 0.000 10.000
17 0000 0,000 0,000 0019 0.000 10.000
18 0,000 0.000 0.000 0.077 0.000 10.000
19 0.000 0.000 0.000 0211 0.000 10.000
20 0,000 0,000 0,000 0833 0,000 10.000

Sig" and Sig" are the upper and lower limits of the significance level of a Wilcoxon signed-rank test, respectively.
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Variables OR Std. error z P [95% Confidence Intervall

Constant 0.005 0.006 0.000 0.000,0.049)
Gender 0.89 0118 0405 0.693,1.160]
Age 1032 0014 2350 0019 1.005,1.059]
Educational status 1017 0.048 0360 0715 [0928,1.115]
Household registration 5510 0722 13.030 0.000 [4.263,7.122])
Marital status 0752 0115 ~1.860 0.063 [0557,1.015]
Number of children 1019 0.046 0420 0677 [0933,1.113]
Income level 1136 0.056 2600 0.009 [1032,1.251]
Chronic disease 1024 0132 0.180 0856 [0.796,1.317)
Interpersonal relationships 1104 0032 3470 0.001 [1.044,1.167)
Physical health * 1165 0.084 2120 0034 [1.012,1.343]
Emotional health * 0615 0.063 -4720 0,000 [0.503,0.753]
Cognitive health * 1043 0.006 6780 0,000 1.030,1.055]
Pseudo R* 0307

ROC 0833

" represents the data of the variable from 2010 and the others from the data from 2018.
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Variables Model 1 Model 2 Model 3

Female (ref.Male) ~1.676%* =0.112 —-1321*% —0.088 -1.303* —0.087
Old older people (ref.
=0.301%** —0.248 02150 =0.177 0217 =0.179
Young older people)
Urban (ref.Rural) 1.068 0.069 0.453 0.029 0.568 0.037
Solitary (ref.
0.362 0.020 0395 0.022 0523 0.029
Cohabitation)
Household income 0.194 0.053 0.21 0.033 0.098 0.027
Perceived social
1.679%+% 0.160 12774+ 0.121 1.189%* 0.113
stratification
Depression 0.106 0.062 0.114 0.067 0.105 0.061
Leisure activity 0466+ 0.290 0.506%#* 0315
Leisure activity x
—0.039%** —0.142
Depression
Constant 40.207%%% 29.172%%% 29.050%%%
R 0.116 0.190 0.209
Adj. R 0.107 0.181 0.199
AR - 0.074 0.018
F IBapeee 20.64%%% 20.67%**

*<0.5; **p<0.01; *+p<0.001
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Variables Range Mean SD Skewness

Dependent variable Cognitive function 0~30 260 743 -1.26 103

Independent variable | Leisure activity 0~40 1309 463 107 580

Moderating variables | Depression 0~25 672 436 096 406
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Variables Low global Average to high
cognition global cognition

Adjusted
HR*
(95%Cl) (95%CI)

Physical activity | 0.12(0.03-053) | 001 118(067-207) 057

Diet quality 303 (087~ 008 097(044-217) 094
10.65)

Smokingstatus | 0.08 (001-049) 001 066(034-128) 021

Alcohol drinking | 2,17 (0.39- 037 060(030-122) 015

status 12.26)

Sleep duration 235 (053~ 025 078(042-149) 041
10.41)

Body massindex | 164 (0.50-545) 040 065(033-129) 021
Blood pressure 081 (0.11-6.09) | 083 073(024-217) 036

Total serum 073(020-275) 064 179(0.76-423) 018

cholesterol
Glycemicindex  055(0.15-202) | 036  065(036-118) 0.5

No. of ideal health metrics

< Reference Reference

2 077(027-222) 062 088(0.30-258) 081
3 281(094-843) 006 061(021-180) 036
4 L18(028-494) 081 086(0.36-206) 072
5 120(031-474) 079 124(032-491) 075
6 036(002-606) 047 039(0.07-203) 025
27 068 (007-664)  0.73 - -

“Each health metric was dichotomized (Ideal vs. no ideal), and no ideal status was set as
reference. All HRs were calculated after adjusting for socio-demographic variables (age,
gender, race and ethnicity, educational level, health insurance, family income, marital status),
disease history (congestive heart failure, coronary heart disease, stroke, cancer/malignancy,
diabetes, metabolic syndrome), health behaviors (physical activity,diet quality, smoking and
alcohol drinking status, sleep duration, and body mass index), and NHANES cycle (Model
5). HR, hazard ratio; Cl, confidence interval; NHANES, National Health and Nutrition
Examination Survey. ‘Because no cancer death was observed for older adults with low global
cognition in 0 ideal metric category, adults with 0 or 1 ideal metrics were grouped as 1
category (1).
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Screened

| Screened prior to eligibility assessment (n =77) ‘

Excluded (n=3)
* Not meeting inclusion criteria (n = 3)

|

Enrollment

l Assessed for eligibility (n=74) )

Excluded (n=5)

failure (n =3)
* Outlier (n =2)
Research participants (n = 69) }
Before the intervention
Two groups according to the MoCA-J (n = 69)

1
l Allocation l
Before the intervention non-MCI group Before the intervention MCI group
(MoCA-J =26) (n =26) (MoCA-J <26) (n =43)

Received allocated intervention (n = 26)

Received allocated intervention (n=43)
Follow up
Lost to follow-up Lost to follow-up
(n =2) (refused to participate) (n =4) (refused to participate)
Assessment
After the intervention non-MCI group After the intervention MCI group
=249 =39
Excluded from analysis (n =2) Excluded from analysis (n = 6)
* Measurement failure (n =2) * Measurement failure (n =4)
* Outlier (n =1)

* Reject assessment (n = 1)
l Analysis

After the intervention for 1-month

After the intervention for 1-month
Non-MCI (MoCA-J226) n=17 Non-MCI (MoCA-J226) n=13
MCI (MoCA-J<26) n=5 MCI (MoCA-J<26) n=20
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Characteristics Low global cognition Average to high global

(N =726) cognition (N =2,198)
Age <001
60-64 141 (14.47) [9.70-19.43] 774 (35.36) [32.29-38.43]
65-69 139.(13.41) [10.01-16.80] 532 (25.76) [22.97-28.55]
70-74 135(20.33) [16.41-24.25] 414(1872) [16.48-20.95]
75-79 100 (14.41) (10.91-17.92] 212(975) [827-11.22)
>80 211 (37.29) [30.47-44.10] 266 (10.42) [9.07-11.76]
Gender 051
Male 397 (47.05) [42.91-51.19] 1,026 (45.29) [42.94-47.63]
Female 329 (52.95) [48.81-57.09] 1,172 (54.71) [52.37-57.06]
Race and ethnicity <001
Mexican American 79 (6.78) [2.98-10.58] 178 (277) [1.54-4.01]
Other Hispanic 117 (9.74) [5.60-13.89] 179.(256) [1.69-3.43]
Non-Hispanic White 246 (60.62) [50.65-70.59) 1,148 (82.93) [79.89-85.96]
Non-Hispanic Black 224(17.02) [10.95-23.08] 471(6:84) [(481-8.87)
Other 60 (5.84) [3.72-7.95) 222 (4.90) [3.44-6.37)
Education level <001
school or less 543.(69.15) [63.42-74.88) 882 (32.36) [28.79-35.93]
Some college or higher 181 (30.85) (25.12-36.58] 1315 (67.64) [64.07-71.21]
Health insurance <001
Private insurance 281 (50.03) [43.98-56.07) 1,278 (68.33) [65.49-71.16]
Public insurance 366 (43.75) [38.72-48.78] 751 (26.43) [23.51-29.35)
No insurance 76 (6.22) [4.15-8.30] 163 (524) [3.73-6.75]
Family income <001
Low 313(38.33) [31.55-45.10) 496 (14.28) [11.39-17.17)
Medium 229 (41.27) [36.05-46.48] 789 (37.63) [34.15-41.11]
High 108 (20.41) [15.49-25.33] 741 (48.09) [42.70-53.49]
Marital status <001
Married 353 (49.86) [44.35-55.38) 1,256 (64.38) [62.07-66.69]
Never married 40 (5.62) [3.05-8.20] 126 (4.09) [2.96-5.22
Living with partner 18 (1.91) [0.85-2.98) 61(278) [1.61-395]
Other 315 (42.60) (37.32-47.88] 751 (28.75) [26.86-30.64]

Disease condition

Congestive heart failure 77 (11.96) [9.24-14.69] 126 (5.79) [4.21-7.37] <0.01
Coronary heart disease 78(11.71) [8.53-1488] 182 (8.93) [7.04-1083] 006
Stroke 83 (12.18) [7.69-16.67) 117 (5.27) [4.07-6.46] <001
Cancer/malignancy 124 (22.02) [16.90-27.15] 463 (24.32) [21.21-27.44] 051
Diabetes 262 (34.60) [29.99-39.20] 557 (21.31) [19.02-23.59] <0.01
Metabolic syndrome 342.(46.00) [40.33-51.68] 903 (40.36) [36.25-44.47) o

Data were presented as unweighted number and weighted percentage with 95% confidence interval. NHANES, National Health and Nutrition Examination Survey.





OPS/images/fpubh-12-1304876/fpubh-12-1304876-t002.jpg
Characteristics Low global cognition Average to high global

cognition
Physical activity, minutes/week <001
Ideal (2150) 269.(33.52) [27.72-39.31) 1,137 (54.42) [51.22-57.62)
Intermediate (1-150) 122 (1501) [11.63-18.39] 367 (15.35) [13.64-17.06]
Poor (0) 335 (51.48) [45.94-57.02] 694(30.23) [27.92-32.54]
Diet quality 064
Ideal 208 (33.17) [28.34-38.01] 704 (34.66) [30.42-38.91)
Poor 439 (66.83) [61.99-71.66] 1,355 (65.34) [61.09-69.58]
Smoking status 052
Never 347 (48.85) [44.26-53.45) 1,093 (49.74) [46.23-53.25)
Former 274 (38.61) [33.52-43.70) 837 (39.58) [36.50-42.65]
Current 105 (12:54) [9.45-15.63] 266 (10.68) [9.06-12.31]
Alcohol drinking status <001
No 275 (41.69) [38.06-45.31) 638 (24.66) [21.71-27.61]
Yes 428 (58.31) [54.69-61.94] 1531 (75.34) [72.39-78.29)
Sleep duration, hours/daily <001
Regular (7-8) 375 (54.36) [48.37-60.35) 1,236 (62.37) [59.72-65.02)
Short (<7) 253 (28.66) [23.77-33.54) 757 (28.11) [26.05-30.17]
Long (>8) 97 (1698) [13.43-20.53] 200 (952) [7.80-11.23]
Body mass index on
Ideal (BMI 18.5-24.9) 190 (29.34) [2497-33.71] 552 (24.76) [21.88-27.65]
Intermediate (BMI 25.0-29.9) 247 (37.24) [32.12-4235) 758 (36.44) [34.19-38.69]
Poor (BMI 230.0) 251(33.43) [27.34-39.52) 831 (38.80) [35.90-41.69]
Blood pressure, mm Hg <001
Ideal (<120/80 untreated) 85(1206) [8.79-15.34] 330 (21.25) [18.15-24.35)
Intermediate (120-139/30-89 or treated) 458 (70.53) [66.37-74.70] 1,249 (66.18) [62.40-69.97)
Poor (2140/90) 101 (17.40) [13.19-21.61] 247 (12.57) [10.52-14.61)
Total serum cholesterol, mg/dL <001
Ideal (<200 untreated) 212.(27.26) [23.20-31.32] 544.(23.79) [21.14-26.44]
Intermediate (200-239 or treated) 434 (66.65) [6232-70.99] 1,355 (64.33) [60.75-67.90]
Poor (2240) 44(6.08) [4.08-8.0] 238 (11.88) [9.89-13.88]
Glycemic index, HbALc, % <001
Ideal (<5.7%) 219 (34.88) [30.51-39.24] 853 (45.37) [41.78-48.96]
Intermediate (5.7-6.4) 289 (41.04) [37.16-44.91] 899 (10.63) [37.34-43.92]
Poor (26.5%) 184(24.09) [19.26-28.92) 377 (13.99) [12.80-15.20]
No. of ideal health metrics <001
0 20 (269) [031-5.07] 42(161) [0.90-2.32)
1 96 (12.80) (9.36-16.23] 240/(9.53) [7.31-11.74]
2 159 (21.04) (17.95-24.13] 446 (19.74) [1694-22.54]
3 195 (27.54) [22.78-32.30] 528 (24.95) [21.41-28.48)
4 127 (18.94) [1491-22.97] 462 (21.93) [19.48-24.38]
5 70(956) [6.60-12.51] 276 (12.64) [10.12-15.17)
6 37(453) [264-6.43] 128 (6.75) [4.64-8.86]
7 11(244) (0.34-4.55] 43(2.30) [1.45-3.15]
8 3(0.46) [0.00-1.05] 7(0.33) [0.01-0.64]
9 0 2(0.24) [0:00-0.57)

Data were presented as unweighted number and weighted percentage with 95% confidence interval. BMI, body mass index.
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Variables Low global Average to high
cognition global cognition

Adjusted Adjusted P
HR* HR
(95%CI) (95%Cl)
Physical activity | 0.48 (0.28-0.

) 001 0.72(0.52-1.00) 0.05
Diet quality 063(043-095) 003 093(063-139) 073
Smokingstatus | 091 (051-161) 073 064(0.47-086) <001

Alcohol drinking | 1.46 (0.87-245) | 015 110(074-161) 064

status
Sleepduration | 076 (0.53-1.10) | 0.4  094(071-124) 065
Body massindex | 1.64(0.99-272) | 006  098(0.65-148) 093
Blood pressure | 120 (0.63-227) | 057 079(0.42-147) 044

Total serum 120(073-200) 046 139(0.94-205) 010

cholesterol
Glycemicindex  1.19(0.65-218) =~ 057  085(0.62-117) 030

No. of ideal health metrics

0 Reference Reference

1 064(034-122) 047 | 027(0.09-083) 003
2 077 (044-134) 034 034(0.15-077) 001
3 085(047-154) 058 033(0.12-091) 003
4 061(033-112) 001 034(0.14-080) 002
5 077(030-198) 057 028(0.10-075) 001
6 063(029-140) 025 0.11(0.03-038) <001
27 032(010-102) 005 0.16(0.04-068) 001

“Each health metric was dichotomized (Ideal vs. no ideal), and no ideal status was set as
reference. All HIRs were calculated after adjusting for socio-demographic variables (age.
gender, race and ethnicity; educational level, health insurance, family income, marial status),
isease history (congestive heart failure, coronary heart disease,stroke, cancer/malignancy;
diabetes, metabolic syndrome), health behaviors (physical actvity, diet quality, smoking and
alcohol drinking status, sleep duration, and body mass index), and NHANES cycle (Model

. HR, hazard ratio; CI, confidence interval; NHANES, National Health and Nutrition
Examination Survey.
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Variables Low global Average to high
cognition global cognition

Adjusted Adjusted P
HR* HR
(95%CI) (95%Cl)

Physical activity | 0.49 (0,24~

99) 005 033(0.17-064) <001
Diet quality 050(023-112) 009 129(0.65-257) 045
Smokingstatus 183 (0.87-385) | 0.1 053(032-0.88) 002

Alcohol drinking | 1.19 (0.43-331) | 073 178(092-3.43) 0.8

status
Sleepduration | 070 (034-143) | 031 075(039-145) 038
Body massindex 1.8 (0.93-380) | 008 100(044-227) 099
Blood pressure | 115 (0.44-303) | 077 068(022-208) 049

Total serum 135(079-230) 027 083(044-155) 054

cholesterol
Glycemicindex  195(0.65-582) = 023 115(059-223) 067

No. of ideal health metrics

0 Reference Reference

1 090 (0.17-467) 089 024(0.07-0.80) 002
2 099(026-3.85) 099 025(0.08-0.81) 002
3 099(023-430) 099 0.26(0.10-070) 001

4 095 0.20(0.06-064) 001

5 102(0.18-582) 098 013(003-047) <001
6 174(043-713) 043 003(0.01-0.16) <001
>7 063 0.16(0.02-116) 007

“Each health metric was dichotomized (Ideal vs. no ideal), and no ideal status was set as
reference. All HIRs were calculated after adjusting for socio-demographic variables (age.
gender, race and ethnicity; educational level, health insurance, family income, marial status),
isease history (congestive heart failure, coronary heart disease,stroke, cancer/malignancy;
diabetes, metabolic syndrome), health behaviors (physical actvity, diet quality, smoking and
alcohol drinking status, sleep duration, and body mass index), and NHANES cycle (Model

. HR, hazard ratio; CI, confidence interval; NHANES, National Health and Nutrition
Examination Survey.
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Unadjusted Adjusted®

OR (95% CI) p-value OR (95% ClI) p-value
Regular PA
Participation in regular PA 1 1
Not participating in regular PA 1.22(1.08-1.38) 0.002 1116 (1.01-1.34) 0033

OR, odds ratio; CI, confidence intervals PA, physical activity.
‘Adjusted for sex (male and female), body mass index (<25 and > 25), smoke (smoker and non-smoker), and alcohol (drinkers and non-drinkers).
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Outcome Adjusted HR (95%CT) P value
All-cause death
Model 1 3.45 (2.75-432) <0.01
Model 2 1.85 (1.41-2.43) - <0.01
Model 3 1.80 (1.35-2.39) s 2 <0.01
Model 4 1.64 (1.23-2.18) - <0.01
Model 5 1.50 (1.09-2.06) —— 0.01
Model 6 1.46 (1.04-2.05) - 0.03
Cardiovascular dcath
Model 1 4.43 (3.18-6.16) <0.01
Model 2 226 (1.54-3.32) —— <0.01
Model 3 2.24 (1.39-3.60) —a— <0.01
Model 4 1.93 (1.18-3.17) — 0.01
Model 5§ 1.83 (1.11-3.01) —a— 0.02
Model 6 1.78 (1.02-3.13) —— 0.04
Cancer death
Model 1 1.59 (0.92-2.74) —— 0.09
Model 2 0.95 (0.54-1.68) 0.85
Model 3 0.91 (0.50-1.66) 0.75
Model 4 0.92 (0.50-1.68) 0.77
Model 5 1.10 (0.58-2.11) 0.76
Model 6 1.02 (0.47-2.23) 0.96
05 05 1 2






OPS/xhtml/Nav.xhtml


Contents



		Cover


		Cognitive impairment and physical function in older adults

		Editorial: Cognitive impairment and physical function in older adults

		INTRODUCTION


		PHYSICAL ACTIVITY AS A CORNERSTONE OF COGNITIVE AND PHYSICAL HEALTH


		HETEROGENEITY IN COGNITIVE TRAJECTORIES AND PREDICTORS


		FUTURE DIRECTIONS


		AUTHOR CONTRIBUTIONS


		FUNDING


		ACKNOWLEDGMENTS


		CONFLICT OF INTEREST


		GENERATIVE AI STATEMENT


		REFERENCES







		Effects of physical activity participation on cognitive impairment in older adults population with disabilities

		1 Introduction


		2 Methods

		2.1 Participation


		2.2 Cognitive function


		2.3 Physical activity


		2.4 ADLs and IADLs


		2.5 Grip strength


		2.6 Statistical analysis







		3 Results

		3.1 Physical activity time and frequency, grip strength, ADLs, and IADLs


		3.2 Associations between physical activity and cognitive function


		3.3 Correlations coefficients between K-MMSE scores and grip strength







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		References







		The impact of modifiable health metrics on mortality for older adults with low cognitive function

		Introduction


		Materials and methods

		Study design and population


		Definitions of low global cognition


		Definitions of modifiable health metrics


		Covariates


		Statistical analysis







		Results

		Characteristics of the participants


		Prevalence of modifiable health metrics


		Impact of cognitive function on mortality


		Impact of modifiable health metrics on mortality, stratified by cognitive status







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Evaluating the impact of a darts game intervention on cognitive function in older adults with and without mild cognitive impairment: a pilot study

		1 Introduction


		2 Methods

		2.1 Trial design


		2.2 Participants


		2.3 Interventions


		2.4 Outcomes

		2.4.1 Cognitive function


		2.4.2 Mental health


		2.4.3 Physical function while throwing darts







		2.5 Sample size


		2.6 Allocation


		2.7 Blinding


		2.8 Statistical methods







		3 Results

		3.1 Verification of data reliability and validity


		3.2 Comparisons of physical characteristics and measurements of cognitive function and mental health with physical function while throwing prior to the intervention between the non-MCI and MCI groups


		3.3 Results of binominal logistic regression analysis using MCI score obtained 1 month after starting the intervention as the objective variable (dependent variable) in both groups







		4 Discussion

		4.1 Limitations







		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		References







		Functionality, muscular strength and cardiorespiratory capacity in the elderly: relationships between functional and physical tests according to sex and age

		1 Introduction


		2 Material and methods

		2.1 Participants


		2.2 Study design


		2.3 Anthropometry and body composition


		2.4 Cardiorespiratory assessment


		2.6 Strength assessment


		2.7 Functional test


		2.7 Statistical analysis







		3 Results


		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Publisher’s note


		References







		Physical activity improves the visual–spatial working memory of individuals with mild cognitive impairment or Alzheimer’s disease: a systematic review and network meta-analysis

		1 Introduction


		2 Materials and methods

		2.1 Eligibility criteria


		2.2 Information sources


		2.3 Search strategy


		2.4 Study selection


		2.5 Risk of bias assessment


		2.6 Statistical synthesis and analysis


		2.7 Risk of publication bias







		3 Results

		3.1 Description of the included studies


		3.2 Risk of bias


		3.3 Methodological quality evaluation


		3.4 Meta-analysis results

		3.4.1 Heterogeneity test


		3.4.2 Overall effect size


		3.4.3 Subgroup analysis results of MCI studies


		3.4.4 Subgroup analysis results of AD studies







		3.5 Network meta-analysis results of MCI studies


		3.6 Network meta-analysis results of AD studies







		4 Discussion

		4.1 Summary of the evidence


		4.2 Limitations







		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		The effect of intergenerational support from children on loneliness among older adults-the moderating effect of internet usage and intergenerational distance

		1 Introduction


		2 Theoretical framework and assumptions

		2.1 Social support theory


		2.2 Internet usage, intergenerational distance, and loneliness in older adults







		3 Data and methods

		3.1 Design study


		3.2 Data sources


		3.3 Definition of variables

		3.3.1 Explained variables


		3.3.2 Main explanatory variables


		3.3.3 Control variables


		3.3.4 Moderating variables







		3.4 Research methodology







		4 Results

		4.1 Descriptive analysis


		4.2 Baseline regression analysis


		4.3 Heterogeneity analysis

		4.3.1 Age


		4.3.2 Residence (urban–rural)


		4.3.3 Marital status







		4.4 Endogeneity test

		4.4.1 Replacement of the dependent variable


		4.4.2 The propensity score matching (PSM) method







		4.5 Analysis of impact mechanisms







		5 Discussion


		6 Conclusions and limitations


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		References







		Associations between regular physical exercise and physical, emotional, and cognitive health of older adults in China: an 8-year longitudinal study with propensity score matching

		1 Introduction


		2 Method

		2.1 Participants


		2.2 Eligibility criteria


		2.3 Procedures and measures

		2.3.1 Physical health


		2.3.2 Cognitive health


		2.3.3 Emotional health


		2.3.4 Regular physical exercise


		2.3.5 Covariates







		2.4 Statistical analysis







		3 Results

		3.1 Covariate screening


		3.2 Descriptive statistics


		3.3 Propensity score matching analysis


		3.4 Matching and balanced tests


		3.5 Average treatment effect on the treated


		3.6 Sensitivity analysis







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Moderating role of depression in the association between leisure activity and cognitive function among the disabled older people

		1 Introduction

		1.1 Leisure activity and cognitive function


		1.2 Leisure activity, depression and cognitive function


		1.3 The current study







		2 Materials and methods

		2.1 Data and study population


		2.2 Measurements

		2.2.1 Cognitive function


		2.2.2 Leisure activity


		2.2.3 Depression


		2.2.4 Covariates







		2.3 Statistical analysis







		3 Results

		3.1 Characteristics of the study population


		3.2 Characteristics of the main variables


		3.3 Correlation analysis


		3.4 The moderating effects of depression







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		References







		Association between disability and cognitive function in older Chinese people: a moderated mediation of social relationships and depressive symptoms

		Introduction


		Materials and methods

		Participants


		Dependent variables

		Cognitive function







		Independent variables

		Definition of disability







		Mediators

		Assessment of depressive symptoms







		Moderator

		Assessment of social relations







		Covariates


		Statistical analysis







		Results

		Characteristics of the participants


		Correlation of disability, depressive symptoms, social relationships, and cognitive functioning


		The relationship between disability and cognitive functioning


		Mediating effect of depressive symptoms between disability on cognitive functioning


		Moderating mediating effects of disability on cognitive function







		Discussion

		Depressive symptoms mediate the link between disability and cognitive impairment


		The moderating role of social relations







		Conclusion


		Limitations


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Effectiveness of a sensorimotor exercise program on proprioception, balance, muscle strength, functional mobility and risk of falls in older people

		Introduction


		Methods

		Study design


		Participants


		Statistical analysis


		Joint position sense assessment


		Short physical performance battery (SPPB)


		Timed up and go (TUG)


		Falls efficacy scale-international (FES-I)


		Activities-specific balance confidence scale (ABC scale)


		Maximum strength assessment


		Intervention







		Results

		Muscle strength


		TUG


		SPPB


		JPS


		FES


		ABC







		Discussion

		Joint position sense


		Muscle strength


		Falls risk


		Functionality


		Balance







		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Publisher’s note


		References







		Association of socioeconomic position with sensory impairment among Chinese population: a nationally representative cohort and Mendelian randomization study

		Introduction


		Materials and methods

		Study design and data sources


		Sensory impairment


		Socioeconomic position


		Potential covariates


		Two-sample MR analysis


		Statistical analysis







		Results

		Observational analysis


		Two-sample MR analysis







		Discussion

		Educational attainment


		Household income


		Occupation


		Mendelian randomization study


		Strengths and limitations







		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		A virtually supervised exercise program improved fitness and mental wellness in healthy and comorbidity older adult individuals during the COVID-19 pandemic

		Introduction


		Methods

		Study design and sample size


		Cognitive testing, depression and resilience measurements


		Physical fitness assessment


		Exercise protocol


		Statistical analysis







		Results

		Baseline characteristics


		Psychological profile


		Physical parameters







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		Non-linear relationship of serum albumin-to-globulin ratio and cognitive function in American older people: a cross-sectional national health and nutrition examination survey 2011–2014 (NHANES) study

		Introduction


		Materials and methods

		Study population


		Cognitive assessment


		Covariates


		Statistical analysis







		Results

		Study population and baseline characteristics


		The association between AGR and cognitive function


		Analysis of the non-linear relationship between AGR and cognition


		Stratified and sensitivity analysis







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Instrumental activities of daily living function and cognitive status among Chinese older adults: a serial multiple mediation model

		1 Introduction

		1.1 Adverse psychological and health outcomes of declining IADL functioning


		1.2 The mediating effect of sleep duration


		1.3 The mediating effect of social participation


		1.4 Depressive symptoms as an emotional predictor of cognitive status


		1.5 The present study







		2 Materials and methods

		2.1 Sample


		2.2 Measures

		2.2.1 IADL


		2.2.2 Sleep duration


		2.2.3 Social participation


		2.2.4 Depressive symptoms


		2.2.5 Cognitive status







		2.3 Statistical analysis







		3 Results

		3.1 Preliminary analyses


		3.2 Correlation analyses of the study variables


		3.3 Path analysis







		4 Discussion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Footnotes


		References







		Move for life an intervention for inactive adults aged 50 years and older: a cluster randomised feasibility trial

		Introduction


		Methods

		Setting


		Study design


		Intervention


		Procedures


		Feasibility outcomes


		Progression criteria


		Primary outcomes


		Secondary outcomes


		Demographic and socio-environmental measures


		Data analysis







		Results

		Demographics and feasibility

		Demographics


		Adherence







		Primary and secondary outcomes

		Accelerometer-based variables and self-reported compliance with activity guidelines


		Body composition (adiposity)


		Physical function


		Psychological well-being












		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Effects of Baduanjin exercise on cognitive frailty, oxidative stress, and chronic inflammation in older adults with cognitive frailty: a randomized controlled trial

		Introduction


		Methods

		Study design


		Participants


		Interventions







		Outcome measures

		Cognitive frailty


		Oxidative stress markers and inflammatory cytokines


		Sample size and statistical analysis







		Results


		Discussion

		Limitations







		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Abbreviations


		Footnotes


		References







		A study on the physical aging characteristics of the older people over 70 years old in China

		1 Introduction


		2 Test objects and study methods

		2.1 Test objects


		2.2 Study methods

		2.2.1 Questionnaire survey


		2.2.2 Field test







		2.3 Data processing







		3 Results

		3.1 The results were compared among different age groups


		3.2 The change trend of physical aging in older people over 70 years old

		3.2.1 Body morphology

		3.2.1.1 BMI


		3.2.1.2 Waist circumference


		3.2.1.3 Waist-to-hip ratio


		3.2.1.4 Waist-to-height ratio







		3.2.2 Physiological function

		3.2.2.1 Systolic pressure


		3.2.2.2 Diastolic pressure


		3.2.2.3 Pulse pressure


		3.2.2.4 Quiet pulse


		3.2.2.5 Vital capacity







		3.2.3 Physical quality

		3.2.3.1 Hands clasped back


		3.2.3.2 Seat bend forward


		3.2.3.3 Grip strength


		3.2.3.4 Upper arm dumbbell bend


		3.2.3.5 Sit-station trails


		3.2.3.6 2 min Standing still


		3.2.3.7 2.44 m Chair stand up and walk around the object

















		4 Analysis and discussion

		4.1 The analysis of aging characteristics of body morphology in older people over 70 years old


		4.2 The analysis of aging characteristics of physiological function in older people over 70 years old


		4.3 The analysis of aging characteristics of physical quality in older people over 70 years old

		4.3.1 Strength, strength endurance quality


		4.3.2 Flexibility quality


		4.3.3 Aerobic endurance


		4.3.4 Balance












		5 Conclusion


		6 Contribution and limitation


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		References







		Does acute aerobic exercise enhance selective attention, working memory, and problem-solving abilities in Alzheimer's patients? A sex-based comparative study

		Introduction


		Methods

		Participants


		Procedure


		Materials

		Diagnosis of Alzheimer disease patients


		Physiological measurements


		Neuropsychological measures


		Behavioral measures


		Measurement of cognitive function

		Attention







		Working memory


		Problem solving







		Data analysis







		Results

		Neurophysiological baseline comparison between the intervention and the control group


		Impact of the aerobic-based exercise on cognitive functions

		Comparative analysis based on the pre-post-exercise results

		Stroop test


		Hanoi time












		Hanoi moves


		Digit span forward


		Digit span backward

		Comparative analysis based on the % of gains results

		Stroop test












		Hanoi time


		Hanoi moves


		Digit span forward


		Digit span backward







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		Supplementary material


		References







		Machine learning approach to classifying declines of physical function and muscle strength associated with cognitive function in older women: gait characteristics based on three speeds

		1 Introduction


		2 Methods

		2.1 Participants


		2.2 Test procedures


		2.3 Instrumentation


		2.4 Gait data collection and processing


		2.5 Statistical analysis







		3 Results

		3.1 Reliability of estimation and measurement speeds


		3.2 Classification by Cog and PF declines using feature selection through stepwise regression


		3.3 Classification by Cog and MS declines using feature selection through stepwise regression







		4 Discussion

		4.1 Classification by Cog and PF declines using feature selection through stepwise regression


		4.2 Classification by Cog and PF declines using ML approach


		4.3 Classification by Cog and MS declines using feature selection through stepwise regression


		4.4 Classification by Cog and MS declines using ML approach







		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		Supplementary material


		References


		Glossary







		Effects of spatial accessibility of community health services on the activities of daily living among older adults in China: a propensity score matching study

		1 Introduction


		2 Literature review

		2.1 Activities of daily living among older adults


		2.2 The accessibility theory


		2.3 The spatial accessibility of community health services







		3 Materials and methods

		3.1 Study design


		3.2 Data source and sample selection


		3.3 Variable selection and measurement

		3.3.1 Activities of daily living among older adults


		3.3.2 Spatial accessibility of community health services


		3.3.3 Control variable







		3.4 Statistical analysis







		4 Results

		4.1 Descriptive statistical results


		4.2 Multivariate analysis results


		4.3 Propensity score matching analysis results

		4.3.1 Propensity score results


		4.3.2 Matching effect test results


		4.3.3 Kernel density matching analysis results


		4.3.4 Urban-rural heterogeneity analysis results







		4.4 Robustness test results







		5 Discussion


		6 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		A study on the falls factors among the older adult with cognitive impairment based on large-sample data

		1 Introduction


		2 Methods

		2.1 Study design


		2.2 Inclusion criteria


		2.3 Data collection


		2.4 Variables

		2.4.1 Basic demographics


		2.4.2 Living environment


		2.4.3 Behavioral patterns


		2.4.4 Health conditions







		2.5 Statistical analysis







		3 Results

		3.1 General information


		3.2 Correlative factors of falls


		3.3 Correlative factors of falls in older adult with cognitive impairment







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		References







		Influence of daily life and health profile in subtle cognitive decline of women residing in Spanish religious communities: DeCo religious orders study

		1 Introduction


		2 Methods

		2.1 Study design


		2.2 Study design and participants

		2.2.1 Inclusion criteria


		2.2.2 Exclusion criteria







		2.3 Sample size


		2.4 Interview procedure


		2.5 Statistical treatment







		3 Results

		3.1 Participants and subtle cognitive decline screening


		3.2 Cognitive reserve factor


		3.3 Cardiovascular risk factor


		3.4 Depression and psychopharmaceutical’s consumption


		3.5 Lifestyle factors


		3.6 Effects on subtle cognitive decline







		4 Discussion

		4.1 Cognitive reserve factor


		4.2 Cardiovascular risk factor


		4.3 Depression and psychopharmaceutical’s consumption


		4.4 Lifestyle factors


		4.5 Risk and protective factors on subtle cognitive decline







		5 Limitations


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		Relationship between domain-specific physical activity and cognitive function in older adults – findings from NHANES 2011–2014

		1 Introduction


		2 Methods

		2.1 Study population


		2.2 Physical activity


		2.3 Cognitive function


		2.4 Covariates


		2.5 Statistical analysis







		3 Results

		3.1 Descriptive characteristics


		3.2 Relationship between domain-specific PA and cognitive function


		3.3 Dose-effect analysis


		3.4 Sensitivity analysis







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Traditional Chinese medicine constitution and sarcopenia: a cross-sectional study

		Introduction


		Methods

		Data collection


		Assessment of sarcopenia


		Assessment of TCM constitution


		Statistical analysis







		Results

		Characteristics of the study cohort stratified by sarcopenia


		Relationship between traditional Chinese medicine constitutions and sarcopenia


		Sensitivity analysis


		The predictive value of indicators for sarcopenia







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Automatic speech analysis for detecting cognitive decline of older adults

		1 Introduction

		1.1 AD diagnosis


		1.2 Automated diagnosis based on acoustic features


		1.3 Automated diagnosis based on linguistic features


		1.4 Comparison between acoustic and linguistic features


		1.5 Existing research limitations


		1.6 Objects of this research







		2 Materials and methods

		2.1 Subjects


		2.2 Data collection and analysis

		2.2.1 Preprocessing


		2.2.2 Acoustic features extraction


		2.2.3 Linguistic features extraction







		2.3 Difference testing


		2.4 ML models training







		3 Results


		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		The impact of empowerment theory-based health education on Alzheimer’s disease informal caregivers: a randomized controlled trial

		1 Background


		2 Methods

		2.1 Study design


		2.2 Participant recruitment


		2.3 Randomization


		2.4 Blinding


		2.5 Sample size


		2.6 Interventions

		2.6.1 Control group (conventional health education on dementia care)


		2.6.2 Intervention group (empowerment education on dementia care)







		2.7 Measurements


		2.8 Ethical approval and study registration


		2.9 Increase adherence to the intervention


		2.10 Statistical analysis







		3 Results

		3.1 Characteristics of the participants


		3.2 Baseline comparison


		3.3 Changes in primary outcomes, dementia knowledge


		3.4 Changes in primary outcomes, care readiness


		3.5 Changes in secondary outcomes, self-affirmation


		3.6 Changes in secondary outcomes, life outlook


		3.7 Changes in secondary outcomes, anxiety


		3.8 Changes in secondary outcomes, depression


		3.9 Adverse events







		4 Discussion

		4.1 Limitations







		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		Unlocking the potential of exercise: harnessing myokines to delay musculoskeletal aging and improve cognitive health

		1 Introduction


		2 Methods

		2.1 Search strategy and selection criteria


		2.2 Selection criteria


		2.3 Data extraction


		2.4 Quality assessment


		2.5 Data analysis







		3 Result

		3.1 Study characteristics







		4 Discussion

		4.1 Musculoskeletal aging is an independent risk factor for MCI, and vice versa


		4.2 Musculoskeletal aging and MCI: overlapping risk factors and potential mechanisms


		4.3 Crosstalk between the muscles and the brain in musculoskeletal aging and MCI


		4.4 Optimal exercise prescription for myokine secretion and function


		4.5 Limitation







		5 Conclusion and outlook


		Author contributions


		Funding


		Publisher’s note


		References







		Trajectories of cognitive function development and predictive factors in disabled middle-aged and older adults

		1 Introduction


		2 Materials and methods

		2.1 Data collection


		2.2 Cognitive function


		2.3 Variable


		2.4 Statistical analysis







		3 Results

		3.1 Descriptive characteristics


		3.2 Results of the cognitive function LGMM latent class analysis


		3.3 Analysis of latent class trajectories


		3.4 Univariate analysis of cognition trajectory classes in disabled middle-aged and older adults


		3.5 Characteristics by cognition of trajectory classes







		4 Discussion

		4.1 Strengths and limitations







		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		The relationship between multimorbidity and cognitive function in older Chinese adults: based on propensity score matching

		1 Introduction


		2 Methods

		2.1 Participants


		2.2 Sample size


		2.3 Assessment of cognitive function


		2.4 Assessment of multimorbidity


		2.5 Data collection


		2.6 Statistical analysis







		3 Results

		3.1 Sample characteristics


		3.2 Occurrence of cognitive decline in older adults


		3.3 Covariates and their relationships with cognitive decline in older adults with and without multimorbidity before and after PSM

		3.3.1 Comparison of the characteristics of older adults before and after PSM


		3.3.2 Cognitive decline in older adults with and without multimorbidity after PSM


		3.3.3 Multivariate logistic regression analysis of cognitive decline in older adults


		3.3.4 Comparison of differences in dose–response relationships between age and the risk of cognitive decline in older adults with and without multimorbidity







		3.4 Patients with multimorbidity and older adults with one chronic disease before and after PSM and their cognitive decline







		4 Discussion

		4.1 Increased incidence of cognitive decline in older adults


		4.2 Multimorbidity as a risk factor for developing cognitive decline in older adults


		4.3 Factors influencing cognitive decline in older adults







		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Risk factors for cognitive dysfunction amongst patients with cardiovascular diseases

		1 Introduction


		2 Methods

		2.1 Study population and design


		2.2 Applied questionnaires


		2.3 Statistical analyses

		2.3.1 Internal consistency


		2.3.2 Descriptive statistics


		2.3.3 Correlation analysis of cognitive dysfunction and depression


		2.3.4 Independence analysis


		2.3.5 Hypotheses












		3 Results

		3.1 Study sample characteristics


		3.2 Results of cognitive assessment

		3.2.1 Cognitive dysfunction and depression


		3.2.2 Association analysis result












		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Abbreviations


		References







		The effect of juggling on the proprioceptive and attentional abilities among older women

		1 Introduction


		2 Materials and methods

		2.1 Participants


		2.2 Experimental design and intervention

		2.2.1 Ipsilateral and contralateral position matching


		2.2.2 Reaction time and attention







		2.3 Statistical analysis and sample size







		3 Results

		3.1 Carryover effect analysis


		3.2 Joint position matching


		3.3 Cognitive abilities


		3.4 Correlation coefficient







		4 Discussion

		4.1 Joint position matching


		4.2 Cognitive abilities


		4.3 Correlation results


		4.4 Limitations


		4.5 Strengths







		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Educational attainment, brain cortical structure, and sarcopenia: a Mendelian randomization study

		Introduction


		Methods

		Data sources


		Selection of instrumental variables


		Mendelian randomization analysis







		Results

		The causal relationship between EA and sarcopenia-associated traits


		The effects of EA on brain cortical structure


		The effects of brain cortical structure on sarcopenia-associated traits







		Mediation analysis


		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Abbreviations


		References







		Dual group-based trajectories of physical activity and cognitive function in aged over 55: a nationally representative cohort study

		1 Introduction


		2 Methods

		2.1 Background of the study


		2.2 Study population


		2.3 Assessment of physical activity


		2.4 Assessment of cognition


		2.5 Covariates







		3 Statistical analysis

		3.1 Stratified analysis


		3.2 Sensitivity analysis







		4 Results

		4.1 Sample characteristics


		4.2 Cognitive and physical activity trajectory group characteristics


		4.3 Association of physical activity and cognition trajectories


		4.4 Non-response analyses


		4.5 Sensitivity analysis







		5 Discussion


		6 Conclusions and implications


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Correlation between the APOE ε4 genotype, lifestyle habits, and cognitive deficits in Chinese adults over 60: a cross-sectional analysis in China

		1 Introduction


		2 Methods

		2.1 Clinical assessment


		2.2 Neuropsychological tests

		2.2.1 Montreal cognitive assessment (MoCA)







		2.3 APOE genotyping


		2.4 Lifestyle assessment







		3 Statistical analysis


		4 Results

		4.1 Characteristics of the participants


		4.2 Relationship between single lifestyle factors and cognitive impairment


		4.3 Association between APOE ε4 genotypes and lifestyles and cognitive impairment







		5 Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		References







		Current status and risk determinants of locomotive syndrome in geriatric cancer survivors in China—a single-center cross-sectional survey

		1 Introduction


		2 Materials and methods

		2.1 Subjects


		2.2 Measurements


		2.3 Sample size


		2.4 Data collection


		2.5 Statistical methods







		3 Results

		3.1 General information of Chinese geriatric cancer survivors, the occurrence and severity of LS


		3.2 Univariate analysis of LS in Chinese geriatric cancer survivors


		3.3 Multivariate analysis of LS in Chinese geriatric cancer survivors







		4 Discussion

		4.1 The occurrence rate of LS in Chinese geriatric cancer survivors is high


		4.2 Analysis of the risk determinants of the occurrence of LS in geriatric cancer survivors


		4.3 Type of former occupation, PAL are risk determinants for LS in geriatric cancer survivors


		4.4 Survivors with tumor metastasis and recurrence are more likely to develop LS







		5 Conclusion


		6 Limitations


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		The power of creatine plus resistance training for healthy aging: enhancing physical vitality and cognitive function

		Introduction

		Creatine is a conditionally essential nutrient for lifelong vitality


		Resistance training offsets sarcopenia







		The benefits of creatine supplementation plus resistance training in older adults


		Author contributions


		Funding


		Acknowledgments


		Publisher’s note


		References







		Prevalence of falls and associations with family functioning among community-dwelling older adults in Guangzhou, China

		Introduction


		Methods

		Study design and sampling


		Instruments


		Socio-demographic characteristics


		Health and lifestyle factors


		Assessment of family functioning


		Assessment of falls


		Ethics statement


		Statistical analyses







		Results


		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		References







		The examination of physical function and cognitive outcomes in middle-to-older high-risk adults: an unsupervised clustering method

		Introduction


		Methods

		Study design and setting


		Participants


		Physical function index, sociodemographic, and anthropometric measures

		Demographics and anthropometric assessments


		Alzheimer’s disease risk


		Six-minute walking distance test (6MWDT)


		Hand-grip strength


		Lower-body muscular power


		10-meter dual-task


		4-meter dual-task walk







		Cognitive measures

		Image pairs


		Symbol Match


		Arrow Match


		Item Price


		Path Points


		Light Reaction


		Repeatable battery for neuropsychological status (RBANS)







		Covariates


		Statistical analysis

		Sample size and power calculation












		Results

		Demographic information


		Physical function index clusters


		Cognitive outcomes

		RBANS


		Digital cognitive battery












		Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References


















OPS/images/fpubh-12-1293023/fpubh-12-1293023-g001.jpg
KLoSA
15t wave participants
n=10,254

N

Under 65 aged
n= 6,090

n=4,164

Determination of non-disability
by a medical doctor
n=33821

Did not measure K-MMSE
n=28

n=315
(analytical sample)






OPS/images/fpubh-12-1293023/fpubh-12-1293023-g002.jpg
K-MMSE (score)

Pearson, = 448, p <0.001

[T ET)

) 0w ET) ET)

Grip strength (kg)

Cc

g
g
Z " .
E $
g o |
| . Pearson,r= 378,p D001 | Pearsan, £ 194, = 071

Gripstrength (kg) Grip strengrh (kg)





OPS/images/fphys-16-1645677/fphys-16-1645677-g001.gif
Cognitive Impairment and Physical
Function in Older Adults

@ -






OPS/images/fpubh-12-1293023/crossmark.jpg
©

2

i

|





OPS/images/fpubh-12-1293023/fpubh-12-1293023-t003.jpg
AELELIES Male (n=182) male (n =133)

Normality Cognitive p-value Normality Cognitive p-value
(n=111) impairment (n =71) (n=40) impairment (n = 93)
The number of PA (times/week) 5314197 510223 0695 5894183 6272103 0523
PA time (min) 645143883 41762627 0017 522243383 65333137 0346
Grip strength (kg) 28334664 2424669 <0.001 1655405 15.66+457 0355
ADL (score) 029121 179£266 <0.001 018071 118214 0.004
TADL (score) 1084227 3636422 <0.001 0702156 3274365 <0.001

Mean £ SD. PA, physical activity; ADL, activities of daily living; IADL, instrumental acti

5 of daily living,





OPS/images/fpubh-12-1293023/fpubh-12-1293023-t004.jpg
Unadjusted Adjusted®

OR (95% ClI) p-value OR (95% ClI) p-value

Physical activity
Engaging in 150 min per week 1 1
Not engaging in 150 min per week 229(1.32-397) 0.003 208 (1.13-3.83) 0018

OR, odds ratio; CI, confidence intervals PA, physical activity.
‘Adjusted for sex (male and female), body mass index (<25 and > 25), smoke (smoker and non-smoker), and alcohol (drinkers and non-drinkers).





OPS/images/fpubh-12-1293023/fpubh-12-1293023-t001.jpg
AELELIES Male Female

Normality Cogpnitive impairment Normality Cogpnitive impairment
Crippled disorder 66 (59.46) 45(59.21) 33 (71.74) 60 (59.41)
Brain lesion 9(8.11) 10(13.16) 3(652) 9(891)
Visual disturbance 8(721) 9(11.84) 5(10.87) 11(1089)
Hearing defect 14(12.61) 5(6.57) 3(652) 13(12.87)
Dysphasia 1(090) 1032) 1217) 2(198)
Renal disorder 4(3.60) 10132) 1217) 3(297)
Cardiopathy 8(721) 2(263) 0.(000) 1(099)
Mental retardation 1(090) 3(3.95) 0(0.00) 2(198)
Total 111 (100) 76 (100) 46(100) 101 (100)

Case, n (%).





OPS/images/fpubh-12-1293023/fpubh-12-1293023-t002.jpg
\ELELIES Total (n = 315)
Male (n = 182) Female (n =133)

Normality Cognitive impairment Normality Cognitive impairment
(n=111) (n=71) (n=40) (n=93)

Body composition, (mean:+D)

Age (years) 70232446 73524620 69.18+352 7298+5.61
Height (cm) 167.3926.41 16469636 155.45£5.00 153914565
Weight (kg) 64.78+10.64 59.75£8.98 59.4547.12 55514£9.99
BMI (kg/m’) 2310£3.48 2104276 2634291 23384359

Cognitive scales, (mean + SD)
K-MMSE (score) 27124194 17.86+5.74 26434165 1580586
Health-related factors, (n (%))

Smoking, n (%) 72(64.86) 36 (50.70) 1(2.50) 5(5.38)
Alcohol, n (%) 79(71.17) 18 (25.35) 7(17.50) 13.(13.98)
Hypertension, n (%) 144(39.64) 28 (39.44) 21(5250) 16(5055)
Diabetes, n (%) 16 (14.41) 19(26.76) 10 (25.00) 18(19.35)
Cancer, n (%) 6(5.41) 2(282) 0(0.00) 0(0.00)
Lung, n (%) 12(10.81) 4(5.63) 0(0.00) 7(7.53)
Liver, n (%) 2(1.80) 0(0.00) 1250 0(0.00)
Cardiac, n (%) 12(10.81) 8(11.27) 2(5.00) 11(11.83)
Cerebrovascular, n (%) 13(11.71) 18 (25.35) 5(12:50) 11(1183)

BMI, body mass index; K-MMSE, Korean-Mini Mental State Examination.
ly





OPS/images/fphys-16-1645677/crossmark.jpg
©

|





OPS/images/fpubh-12-1330617/crossmark.jpg
©

2

i

|





OPS/images/fpubh-12-1330617/fpubh-12-1330617-e001.jpg
Y;i = ag + Ny + 0Ny +a3N3 + BiXi + (1)





OPS/images/fpubh-12-1330617/fpubh-12-1330617-g001.jpg
Total samples n=11419

301 excluded: No surviving children or missing values

11

Remaining samples n=11118

| 765 excluded: did you feel you have no one to be with

Remaining samples n=10353

| 344 excluded: did you feel neglected by others

Remaining samples n=10009

288 excluded: did you feel isolated from others

Remaining samples n=9721






OPS/images/fpubh-12-1330617/fpubh-12-1330617-g002.jpg
o — Low Inemetusge

5 RS-

low fnancial support high financial support

[EPP——

i high Itenetwsage

[P —

— e bigh Inemet g

PR > —

low emationsl support bigh emotional support





OPS/images/fpubh-12-1365589/fpubh-12-1365589-t003.jpg
Heterogeneity Effect size

12 (%) P 95% Cl
RT 0 0492 ~0.442 [-0.639, ~0.245] 439 0.000
Ml
Score 506 0.009 0331 0146, 0.516] 351 0.000
AD Score 629 0,000 023 0065, 0.394] 274 0,000

MCI, mild cognitive impairment; AD, Alzheimers disease; RT, reaction time; SMD, standardized mean difference; Cl, confidence interval.





OPS/images/fpubh-12-1365589/fpubh-12-1365589-t004.jpg
Moderator Subgroup
Intervention duration <60 min
60-89 min
290 min

Intervention period
<90days

90-179days

>180days

Low

Moderate

High

<2 sessions/week

3-4 sessions/week

Intervention times

5 sessions/week

RT, reaction time; SMD, standardized mean difference; CI, confidence interval. The bold values are stz

Type
Score
Score

RT
Score
RT
Score
RT
Score
RT
Score
RT
Score
Score
RT
Score
RT
Score
RT
Score
RT
Score

RT

SMD
~0.038
0242
0494
0.875
~034
0.365
—0.426
0226
~0362
0517
~0.682
0.081
0.455
~0.450
0.139
~0.403
0.591
—0.426
0213
~0362
0.191

~0.682

95%CI
[-0.334,0257]
[0.086,0.398]
[-0.752, ~0.236]
[0.146,0516]
[-0.671,-001]
[~0.192,0922]
[~1.037,0.184]
[0.026,0.427]
[~0.609, ~0.114]
[0.267,0.767]
[~1.099, ~0.266]
[-0.289, 0.45)
(0207, 0.703]
[-0.705, ~0.196]
[-0.294,0571]
[-0.832,0.025]
[0165,1.016]
[-1.037,0.184]
[0.042,0384]
[~0.609, ~0.114]
[~0.099,0.482)

[~1.099, ~0.266]

istically significant.

Z
025
304
375
326
202
129
137
221
286
405
321
043

36
347
0.63
184

272

244
286
129
321

19.05

135

410

338

463

0.02

24.56

626

444

0.04

135

0.002

0.000

0.001

0.044

0.199

0171

0.027

0.004

0.000

0.000

0.669

0.000

0.001

053

0.065

0.006

0171

0.015

0.004

0.197

0.001





OPS/images/fpubh-12-1365589/fpubh-12-1365589-t005.jpg
Mod:

tor Subgroup
Intervention duration <60min
60-89min
290min
Intervention period <90days
90-179days
>180days
Exercise intensity level Low
Moderate
High
Intervention sessions I session/week
2 sessions/week

3 sessions/week

SMD
0.148
0079
085
0.191
0552
0042
0065
031
0.167
0095
0293

0245

95% C
[~0.063,0.358]
[-0.034,0.191]

[0.008, 1.693]
[0.041,0.340]
[~0.188,1.291]
[~0.111,0.194]
[~0.138,0.268]
[0.067,0.554]
[-0.188,0521]
[~0.056,0245]
10.01,0.576]

[~0.082,0572]

SMD, standardized mean difference; CI, confidence interval. The bold values are statistically significant.

138

138

198

25

146

054

0.63

25

092

123

203

147

22

423

1476

387

35.07

062

0.88

3831

421

09

43.05

019

df

0.169

0.169

0.048

0.012

0.144

0592

0529

0.013

0356

0219

0.042

0141





OPS/images/fpubh-12-1365589/fpubh-12-1365589-t006.jpg
Treatment PrBest MeanRank
A (MCI-Score)

MBE 829 496 20
ME 698 193 28
RE 672 148 30
AE 575 35 36
FINGER 28 121 44
CON 190 00 59
ACUTE 109 07 63
B (MCI-RT)

RE 945 885 12
ME 58.1 90 23
AE 472 25 26
CON 03 00 40
C(AD)

AE 841 599 15
RE 740 354 18
ME 307 48 31
CcoN 12 00 37

The MeanRank indicates the ranking with the highest probability for the corresponding technique, and SUCRA shows the probability of the technique that rank highest for each outcome;
SUCRA, surface under the cumulative ranking curve; MCI, mild cognitive impairment; AD, Alzheimer's disease; MBE, mind-body exercises; ME, multicomponent exercises; RE, resistance

exercises; AE, aerobic exercises; FINGER, finger exercises; CON, control group; ACUTE, acute exercises.






OPS/images/fpubh-12-1365589/fpubh-12-1365589-t001.jpg
Reference

Country

Individual

characteristics

Intervention

Control

Intervention
characteristics

Measuring
tool

Outcomes
measurement

Older adults with MCI, n =13
Female=30 (69.8%)

type

type

I6wecks

Yoonetal. i7) | Korea Resistance exercise: DR.S 3 session/weck @20 Score
G age: 7382437 om
CGage: 74034427
Persons with eshaustion
disorder, =132
12weeks
Female=111 (84%) Acrobic exercise
Gavelinetal.(58) | Sweden NM 3 session/weck o Score
EG-a age: 43.89+9.21 Cognitive training S
min/session
EG-bage 44.15£8.60
CGage: 41884741
Multicomponent
Persons with MCL =229 training;
Swecks
HongKong, | Female=196 (65.6%) Acrobic exercise
Lietal. (39) NM 3 sessionsfweek ) Score
China EG age: 73932740 CGin=113 | Resistance exercise o
CGage: 74834757 Balance exer
Flexibility exercise:
Persons with exhaustion
disorder, =56 12weeks
Eskilsson et al.
by Sweden Female=52 (92%) Acrobic exercise cr 3 sessionweek o Score
EGage: 12004861 A0min/session
CGage: 41694788
Persons with MCI Lweeks
Dannhauser etal.  United Acrobic exercise
Female=28 (12%) NR NR 3 session/week. @00 Seore
@ Kingdom Cogitive raining
Age739%83 30-45 min/session
Persons with MCI, 1 =64
Devenney etal. Female=34 (53.2%) Acute high-intensity 12weeks
Ireland NR ® Score
@) EGage: 717453 Acrobic exercise 0min/session
CGage: 690272
Persons with MCI, =22
12weeks
Female=16 (73%)
Hongetal. (13 Korea Resistance exercise DR 2 sessionsiveek o Score
Healthy persons, =25
Omin/session
Age:75532448
CGNG:
Acrobic exercise
Older adults with MCI,
Musdle strength
n=100 6months
EGin=50  training
Sumkietal. 20) | Japan Female=49 (49%) cr 2sessionsieek ® Score
CGin=50 | Postural balance
EGage: 7484747 . 0min/session
age 758261 N
Dual-task training
Frail older adults with MC,
Gwecks
The Hand/face exercises
Scherder etal. (44) NM 3 sessionsieek ) Score
Netherlands | EG-a age: 84638 Acrobic exercise
0min/session
EGbage: 894240
CGage: 862505
‘Women with subjective G
memory, i =86
Nagamatsu et al. Resistance exercise | Balance and 6months
Canada EG-aage: 739434 0 Seore
3) Acrobic exercise tone 2 sessionsiveek
EGbage: 756236
CGage: 751236
Acrobic exercise
PA promation
Female=18 (69%) Behavior L2weeks
Jeongetal (16)  Korea EGage: 70234747 modification DR 2 sessions/veek ® Seore
CGage: 71774553 Cogitive 0min/session
Exercise multi-task
programs
Older adults with amnestic
MCLn=31 Acrobic exercises, L2weeks
Physical
Avenalietal. (17) | laly Female=26 (81%) coordination . 2 sessionsiveek ® Score
hera
EG age: 72.8825.60 exercises, il 0min/session
CGage: 77294516
Acrobic exercise
Older adults with MCI n =50
Muscle strength 12months
Female=23 (46%) EGin=25
Sumkietal. (49)  Japan training cr 2 sessionsfveek 0@ Seore
EGage 753475
it Postural balance 0min/session
il retraining
Older adults with nor
dementia cognitve
impairment afier stroke, 3months
Resistance training :
Yangetal. (19)  China n cnw A sessionsiveek ® Score
! Acrobic training
Female=39 (43%) 20min/session
EGage: 746255
CGage 734258
Older adults with MCI, n =94 6months
Wangand Sheng i
China NR Tai Chi cr A sessionsfveek ® Seore
0
AgeTA43 A0min/session
Persons with mild dementia,
Working memory.
training
o Gweeks
Hong Kong, Physical exercise
Lametal. (51) EG-aage: 798264 cr 2 sessionsfveek o Seore
China Combined working
EG-bage: 80362 45 min/session
. memory and physical
EG-cage: 80.7470
exercise
CGage: 808263
Resistance-type
Frail and pre-frail oder adults, i
exercise raining in
van de Restetal.  The n=127 Resistance- 2aweeks
combination with ) Score
<2 Netherlands | Female=102 (80.3%) . type exercise 2 sessionsiveek
rotein
Agei26syears "
supplementation
Older adults with SMC,
n=a1s
26wecks
Female=195 (47%) Acrobic exercise N ek
sessionsfvecl
Makinoetal.(53) | Japan EG-AT age: 7225 £456 Resisance exercise NR om ) Score
EGRTage: 72334477 Combined exercise y
(atotal of 52 sessions)
EG-CT age: 7261 £452
CGage: 7210461
Older adults with mild
16weeks
Bamesetal.(34)  United States “Treadmill training NM 2sessionsieek 0@000  Score
EG age: 64-81.2 30min/session
CGage: 747-822
Persons with mild AD, n =200
Moderate-to-high Toweeks
Hoffmann et al,
Denmark intensity acrobic NM 3 sessionsfweek ® Seore
) EGage: 698274
exercise 0min/session
CGage 713273
Persons with dementia,
wecks
The 109 Acrobic and strength
Bossers etal (56) CTNM 2sessionsiveek ® Score
Netherlands  Female=82 (75%) training o
- min/session
Persons with MCI,
Female=67 (60.9%)
N Hong Kong, Mahjong ) 12weeks
Chengetal. (57) EG-m age: 819462 cr o Score
China Tai Chi 3 sessionsfweek
EG-tage:818+7.4
CGage: 809272
Older adults with AD
dementia,n =96 6months
Yuetal.(58) United States  Female=43 (45%) Cyding 3 sessions/wveek ® Score
EGage: 774466 20-50min session
e 775271
Older adults with mild
) 1omonths
Huangetal.(59)  China =0 o NM 3 sesions/veek ® Seore
® CGen=0
EG age: 819+ 60 20min/session
CGage:81946.1
Persons who reported
‘memory problems but did not
meet
Lautenschlager 3 sessionsiweek
Australia criteria for dementia, n =170 Acrobic exercise NM ® Score
etal. (50) Somin/session
Female=86 (50.5%)
EG age: 686+ 87
CGage: 687 85
Older adults with cognitve
Female=47 (62.6%)
Cavalante et al. complaints, n =67 12wecks
Brazil Resistance exercise cr ® Score
[ EG-aage:71(6) 3 sessionslwveek
EG-bage: 71 (6)
CGage71 (4)
Persons with dementia and
Hexibilty
their . 3months
kel )| family caregivers,n =111 Stengihenlog NM 3 sessions/veek e Seore
Netherlands Aaiaiby Balance :
Female=41 (36.9%) 30min/session
Endurance
Minimum age of 55 years
Persons with dementia,n =91 Acrobic sessions cns 2Hwecks 0000®  Score
‘The Female=13 (62.3%) Lowerlimb strength 3 sessionsiweek
Sanders etal. (63)
Netherlands | EG age: 817 (7.16) exercises 30min/session
CGage:821 (751)
Pedrosoetal. (64) | Brail Older adults with diagnosis of Acrobic endurance Ny 1uwecks =) Score
AD,n=57 Hexibilty 3 sessionslwveek
Female=44 (77.1%) Muscular reistance omin/session
EGaage 776462 Balance
EGbage: 780 +56 CGen=14
CGage 792456
Stemetal (65) | Brasil Persons with AD, n =34 Acrobic training DR L2weeks ® Seore
Female=19 (56%) 3 sessonsfveek
EGage: 75274609 0min/session
CGage: 75062636
Liaoetal. (o) Taiwan, China | Frail older adults, n =46 Kinect based Combined 12weeks o RT
Female=31 (67.3%) exergaming physical 3 sessionsiweek
EG age:79.6 (00) exercise 0min/session
CGage: 838 5.1)
Lawetal (1) Australia Older adults with MCL 1 =83 | EGin=43 | ECTSim program cr 13 sessions n 10 ® I
Female=50 (60.2%) CGin=10 weeks
EG age: 60-85/73.68 (68)
CG age: 60-88/74.1 (7.6)
Thaiyantoetal.  Thailand Older women with MCI, EGin=20  Aerobic exercise DR L2weeks ® RT
) n=10 CGin=20 | Resistance exercise 3 sessionsfveek
age: 67,6238 Balance exercise 0min/session
CGage: 68134265
Lawetal () Australia Olderadults with MCl,n =59 | EG-a: | Cognitive training DR Swecks ® RT
Female=35 (50.7%) 5| Acrobiceercise 12 sessions
EG-agge: 2-86/7693(679) | EG-b: more than 40min
EGbage: 68-88/77.94(611) | n=16
EGcage: 64-857157(7.43) | EGec
CG age: 60-89/75.14 (853) 4
CGin=14

MCI, mild cognitive impairment; AD, Alzheimers disease; NR, Not reported; EG-a: Experimental group a; EG-b, Experimental group b; EG-c, Experimental group ; CG-a, Control group a;

CG-b, Control group b, RCT, randomized controlled trial; NM, No movement; CT, Cognitive training; DR, Daily routine; S, Stretching; R, Reading; PC, Passive cycling, W, Walk; ©
backward; ® digits span forward; @ N-back; ® DS: Digts span; ® Stroop; ® TMT; @Stroop color and word test; ® Wechsler memory scale; © Visual-spatial working memory; ® Reaction time
for spatial memory by a computerized task; ® Accuracy for spatial memory by a computerized task; @ Logical memory subtest of the Wechsler memory scale-revised; ® Memory composite;
@ ADAS-Cog; ® 8 words test; @ Visual memory span backward; ® Clock drawing test; @ Visual memory span forward.
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Item Item  Sum (Items

Articles Item1 Iltem2 Item3 Item4 Item5 Item6 Item7 Item8 Item9

10 11 2-11)
Saore
Yoon etal. (33) 1 1 0 1 0 0 0 1 1 ' 1 6
Gavelinetal. (34) 1 1 0 1 0 0 0 ! ! ! 1 6
Lietal. (35) 1 1 0 1 0 0 1 1 1 1 1 7
Eskilsson etal. (36) 1 1 0 1 0 0 0 1 1 ' 1 6
Dannhauser etal. (37) 1 1 0 1 0 0 0 0 1 ' 1 s
Devenney etal. (35) ' 1 0 1 0 0 0 ! ! ! I 6
Hongetal. () 1 1 0 1 0 0 0 1 1 1 1 6
Suzuki etal. (23) 1 1 0 1 0 0 1 1 1 ' 1 7
Scherder etal. (10) 1 1 0 1 0 0 1 1 1 ' 1 7
Nagamatsu (41) 1 1 I 1 0 0 ' ! 1 1 I 8
Jeongetal. (42), Sandersetal.55) 1 1 0 1 0 0 0 1 1 1 1 6
Avenalietal. (13) 1 1 1 1 0 0 1 1 1 ' 1 s
Suzuki etal. (24) 1 1 0 1 0 0 0 1 1 ' 1 6
Yangetal. (44) 1 0 0 1 0 0 0 I 1 ! 1 s
Wangand Sheng (15) 1 1 0 1 0 0 0 1 1 1 1 6
Lametal (46) 1 1 0 1 0 0 0 1 1 ' 1 6
van de Rest etal. (47) 1 1 0 1 1 1 0 1 1 ' 1 8
Makino etal. (46) 1 ' I 1 0 0 1 1 1 1 1 8
Bamesetal. (49) 1 1 0 1 0 0 1 1 I 1 1 6
Hoffmann et al.(50) 1 1 0 1 1 1 1 1 1 ' 1 9
Bossersetal. (51) 1 1 0 1 0 0 0 1 1 ' 1 6
Chengetal. (52) 1 ' 0 1 0 0 0 I 1 1 I 6
Yuetal. (53) 1 1 0 1 0 0 0 1 I 1 1 6
Huangetal. (50) 1 1 0 1 0 0 1 1 1 ' 1 7
Lautenschlager et al. (55) 1 1 1 1 0 0 1 1 1 ' 1 s
Cavalcante etal. (56) 1 1 0 1 1 0 1 1 1 1 1 8
pricketal. 7) 1 1 1 1 0 1 0 1 ! ! 1 8
Sanders etal. (56) 1 0 0 1 0 0 0 1 I 1 1 s
Pedroso etal. (59) 1 1 0 1 0 0 1 1 1 ! 1 3
Stein etal. (60) 1 1 0 1 0 0 0 1 1 ' 1 6
Mean (Score) 66
Reaction time (RT)
Lo etal. (61) 1 1 0 1 0 0 1 1 1 1 1 7
Lawetal. (62) 1 1 1 1 0 0 1 1 1 ' 1 6
“Thaiyanto etal. (6) ' 1 0 1 0 0 ' 1 1 1 1 7
Lawetal. (64) 1 1 o 1 0 0 1 1 I ! 1 7
Mean (RT) 675

tem 1 eligibilit criterias Item 2 randomization; Item 3: concealed allocations ltem 4:similar baselines Item 5 blinding of subjects Item 6 blinding of therapists; tem 7: blinding of assessors;
Item 8: more than 85% retention; Item 9: intent-to-treat analysis; Item 10: between-group comparison; Item 11: point measures and measures of variability.
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Variable

Financial support

Caregiving support

Emotional support

Financial support x Internet usage

Caregiving support x Internet usage
Emotional support x Internet usage

Financial support x intergenerational distance
Caregiving support x intergenerational distance
Emotional support x intergenerational distance
Control variable

“£2p<0.001, **p<0.01, *p<0.05.

(1)

~0.050%* (0.009)
~0.066++* (0.013)

~0.100%5* (0.024)

Controlled

(1)

~0.050%** (0.009)
~0.072%*# (0.013)

~0.130%** (0.025)

—0.024(0.020)
0.137%** (0.032)

—0.148* (0.070)

Controlled

an
~0.059%** (0.009)
—0.080%** (0.013)

—0.118%+* (0.024)

0022 (0.013)
0.070*** (0.020)
0.074%(0.034)

Controlled
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(1

Variable Young old Oldest old Village Urban Having spouse No spouse
residence residence

Financial ~0.055**%(0.011) ~0050%**(0.018) ~0.050*%(0.014) ~0045%#%(0.012) 0.055°#(0.011) ~0.033(0.018)

support

Caregiving ~0.058*#%(0.016) ~0.087%++(0.026) ~0.070+%(0.019) ~0.058** (0.029) ~0042+%(0.016) ~0.122%+%(0.025)

support

Emotional ~0.1124%%(0.030) ~00725#(0.041) ~0.131%%(0.034) —0.077+4(0.029) ~0.096*+%(0.029) ~0.098*(0.026)

support

Control variable Controlled

Constant 4472444(0.186) 4,638°4(0.262) 5.037%44(0.207) 3.639%%+(0.246) 4.624%%4(0.172) 4.680%+%(0.407)

Observed 6804 2017 5470 4251 63811 2910

Adjustment of R* 0030 0022 0028 0037 0026 0.021

#+%p<0.001, *p<0.01, *p<0.05; Standard errors in parentheses.
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Variable ated value Standard error Wald value p value
Financial support ~0044 0012 14530 0.000%++
Caregiving support ~00%6 0017 4503 0034+
Emotional support ~o117 0032 13126 0000+
Control variable Controlled

Fit significance 0.000

“£2p<0.001, **p<0.01, *p<0.05.
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Variable Pre/post Process Control Standard Deviation T value p value

match group group deviation reduction
Educational level Prematch 312 271 305 98.3 15.02 0.00
After matching 312 311 05 025 0.80
Marital status Prematch 127 134 =139 88.7 —6.86 0.00
After matching. 127 127 16 0.79 043
Census register Prematch 164 143 356 99.9 1751 0.00
After matching. 1.64 164 0.1 0.03 098
Self-rated health Prematch 2.66 268 =20 =36 =097 033
After matching 2.66 264 20 101 031
Hypertension status Prematch 0.36 033 54 95.0 268 0.01
After matching. 0.36 036 03 013 0.90
Pension situation Prematch 0.39 0.46 =133 97.4 -6.54 0.00
After matching 0.39 039 03 017 0.87

Standard deviation, Deviation reduction presented in percentage.
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Variable Estimated coefficient of ATT Standard deviati T value
Financial support ~0.54%% 012 -452
Caregiving support ~0.59%+ 012 -5.13
Emotional support —0.43%% 022 -197

#4p<0.001, *p<0.01, p<0.05.
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Variable name SD
Explanatory variable Loneliness Based on the Hughes Scale, each item is scored on a scale of 1-3 450 159
S Cash equivalent of goods given to the older adultin the last 12months, 1-9 - -
points
Explained variable Frequency of helping older adult of house-hold chores in the last 12months, 1-5
Caregiving support X 273 123
points
Emotional support Frequency of meetings the older adult in the last 12months, 1-5 points 289 066
Gender Male=1 Female=0 049 051
Marital status Having spouse=1 No spouse=0 070 046
Educational level From illteracy to bachelor degree and above on a scale of 1-7 291 136
Control variable Census register Agricultural household = 1 Non-agricultural household =0 056 050
Income Natural logarithim of personal income for the past 12months 840 137
Pension situation Yes=1No=0 042 049
Self-Rated Health Very healthy to very unhealthy on a scale of 1-5 267 091
Internet usage Yes=1No=0 034 048

Moderator variable
Residential distance Living together =1 Near=2 Far=3 199 067
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Variable [0

nancial support ~0.059%+(0.009)
Caregiving support ~0.070%** (0.013)
Emotional support ~0.108%** (0.024)
Gender
Marital status

Educational level
Census register
Income

Pension situation
Self-rated health

Hypertension status

Constant 5.248%%* (0.083)
Observed 9,721
Adjustment of R* 0011

#52p<0.001, **p<0.01, *p<0.05; standard errors in parentheses.

(11)
—~0.047%*% (0.009)
~0.069%** (0.013)
~0.099%+* (0.024)

0,039 (0.033)
—0.258*** (0.036)

—0.0674+* (0.013)

5.520%%* (0.089)
9721

0021

(1))
~0.049%%% (0.009)
~0.069%* (0.014)
~0.098%%* (0.024)
0,044 (0.033)
—0.256*** (0.036)
—0.067*** (0.013)
0.074 (0.040)
~0.009 (0.013)
0.068* (0.036)

5.614%%* (0.142)
9,721
0022

(Iv)
~0.049%* (0.009)
~0.067%** (0.014)
~0.101%+% (0.024)
0,048 (0.033)
~0.224%+%(0.034)
~0.056***(0.013)
0.071 (0.039)
~0.007 (0.013)
0075 (0.036)
~0.170%** (0.018)
0.024 (0.034)
5.075%%* (0.150)
9721

0031
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non-MCl group (n=22) Mean +SD MCI group (n=33) p-value

Mean +SD Min-Max Min-Max
Physical characteristics
Age (years) 73546 65.0-83.0 793+52 69.0-89.0
Stature (m) 156+ 0.07 143-1.72 154=006 1.42-168
Body mass (kg) 5519294 360-83.2 542:72 43.0-720

Cognitive fun
MoCA-] (points) before intervention 272+12 26.0-30.0 222+30 14.0-25.0
After 1-month intervention 25621 K X 22333 15.0-27.0
TMT-A (seconds) 403+ 142 X X 510255 26.0-126.0
TMT-B (seconds) 91.0 £37.0 51.0-224.0 150.7 + 59.4 71.0-300.0

Mental health
K6 (points) 33%34 00-11.0 3840 00-150
SUBI health score (points) 39.1%57 28.0-51.0 412270 24.0-55.0
SUBI fatigue score (points) 51.6%56 39.0-62.0 51360 38.0-62.0

Physical function
COPx (m) 0.185 + 0.045 . 0.157 +0.052 0.078-0.259
‘COPy (m) 0.091 £ 0.034 0.033-0.164 0.092 £ 0.039 0.039-0.171
Acceleration (G) 7.015 £ 2.059 3.325-11.000 6.969 * 2.209 3.226-10.697

SD, standard deviation; Min, minimurm; Max, maximur; MoCA-J, Japanese version of the Montreal cognitive assessment; TMT-A/B, the trail making test part A and part B;
K6, Japanese version of the Kessler psychological distress scale; SUBI, the subjective well-being inventory; COPx, the orbital length toward the darts target; COPy, the
orbital length toward both sides of the body.

The p-values were determined using Student's t-test.
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Odds ratio

95% Cl

p-value

Physical characteristics

Age (years) 0983 0.766-1.262 0.889
Stature (m) 0000 0.000-1.45 x 10 0224
Body mass (kg) 1.043 0.905-1.202 0.562
Cognitive function®

TMT-A (seconds) 0923 0817-1.042 0.195
TMT-B (seconds) 1008 0985-1.031 0.521
Mental health®

K6 (points) 1090 0836-1.420 0.526
SUBL health score (points) 1077 0847-1370 0.544
SUBI: fatigue score (points) 0898 0.696-1.157 0.404
Physical function®

COPx (m) 0942 0.881-1.008 0.084
COPy (m) 1034 0967-1.106 0328
Acceleration (G) 2432 0646-9.146 0.189

Cl, confidence interval.
o R —
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Physical characteristics

Odds ratio

95% Cl

p-value

Age (years)

1.130-2.134

Stature (m)

0.000-3.07 x 107

Body mass (kg)

0.877-1224

Cognitive function®

TMT-A (seconds)

0919-1.030

TMT-B (seconds)

0.994-1.049

Mental health®

K6 (points)

0.687-1.190

SUBL: health score (points)

0954-1290

SUBI: fatigue score (points)

0.808-1.107

Physical function®

COPx (m)

0954-1.006

COPy (m)

0974-1.035

Acceleration (G)

0.867-3.182

Cl, confidence interval.
e —
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MCI-Score

CON.

0,19 (:0.63,1.00)

034 (0.00,0.68)

0.43 0.07,0.78)

0.45 (0.04,0.85)

0.61(0.07,1.14)

0.25 (:0.47,0.98)

-0.19 (-1.00,0.63)

Fnger

0.15 (-0.66,0.97)

024 (-0.64,1.12)

0.26 (:0.64,1.15)

0.42 (0.53, 1.36)

0.4 (0.65,1.53)

-0.34 (:0.68,-0.00)

015 (:097,0.66)

AE

008 (:038,0.54)

010 (-038,0.58)

026 (-0.26,0.79)

059 (-021,1.40)

024 (-1.12,0.64)

008 (:0.54,0.38)

RE

0.02(-051,0.55)

0.18 (-0.44,0.80)

068 (:0.13,1.48)

0.26 (-1.15,0.64)

0,10 (0.58,0.38)

0,02 (0.55,0.51)

ME

0.16 (0.48,0.80)

0.70 (0.13,1.53)

061 (-1.14,-0.

-0.42 (-1.36,0.53)

-0.26 (0.79,0.26)

0.18 (-0.80,0.44)

-0.16 (-0.80,0.48)

MBE

-0.86 (-0.04,1.76)

025 (-0.98,047)

044 (-153,0.65)

059 (-140,021)

068 (-148,0.13)

RT-MCI

[cON 1207 (14.62,:9.52) 14.60 (-22.94,,6.25)|-36.91 (-64.53,9.29)
12.07 (9.52,14.62) |ME 253 (-11.25,6.20) |-24.84 (-52.58,2.90)
14.60 (6.25,22.94) 253 (620,1125) |MBE 2232 (50.78.6.15)

136.91 (9.29,64.53)

2484 (:2.90,52.58)

2232 (-6.15,50.78)

RE

AD-Score

[CON 0.08 (024,041) (032 (0.02,0.61) (039 (0.06,0.71)
-0.08 (0.41,024) _|ME 024(:0.200.67) _[0.30 (-0.15,0.76)
032 (0.61,002) | 024 (067,020) |RE 007 (031,045)

-0.32 (-0.61,-0.02)

030 (-0.76,0.15)

-0.07 (-0.45,0.31)

AE

070 (-153,0.13)

086 (-176,0.04)

Acute
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Parameters Age Men Women Sex effect Age effect Sex X age

CMJ Height (cm) 260 <70 14.09 + 6.7 1232 £ 256 0025 <0.001# | 0218
270 <80 12.94 + 3.65++ 901 + 4314+
280 7.72 £ 4144+ 7.09 £ 398+
CMJ CT (ms) 260 <70 221.8 + 1408™ 210 + 2£108.4** 0237 0041 0756
270 <80 236.0 £ 102.3* 196.0 £ 83.7°
280 1536 + 87.7 1228 + 89.7
CMJ (Wrkg) 260 <70 1061 529+ 7.94 + 356+ 0036 <0.001# 0503
270 <80 856 + 436++ 603 £ 2.64++
280 470 + 240 466 + 215
HG Right (kg) 260 <70 3298 £ 12.48 20.65 £ 8.65 <0.001## 0.106 0.849
270 <80 29.85 % 11.31 22.69 £ 10.55
280 26.10 £ 9.07 2053 £ 8.86
HG left (kg) 260 <70 3143 £ 1143 1870 + 8.83 <0.001## 0176 0440
270 <80 29.77 £ 9.65 14.46 + 6.83
280 27.70 £ 6.76 1831 % 240
VE (L/min) | 260 <70 6491 £ 22,61 40.56 + 13.52 <0.001# <0.001## 0.106
270 <80 47.80 £ 16764+ 3298 & 14.53++
280 35.03 £ 13.88++ 30.08 + 16.92++
VO2peak (mL/kg/min) 260 <70 2430 + 1117 23.46 £ 10.15 0762 0.005 0479
270 <80 2219 £ 530+ 18.87 + 8.02+
280 14.05 % 10144+ 1644 + 8,514+

+p < 0.05; ++p < 0.01; differences 260 < 70; *p < 0.05; **p < 0.01 differences vs. 280; < 0.05; < 0.01 differences vs. 70 < 80; #:
jump; CT: contact time; HG: hand grip; VE: expired volume; VO, peak oxygen uptake.

oderate effect size; ##: large effect size; CMJ: countermovement
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rameters Age Men Women Sex effect Age effect Sex X age

TUG (s) 260 <70 643 £ 1.72 671 £ 099 0942 <0.001% 0880
270 <80 7.14 £ 155 721 +204
>80 9.09 £ 256 8.83 + 367
Speed gait (m/s) 260 <70 L12 £ 0.37% 119 £ 024 0978 0.001# 0223
270 <80 118 £ 0.33* [ 107 £ 034 |
>80 [ 078 £ 0.03 082 + 034
Chair Stand (s) 260 <70 7.50 + 3.43* 867 + 268" 0218 0132 0323
270 <80 874 + 445 831 +390%
280 928 + 504 1163 £ 6.11
Side-by Side Stand (point) 260 <70 1.00 £ 0.00 1.00 £ 0.00 1.000 1.000 1.000
270 <80 1.00 £ 0.00 1.00 % 0.00
>80 1.00 £ 0.00 1.00 % 0.00
Semi tandem stand (point) 260 <70 1.00 £ 0.00 1.00 £ 0.00 0057 0038 0.006#
270 <80 [ 1.00 £ 0.00 095 + 020
=80 0.80 + 0.44 1.00 £ 0.00
Tandem stand (point) 260 <70 1.85 + 048 1.90 £ 029 0.069 0.195 0.048#
270 < 80 1.86 + 042 1.81 039
280 140 £ 0.89 192 £ 027
SPPB Chair Stand (point) 260 <70 380 + 052 376 +052* 0548 0.002¢ 0.880
270 <80 [ 372 £ 0.65* [ 370 +0.58"
=80 320+ 083 3.00 £ 115
SPPB Gait time (point) 260 <70 390 + 030 390 +029% 0813 <0.001% | 0854
270 <80 375 £ 060 370 £ 045
>80 320 £ 044 330 £ 085
SPPB Total (point) 260 <70 1155 + 0.99** 1158 £ 0.79% 0451 <0.001## 0.048
270 <80 1133 + 1.04% 1118 + 0.98*
>80 9.60 £ 151 [ 10.23 £ 2.00

o5 U o DT i arences i SA0: I inodocate aiiect e W Lt aliect sor: TUG: tied ip ind i SPPE: shioot sl pochorimico batieey,
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(Soreening ] ((1dentification]

((Eigibitity )

Records identified through Additional records identified
—>

‘Records after duplicates removed
(n=7,245)

database searching through other sources

(0=18,601) (0=5,282)

((included )

{

Records screened

260)

E—— N |

Full-text articles assessed for cligibility

Records excluded (n=2.264), with reasons
Reviews: 582
Meta-analysis: 259
Conference abstract: 34
non-English: 428
Title and abstract: 274
Non-RCT: 169
No full-text: 315
Comparison with agent not of interest: 5§
sample<10: 145

(0=996)

Studied included in qualitative synthesis
(n=310)

Full-text articles excluded(@=686), with
reasons:
Inadequate data: 226
Non-healthy subjects: 159
Not appropriate measuring tools: 137

Studied included in qualitative synthesis
(meta-analysis)

(=34
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arametel

Height (m)

Weight (kg)

BMI

Fat mass (%)

Fat free mass (%)

*p < 0.05; *p < 0.01 differences vs. 280; # moderate effect

Age Men Women Sex effect
260 <70 171 £ 007 157 £ 0.06* <0001##
70 <80 169 £ 007 152 £ 005*

280 154 £ 003 151 + 008
260 <70 8224 +7.51 67.38 + 12.86 <0.001#
270 <80 79.33 £ 12.00 6645 £ 1152

>80 7480 £9.33 6332 £7.89
260 <70 2828 +3.20 2720 £5.15 0.302
270 <80 2772 + 3.44 2841 + 4.06

280 3127 £ 247 27.84 £ 5.08
260 <70 23.88 £ 5.94° 066795 | 0017
270 <80 2578 +4.83 33.65 £ 749

280 3495 £7.14 3490 £822
260 <70 75.46 £ 674° 68.67 £ 7.66% 0.007
270 <80 7374 £5.12 65.36 £ 5.56

>80 6405 £7.14 6479 + 8.50

ize; ##: large effect

e BAE By viass indie.

Age effect

<0.001#

0409

0589

0018

0.013#

0.037

0.876

0.334

0.378

0.288
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Variable
MClI

Age
Education
BMI

Tea drinker
Sleep too lttle
Eat fruit

Eat ginger
Surfing the internet
Hypertension
Depression
Dementia
Age
Education
BMI

Tea drinker
Eat fruit

Eat ginger
Sleep too lttle
Hypertension
Depression

Surfing the Internet

0.016

~0.102

0.010

-0325

0211

-0363

-0.133

~0.15

0.030

~0250

0.053

-0.120

~0010

~0.682

-1175

0378

0.960

—0.023

2003

0932

0.008

0.017

0.016

0128

0.140

0234

0138

0233

0133

0433

0.018

0.035

0.047

0.308

0392

0.358

0.280

0.383

0514

0955

Wald

4652

37.809

0.401

6428

2286

2399

0927

0.246

0.050

0334

8194

11839

0.042

4899

8.992

L114

11745

0.004

15183

0953

0.031*
<0.001*
0527
0110
0131
0121
0336
0620
0823
0.564

0.004*
0.001*
0.837
0.027%
0.003*
0291
0.001%
0952
<0.001*
0329

OR

1016
0.903
1010
0722
1235
0.696
0876
0.891
1030

0779

1054
0.887
0.990
0.506
0309
1460
2612
0977
7.410

2540

0.978-1.044

0.562-0.929

0.939-1.623

0.440-1.101

0.669-

147

0.565-1.406

0.793-1338

0.334-1.819

0.828-0.950

0.903-1.086

0.277-0925

0.143-0.666

0.723-2.946

1,508-4.522

0.462-2.068

2.706-20.291

0391-16.493





OPS/images/fpubh-12-1417499/fpubh-12-1417499-t003.jpg
Variable
MCI
Education
BMI

Age

Tea drinker
Eat fruit

Eat ginger
Surfing the Internet
Sleep too lttle
Hypertension
Depression
Dementia
Age
Hypertension
Education
BMI

Tea drinker
Eat fruit

Eat ginger
Surfing the Internet
Sleep too lttle
Hypertension
Depression

“means p < 0.05.

-0.138

—0091

~0016

~0601

0.161

0176

~0.104

0178

0153

0.207

0135

~1850

-0222

0.035

0.697

~0.180

1015

1455

-1621

0.037

0.039

0.018

0245

0.673

0313

0.461

0287

0285
0285

0.039

0617

0.093

0113

0743

1245

0727

1369

0777

Wald

13579

5.466

0770

6017

0.057

0317

0.501

0.382

0.289

0527

12070

8.985

5744

0.906

0879

0.021

1952

1130

4353

<0.001*

0.019*
0.380

0.014*
0811
0573
0821
0536
0591

0.468

0.001*

0.003*
0051
0.756

0348

0.885
0.162
0288
0370

OR

0871
0913
0.984
0548
1175
1193
0.901
1195
1166

1230

1145
0.157
0.801
1036

2007

0835
2760
4285

0.198

0.810-0.938

0.847-0.985

0.949-1.020

0.339-0.886

0.314-4396

0.646-2.205

0.365-2.225

0.680-2.099

0.667-2.038

0.704-2.149

1.061-1236

0.047-0.527

0.668-0.960

0.830-1.291

0.468-8.609

0.073-9.584

0.664-11.471

0.293-62.684

0.043-0.906
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Independent Logistic regression, OR of MCI (95%Cl)

\ZUELIES

Unadjusted model P Adjusted model
Eat ginger 0.872(0.706-1.077) 0.204 0.924(0.740-1.155)
Surfing the Internet 0.764(0.548-1.064) o1 0.747(0.524-1.065)
Sleep too little 1.405(1.134-1.740) 0.002* 1.275(1.016-1.600)
Independent Logistic regression, OR of dementia (95%Cl)
varble Unadjusted model P Adjusted model
Eat ginger 0.475(0.259-0.873) 0.016% 0.604(0.306-1.192)
Surfing the Internet 0.110(0.015-0.797) 0.029% 0.209(0.030-1.459)
Sleep too lttle 2.006(1.248-3.223) 0.004% 1.880(1.094-3.232)

Controlled for age, sex, education, APOE e4, BMI. *means p < 0.05.

0489
o7

0.036*

0.146

0114

0.022%
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Characteristics

Total sample
(n=1871)

Carrier (n=362)

APOE ¢4 genotype

Non-carrier
(n=1,509)

Age, years
Education, years
BMI, kg/m®
Males, n(%)
Smoker, n(%)
Alcohol drinker, n(%)
Tea drinker, (%)
Eating habit
Vegetarianism
Meat-based
Combination of meat and vegetables
Eat fruit
Eat ginger
Surfing the internet
Sleep duration problems
Oversleep
Sleep toolittle
No abnormalities
Hypertension
Diabetes
Depression
Cognitive grouping
Mild cognitive impairment
Dementia
Normal
MoCA

“means p < 0.05.

693147.87

10562364

2974337
649(347)
329(17.6)
260(13.9)
851(45.5)

357(19.1)
713.8)
1,443(77.1)
1739(92.9)
488(26.1)
160(8.6)

4(0.2)
482(25.8)
1,358(74.0)
1,063(56.8)
459(24.5)
34(1.8)

827(44.2)
84(4.5)
960(51.3)
210645.11

69.5647.77

10442364

23934340
114(31.5)
59(16.3)
46(12.7)
161(44.5)

78(21.5)
102.8)
274(75.7)
344(95.0)
78(21.5)
18(5.0)

3(0.8)
101(27.9)
258(71.3)
194(53.6)
77(21.3)

5(1.4)

175(483)
27(7.5)
160(44.2)

21154502

69.2547.90

10594365

23984337
535(35.5)
270(17.9)
214(14.2)
690(45.7)

279(18.5)
61(4.0)
1,169(77.5)
1,395(92.4)
410(27.2)
142(9.4)

1(0.1)
381(25.2)
1127(74.7)
869(57.6)
382(25.3)
29(1.9)

652(43.2)
57(3.8)
800(53.0)
2070+5.46

0.505
0459
0.791
0.158
0539
0.499

0.681

0245

0.087
0,028+

0.006*

0.010%

0.174
0118

0.661

0.001*

0133
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Variables Physical activity trajectories
(ref: Decreasing physical activity)

Low physical activity Rising physical activity
OR (95%CI) p-value OR (95%Cl) p-value

Cognitive function (vs. persistently low)

Persistently moderate 0.95(0.78~115) 0.56 115 (089~ 1.48) 029

Persistently high 287 (2.28~3.62) <0.001 149 (11~201) 001
Age 1.06 (105~ 1.08) <0.001 0.96 (0.94~0.98) <0.001
Educational level (vs. no formal education)

Primary school 0.95(078~115) 057 103 (0.8~ 1.31) 083

Middle or high school 0.92(073~1.15) 0.46 0,62 (0.45~0.86) 0.004

College or above 159 (1.03~243) 0.04 129 (0.75~2.22) 036
Rural (vs. urban) 047 (036~0.63) <0001 126 (0.84~1.87) 026
BMI (vs. underweight)

Normal 122(0.9~1.65) 019 0.96 (0.6~ 141) 085

Overweight 157 (113~2.17) 001 0.91(06~137) 064

Obese 244 (1.59~372) <0001 124(0.72~2.11) 044
Visual impairment (vs. No) 1.14 (0,89~ 146) 030 045 (0.07~097) 002
Hospitalization (vs. No) 155(1.07~224) 002 1.55(0.99~2.44) 005

OR odds ratio, 95% C1 95% confidence intervals.
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Independent variable Mode of assignment
Exercise habit None = 0; Yes = 1

Type of former occupation Non-Physical labor = 0; Physical

labor = 1;

Tumor metastasis None = 0; Yes = 1

Tumor recurrence None = 0; Yes = 1

Visual abnormality None = 0; Yes = 1
Somatosensory abnormality None = 0; Yes = 1

PAL Low = 0; Medium = 1; High =2
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Total (%)

Non-LS

(%)

LS-1 (%)

LS-2 (%)

L

Age (Years)

Gender

BMI

Exercise habit

“Type of former

occupation

‘Tumor metastasis

Operation

Radiotherapy

Chemotherapy

Recurrence

History of falling

Visual abnormality

Auditory

abnormality

Somatosensory

abnormality

PAL

60~69
70~79
80~
Male
Female
Underweight
Normal
Overweight
Obesity
None
Yes
Physical Labor

Non-physical
Labor

None
Yes

None

None
Yes

None

None

None
Yes

Low
Medium

High

‘Wilcoxon rank-sum test, Z value.
‘Kruskal-Walls test, H value.

*The difference was statistically significan

292.(55.7)
176 (33.6)
56 (10.7)
252(48.1)
272(519)
48(92)
320 (61.1)
116 (22.1)
40(7.6)
344 (65.6)
180 (34.4)
184 (35.1)
340 (64.9)

268 (51.1)
256 (48.9)
180 (34.4)
344 (65.6)
408 (77.9)
116 (22.1)
100 (19.1)
424 (80.9)
436 (83.2)
88(16.8)
500 (95.4)
24 (46)
476 (90.8)
48(92)
496 (94.7)
28(53)
440 (84)
84(16)
304 (58.0)
176 (33.6)

44 (8.4)

128 (43.8)
80(45.5)
24(429)
108 (429)
124 (45.6)
20(41.7)
140 (43.8)
56 (48.3)
16 (40.0)
144 (41.9)
88 (48.9)
68 (37.0)
164 (48.2)

156 (58.2)
76(29.7)
60(33.3)
172(50.0)
180 (44.1)
52(44.8)
36(36.0)
196 (46.2)
212 (48.6)
20(227)
228 (45.6)
4(167)
224(47.1)
8(16.7)
224(452)
8(28.6)
216 (49.1)
16(19.0)
104 (342)
96(54.5)

32(727)

76 (26.0)
60 (34.1)
16 (28.5)
68(27.0)
84/(30.9)
12(25.0)
104 (32.5)
20(17.2)
16 (40.0)
92(26.7)
60 (33.3)
36(20.0)
116 (34.1)

68(25.4)
84 (32.8)
60(33.3)
92(26.7)
132(324)
20(17.2)
40 (40.0)
112(264)
136 (31.2)
16 (18.2)
136(27.2)
16 (66.7)
136 (28.6)
16(33.3)
140 (28.2)
12(42.9)
116 (26.4)
36 (42.9)
92(30.3)
52(29.5)
8(182)

28(96)
16(9.1)
8(143)
32(126)
20(7.4)
8(16.7)
24(75)
16(13.8)
4(10.0)
48 (14.0)
4022)
28(15.2)
24(7.0)

20(7.5)
32(125)
12(67)
40(11.6)
32(7.8)
20(17.2)
16 (16.0)
36 (8.5)
32(7.3)
20(227)
52(10.4)
0(00)
44(9.2)
8(16.7)
48(9.7)
4(143)
36 (8.2)
16(19.0)
24(7.9)
24(13.6)

4(0.1)

60/(20.6)
20(11.3)
8(143)
44017.5)
44(16.2)
8(167)
52(16.2)
24(20.7)
4(10.0)
60 (17.4)
28(15.6)
52(28.3)
36 (10.6)

24(9.0)
64(25.0)
48(26.7)
40 (11.6)
64(15.7)
24(20.7)
8(8.0)
80 (18.9)
56 (12.8)
32(36.4)
84(16.8)
4(16.7)
72(15.1)
16(33.3)
84(169)
4(14.3)
72(16.4)
16 (19.0)
84(27.6)
4(23)
0000)

67.74

6110

66.71

67.67

6145

68.92

65.40

66.74

65.15

67.94

52.10

7579

60.70

5531

77.19

7487

6457

65.07

69.28

67.74

65.59

6156

88.02

65.49

76.67

6377

88.08

65.57

7357

63.06

8140

7497

5577

4491

0751

~0517"

o021

~2430'

-2312'

~3.508

~1530"

~0.560"

~0.271

—3.074

~0.750"

—2.250'

~0.577"

~2.160"

12270°

0.687

0.605

0989

0.015%

0.021%

0.000%

0126

0575

0.786

0.002*

0453

0.024%

0564

0.031%

0.002*
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A total of 600 geriatric zan<er survivors were
initially enrolled in this investigation

R ——

Not Implemented the structured questionnaire
About Personal Information Assessment N=32

Participants remaining for the study N=568

-

Not Implemented the Geriatric Locomotive
Function Scale Assessment N=37

Participants remaining for the study N=531

>

Absence of Physical Activity data N=7

Participants remaining for the study N=524






OPS/images/fpubh-12-1395877/fpubh-12-1395877-t003.jpg
Factor Variable SCD positive

underweight 0(0%) 2(6.45%)
Normal 17.(26.98%) 12(3871%)

BMI prvalue’: 0.068
Overweight 45 (71.43%) 16 (51.61%)
Obese 1(1.59%) 1(3.23%)
No 19 (30.16%) 12(3871%)

AHT diagnosis prvalue 0321
Yes 45 (71.43%) 19(61.29%)
No 53 (84.13%) 27(87.10%)

Diabetes diagnosis p-value’: 1,000
Yes 10 (15.87%) 4(12.90%)
No 34(53.97%) 20 (64.52%)

Hyperlipidaemia diagnosis pvalue: 0321
Yes 29 (46.03%) 11(35.48%)
Ex- smoker 8(12.70%) 0(0%)
Passive smoker 1(1.69%) 0(0%)

e Smoker 2(3.17%) 1(3.23%) prvalue®;0.107
Non- smok 2 (82,54

(on- smoker 52 (82.54%) 06677%)

‘Pearson’s Chi-squared test.
isher’s Exact test for count data.
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Factor Variable SCD positive

Nun
literate 4(635%) 0(0%)
Read and write 25(39.68%) 3(9.68%)
Education level Primary education 19 (30.16%) 6(19.35%) p-value <0.001%
Secondary education 10 (15.87%) 11 (35.48%)
Higher education 5(7.94%) 11 (35.48%)
No 36 (57.14%) 7(22.58%)
Reading prvalue’ <0.001%
Yes 27 (4286%) 24 (77.42%)
Managers in companies with
1(159%) 1(3.23%)
>10 employees
Managers in companies with
5(7.94%) 1(.23%)
<10 employees
Qeeapation Skilled non-manual work 3(476%) 1(.23%) R
Skilled manual labor 9(14.29%) 1(.23%)
Semi-skilled manual work 10 (15.87%) 4(12.90%)
Unskilled manual work 35 (55.56%) 23 (74.19%)
No 15 (71.43%) 20 (64.52%)
Cognitive stimulation games pvalue’: 0.495
Yes 18 (28.57%) 11 (3548%)

Fisher’s Exact test for count data.
“Pearsonis Chi-squared test.
“Significant differences, (p-value < 0.05).
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Factor Variable WGP Nun p-value

Min/ Max 35115 | 40/120
sl Med [IQR] - = lue': 0.3574
ey -value': 0
P 6080 | (so70]
Mean (std) 7.0(1.6) 68 (L1)
Min / Max 121175 12/350
Physical s 70
Med [IQR] p-valuer <0.001%
activity (3070 | [357.0]
Mean (std) 52(32) 75(52)

‘Wilcoxon rank sum test.
*Significant differences, (p-value <0.05).
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Cluster 1 (n = 29) Cluster 2 (n = 74) Cluster 3 (n = 113) p-value

Listen learning (IM) 296409 28105 278404 0337
Story memory (IM) 19.0+07 176404 18003 0189
Figure copy (V/C) 188404 18.1£02 179402 0217
Line orientation (V/C) 180£0.6° 170403 157403 <0.001
Semantic fluency (LAN) 234409 25£05 217404 0.206
Picture naming (LAN) 9701 9801 96+0.1 0.264
Coding (ATT) 524418 495410 48308 0.151
Digit span (ATT) 129505 12203 117402 0132
List RECALL (DM) 6704 67402 65402 0808
Story recall (DM) 10104 96402 95402 0430
Figure recall (DM) 15907 14104 13.204* 0005
List recognition (DM) 195402 19301 195501 0376
Arrow Match (attention) 369£5.1 316431 322526 0,658
Path Points (Exec Func) 756462 669435 538429 0002
Light Reaction (Inhibition) 321453 293431 22£27 0207
Symbol Match(Processing sp.) 44659 397434 352429 0337
Ttem Price (As. Learning) 635£52% 546431 472427% 0031
Paired imaging (As. Memory) 455472 432244 456430 0897

Mean + SE, IM = Immediate memory, V/C = visuospatial/constructional, LAN = Language, ATT = Attention DM = delayed memory, Exec Func = executive functioning, processing sp. =
processing speed, As. = associative. *,a.b = indicate significant differences between groups from Bonferroni posthoc analysis.
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Cluster 1 (n
Immediate memory 1071427
Visuospatial/constructional 1099.£33*
Language 1044420
Attention 1165428
Delayed memory 108.1:£10.1
Total score 119 £21%

Mean + SE. *indicates significant differences between clusters.

29)

Cluster 2 (n = 7:
1007415
1027418
10345 11
HLL£ L6
1143556

1049£15

Cluster 3 (n = 113
101913
97.0%1.5%
1011509
1083 + 1.3%
1019£47

1028+ 1.3

0.002

0.201

0.042

0.257

0.026
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Clusterl (n = 29) Cluster 2 (n = 74) Cluster 3 (n = 113 p-value
Demographics
Age 569482 605480 612476 <0.001
Sex (female%) 379 662 867 <0.001
Education 181428 179433 17842 0922
Anthropometrics and genetics
Weight 9694232 8974175 786+ 146 0.009
Height 1747291 1703490 1638474 0002
BMI 315458 309457 291446 009
ApoE (e Positive %) 18.5% 30.9% 225% 0272
Clinical characteristics
ANU-ADRI Total 21£15 -18+08 ~23107 0036
ANU-ADRI Protective ~89+09 ~103+05 ~107+04 0229
ANU-ADRI Risk 109410 85406 84405 0078
Resting SBP 12604114 12814108 12864132 0.608
Resting DBP 816495 8234101 8214104 0958
Resting HR 7364145 7124126 726496 0586
Total cholesterol 19954456 2017 419 20495433 0142
LDL 11894357 12094339 12284482 0.906
HDL 5040182 5374178 5944148 0704
TRG 1597 %1210 13414669 13674662 0308
Fasting glucose 99641458 10654243 1007217 0.168
Physical function index
HG right (kg) 37.99 3166 2661 <0001
HG left (kg) 3487 3034 2523 <0001
Average power (W) 65938 499.22 33632 <0001
Average partial power (W) 54816 42154 29659 <0001
Peak power average (W) 150842 102001 63297 <0001
Average velocity (m/s) 0.68 058 046 <0001
Peak velocity (m/s) 116 099 077 <0001
Peak force () 1504.19 121362 93329 <0001
am fast (5) 216 232 240 0022
10 m fast (5) 494 535 563 0,005
4m DT hab (5) 342 358 381 0043
4m DT fast (5) 258 266 293 0041
10m DT hab (s) 787 830 911 0012
10m DT fast (5) 582 616 681 <0001
6MWDT (m) 5668 5466 5176 0.002

Cluster means, HG = hand grip, DT = dual task, hab = habitual, m = meter; SBP = systolic blood pressure; DBP = diastolic blood pressure; HR = heart rate; LDL = low-density lipoprotein;
HDL = high-density lipoprotein; TRG = triglyceride; ANU-ADRI = Australian National University-Alzheimer’s disease risk index.
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Inclusion Exclusion

Aged45-75
BMI 18.5-39.9 kg/m®

Fluent in English (written and spoken)

Subjective cognitive decline with worry

A minimum of 2 risk factors for AD on ANU-ADRI:
« High school education or less

BMI 25-39.9 kg/m’ (overweight, obese class L or II)

History of diabetes

History of hypertension

History of high cholesterol

History of smoking

Maximum of 1 protective factor for AD on ANU-ADRI:

« High level of physical activity

« High fish consumption

« High level of cognitive engagement

« Ability to send and receive text messages

Access toa smartphone o tablet with a screen-side camera and reliable
internet connection

Ability to participate in light to moderate physical activity

‘Willing to authorize release of medical records

Physician diagnosis of

‘mental health condition (e.g. eating disorder, alcohol/substance use,
schizophrenia, etc.)

neurologic conditions (e.g., epilepsy, recent stroke, multiple sclerosis, Parkinsos

disease, brain tumor, or severe traumatic brain injury)

dementia, probable dementia, or mild cognitive impairment

other significant health condition (e.g. congestive heart failure, chronic obstructive
pulmonary disease, coronary artery disease, renal falure, chronic kidney disease,
pulmonary hypertension)

Recent cardiovascular event or treatment for cancer (within the last year); on dialysis; or
on active organ transplant list

Visual problems that prevent viewing screen at a normal distance (e.g, legal blindness,
detached retina, occlusive cataracts)

History of learning disability

Currently participating in a cognitive training coaching program or other lfestyle change
program (e.g, diabetes prevention program)

Currently pregnant or planning on becoming pregnant in the next 2 years
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and side Right-hand Support (%) Confidence (%)

side

With 1 left-hand-side®

1 Hypoglycemia = 1.0 Falls = 1.0 339 1413 2625 161
2 FCI=10 Falls = 1.0 337 1405 2552 157
3 Vision = 1.0 Falls = 1.0 522 2176 2356 145
4 Pain=1.0 Falls = 1.0 1,299 5415 2079 128
5 Gender = 1.0 Falls = 10 1370 57.11 19.05 117
With 2 left-hand-side®
1 FCI = 1.0and Pain = 1.0 Falls = 1.0 203 846 3054 188
2 Vision = 1.0 and Pain = 1.0 Falls = 1.0 316 1317 2975 183
3 Vision = 1.0 and gender = 1.0 Falls = 1.0 312 1301 2853 175
4 FCI = 1.0and gender = 1.0 Falls = 1.0 184 7.67 2826 174
5 Hypenlycemia SO sad Falls = 1.0 21 921 2805 173
gender = 1.0
6 :":‘flﬁem “Homd Falls = 1.0 233 971 26.18 161

Hypoglycemia = 1.0 and
7 - Falls = 1.0 233 971 24.89 153
Attention = 1.0

8 Pain = 1.0 and gender = 1. Falls = 1.0 832 3468 23.08 142

9 Hypoglycemia = L0and Falls = 1.0 283 11.80 2191 135
anxiety = 1.0

10 FCI = 1.0 and Attenti Falls = 1.0 25 1021 2163 133

1 FCI = 1.0 and anxiety = 1. Falls = 1.0 263 1096 2015 124

12 Vision = 1.0 and anxiety = L0 Falls = 1.0 432 1801 2014 124

“The results of association rules for the relationship between falls and factors with one left-hand-side.
“The results of association rules for the relationship between falls and factors with two left-hand-side.
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Variable haracterization Variable Characterization Variable Characterization

coefficient coefficient coefficient

Gender 006120985 Osteoarthritis 0.00000000 Hypoglycemia 005386578
Orthostatic

Age 0.13993201 Osteoporosis 0.00000000 0.00000000
hypotension

Area 0.00000000 Stroke 0.00000000 Visual impairment 006760771

Marital status 0.00000000 Heart disease 0.00000000 Need to be cared for ~0.10282625

Education 0.00000000 Dyslipidemia 0.00000000 Chronic pain 021956847

Insured 0.00000000 Kidney disease 0.00000000 Sleep quality 0.00000000
Frequency of easy

Cigarette smoking ~0.03381937 Cancer 0.00000000 0.00000000

or early awakening

Diabetes
Alcohol drinking 000000000 el 000000000 Sleep duration 0.00000000
‘omplications

Receive insulin
Physical exercise 0.00000000 0.00000000 Anxiety ~0.34406864
treatment

Use of hypoglycemic

Diabetes 0.00000000 . 0.00000000 Family Care Index 0.11797143
rugs
Useof

Hypertension 0.00000000 antihypertensive 0.00000000

drugs
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Factor Variable SCD positive

No 38 (60.32%) 27(87.10%)
Depression pvalue': 0,008
Yes 25(39.68%) 4(12.90%)
No 25 (39.68%) 19 (61.29%)
Benzodiazepine consumption pvalue’; 0.048*
Yes 38 (60.32%) 12 (38.71%)
No 32(50.79%) 16 (51.61%)
Anticholinergic consumption pvalue: 0.940
Yes 31(49.21%) 15 (48.39%)
Min / Max 10750 10/50
Anticholinergic Burden CALS Med [IQR] 10[1.03.0] 10(1.020] pvalue’: 0.106
Mean (std) 19 (1D 16 (0.9)

‘Pearson’ Chi squared test.
“Wilcoxon rank sum test
*Significant differences, (p-value <0.05).
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AELELIES Total

No

Gender (n, %)
1,029
Male
(42.9)
1370
Female
(57.1)
Age groups, years (n, %)
1781
65-74
(74.3)
75-84 519 (21.6)
85~ 99 (4.1)
Area (n, %)
1,630
Urban
(67.9)
Rural 769 (32.1)
Marital status (n, %)
2,106
Married
(87.8)
Others” 293(12.2)
Education (n, %)
Middle
1645
school and
(68.6)
below
High school
754 (31.4)
and above
Insured (n, %)
No 77(3.2)
2322
Yes
(96.8)

900
(87.5)

1,109
(809)

1525
(85.6)

416
(80.2)

68(68.7)

1371
(84.1)
638
(83.0)

1782
(84.6)

(775)

1382
(84.0)

627
(83.2)

60 (77.9)

1,949
(83.9)

0 cells (0.0%) have expected count less than 5.
“Others: unmaried, divorced or widowed
Differences between means within each variable, chi-square test analysis for independent

samples.

129
(12.5)

18319 <0001
261

19.1)

256
(14.4)

103 2603 <0001
19.8)

31(313)

259
15.9)
0.504 0478
131

17.0)

324

(15.4)
9.634° 0.002

66(225)

263

(16.0)
0278 0598

127
(16.8)

17(22.1)
373 19800 0159
(16.1)
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Study characteristics

Cross-sectional epidemiological studies

Main Findings

Reference

NHANES 2005-2012. n = 22,692 both men and women
aged 20285 years

NHANES 2001-2002. 1 = 1,340 older adults (F: 51.8%)
aged 71.4 (7.8] years

NHANES 2017-2018. 1 = 1,221 (M: 627; F: 594) aged
65 years and older

NHANES 2017-2018. n.= 4004 (F: 51.7%) aged 51.6 [17.8]
years

NHANES 2013-2014. 1 = 1912 (F: 52.2%) aged
20-75 years

NHANES 2017-2020. n = 4522 females aged 44.5 [20.5]
years

= 357 both men and women aged 63.6 [5.9] years

= 721 both men and women aged 57-70 years

n = 583 both men and women aged 48-77 years

= 50 (mainly men) aged >65 years

= 60 both men and women aged >60 years

Lean tissue mass n = 509 both men and women
aged >50 years

Muscle strength n = 426 both men and women
aged >50 years

= 176 women aged 56-70 years

8 systematic reviews with meta-analysis. n = 784 both men
and women aged >65years

= 1,192 both men and women

n =225 (M: 74, F: 151)

= 492 both men and women aged 20-76 years

= 1,076 both men and women aged 42-72 years

Food and Drug Administration (FDA) - United States of
America

European Food Safety Authority (EFSA) - European
Union

Natural and Non-prescription Health Products
Directorate (NNHPD) - Health Canada

Ministry of Health, Labor and Welfare (MHLW) - Japan

Spanish Agency for Food Safety and Nutrition
(AESAN) - Spain

‘The study’s findings suggest a link between dietary
creatine and depression. Authors reported that
“depression prevalence was 42% higher among adults in
the lowest quartile (0-0.26 g) compared to adults in the
highest quartile (0.70-3.16 g) of creatine consumption.”

A significant positive correlation was observed between
cognitive function and creatine intake across the entire
sample. Participants who consumed more than 0.95 g of
creatine per day exhibited higher scores on cognitive
functioning assessments compared to those with lower
creatine intake (p < 0.05). This indicates that dietary
creatine may offer protective benefits against diminished
cognitive performance in the older population

Up to 70% of elderly individuals in the United States
consume less than 1.00 g of creatine daily, with
approximately 19.8% consuming no creatine at all.
‘Those with suboptimal creatine intake were found to
have a 2.62-fold increased risk of angina pectoris and a
259-fold increased risk of liver conditions compared to
their counterparts who consume 1.00 g or more of
creatine per day, after adjusting for demographic and
nutritional variables

Almost two-thirds of US adults consume dietary creatine
below recommended levels of 1.0 g per day

A significant inverse correlation was observed between
dietary creatine intake and serum levels of neurofilament
light chain (NfL), a recognized biomarker for neuronal
damage. This finding indicates that creatine may exert
protective effects against neuronal injury

A strong correlation was observed between increasad dietary
cratine intake and a reduced risk of oligrmenorrhea. A
craatine-rich diet hasbeen associated with decreased risks of
reprodudtive health isstes among U.S women. Specificaly,
females consuming 213 mg of creatine per kilogram of body
weight per day exhibited significantly lower risks of
experiencing irregular menstrual cydes, obstetric
complications, and pehic pathobogies

Meta-analytic clinical evidence

‘The results from this meta-analysis are encouraging in
supporting a role for creatine monohydrate
supplementation during resistance training in healthy
aging by enhancing muscle mass gain, strength, and
functional performance over resistance training alone

Creatine supplementation during resistance training
results in ~1.4 kg greater increase in lean tissue mass
when compared to placebo. This translates to
significantly greater increases in upper body (chest press)
and lower body (leg press) strength in older adults

‘This systematic review concluded that creatine
monohydrate is safe to use in older adults. Also, in
conjunction with moderate- to high-intensity exercise,
creatine supplementation may improve skeletal muscle
health in the aging population

This systematic review and meta-analysis aimed to
summarize these factors influencing the efficacy of
nutritional interventions on muscle mass in older adults.
Pooled summary effect indicated that creatine
monohydrate supplementation is an effective
intervention for increasing muscle mass measures in
older adults

In the subgroup analysis of the types of nutrients, only
creatine showed synergistic effects with resistance
training on lean body mass

Regardless of dosing strategy, creatine monohydrate
enhances lean tissue mass and strength gains from
resistance training compared to placebo. Subanalyses
revealed that a creatine-loading phase followed by
‘maintenance dosing (<5 g/day) significantly increased
chest press strength. Higher doses (>5 g/day), both with
and without loading, resulted in substantial gains in leg
press strength. Additionally, supplementation on
training days alone significantly improved lean tissue
mass and strength compared to placebo

Creatine monohydrate plus resistance training in a small
cohort of older females enhanced muscle strength when
the duration was at least 24 weeks; however, there was no
effect on muscle mass

In this umbrella review of systematic reviews and meta-
analyses, the authors concluded that data suggest a
positive effect of creatine supplementation on top of
progressive resistance training on muscle mass and
muscle strength

Adding creatine supplementation to a resistance training
program results in an increase in lean body mass. In
adults over 48 years old, creatine supplementation alone
(with or without exercise) increased lean mass by
~0.6 kg. When combined with resistance training, the
increase in lean body mass was greater, with an
additional gain of 0.47 kg, totaling ~1.1 kg

Creatine monohydrate supplementation enhances
measures of memory performance in healthy
individuals, especially in older adults (66-76 years)

Recent evidence indicates that creatine monohydrate
supplementation may have positive effects on cognitive
function in adults, particularly in areas such as memory,
attention span, and information processing speed

Creatine supplementation enhances sit-to-stand
performance, muscle function, and lean tissue mass in
individuals at risk of functional disability

Regulatory Agencies

The FDA expressed no objections to a Generally
Recognized as Safe (GRAS) application by Alzchem
Group AG, permitting the inclusion of creatine
monohydrate as a food additive in various food products
(GRAS Notice 931)

“Based on the totality of data and information presented
in the notice, Alzchem concludes that creatine
‘monohydrate is GRAS for its intended use in food”

The EFSA panel concluded that a cause-and-effect
relationship has been established between the
consumption of creatine in combination with resistance
training and improvement in muscle strength in adults
over the age of 55

“In order to obtain the claimed effect, 3 g of creatine
should be consumed daily in conjunction with resistance
training, which allows an increase in the workload over
time. Resistance training should be performed at least
three times per week for several weeks, at an intensity of at
least 63%-75% of one repetition maximum. The target
population is adults over the age of 55 who are engaged in
regular resistance training.”

Creatine monohydrate was assigned a monograph by the
NNHPD that overviews research on this product to
substantiate safety and efficacy. Only products
containing creatine monohydrate can benefit from an
abbreviated licensing process by referencing the
‘monograph

Creatine monohydrate (2 L- 7 F ) is considered a
“non-drug” that i allowed to be sold as a food ingredient
and additive under the Food Sanitation Act (Act No.
46 0f 2018). Health claims of creatine monohydrate for
muscle maintenance with exercise was accepted in 2019

The Scientific Comittee considers that the maximum
daily amounts of 341 g of creatine monohydrate
provides a maximum daily amount of 3 g/day of creatine
and is acceptable from the standpoint of its safety in use
as food supplements for a healthy adult population

Bakian et al. (2020)

Ostojic et al. (2021)

Ostojic et al. (2021)

Ostojic (2021)

Ostojic et al. (2024)

Ostojic et al. (2024)

Devries & Phillips (2014)

Chilibeck et al. (2017)

Stares & Bains (2019)

Martin-Cantero et al. (2021)

Choi et al. (2021)

Forbes ct al. (2021)

Dos Santos et al. (2021)

Gielen et al. (2021)

Delpino et al. (2022)

Prokopodis et al. (2023)

Xu et al. (2024)

Davies et al. (2024)

GRAS Notice Inventory - GRN No. 000931 (USFaD
and Inventories, 2020)

EFSA NDA Panel (2016) (EFSA Panel on Dietetic
Products NaAN, 2016)

NNHPD 28th June 2024 (Canada, 2024)

MHLW No. 0328 on 28th March 2024 (Ministry of
Health LaW)

AESAN Scientific Committee (2024) (Fernandez et al.,
2024)
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Regression

Items e Standard error Wald 95% ClI
coefficient

Exercise habit 0080 0379 0044 0834 1083 06640823
“Type of former

0762 0361 4456 0035+ 0.467 ~1.470--0055
occupation
“Tumor metastasis ~0906 0371 5947 0015 0.404 ~1.634~-0.178
“Tumor recurrence -1075 0483 1963 0026 0341 ~2021--0.129
Visual abnormality ~0916 0645 2020 0155 0.400 ~2.180-0347
Somatosensory

~0074 0508 0021 0884 0929 ~1.069-0921
abnormality

PAL (Take the Low level as the reference)

Me

1971 0762 6.691 0.010% 7.178 0.478~3.464
High 0.685 0784 0762 0383 1.984 ~0853~2.222

*The difference was statistically significan
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Variable
Gender
Male
Female
Age groups, years
65-74
75-84
85~

Stroke

Yes
Hypoglycemia
No
Yes
Visual impairment
No
Yes
Need to be cared for
No
Yes
Chronic pain
No
Yes
Anxiety
No
Yes
Family care index
0-6 scores®
7-10 scores’

95%Cl, 95% confdence interval,
Crude OR.

“Adjusted for all ther variables included in the table.
Indicates family dysfunctions.

‘Indicates a well-functioning family.

OR® (95% CI)

1642 (1.306-2.064)

1475 (1.145-1.9)

2716 (1.74-4.237)

2.496 (1.486-4.191)

2.08 (1.586-2.728)

1859 (1.462-2.363)

2.336 (1.848-2.952)

2.143 (1.699-2.703)

2,875 (2.132-3.877)

0505 (0.384-0.663)

<0.001

0.003

<0.001

0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

OR® (95% Cl)

1511 (1.188-1922)

1327 (1017-1.73)

2332 (1.447-3.758)

1821 (1.038-3.192)

1639 (1.228-2.186)

1418 (1.097-1833)

1722 (1.339-2.215)

1663 (1.302-2.124)

1725 (1.243-2.395)

0.589 (0.44-0.789)

0001

0037

0001

0037

0001

0.008

<0001

<0.001

0001

<0.001
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Variables

tal
Cigarette smoking (n, %)

No 1,968 (82.0)

Yes 431(18.0)
Alcohol drinking (n, %)

No 1,780 (74.2)

Yes 619 (25.8)
Physical exercise (1, %)

No 1,859 (77.5)

Yes 540 (22.5)
Diabetes (n, %)

No 1,923 (80.2)

Yes 476 (19.8)

Hypertension (n, %)

No 1,183 (49.3)
Yes 1,216 (50.7)
Osteoarthritis (n, %)
No 1,700 (70.9)
Yes 699 (29.1)

Osteoporosis (n, %)

No 1,914 (79.8)

Yes 485 (20.2)
Stroke (n, %)

No 2330 (97.1)

Yes 9 (29)
Heart disease (n, %)

No 2,104 (87.7)

Yes 295 (12.3)
Dyslipidemia (n, %)

No 2,076 (86.5)

Yes 323(13.5)
Kidney disease (n, %)

No 2324 (96.9)

Yes 75(3.1)
Cancer (n, %)

No 2387 (99.5)

Yes 12(03)
Diabetes complications (n, %)

No 2262 (94.3)

Yes 137(5.7)

Receive insulin treatment (n, %)
No 2336 (97.4)
Yes 63(26)
Use of hypoglycemic drugs (n, %)
No 1,979 (825)
Yes 420 (17.5)

Use of antihypertensive drugs (n, %)

No 1,260 (525)
Yes 1,139 (47.5)
Hypoglycemia (n, %)
No 2,060 (85.9)
Yes 339 (14.1)

Orthostatic hypotension (n, %)
No 1,868 (77.9)
Yes 531(22.1)
Visual impairment (n, %)
No 1877 (78.2)
Yes 522(21.8)
Need to be cared for (n, %)
No 533(22.2)
Yes 1,866 (77.8)
Chronic pain (n, %)
No 1,100 (45.9)
Yes 1,299 (54.1)

Sleep quality (n, %)

Better 1,133 (47.2)
General 689 (28.7)
Worse 577 (24.1)

Frequency of easy or early awakening (n, %)

<1 time/week 829(34.6)
1-2 times/week 277(11.5)
>3 times/week 1,293 (53.9)

Sleep duration (n, %)

<6h 430(17.9)
>6h 1,969 (82.1)
Anxiety (n, %)
No 2,167 (90.3)
Yes 232(97)

Family care index (n, %)
7-10 scores” 2,062 (86.0)
0-6 scorest 337 (14.0)

0 cells 0.0%) have expected count less than 5.
‘Indicates a well-functioning famil
‘Indicates family dysfunctions.

‘Differences between means within cach variable, chi-square test analysis for independent samples.

No falls

1,626 (82.6)
383 (88.9)

1,485 (83.4)

524 (84.7)

1,548 (83.3)

461 (85.4)

1,630 (84.8)

379 (79.6)

1,010 (85.4)

999 (82.2)

1,457 (85.7)

552(79.0)

1,629 (85.1)

380 (78.4)

1,962 (84.2)

47 (68.1)

1,767 (84.0)

242(82.0)

1,745 (84.1)

264 (81.7)

1,953 (84.0)

56 (74.7)

2,001 (83.8)

8(66.7)

1,907 (84.3)

102 (74.5)

1,963 (84.0)

46 (73.0)

1,675 (84.6)

334 (79.5)

1,076 (85.4)

933 (81.9)

1,759 (85.4)

250 (73.7)

1,592 (85.2)

417 (78.5)

1,610 (85.8)

399 (76.4)

392(73.5)

1,617 (86.7)

980 (89.1)

1,029(79.2)

984 (86.8)
578 (83.9)

447 (77.5)

728 (87.8)
226 (81.6)
1,055 (81.6)

348 (80.9)

1,661 (84.4)

1,853 (85.5)

156 (67.2)

1,758 (85.3)

251(74.5)

Falls

342(17.4)

48(11.1)

295(16.6)

95 (15.3)

311(16.7)

79(14.6)

293 (15.2)

97 (20.4)

173 (14.6)

217(17.8)

243 (14.3)

147 (21.0)

285 (14.9)

105 (21.6)

368 (15.8)

22(31.9)

33716.0)

53(18.0)

331(159)

59 (18.3)

371(16.0)

19(25.3)

386 (16.2)

4(33.3)

355 (15.7)

35(255)

373 (16.0)

17(27.0)

304 (15.4)

86(20.5)

184 (14.6)

206 (18.1)

301 (14.6)

89(26.3)

276 (14.8)

114(21.5)

267 (14.2)

123 (23.6)

141 (26.5)

249 (13.3)

120 (10.9)

270 (208)

149 (13.2)
11161

130 (22.5)
101 (12.2)
51(184)

238 (18.4)

82(19.1)

308 (15.6)

3141

5)
76 (32.8)

304 14.7)

86(25.5)

10,116

0507

1355°

7.409°

4571

16.508"

12986'

12744

0722

1107

4,685

2583

9212

5.469"

6,658

5.330°

29.981°

13.608'

26,162

52.339°

42.674°

247200
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3,015

51374

24708
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Feature Mean in HC Mean in AD Mean in CI Empirical p-value,  Empirical p-value,

HC vs. AD HCvs. CI
Fo-1 140420 161,085 154817 00205 00575
F0-2 149.492 173.266 163.467 00114 0.0829
F03 151.826 182.486 169.933 0.0026 0.0309
F0-4 156.101 188.991 176,081 0.0015 00223
05 159,801 193.094 181430 0.0026 0.0166
F0-6 163.012 200,132 186,841 0.0021 0.0182
F0-7 166376 206172 191496 00020 00151
Jitter 0038 0.045 0.041 0.0620 0.2843
Shimmer 0.167 0175 0171 0.2616 0.5028
MECCI mean 234901 196541 225,899 01144 07277
MFCC2 mean 24713 61410 31532 0.1299 07726
MFCC3 mean 53839 50.680 52700 0.6851 08911
MFCC4 mean ~10847 -1813 ~11.745 03319 0.9296
MFCCS mean -2153 1151 -3.947 0.5688. 07334
MFCC6 mean ~19.508 ~12.374 ~16963 0.1670 05954
MFCCI std 78217 62003 71302 0.0071 02070
MECC2std 49.469 41364 46.065 00103 0.2946
MFCC3 std 39740 34426 38318 00391 0.5896
MFCC4 std 33715 29314 31570 00187 02230
MFCCS std 31452 31229 31718 0.8696 0.8283
MFCC6 std 27930 26.263 27.480 0.1416 06374
Formant] med 445556 449.034 44917 08454 08115
Formant2 med 1624.625 1711090 1650.245 00120 03852
Formant3 med 2651.637 2782151 2720257 0.0024 0.0832
Formant4 med 3774587 3859.464 3805747 0.0416 04376
Ratio of nouns 0.251 0.194 0222 0.0014 0.0804
Ratio of verbs 0.223 0271 0.258 0.0064 0.0075
Ratio of pronouns 0.133 0.183 0.174 0.0067
Type-token ratio of words 0558 0.586 0575 04043
Type-token ratio of
i 0471 0513 0.499 01972 03483
D’_’""Y SIS 0546 0531 0542 04130 0.8255
units
Information units, people 2545 2300 2414 02308 04791
Information units, objects 5773 2933 4100 0.0000 0.0036
Information units, places 0727 0.200 0557 0.0006. 0.2743
Information units, actions 3136 2133 2700 00188 02753

The FOs and formants were measured in Hz. Other measures are dimensionless numbers or ratios.
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Subjects  Boy, girl, mother

Places Kitchen, exterior

Objects Cupboard, cookie, curtains, jar, dishes, sink stool, water,
window, dishcloth, faucet, and floor

Actions Boy taking or stealing a cookic
Boy or stool falling
Mother drying or washing dishes
‘Water overflowing or spilling
Girl asking for a cookic
Mother unconcerned by or unaware of the water overflowing

Children stealing cookics





OPS/images/fphys-15-1309161/fphys-15-1309161-t017.jpg
Groups

Before After






OPS/images/fpubh-12-1417966/fpubh-12-1417966-t004.jpg
Acoustic features

Fos
Jitter, Shimmer
MFCCs

Formants
Linguistic features

Part-of-speech

Type-token ratio

Information words

Information units

Mean F0s of each utterance
Jitter and Shimmer of the joined utterances
Frame-level MFCC1-7 of the joined utterances

Formants 1-4 of the joined utterances

Ratio of nouns, verbs, and pronouns,in the total

number of words
“Type-token ratio of words and type-token ratio of
characters,

Ratio of information words in the total number of
words (Information words include nouns, verbs,
adjectives, and numerals)

Number of people, objects, places, and actions

category (specific o the Cookie Theft)
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AD (30) MCI (40)

HC (22)

SD
Age (year) 73.30 9322 69.90 8.089
Gender (#female) 19 63.33% 23 57.5%
Education (year) 877 5.036 1073 1095
MoCA-B score 10.03 3.200 19.98 2,616

M, mean; SD, standard deviation (number and proportion of females for the gender; more details in

7319

45.45%

4.479

2251

0.003

0432

0145

0.000
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Subcategory  Feature type Feature name, abbreviation References

Lexical features Bag of words Bow (33)
Linguistic inquiry and word count | LIWC, (36,37)
Lexical diversity ‘Type-token ratio (TTR) (38,39)

Moving average TTR (MATTR) (38)
Brunets index; Honores statistic (40-42)

Familiarity; imageability; age-of-acquisition 9

Vocabulary analysis “The total number of utterances; mean length of utterances; functional words; ©3)

unique words; word count; character length; lexical bigrams

Part-of-speech tagging Pos (26,37, 38)
Lexical density Idea density (ID) (3)
Syntactical features | Constituency-based parse tree scores (38)
Sentence analysis ‘The mean length of sentences; T-units; clauses (38)
‘The frequency of occurrence of different grammatical constituents 38)
‘The rate, proportion, and average length of noun phrases, verb phrases, and 8)

prepositional phrases

Coordinated sentences; subordinated sentences; reduced sentences; number of ©3)
predicates; average number of predicates; dependency distance; number of
dependencies; average dependencies per sentence

Pragmatics Coherence “The filler words; phrase repetitions; word revisions; phrase revisions ©6)
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Groups
Before After

CG IG p  CG IG p

FES 3600 3500 | 0927 | 29.00 27.00

(26.00) (31.00) (19.00) (14.00)
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Subcategol

Prosodic features Temporal
Fundamental frequency
Spectral features, Formant trajectories

Mel frequency cepstral coefficients

Vocal quality Jitter, Shimmer, harmonic-to-noise ratio
ASR-related Filled pauses, repetition, dysfluencies, hesitations, fractal dimension,
entropy.

Dialog features (i.

wrn-taking)

Feature name
Pause rate (PR)
Hesitation rate
Speech rate (SR)
Articulation rate (AR)
Speech tempo

FO0 and trajectory
F1,F2,F3

MEFCCs

Jitt, shimm, HNR

FP rep, dys, hes, D, entr

TT: avg, turn length, inter-turn silences

References
9,10)
@a1,12)
@
(11-13)
(11,12)
(14,15)
(16-20)
Q@
(22-24)
©5)

(6)





OPS/images/fphys-15-1309161/fphys-15-1309161-t013.jpg
Groups

CG IG
Dif_AE45D 001 (7.37) -3.00 (6.76) 0363
Dif_RE45D ~001 (1024) 315 (7.56) 0363
Dif_VEASD 0,02 (3949) 062 (1.90) 046
Dif_ AE4SND ~259 (8.93) 048 (10.19) 0759
Dif_RE4SND -274 (893) -5.70 (12.32) 0539
Dif_VE4SND -113 (428) 0388 (2.88) 0179
Dif_AE20D 311 (19.98) -193 (13.50) 0649
Dif RE20D 334 (19.98) 193 (13.50) 0577
Dif_VE20D 118 (5.18) -180 (3.47) 0059
Dif_AE20ND 046 (11.17) 556 (19.79) 0246
Dif_RE20ND 046 (12.78) 5.63 (20.53) 0339
 Dif_VE20ND ~168 (697) 0.92 (464) 0114
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Voice segments

iy

Casans

FO
Jitter
Shimmer
MFCCs
Formants

Speaker 1

Transcriptions

Speaker 2

Part-of-speech
Type-token ratio
Information words
Information units

Machine learning

Y
3

Logistic Regression
Random Forest
Support Vector Machine
Gaussian Naive Bayesian
K-Nearest Neighbor
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Absolute Error 45 Dom 7.5 (7.49) 592 (7.39) 0.658 7.37 (5.96) 456 (6.81) 0122
Absolute Exror 45 Nao Dom 672 (12.12) 631 (7.63) 0.045° 7.89 (9.47) 7.74 (6.34) 0187
Relative Error 45" Dom 6.92 (7.61) 576 (7.55) 0.989 7.37 (7.20) 456 (7.80) 0217
Relative Error 45’ Ndo Dom 672 (12.12) 520 (8.19) 0.045° 7.89 (9.64) 6.67 (6.67) 0.018*
Variable Error 45 Dom 234 (280) 331 (3.36) 0775 179 (3.36) 133 (215) 0274
Variable Error 45’ Nao Dom 335 (3.84) 176 (352) 0073 219 (0.76) 164 (273) 0.808
Absolute Error 20" Dom 15.17 (13.02) 1398 (19.73) 0732 1822 (1437) 14,64 (8.80) 0.689
Absolute Exror 20° Nao Dom 1536 (14.62) 1261 (12.85) 0.605 1670 (20.67) 11.89 (12.80) 0058
Relative Error 20° Dom -15.17 (13.02) ~13.98 (19.73) 071 -1822 (1437) ~14.63 (8.80) 0.689
Relative Error 20° Nao Dom 1536 (14.62) ~11.89 (12.80) 0503 -16.70 (20.67) 1189 (12.80) 0,058
Variable Error 20° Dom 374 (5.31) 503 (5.40) 0407 401 (3.87) 352 (262) 0079
Variable Error 20° Nao Dom 531 (4.68) 434 (5.18) 026 279 (3.36) 389 (277) 0181

(*) p < 0.05.
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Absolute Error 45' Dom 755 (7.49) 7.37 (596) 0474 592 (7.39) 456 (6.81) 0082
» Absolute Error 45’ Nao Dom 672 (12.12) 7.89 (947) 0413 6.31 (7.63) 7.74 (6.34) 0211
Relative Error 45" Dom 692 (7.61) 7.37 (720) 0625 576 (7.55) 4.56 (7.80) 0265
Relative Error 45’ Ndo Dom 672 (12.12) 7.89 (9.64) 0539 520 (8.19) 667 (6.67) 0495
Variable Error 45" Dom 234 (280) 179 (336) 0891 331 (3.36) 133 (2.15) | oo
Variable Error 45° Ndo Dom | 335 (3.84) 2.19 (0.76) 0.191 176 (3.52) 1.64 (2.73) | 0.351
Absolute Error 20° Dom T s we | B201) 0811 1398 (19.73) 1ot @80 | 0dss
Absolute Error 20° Nao Dom 1536 (14.62) 1670 (20.67) 0467 1261 (12.85) 11.89 (12.80) 0.802
Relative Error 20° Dom -15.17 (13.02) -1822 (14.37) 0811 ~13.98 (19.73) 1463 (8.80) 0495
Relative Error 20" Nao Dom | sasaie) 1670 (20.67) 0413 ~11.89 (12.80) ~11.89 (12.80) 0767
Variable Error 20° Dom | 374 (531) 401 (387) 082 503 (5.40) 352 (262) oo
Variable Error 20" Nao Dom 531 (4.68) 279 (336) oo 434 (5.18) 389 277) T

) p < 005.
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Gender, male (1, %)
sit-to-stand five times/s
6m walking test/(m/s)
SMI

Maximum grip strength/kg

Age (years, mean £SD)

Non-Yin-
deficiency

constitution
(n=51)

45(88.24)
936+1.62
1294020
637£074
26924599

6427820

Yin-
deficiency
constitution
(n=51)

44(86.27)

10014215
119020
625069
25342614

6520£7.72

0.767

0.088

0015

0392

0.191
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Crude model Minimally Fully

OR (95%CI) P OR (95%Cl) OR (95%Cl)

Neutral constitution 0.31(021-0.44) <0.001 047 (028-078) 0.004

Qi-deficiency constitution 1.63(0.81-3.33) 0.169

Yang-deficiency constitution 403 (269-6.03) <0.001

Yin-deficiency constitution 3.20(1.70-6.03) <0.001 2,67 (1.04-6.85) 0.041 9.70 (3.20-69.38) <0001
Phlegm-damp constitution 147 (0.50-4.29) 0.483

Damp-heat constitution 295 (0.79-11.03) 0.108

Blood-stagnation const 143 (0.69-2.96) 0334

Qi-stagnation constitution 170 (0.64-4.51) 0.283

Special diathesis constitution - R

Crude model adjusted for none. Minimally adjusted model adjusted for gender, age, SMI. Fully adjusted model adjusted for gender, age, 6m walking test/(m/s), SMI, and maximum grip
strength/kg. OR, odds ratio; CI, confidence interval.
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Gender, male (1, %)
sit-to-stand five times/s

6m walking test/(m/s)

SMI

Maximun grip strength/kg
Age (years, mean £ D)
Neutral constitution
Qi-deficiency constitution
Yang-deficiency constitution
Yin-deficiency constitution
Phlegm-damp constitution
Damp-heat constitution
Blood-stagnation constitution
Qistagnation constitution
Special diathesis constitution

Mean skeletal muscle mass index, SMI

Total ( 372)
341(24.85)

9524212
1182022
646084
262(23.13-306)
64774729
1,098 (80.03)
65 (4.74)
164 (11.95)
55 (4.01)
28(2.04)
12/(0.87)
65 (4.74)
31(2.26)

9(0.66)

No sarcopenia (
302 (24.53)
9.23:168
120£021
656080

263 (23.6-31)
6424£7.06
1,015 (8245)

55 (4.47)
121(9.:83)
41(3.33)
24(1.95)
9(0.73)
56 (4.55)
26(2.11)

9(0.73)

231)

Sarcopenia (n = 141)
39(27.66)
12.10£3.42
099020
559057
219(19.1-25.15)
69.4847.59
83 (58.87)
10(7.09)

43 (30.50)
14(993)
4(284)
3(213)
9(6.38)
5(355)

0(0.00)

0416

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.165

<0.001

<0.001

0.480

0.092

0332

0278

0.308
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Cros60360

AUC=0.707
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CERAD.IR CERAD.DR Animal fluency

B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value B (95% Cl) p-value
oPA
None reference reference reference reference
Low 0.432(-0264, 1.128) 0.160 0.323(~0.120,0.766) o113 1.165 (0,157, 2.487) 0071 2466 (~0341,5.272) 0071
Moderate 0,633 (<0.114, 1.379) 0078 0.277(~0.304,0.857) 0.256 0.099 (<0812, 1.010) 0778 2286 (~1.167,5.739) 0.140
High 0.065 (<0632, 0.761) 0510 0,039 (0.283,0.361) 0753 0.210 (<0619, 1.039) 0520 0.843 (~1.722,3.407) 0413
pfor trend! 0958 pfor trend 0985 p for trend 0756 pfor trend 0558
TPA
None reference reference reference reference
Low 0.246 (~0.670, 1.162) 0.497 0.167 (<0326, 0.660) 0.400 0.392(~0.642,1.426) 0352 2,122 (<0.559, 4.804) 0093
Moderate ~0.015 (~0915, 0.884) 0964 0,047 (~0.598, 0.693) 0.848 0.774(~0972,2.520) 0.286 ~0.828 (~4.189, 2.534) 0532
High 0.082 (~1020, 1.185) 0846 0,054 (~0.601,0.708) 0831 ~0.446 (~1.676,0.783) 0370 ~2014 (~5.193, 1.165) 0.153
p for trend 0.855 p for trend 0771 p for trend 0744 p for trend 0116
RPA
None reference reference reference reference
Low 0.518 (~0314, 1.349) 0.159 0.096 (~0.348,0.541) 0579 0.490 (<0329, 1.309) 0172 2120 0,107, 4.132) 0.043
Moderate 0.351 (~0.457, 1.160) 0.294 0,253 (~0.176,0.683) 0177 1313 (0.280, 2.346) 0.024 3.635 (1,363, 5.907) 0.011
High 0.170 (~0.330, 0.671) 0.398 0.229(<0.119,0577) 0.141 1726 (0.792,2.659) 0.007 3.248 (0,564, 5.933) 0.028
pfortrend 0.455 pfor trend 0.09 pfor trend <0.001 pfor trend 0.010
Total PA
None reference reference reference reference
Low 0.211 (<0595, 1.017) 0.508 0.145 (<0306, 0.595) 0.461 0987 (0.263,1.711) 0.016 2,460 (0.473, 4.447) 0.023
Moderate 0,512 (<0213, 1.238) 0.121 0.257 (~0.064,0.578) 0.098 1,528 (0459, 2.598) 0.013 4.720 (2,518, 6.922) 0.002
High 0.414 (=060, 0.887) 0076 0.321 (0,037, 0.604) 0.033 1412 (0.704,2.119) 0.003 3.402 (1,758, 5.047) 0.002
pfor trend 0114 pfor trend 0.037 pfor trend <0.001 pfor trend 0.005

fp and 95% Cl are calculated based on the fully adjusted model. The results of Model 1 and Model 2 are shown in Supplementary Table 3.
p o trend: trends between the groups were examined by using the median of the PA volumes in each group as  continuous variable.
Significant values (p < 0.05) are in bold.
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Model 1 Model 2 Model 3

B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value

CERADJIR Reference! Reference’ Reference'

opa? 0,575 (<0009, 1.160) 0.053 0,127 (~0.322,0577) 0554 0.133 (-0371,0.637) 0542
TPA? 0,239 (~0.440,0917) 0478 0.005 (~0.586, 0.595) 0.987 0.006 (~0.669, 0.682) 0.983
RPA? 0.875 (0,445, 1.304) <0.001 0,208 (~0.198,0.613) 0.291 0.131 (~0.337,0.599) 0519
Total PA* 0,992 (0.661, 1.324) <0.001 0.444 (0122, 0.765) 0.010 0370 (~026,0.766) 0.062
CERAD.DR Reference! Reference’ Reference’

opa? 0.264 (0.042, 0.485) 0.021 0.049 (~0.174,0.272) 0.647 0,047 (<0.193,0.287) 0,650
A 0.188 (<0.191,0.567) 0320 0.042(~0.304, 0.388) 0799 0,034 (<0.351,0.420) 0834
RPA* 0.499 (0.281,0.718) <0.001 0.255 (0.035, 0.474) 0.026 0.216 (~0.041,0.473) 0.085
Total PA* 0.525 (0.361, 0.689) <0.001 0.292 (0.118, 0.466) 0.003 0.254 (0,058, 0.449) 0.019
Animal fluency Reference! Reference’ Reference'

opa? 0.923(0.280, 1.56) 0.006 0.084 (~0.385,0.552) 0.709 0.011 (~0.461,0.483) 0.955
TPA? 1.025 (~0.066,2.117) 0.065 0.438 (~0.547, 1.424) 0.360 0.179 (<0955, 1.312) 0713
RPA? 2701 (2,047, 3.356) <0.001 1,509 (0.961, 2.057) <0.001 1.400 (0776, 2.024) 0.002
Total PA* 2.267 (1,702, 2.831) <0.001 1.222(0.702, 1.742) <0.001 1115 (0.571, 1.659) 0.001
DSST Reference! Reference’ Reference'

opa? 3.766 (1,229, 6.303) 0.005 0.843 (~0.923, 2.609) 0327 0.821 (~1.228, 2.869) 0.365
TPA? 0.715(~1.733,3.163) 0556 ~0.898 (~2573,0.777) 0272 ~1.575 (~3.596, 0.445) 0.105
RPA? 7.593 (5.603,9.582) <0.001 3.247 (1,760, 4.735) <0.001 2912 (1,291, 4.534) 0.005
Total PA* 7.098 (5.521, 8.675) <0.001 3.346 (2.136,4.555) <0.001 2,974 (1.683, 4.265) <0.001

Model 1 does not adjust any variables; model 2 adjusts according to age, s, PIR, race, educational attainment, smoking and drinking; model 3 continues to adjust depression, diabetes,
hypertension, cardiovascular disease and trouble remembering on the basis of model 2.

‘Reference corresponds to the groups in each domain of PA (OPA, TPA, RPA) and total PA that do not meet the PA guidelines.

‘Groups that correspond to PA (OPA, TPA, RPA) in each domain and total PA that meet the PA guidelines

Significant values (p < 0.05) are in bold.
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Characteristic

Age'

Age (Group)'**
60-69years
70-79years
80+ years
Sex!
Female
Male

PRV
Race'®*

Non-Hispanic White
Non-Hispanic Black
Other Hispanic
Other/multiracial
Mexican American
Education attainment'**
Less Than 9th Grade
9-11th Grade

High School Grad/GED
Some College or AA degree
College Graduate or above
Drinking status>*
Non-drinker

1-5 drinks/month

5-10 drinks/month

10+ drinks/month
Smoking status’
Current smoker
Former smoker

Never smoker

BME

‘Trouble remembering*
No

About once

Two or three times
Nearly every day
Several times a day
Depression**

No

Yes

Hypertension®>*

No

Yes

Diabetes'**

No

Yes

Cardiovascular disease™*
No

Yes

CERAD.IR™
CERAD.DR'™

Animal Fluency'**

DSSTIZM

Overall,
N=2,924
(100%)*

69.20(6.65)

1,464 (51.72%)
806 (27.48%)

654 (20.80%)

1,504 (54.54%)
1,420 (45.46%)

3.12(1.58)

1,396 (79.48%)
697 (8.44%)
294 (3.66%)
281 (5.04%)
256 (3.39%)

329.(570%)
415 (10.27%)
684 (22.19%)
821 (31.29%)

672.(30.55%)

916 (27.35%)
1,379 (47.46%)
122.(5.00%)
452 (20.19%)

371 (10.96%)

1,108 (39.33%)

1,443 (49.72%)
29.06(6.29)

1,626 (54.52%)

693 (26.43%)

435 (14.06%)
116 (3.57%)

50 (1.42%)

2,598 (92.72%)

261 (7.28%)

954 (36.39%)

1,970 (63.61%)

2,106 (76.49%)

817 (23.51%)

2415 (82.40%)
508 (17.60%)
1972 (4.49)
6.23(2.30)
18.08 (5.70)

51.96 (16.81)

69.78 (6.81)

969 (47.75%)
561 (27.05%)

515 (25.20%)

1,113 (57.50%)
932 (4250%)

3.01(1.60)

924 (76.76%)
502 (9.41%)
223 (4.26%)
216 (5.93%)

180 (3.64%)

255 (6.97%)
313 (11.43%)
475 (22.21%)
523 (27.90%)

476 (31.49%)

675 (28.81%)
949 (47.27%)
0 (4.20%)
301 (19.72%)

254 (10.61%)
760 (37.91%)
1,030 (51.47%)
29.28 (6.60)

1,152 (55.39%)

460 (25.73%)

304 (13.83%)
85(3.31%)

40/(1.75%)

1,801 (91.96%)
196 (8.04%)

640 (34.94%)

1405 (65.06%)

1,442 (74.36%)

602 (25.64%)

1,702 (83.37%)

343 (1663%)
19.47 (4.63)
6,10 (2.40)
17.62(5.87)

5038 (17.54)

Yes, N =879
(34%)

68.11(6.20)

495 (59.29%)
245 (28.30%)

139 (12.41%)

391 (48.91%)
488 (51.09%)

332(152)

472 (84.67%)
195 (6.60%)
71(2.50%)
65 (3.34%)
76 (290%)

74 (3.28%)
102 (8.07%)
209 (22.15%)
298 (37.75%)

196 (28.75%)

241 (24.59%)
430 (47.84%)
42(6.50%)
151 (21.08%)

117 (11.61%)
348 (42.02%)
413 (46.36%)

28,65 (5.64)

474 (52.89%)

233 (27.76%)

131 (14.50%)
31(4.06%)
10 (0.80%)

797 (94.15%)
65 (5.85%)

314(39.16%)
565 (60.84%)

664 (80.55%)

215 (19.45%)

713 (80.54%)

165 (19.46%)
2020 (4.17)
6.48 (2.09)
18.95 (5.25)

54.98 (14.86)

No, N=

(81%)°
69.56 (6.71)

1,095 (49.10%)
672 (28.99%)

547 (21.91%)

1,223 (56.29%)
1,091 (43.71%)

3.11(1.58)

1,170 (80.68%)
549 (8.42%)
191 (3.02%)
200 (4.57%)

204 (3.31%)

252(5.74%)
316 (10.27%)
570 (23.74%)
649 (31.06%)

526 (29.19%)

730 (28.08%)
1,101 (47.65%)
91 (4.28%)
346 (19.98%)

277 (10.63%)
898 (39.67%)
1,138 (49.70%)

2931 (6.40)

1,280 (54.79%)

541(26.18%)

356 (14.27%)
93 (3.30%)

41(1.48%)

2,046 (92.14%)

214 (7.86%)

706 (34.72%)

1,608 (65.28%)

1,643 (75.50%)

670 (24.50%)

1,871 (80.71%)

442 (19.29%)
19.65 (4.47)
618 (2.32)
17.86 (5.66)

51.57 (16.84)

,314  Yes, N=610

(19%)°
6767 (6.15)

369 (62.92%)
134 (21.03%)

107 (16.05%)

281 (47.09%)
329 (52.91%)

316 (1.60)

226 (74.35%)
148 (8.53%)
103 (6.37%)
81(7.02%)

52 (3.73%)

77 (5.56%)

99(10.28%)
114 (15.56%)
172(3225%)

146 (36.35%)

186 (24.24%)
278 (46.67%)
31(8.03%)
106 (21.06%)

94 (12.36%)
210 (37.86%)
305 (49.77%)

2800 (5.70)

346 (53.41%)
152 (27.49%)
79 (13.18%)
23(4.72%)

9(1.20%)

552 (95.16%)

47 (4.84%)

248 (43.51%)

362 (56.49%)

463 (80.74%)

147 (19.26%)

544 (89.61%)
66(10.39%)
2003 (458)
643 (2.20)
19.00 (5.76)

53.62(16.61)

-test adaped to complex survey samples and chi-squared test with Rao & Scott's second-order correction were used to calculate between-group differences.
'234Represents the within-group differences of variables in people with and without OPA, TPA, RPA or total PA, respectivelyMean (SD) for continuous; n (%) for categorical.

(55%)*
69.74 (6.76)

816 (48.88%)
479 (28.38%)

411 (22.74%)

907 (56.55%)
799 (43.45%)

2.85(1.58)

820 (78.68%)
417 (9.14%)
185 (4.22%)
132 (4.28%)

152 (3.69%)

236 (7.96%)
300 (13.64%)
425 (24.32%)
460 (32.45%)

283 (21.61%)

564 (31.97%)
822 (48.84%)
61 (3.87%)
218 (15.33%)

269 (14.69%)
626 (36.87%)
811 (48.44%)

2995 (6.78)

955 (55.41%)

377 (23.95%)

252 (14.33%)
81 (4.22%)

38 (2.09%)

1,463 (90.16%)

195 (9.84%)

513 (32.29%)

1,193 (67.71%)

1,203 (73.43%)

502 (26.57%)

1,369 (80.21%)
336 (19.79%)
19.20 (4.58)
6.00 (2.34)
16.98 (5.45)

48.47 (17.10)

No, N=1706 = Yes, N=1,218

(45%)*
68.55 (6.45)

648 (55.21%)
327 (26.38%)

243 (18.41%)

597 (52.07%)
621 (47.93%)

344(1.52)

576 (80.46%)
280 (7.59%)
109 (2:97%)
149 (5.97%)

104 (3.02%)

93 (2.94%)
115 (6.15%)
259 (19.57%)
361 (29.83%)

389 (41.52%)

352 (21.71%)
557 (45.79%)
61(6.37%)
234 (26.13%)

102 (6.37%)
482 (42.35%)
632 (51.28%)

2799 (5.46)

671 (53.43%)

316 (29.47%)

183 (13.72%)
35 (277%)

12 (0.61%)

1,135 (95.83%)

66 (4.17%)

441 (41.42%)

777 (58.58%)

903 (80.24%)

315 (19.76%)

1,046 (85.09%)
172 (14.91%)
2036 (4.30)
651(2.22)
19.44(5.70)

56.24(15.40)

Total PA

No, N=1,031

(33%)*
70.46 (6.87)

442 (43.40%)
298 (28.88%)

291 (27.73%)

604 (61.02%)
427 (38.98%)

2.77(1.58)

510 (78.70%)
254 (9.43%)
92(3.62%)
76 (4.27%)

99 (3.97%)

147 (9.06%)
178 (13.43%)
266 (25.88%)
252 (28.04%)

188 (23.60%)

358 (33.08%)
490 (49.07%)
26 (2.43%)
130 (15.42%)

143 (13.03%)
380 (36.47%)
508 (50.50%)

3048 (7.20)

565 (55.10%)

217 (23.58%)

163 (14.32%)
56 (4.48%)

27 (253%)

868 (88.74%)

132 (11.26%)

277 (29.30%)

754 (70.70%)

697 (70.71%)

333.(29.29%)

815 (78.80%)
216(21.20%)
1897 (4.74)
5.84(245)
16.37 (5.30)

46.67 (17.35)

Yes, N =1893

(67%)*
68.57 (6.45)

1,022 (55.91%)
508 (26.78%)

363 (17.31%)

900 (51.27%)
993 (48.73%)

329(155)

886 (79.87%)
443 (7.94%)
202 (3.67%)
205 (5.42%)

157 (3.09%)

182 (4.01%)
237 (8.68%)
418 (20.33%)
569 (32.93%)

484 (34.05%)

558 (24.49%)
889 (46.66%)
96 (6.28%)
322 (2257%)

228(9.91%)
728 (40.77%)
935 (49.32%)

28.37(5.67)

1,061 (54.24%)

476 (27.86%)

272 (13.93%)
60(3.11%)

23 (0.87%)

1,730 (94.69%)

129(5.31%)

677 (39.96%)

1,216 (60.04%)

1,409 (79.40%)

484 (20.60%)

1,600 (84.21%)
292(15.79%)
2010 (431)
6.43(220)
18.94(5.70)

54.63 (15.88)
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National Health and Nutrition Examination
Surveys (2011-2014) (n = 19931)
Excluded:
"] Participants aged <60 years without cognitive testing
(n=16299)
Participants aged 60 years or older who

participated in cognitive testing (n = 3632)
Excluded:
Participants who did not complete all cognitive tests
(n=698)
Participants who did not report physical activity
information (n = 10)

Participants with complete cognitive testing
and physical activity information (n = 2924)
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Effect Boot SE Boot 95% Cl

Total effect ~0.620 0.040 [-0.692, ~0.540]
Direct effect ~0.426 0039 [-0.502, ~0.350]
Total indirect effect ~0.193 0018 [~0.230, ~0.160]
Path 1: IADL—depression—cognitive status -0.127 0015 [~0.158, ~0.100]
Path 2: IADL—sleep duration—cognitive status ~0.006 0.004 [-0.015,0002]

Path 3: IADL—sleep duration—depression—cognitive status -0014 0.004 [-0.022,~0.006]
Path 4: IADL—sp.—depression—cognitive status ~0.006 0.001 [~0.008, ~0.003]
Path 5: IADL—sp.—cognitive status ~0041 0007 [~0.054,~0.028]

The serial mediation model with PROCESS (Model 80). Paths with statistical significance at the p<0.05 level are indicated in bold.
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Variables IADL (score) Sleep duration Depressive symptoms  Cognitive sta

TADL (score) 1 0085+ X 0.265%% 0250+
Sleep duration ~0.085% 1 X ~0313+* 011
Social participation ~0.088% 0.035% 1 0145+ 0.2414%
Depressive symptoms 0.265% ~0313+* 0145+ 1 0304+
Cognitive status ~0.250% 0118 0.241%% 0304+ 1
MzSD 551541659 703842017 148420822 17.5836.065 11.759+4.110

166

5 %% p < 0.01; % p < 0.05.
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Instrument [e] CG

(n=40) (n=40)

DKAS 22774638 | 21654769 0711 0.479
cps 1910£7.08  2057£586  -1014 0314
Self-affirmation 18.023.08 1802308 1685 0.9
Life outlook 14.10£3.49 14908332 -1049 0297
HA 595£3.23 4924247 1592 0115
HD 5574363 467272 1253 0214

IG, Intervention Group; CG, Control Groups DKAS, Dementia Knowledge Assessment Scale;
CPS, Caregiver Preparedness Scale; HA, Anxiety; HD, Depression,
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Variables
Age
60-69
70-79
280
Marital status
Other
Married
Hukou
Other
Non-agricultural
Sex
Female
Male
Education level
Tlliterate
Elementary school
Middle school

>High school

Comparisons of two categories were performed with unpaired f-test, and comparisons of > 3 categories were performed with one-way ANOVA of multiple comparison.

N (%)

2,254 (61.5%)
1,072(29.2%)
339 (9.3%)

762 (20.8%)
2903 (79.2%)

2,730 (74.5%)
935 (25.5%)

1,824 (49.8%)

1,841 (50.2%)

2,034 (55.5%)
880 (24.0%)
466 (12.7%)

285 (7.8%)

Mean

1172
1173

1210

1193

171

1172

1188

1179

1173

11799
11780
11586

11705

F/t
1293
408
420
399
1318
432
405
~1.086
413
406
0470
415
407
0356
4102
4093
4190
4090

0275

0188

0278

0638

0.785
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Gender
Male
Female
Age
Mean (SD)
Relationship
Spouse
Son/Daughter
Son/Daughter in law
Sibling
Friend
Income per month
Less than 1,000
1,001~3,000
3,001~5,000
More than 5,001
Education level
Primary
Secondary
Tertiary above
Employment status
Employed
Retired/unemployed
Other
Duration of care (Month)
3~6h
7~12h
More than 12h
Duration of care per week (Month)
3~4days
5~6days
7days
Self-awareness of physical condition
Very bad
Bad
General
Good
Very good
Self-awareness of financial stress
No pressure
Yes, affordable

Yes, its hard to afford

L (%

32 (40)

48 (60)

569741397

34(42.5)
38 (47.5)
607.4)
103)
1(1.3)

2(25)
4(5.0)
36 (45.0)
38 (47.5)

14(17.5)
21(26.2)
45(56.3)

30(37.5)
44(55.0)
6(7.5)

22(27.5)
7(88)

51(63.7)

17(21.2)
3(38)
60(75.0)

2(25)
2(25)
27(33.8)
40 (50.0)
9(11.2)

54(67.5)
24(30.0)

2(25)

24

59.15£ 1421

20

CG

E

548£1355

21

E

32

/X2 p value

3.200 0074
~ 1401 0165
~0.145 0885
-0317 0752
0433 0.660
~0.739 0462
~0.626 0533
~0.626 0225
0548 0585
0420 0676

IG, Intervention Group; CG, Control Group; CPS, Caregiver Preparedness Scale; HA, Ansiety; HD, Depression; DKAS, Dementia Knowledge Assessment Scale.
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Conten
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Establishment problems: assess the caregiver disease-related knowledge of AD patients
and encourage them o establish care problems.

Express emotions: encourage caregivers to express their problems and confusion in the

process of caring for the patient.
Setting goals: etting goals together with caregiver based on the patients existing
problems.

Developing a plan: the researcher will provide professional caregiving skills and work
with the caregivers to set competent care goals.

Effectiveness evaluation: before the next intervention, the effectiveness of the

caregivers’ knowledge oflife care was evaluated.

Establish problem: guided caregiver to summarize emotion problems that exists in the

patients implementation.

Expressing emotions: encourage caregivers to express their concerns and fears during
the caregiving process.

Setting goals: caregiver can build up confidence in caring for the patient and to cope
with the problems and negative emotions.

Developing a plan: develop a feasible emotion management plan together with the
caregiver, researcher providing scientific support to the caregiver.

Effectiveness evaluation: caregiver's emotion was evaluated by researcher and

psychological consultant.

Establishing problem: guided caregivers to establishing questions about memory and

cognitive trai

ing methods for people with AD.
Expressing emotions: caregiver express confusion about memory and cogniltive
training for AD patients.

Setting goals: o be able to acquire cognitive training methods for people with AD
Developing a plan: make a plan for memory training with the caregiver and provide
professional support, such as digital stimulation memory rehabilitation method.

Effectiveness evaluation: caregiver correctly grasped the method of memory cogni

training.

Establishing problems: guided caregiver to considering how to ensure the patient’
safety at home.

Expressing emotions: encourage caregiver talk about concerns of patient’s safety at
home.

Setting goals: caregivers can grasp the safety hazards and to prevent the safety hazards.
Developing a plan: encourage caregivers to actively participate in home safety
management programs. For example, prevention of wandering, falls, etc.
Effectiveness evaluation: patients did not slip, fal,get injured, or lose their way.
Establish problem: guide caregiver express question about the patient’s medication.

Expressing emotions: encourage caregivers to talk about their questions about the

patients medication.

Setting goals: caregivers familiarize with medication safety, and adverse drug reactions.
Developing a plan: the researcher sends the knowledge related to medication safety
through face-to-face and WeChat group; e.g., in order to avoid missing and wrong
medication, caregivers must accompany the AD patients and wait until they take all the
medication before they leave; for patients with swallowing disorders, it is necessary to
crush the medicine and dissolve it in water or mix it with food; carefully observe the
patients reaction after taking the medicine, such as choking, coughing and adverse
drug reaction; at the same time, place the medicine safely.

Effectiveness evaluation: caregivers learn about medication safety.

Establishing problem: encouraging caregiver to express need for social support,
Expressing emotions: encouraging caregivers to release adverse emotions such as
anxiety and depression caused by the burden of caring for the patient.

Setting goals: caregivers were able to take the initiative o seek help from family;

medical and social support
Developing a plan: researcher supported the caregivers with professional information
by setting up a WeChat group: encouraging caregivers to share methods and

communicate with their family members and friends. Organizing free offine dlinics

and Tencent conferences with disease-related knowledge lecture.
Effectiveness evaluation: during follow-up, assess whether the caregivers will actively
seek support, and build up confidence in being able to take care of the patients in the

long term,

Durations

30-60min

30-60min

30-60min

30-60min

30-60min

WeChat group.

Implel

Researcher

Researcher,
psychological

consultant.

Researcher

Researcher

Researcher, clinician

Researchers, nurses,

doctors
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Feature Control group Intervention group

Focus of care “Treating the patients Participant’s internal
disease experiences (psychological

empowerment)

Role of healthcare  Primary leaders Equal participants

providers

Role of participants | Passive compliance Active engagement

Management Healthcare workers Enhance participants self-

approach ‘manage discases actively | management abilities





OPS/images/fpubh-12-1375379/fpubh-12-1375379-t003.jpg
Global cognition

Adjusted model
B (95% CI) p-value

Three-piecewise linear regressi

AGR<122* 005 (~0.15,0.25) 0.635
AGR>122, <1.81° 0.10 (0.05,0.16) <0.001
AGR>181° ~0.17 (~0.35,0.02) 0.823

Likelihood ratio test - 0.019

AGR, albumin-to-globulin ratio; 95% CI, 95% Confidence Interval.

“AGR was entered as a continuous variable per change 0.1 unit.Adjusted for age, gender, race, education, marital status, poverty-to-income ratio, body mass index, drinking, smoking, physical
activity, hypertension, diabetes, coronary heart disease, stroke, and depression. Only 97.5% of the data is presented.
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Variable B (95% CI)

Model 1 p-value Model 2 p-value
DSST socre
AGR* 2765 11(091,1.29) <0.001 0.41(0.26,0.56) <0.001 036 (0.21,051) <0.001
AGR quartiles
Q1 (<131) 690 0 (Ref) 0 (Ref) 0 (Ref)
Q2(132-1.50) 678 403 (224,5.81) <0.001 1.32(-0.03,267) 0.055 091 (~0.42,2.24) 0179
Q3(151-1.69) 704 7.13 (536, 8.90) <0.001 22(083,357) 0.002 1.68(0.32,3.03) 0015
Q4 (21.70) 693 1095 (9.17,12.72) <0.001 4,05 (263,5.46) <0.001 345 (2.04,4.85) <0.001
Pfortrend 2765 <0.001 <0.001 <0001
AFscore
AGR* 2765 027 021,0.33) <0.001 0.11(0.06,0.17) <0.001 0.1(0.04,0.16) 0.001
AGR quartiles
Qi (131 690 0 (Ref) 0 (Ref) 0 (Ref)
Q2 (132-1.50) 678 0.96 (039, 1.53) 0.001 0.32(~0.20,085) 0.226 0.25(-0.28,077) 0354
Q3 (151-1.69) 704 218 (1.62,2.74) <0.001 1.03(0.50,1.57) <0.001 093 (039, 1.46) 0.001
Qi (21.70) 693 272(215,3.28) <0.001 1.21(0.66,1.76) <0.001 110 (0.54,1.65) <0.001
Pfortrend 2765 <0.001 <0.001 <0.001
CERAD score
AGR 2765 0.13(0.06,0.20) 0.001 0.05(~0.02,0.12) 0175 0.05(=0.02,0.12) 0.182
AGR quartiles
Qi (<131 690 0 (Ref) 0 (Ref) 0 (Ref)
Q2(132-1.50) 678 0.3(~0.38,099) 0.387 0,01 (~0.62,0.63) 0.985 ~0.02(~0.64,061) 0.957
Q3 (151-1.69) 704 0.94 (026, 1.62) 0007 0.39(<0.24,1.03) 0224 0.34(~0.30,098) 03
Q4 (21.70) 693 155 (0.87.2.24) <0.001 0.72(0.06,137) 0,032 0.69(0.03,1.35) 0041
Pfortrend 2765 <0.001 0016 0.023
Global cognition
AGR 2765 0.13(0.11,0.16) <0.001 0.05(0.03,007) <0.001 0.05(0.02,007) <0.001
AGR quartiles
Q1 (£1.31) 690 0 (Ref) 0 (Ref) 0 (Ref)
Q2(132-1.50) 678 0.45(020,0.71) <0.001 0.14(~0.06,0.34) 0.184 0.1(=0.10,029) 0349
Q3 (151-1.69) 704 095071, 1.20) <0.001 0.38(0.17,058) <0.001 032(0.12,052) 0,002
Qi (21.70) 693 137(112,1.62) <0.001 0.57(035,078) <0.001 051(030,072) <0.001
Pfortrend 2765 <0.001 <0.001 <0001

AGR, albumin-to-globulin ratio; BMI, body mass index; PIR, poverty to income ratio; DSST, Digit Symbol Substitution Test; AF, A
for Alzheimer’s Disease; Q1-Q4, quartiles based on the median of albumin-to-globulin ratio; 95% C1, 95% Confidence Interval.
"AGR was entered as a continuous variable per change 0.1 unit.

Model 1: non-adjusted model.

Model 2: adjusted for age, gender, ace, education, marital status, PIR

Model 3: adjusted for model 2, additionally adjusted for BMI, drinking, smoking, physical activity, hypertension, diabetes, coronary heart disease, stroke, and depression.

al Fluency; CERAD, Consortium to Establish a Registry
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Assessed for eligibility (n = 120)

« Excluded (n = 40)
* Not meeting inclusion criteria (n = 24)
Enrollment = Care recipient is not a person with dementia (n = 12)
+ Dedlined to participate (n = 2)
« location and time issues (n = 2)

80 Completed baseline assessment and
randomized

! ¥

40 Allocated to empowerment healthy
education group

! !

40 Participants 40 Participants
No withdrawn No withdrawn

! }

Analyzed n = 40 Analyzedn = 40 3-month follow-up

40 Allocated to normal education group Allocation

1-month follow-up
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Characteristics Participants, AGR quartiles

Total Q1 (<1.31) Q2(1.32-150) Q3(1.51-1.69) Q4 (>1.70) p-value

No. 2765 690 78 704 693
Age, mean +SD 695468 69.0£6.7 69.3£6.8 69.616.8 70.0£6.9 0.059
Age, years 0448
60-69 1,498 (54.2) 393(57) 368 (54.3) 383 (54.4) 354 (51.1)
70-79 811(293) 194 (28.1) 200(29.5) 207 (29.4) 210(30.3)
280 456 (16.5) 103 (14.9) 110(16.2) 114 (16.2) 129 (18.6)
Gender (male), n (%) 1,356 (49.0) 324 (47) 324 (47.8) 356 (50.6) 352(50.8) 0371
Race and ethnicity <0001
Mexican American 244 (88) 63(9.1) 63(93) 71(10.1) 47(638)
Other Hispanic 278(10.1) 82(11.9) 79(11.7) 70(9.9) 47 (6.8)
Non-Hispanic White 1,351 (48.9) 188(27.2) 299 (44.1) 393 (55.8) 171(68)
Non-Hispanic Black 627(22.7) 286 (41.4) 172(25.4) 104 (14.8) 65 (9.4)
Others 265 (9.6) 71(10.3) 65(9.6) 66 (9.4) 63(9.1)
Education level, years, n (%) <0001
<9 310(11.2) 104 (15.1) 88(13) 69 (9.8) 49(7.1)
9-12 381(138) 126 (18.3) 102(15) 83(118) 70(10.1)
>12 2074 (75.0) 460 (66.7) 488 (72) 552 (78.4) 574 (82.8)
Marital status <0.001
Married or living with a partner 1,604 (58.0) 353(51.2) 385 (56.8) 412(58.5) 454 (65.5)
Living alone 1,161 (42.0) 337 (48.8) 293 (43.2) 292 (41.5) 239(34.5)
PIR,n (%) <0.001
Low 824(29.8) 254 (36.8) 224 (33) 197 (28) 149 (21.5)
Medium 1,074 (38.8) 294 (42.6) 255(37.6) 261 (37.1) 264 (38.1)
High 867 (31.4) 142 (20.6) 199 (29.4) 246 (349) 280 (40.4)
Smoking habits, # (%) 1,400 (50.6) 349 (50.6) 335 (49.4) 372(52.8) 344 (49.6) 0.561

1894 (68.5) 430(62.3) 448 (66.1) 497 (70.6) 519(74.9) <0.001
Moderate physical activity, n (%) | 766 (27.7) 164(23.8) 173 (25.5) 207 (29.4) 22(32) 0002
BMI, kg/m’, Mean +5D 29063 308274 21564 285256 27652 <0001
Hypertension, n (%) 1721 (62.2) 492(71.3) 418(61.7) 413 (58.7) 398 (57.4) <0.001
Diabetes, n (%) <0001
Yes 633 (229) 211(30.6) 150 (22.1) 142(20.2) 130 (18.8)
No 2007 (726) 151 (65.4) 491(724) 535(76) 530(76.5)
Bordline 125 (4.5) 28(4.1) 37(55) 27 (3.8) 33(4.8)
Coronary heart disease, 1 (%) 260 (9.4) 59(8.6) 66(9.7) 66(94) 69(10) 0819
Stroke, n (%) 193 (7.0) 67(9.7) 44(6.5) 37(53) 45(6.5) 0.009
Depression, n (%) 252(9.1) 91(13.2) 62(9.1) 60 (8.5) 39(5.6) <0.001
DSST score, mean D 1592173 1042169 4445169 1755169 513166 <0001
AF score, mean £ SD 166£5.5 152451 16.1£5.2 17354 179156 <0.001
CERAD score, mean + SD 249465 242464 245466 25.1£6.7 257463 <0.001
Global cognition, median (IQR) 0.0 (<17,17) =07 (~23,08) ~02(-20,1.4) 03(-15,19) 07(~0.9,2.4) <0001

AGR, albumin-to-globulin ratios BMI, body mass index; PIR, poverty to income ratio; DSST, Digit Symbol Substitution Test; AF, Animal Fluencys CERAD, Consortiurm to Establish a Registry
for Alzheimer's Discase; Q1-Q4, quartiles based on the median of albumin-to-globulin ratios SD, standard deviation; IQR: Interquartile Range.
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Helping family members focus on taking better care of
Lifestyle patients in their daily lives.
fondl Helping family members focus on taking better care of
2. Emotional management themselves emotions.
- oo Helping family members develop a methods of
5 BERohyeld cogitive Ll memory and cognitive for AD patient.
2 Home safety, Helping family members focus on patient safety at
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5 Medication Helping family rrllembers take correct medications
methods for patients.
Social support Helping family members better obtain social support.
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Evaluation
Effectivenes

involvement Increase caregiving

Identify the
Problem

Expressing
Emotions

Core

Primary caregiver active

’ capacity and belief in caregiving ’

Plan
Development

" Goals Setting |

AD disease-related problems;

Problems in the care process;

Reasonable expression of emotions ;

Psychological guidance;

Encourage active participation of primary
caregivers;

Set goals within the capabilites of the primary
caregiver as the primary caregiver;

Plan together with the primary caregiver's
ability to care in mind;

Plan together with the primary caregiver's
needs in mint

Summarize and evaluate program completion;
Increase caregiver confidence;

Improve on deficiencies;
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Group/variable
Comorbid control (n=9)
Lower-body strength (reps)
Upper-body strength (reps)
Trunk flexibility (cm)

Arm fl

(cm)

‘Timed up-and-go (s)

6MWT (m)

4-m gait speed (s)

Geriatric depression scale (pts.)
Hamilton Depression Scale (pts.)
Resilience (pts.)

Healthy control (n=15)
Lower-body strength (reps)
Upper-body strength (reps)
Trunk flexibility (cm)

Arm fl

(cm)

‘Timed up-and-go (s)

6MWT (m)

4-m gait speed (5)

Geriatric depression scale (pts.)
Hamilton Depression Scale (pts.)
Resilience (pts.)

Comorbid experimental (n=12)
Lower-body strength (reps)
Upper-body strength (reps)
Trunk flexibility (cm)

Arm flexibility (cm)

‘Timed up-and-go (s)

6MWT (m)

4-m gait speed (5)

Geriatric depression scale (pts.)
Hamilion Depression Scale (pts.)
Resilience (pts.)

Healthy experimental (= 18)
Lower-body strength (reps)
Upper-body strength (reps)
Trunk flexibility (cm)

Arm flexibility (cm)

‘Timed up-and-go (s)

6MWT (m)

4-m gait speed (s)

Geriatric depression scale (pts.)
Hamilion Depression Scale (pts.)

Resilience (pts.)

Pre-test

15112437
18673.87
~156£1.24
~411£530
7.10+2.48
6343347376
7175151
5.56£1.74
889+3.82

27.224522

15474455
17.67+4.42
~32043.78
—2.60+4.64
7985213
648.20£42.18
606+ 1.1
473£153
733£176

28204430

17923.70
16754391
~125£267
-327£651
651£131
649.42£110.61
638£1.76
417£1.90
6.58£3.06

29174473

1589£3.07
1750£3.50
~200£2.14
~5.64£4.49
683£1.91

64100+ 103.85
7024164
5.06£2.60
8114464

27.28+4.66

Imputation method

Arithmetic mean Median imputation

imputation
Post-test AxB (p ) B(p<) AxB(p<)

13226402 0.0001 0.979 0.011 00001
21114578 0.099 0.0001 0521 0.036
~278+3.03 0454 0.934 0.035 0.280
~600+5.83 0.121 0.085 0.008 0154
8064265 0.018 0572 0.019 0.012
619.00467.97 00001 0.001 0.011 00001
7.28+1.66 0011 0122 0.153 0.002
4674158 00001 0.0001 0.001 0.0001
9784399 00001 0.008 0.043 00001

2667+4.61 00001 0.0001 0.009 0.0001

1440391
1860+3.18
-327+3.62
0674625
8444233
62053£60.51
6574092
4804178
7274249

28.60+3.78

1743£2.63
20324230
043087
—699+6.73
6284123
7442243890
5434168
1334113
5574191

3378£233

19382.57
18472195
~138£1.89
~869+5.01
609101
732.19+49.92
6174152
2004133
4384223

34624201

Alp <)

0981
0.0001
0.662
0115
0661
0001
0041
0.0001
0.004

0.0001

B(p <]

0012
0476
0023
0011
0016
0011
0151
0.001
0036
0.008

ANOVA terms: AxB (Interaction between measurements and groups), A, Measurements (pre-test vs. post-test); B, Groups (Comorbid control, Healthy control, Comorbid experimental,

Healthy experimental).





OPS/images/fpubh-12-1393823/fpubh-12-1393823-e005.jpg





OPS/images/fpubh-12-1328518/fpubh-12-1328518-g003.jpg
Time-un-and-go (sec)

pzo000
prooy o

Comabiacirso P coto . Comotig T
-y S, .





OPS/images/fpubh-12-1393823/fpubh-12-1393823-e004.jpg





OPS/images/fpubh-12-1328518/fpubh-12-1328518-g002.jpg





OPS/images/fpubh-12-1393823/fpubh-12-1393823-e003.jpg





OPS/images/fpubh-12-1328518/fpubh-12-1328518-g001.jpg
s for
lighily (- 66) Exludod @=12)
Not meeting incusion ritria
“Declined to participatc
“Others rezsons
Randonized
s
i
‘Alocatedto Corl-Heally Group, ‘Nlocated to Conrol-Comorbidiy ‘Alocated o Excreise Heallhy Grovp ‘Alocated o Exerese-Comorbidity
-15) Group 5 Group
3834151 -9 YPAS® 34832191 el
YPAS- 32534187 Received sllocated inervention (1=14) YPAS-3416:146
Received allocated inervention (1=0) D not recived allocated ervention | | Received alloaied incrvenion (v=14)
Did no received allocated nterention @0 Did ot received alocsted nterention
=9 )
,—'— Follow-Up.
Los follow-up (n-0) Lost follow-up (-0) Lostfollow-up (1-0) Lost followup (1-0)
Discontnued nervntion (1-0) Discontnued nervention (1=0) Discontnued inervention (n=3) Discontinued intrvention (1=7)
ot ntemet comeetion (1) Not itemetconnecion
Not ilrested (0-2) Not nercsied (1-4)
1 Analysis
Analzed (1715 Analized (1= 9) “Analized (0= 11) “Analized (-9
Excluded for anl Excluded for amalsis (1-0) “Excluded foramaliss (1=0) Excluded for analisis (1-0)






OPS/images/fpubh-12-1393823/fpubh-12-1393823-e002.jpg





OPS/images/fpubh-12-1328518/crossmark.jpg
©

2

i

|





OPS/images/fpubh-12-1393823/fpubh-12-1393823-e001.jpg





OPS/images/fpubh-12-1371825/fpubh-12-1371825-t002.jpg
VI?/OR

SEP indicators

VI°/OR
(95%Cl)

VI¢/OR
(95%Cl)

HI?/OR
(95%CI)

HI®/OR
(95%CI)

HI/OR
(95%Cl1)

(95%Cl)
Education attainment
Tlliterate 1.923(1.535-
2.409)***
Less than elementary 2.098(1.664-
school 2645)***
Middle school 1.683(1.337-
2.119)***
High school and 1.354(1.063-1.725)*
vocational school
College and above 1000
Occupation
Agricultural work 1072(0.997-1.152)
Non-agricultural work 1000
Income 1.000**

1.577(1.246-
0.997)%*%

1.839(1.450-
2333+

1570(1.242-
1.985)%++

1297(1.016-1656)*

1.000

1.054(0.972-1.143)
1000

1.000%

1.504(1.185~
1.908)%

1.764(1.388-
2.242)%**

1,527(1.205-
1934)+4%

1.264(0.988-1.617)

1.000

1.056(0.973-1.146)
1.000

1.000%

2782(2.219-
3.488)%%*

2687(2.131-
3.388)%**

1.958(1.555-
2465)*+*

1.457(1.144-1.855)**

1.000

1099(1.024-1.179)**
1.000

1.000%+*

2.141(1.689-
2715

227101788
2.883)***

1.859(1.468~
2.354)%%%

1414(1.106-1.807)**

1000

1.099(1.016-1.189)*
1.000

1.000%%

2122(1.669-
2698

2.252(1.769-
2.867)%++

1.860(1.465~
2.361)%%

1.410(1.100-1.807)**

1000

1.104(1.021-1.195)%
1.000

1.000%%

‘Model 1 was the crude model. "Model 2 was adjusted for all demographically relevant covariates (age, sex, marital status, living areas). ‘Model 3 was adjusted for all covariates including
demographic and health factors (age, sex, marital status, living arcas, chronic discases, smoking, and drinking status). *p < 0.05, **p<0.01, ***p<0.001.
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Characteristics tal NHI/HI NVI/VI p-value
Demographic factors

Number (n, %) 19,690 7,252(36.8)/12,438(63.2) 6,208(31.6)/13,461(68.4)

Age (M, SD) 59.16(10.21) 57(9.93)/60.42(10.17) <0.001 57.78(10.58)/59.78(9.96) <0.001
Gender (n, %) 0.008 <0.001
Male 9,339(47.4) 3,529(48.7)/5,810(46.7) 3,007(49.9)/6,232(46.3)

Female 10349(526) 3,723(51.3)/6,626(53.3) 3,110(50.1)/7,228(53.7)

Marital status (n, %) <0.001 0367
Married or partnered 17,271(87.7) 6,486(89.4)/10,785(86.7) 5,466(88.1)/11,792(87.6)

Living alone 2417(123) 766(10.5)/1,651(13.3) 741(11.9)/1,668(12.4)

Living area (n, %) <0.001 <0.001
Urban 5,110(26.1) 2,285(31.6)/2.825(22.8) 1827(29.5)/3,281(24.5)

Rural 14,501(73.6) 4,941(68.4)/9,560(77.2) 4357(70.5)/10,125(75.5)

Health factors

Drinking status (n, %) <0.001 <0.001
More than once a month 5273(268) 2057(28.4)/3,216(25.9) 1765(28.4)/3,505(26.1)

Less than once a month 1740(8.8) 690(9.5)/1,050(8.4) 612(99)/1,124(8.3)

Never 12,664(64.4) 4,499(62.1)/8,165(65.7) 3,828(61.7)/8,823(65.6)

Smoking status (n, %) 0.894 0943
Current smoker/Ex-smoker 7,989(40.6) 2,938(40.5)/5,051(40.6) 2,517(40.5)/5,465(40.6)

Non-smoker 11,701(59.4) 4,314(59.5)/7,387(59.4) 3,691(59.5)/7.996(59.4)

Chronic diseases (n, %) <0001 <0.001
No 8,359(42.5) 3,777(52.1)/4,582(36.8) 3,178(51.2)/5,175(38.4)

One 4521(23) 1,583(21.8)/2938(23.6) 1359(21.9)/3,153(23.4)

More than one 6,810(34.6) 1892(26.1)/4,918(39.5) 1,671(26.9)/5,133(38.2)

Socioeconomic position

Education attainment (n, %) <0.001 <0.001
Tlierate 6,615(44.9) 1998(39.5)/4,617(47.7) 1848(42.6)/4,749(45.8)

Less than elementary school 3266(22.2) 1,017(20.1)/2,249(23.3) 863(19.9)/2,401(23.2)

Middle school 3,089(15.7) 1,192(23.6)/1897(19.6) 962(222)/2,127(205)

High school and vocational 1417(7.2) 655(13)/762(7.9) S11(11.8)/906(8.7)

school

College and above 341(1.7) 195(3.8)/146(1.5) 149(3.5)/192(1.8)

Occupation (n, %) <0.001 <0.001
Agricultural work 9,634(49.1) 3,327(46.1)/6,307(50.9) 2912(47.1)/6,718(50.1)

Non-agricultural work 9,990(50.9) 3,894(53.9)/6,096(49.1) 3,274(52.9)/6,699(49.9)

Income (M, SD) 9039.16(17591.349)  10367.63(21649.6)/8264. <0.001 10033.09(22673.08)/8581 <0.001

6(14663.08) 123(14646.60)
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Classification Feature set
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Acoustic Linguistic
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For multiple models that achieve the same highest accuracy, the one with the highest F1 score i displayed.





OPS/images/fpubh-12-1371825/fpubh-12-1371825-g002.jpg
152806047

3741368

r27260%

151880892

rstass351

rs85747393

rsa662381

rai0281

raa4s800

510515086

rsasa6031

627527

811654986

rsowTsies

151889588

136944796

512210020

152240857

813019832

139064724

619466

787579

~

0.000

0025 0050
R aavo-one-oul sonstity analyis for
‘exposure’ onAge-related hearing impairment (MTAG) || -ebi-a-GCST90012115"

odrs





OPS/images/fpubh-12-1417966/fpubh-12-1417966-t009.jpg
ML model HC vs. AD

Feature set

Acoustic Linguistic
Logistic 68.57 80.00 0739 77.42 80.00 0787 7931 7667 0780
GNB 7000 9333 0.800 7667 7667 0767 7105 90.00 0794
RE 67.57 8333 0746 77.02 80.00 0787 7429 86.67 0.800
SVM 68.42 8667 0765 7813 8333 0.807 8333 8333 0.833
NN 6444 9667 0773 7931 7667 0780 7368 9333 0.824

HCvs.CI

ML model Feature set

Acoustic Lingustic Al
Logistic 7821 §7.14 0824 7927 9286 0855 7283 80.82 0825
GNB 7429 7429 0743 80.00 7429 0770 6522 7879 0.765
RE 77.91 9571 0859 8125 9286 0.867 76.09 79.27 0.855
SYM 7609 100.00 0.864 80.23 9857 0.885 7717 7753 0.868

77.27 97.14 0861 88.41 87.14 0878 7717 7692 0870

ty first, precision next, and finally F1 score. The highest I score achieved in each classification task is marked in bold.
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method

MR Egger
Weighted median

Inverse variance weighted

Simple mode
Weighted mode

OR(95%Cl)

= 1.15(0.97 t0 1.36)

| —— 1.05(1.02 to 1.09)

I—— 1.04(1.01 t0 1.09)

l——e——  1.08(1.01101.15)

o 1.07(1.01t0 1.13)
—

0.8

1

1.2

pval
0.113
0.005
0.025
0.040
0.039
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HC vs. AD

ML model Feature set

Acoustic Linguistic
Logistic 6731 75.00 75.00
GNB 73.08 7308 7308
RE 6731 75.00 75.00
SVM 69.23 7692 80.77
NN 6731 75.00 7692

HCvs.Cl

ML model Feature set

Acoustic Linguistic
Logistic 7174 76.09 7283
GNB 60.87 6630 6522
RE 76.09 7826 76.09
SVM 76.09 80.43 77.17
NN 76.09 8152 77.17

In either of the HC vs. AD task and the HC vs. Cl task, each machine learning model was
trained on acoustic feature set, linguistic feature set, and all features. The highest accuracy
achieved in each classification task is marked in bold.






OPS/images/fpubh-12-1417966/fpubh-12-1417966-t007.jpg
Model  Information

Logistic L2 penalty, regularizat
GNB

RF Grid searchon N=3,4,5, ..., 15

SVM RBF kernel, 7 =“scale} grid search on C=0.1,0.4,0.7, ..., 25

kNN ‘Weight="uniform; grid search on k=1,2,3, .
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Total (n=9,221)

No cognitive
decline
(n=5,313)

Cognitive decline
(n=3,908)

Multimorbidity versus only one chronic disease

Multimorbidity 4276

4945

£ chi-square test. p<0.05: statistically significant.

2,280(53.32)
3,033(61.33)

1996(46.68)
1912(38.67)

60.307

<0.001
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Total (n =14,175)

Presence of multimorbidity
Yes 4,276
No 9,899

£ chi-square test. P<0.05: statsticall significant.

No cognitive Cognitive decline
decline (n=5,482)
(n=8,693)
2,280 (53.32) 1996 (46.68)
6,413 (64.78) 3,486 (35.22)

165453

<0001
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Variable name Definitions

Sex 1

1= Married, 2= Other (separated/divorced/

Marital status
widowed/unmarried)
1=Elementary school and below, 2= Middle
Educational level school, 3= High school or middle school,
4=College and above
Residence 1=Urban, 2= Rural
Mode of residence 1=Not living alone, 2= Living alone
Type of medical insurance 1=Insurance, 2= Self-funded

Monthly income
(1 Yuan=0.139 USD)

¥2000, 2= <¥2000

Drinking 1=Nondrinker, 2= Drinker

Smoking Nonsmoker, 2=Smoker

Annual physical examination  1=Yes, 2=No

Participation in social activities | 1=Yes, 2=No

Exercise
Social support 1= Adequate, 2= Lacking
Presence of multimorbidity 0=No, 1=Yes

Only one chronic disease 0=No, 1=Yes
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Independent val
Clvs.C3

C2vs.C3

ble

Depend variable
Intercept

Age (Reference grou

45~59
Gender (Reference group: Female)

Male

Sleep time (Reference group: >8h)

<6h

6~8h

Hearing ability (Reference group: poor)
Good

Average

Residence (Reference group: Urban)

Rural

Marital status (Reference group: Unmarried)
Married

Social participation (Reference group: No)
Yes

Depression (Reference group: No)

Yes

Education level (Reference group: Primary school or below)
High school or above

Middle school

Family income (Reference group: >30,000)
<15,000

15,000~ 30,000

intercept

Age (Reference group: >60)

45~59

Gender (Reference group: Female)

Male

Sleep time (Reference group: >8h)

<6h

6~8h

Hearing ability (Reference group: poor)
Good

Average

Residence (Reference group: Urban)

Rural

Marital status (Reference group: Unmarried)
Married

Social participation (Reference group: No)
Yes

Depression (Reference group: No)

Yes

Education level (Reference group: Primary school or below)
High school or above

Middle school

Family income (Reference group: >30,000)
<1500

15,000~ 30,000

1841

~0.853

~0513

~0.580

~0.747

-0218

~0.094

0467

~0.859

~0.707

0548

—4012

-2.870

0714

0340

0731

~0.488

~0.084

~0295

~0.079

~0.526

-0.079

0408

~0.030

~0.289

0509

-1215

~0.748

0.140

~0.139

0523

0199

0.201

0.360

0362

0279

0252

0212

0275

0194

0.195

1023

0444

0233

0332

0.496

0174

0174

0343

0340

0257

0228

0.185

0276

0174

0173

0.296

0209

0.194

0283

WaldXx?

12391

18.467

6546

2595

4248

0.608

0.140

4865

9.759

13.267

7877

15391

41775

9.438

1049

2171

7875

0232

0738

0055

4197
0121

4875

0012

2778

8.667

16787

12773

0518
0240

<0.001

<0001

0011

0.107

0.039

0435

0.708

0.027

0.002

<0.001

0.005

<0001

<0001

0.002

0.306

0.141

0.005

0.630

0.390

0815

0.041

0728

0.027

0914

0.096

0.003

<0.001

<0.001

0472

0.624

OR

0.426

0599

0560

0474

0.804

0910

1595

0.423

0.493

1731

0018

0057

2043

1405

0614

0920

0745

0924

0591
0924

1504

0971

0749

1664

0297

0473

1150

0870

95%Cl

0.289~0.629

0.404~0.887

0277~1.134

0233~0.964

0.465~139

0556~ 1.491

1053~2.415

0247~0.726

0337~0.722

1180~2.538

0.002~0.134

0024~0.135

1295~3222

0.733~2.694

0.437~0.863

0.654~1.293

0380~ 1.459

0475~1.798

0357~0.977

0.591~1.445

1.047~2.162

0565~ 1.666

0533~1.052

1186~2.337

0.166~0.531

0314~0713

0.786~1.682

0500~1.516
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Variables Control group (n = 51) Baduanjin group (n = 51) Prixedinear modet

Baseline Changes Baseline Changes Treatment Time Interaction
from from effect
24 week to 24 week to
Baseline Baseline
MoCA Score 2154367 0344044 22672283 2512032% 0.001 <0.001 <0.001
EFS Score 567116 ~116+0.23 5412064 ~1.9420.20* 0.002 <0.001 0012

Antioxidant markers

NO (pmol/L) 56 (28-11.1) ~4.75+0.96 53(23-8.5) ~3.76£0.94 0541 <0.001 0464
T-AOC (mmol/L) 1242032 ~0.00+0.05 115£0.31 0.05£0.06 0155 0.588 0509
SOD (U/mL) 54.8£180 -149+38 525142184 10.03£4.73* <0001 0.419 <0.001

Pro-oxidative markers

MDA (nmol/mL) 230 (1.5-3.5) 173£0.99 2.26 (1.65-3.5) ~108+0.80% 0016 0.610 0.030
8-iso-PGF2a 2033£793 668+159 21164819 ~86.6+15.0% <0001 0369 <0.001
(ng/L)

LPO (pmol/L) 169 (06-3.6) ~001£0.51 2,03 (0.63-4.06) ~059+0.51 0890 0.409 0422

Inflammatory cytokines

GM-CSF (pg/mL) 0,69 (050-1.87) 0384031 0.56 (0.50-098) 0744024 0.089 0.005 0357
IFN-y (pg/mL) 083 (0.61-1.72) 0104032 0.61(0.39-0.90)* 108:£0.33* 0,880 0on 0034
TNF-a (pg/mL) 131 (49-43.3) 6784199 8.1(4.0-145)* 9292198 0758 <0.001 0374
1L-2 (pg/mL) 282(230-5.15) 0.6040.70 282(282-282) 274+075% 0942 0.002 0,040
1L-4 (pg/mL) 0.71(0.42-1.84) 0484033 040 0.21-0.75)* 1482035 0813 <0.001 0,042
1L-6 (pg/mL) 90.3(289-325) ~60.6£79.1 132(17-75.)% 294277.0% 0250 0778 0417
IL-8 (pg/mL) 1,544 (549-2,550) —1452442 546 (277-1,308) 919386 0.164 0190 0073
IL-10 (pg/mL) 155 (0.48-3.20) ~0.070.69 1.01(0.48-2.36) 0412058 0676 0709 0599

#<0.05 compared to the control group. MoCA, Montreal Cognitive Assessment; EFS, Edmonton Frail Scale; NO, Nitric Oxide; T-AOC, Total Antioxidant Capacity; SOD, Superoxide
ismutase; MDA, Malondialdehyde; 8-iso-PGE2, 8-iso-prostaglandin F2a; LPO, Lipid Peroxidation; GM-CSF, Granulocyte Macrophage-colony Stimulating Factor; IEN-t, Interferon-
gamma; TNF-a, Tumor Necrosis Factor-alpha; IL, Interleukin.
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Class 1

Class 2

Class 3

Intercept(1)
Slope(s)
Intercept(1)
Slope(s)
Intercept(1)

Slope(S)

Estimate

8.064
—1571
14300
~1160
18525

-0.150

SIE

0349
0095
0373
0126
0271

0.108

Est./

SED

23118

~16473
38310
9226
68.467

~1.391

<0001

<0001

<0001

<0001

<0001

0.164
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Model AIC BIC aBIC Entropy BLRT Class probability

1 25235513 25264.857 25245.801 - - - -

2 22927532 22971547 22942.963 0.908 <0.001 <0.001 0.449/0.550

3 22270619 22329306 22291194 0.866 <0.001 <0.001 0326/0367/0.306

4 22016390 22089.749 22042.109 0.841 <0.001 <0.001 0.227/0.302/0.244/0.227

5 21919.042 22007.073 21949.904 0838 <0.001 <0.001 0.234/0.235/0.263/0.215/0.051

K, the number of feely estimated parameters; AIC, Akaike Information Guidelines; BIC, Bayesian Information Guidelines; aBIC, Bayesian Information Criteria for Calibration Samples;
Entropy information entropy; LMR, likelihood ratio test; BLRT, a Bootstrap-based likelihood ratio test.
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Baseline Baduanjin  Control  t/Z/z? P

characteristic group group value
(n=51) (n=51)

Sex (Male/Female) 1932 20031 0042 0839

Age® (Years) 67.68+5.19 | 6535%515  -2305 0021

Education* (years) 1090£281 | 10024290  -1539 0124

BMI 23758233 24326322 1021 | 0310

Grip strength 23315454 | 23.68+421 0619 0536

GDS (Level 2/ 3417 36/15 0182 0670

Level 3)

BDI* 35(1.75-5) 35(3-5) 0426 0670

Physical activity

between the two

groups (hours)

Sleep 669139 666£156  —0.167 0867

Static activity 12412209 12755188 1373 0170

Low intensity activity | 477+137 4474160 | -109% | 0273

Medium intensity 10420.14 0095019 -9544 <0001

activity *

High intensity 0000 0000 NA NA

activity

“Data did not conform to normal distribution, and independent sample Mann-Whitney U
test was used; NA: Not analyzed; GDS, Global Deterioration Scale; BMI, Body Mass Index;
BDI, Beck Depression Index.
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Variable Trajectory group Statistic

Rapid decline Stable (n =361) Slow decline

(n =321) (n =301)

Age (years) 48.131 <0.001
45~59 93(29.0) 154 (42.7) 170 (56.5)
260 228(403) 207 (36.6) 131(23.1)
Gender, 1 (%) 20320 <0.001
Male 95(29.6) 156 (43.2) 138 (45.8)
Female 226 (70.4) 205 (56.8) 163 (542)
Chronic disease, 7 (%) 0,550 0.760
Yes 271 (84.4) 312(86.4) 257 (85.4)
No 50(156) 49(136) 44(146)
Smoking 3785 0151
Yes 100(312) 89(24.7) 88(292)
No 221(68.8) 272(75.3) 213(708)
Sleep duration, n (%) 16.844 <0.001
<6h 173(53.9) 159 (44.0) 138 (45.8)
6~8h 112(349) 17548.5) 143 47.5)
>8h 36(11.2) 27(75) 20(6.6)
Self-rated health, 1 (%) 7.230 0124
Good 24(7.5) 26(72) 20(66)
Average 131 (40.8) 166 (46.0) 155 (51.5)
Poor 166 (51.7) 169 (46.8) 126 (41.9)
Hearing ability, 1 (%) 19.464 <0.001
Good 84(262) 77(213) 101 (33.6)
Average. 156 (48.6) 202(56.0) 155 (51.5)
Poor 81(252) 82(22.7) 45 (15.0)
Marital status, 1 (%) 31506 <0.001
Married 242(754) 320 (88.6) 270 (89.7)
Unmarried 79(24.6) 41(11.4) 31(10.3)
Residence, n (%) 24203 <0.001
Rural 242(754) 260 (72.0) 175 (58.1)
Urban 79(24.6) 101 (28.0) 126 (41.9)
Social participation, 1 (%) 20131 <0.001
Yes 154 (48.0) 207 (57.3) 198 (65.8)
No 167 (52.0) 154 (42.7) 103 (34.2)
depression 25518 <0.001
Yes 200 (62.3) 207 (57.3) 129 (42.9)
No 121(37.7) 154 (42.7) 172(57.1)
Education level, n (%) 172447 <0001
Primary school or below 314(97.8) 284 (78.7) 165(548)
Middle school 6(19) 57(15.8) 81(269)
High school or above 1003) 20(55) 55(183)

income, n (%) 48832 <0.001
<15,000/year 235(732) 220(60.9) 143 (47.5)
15,000~ 30,000/ year 34(106) 38(105) 38(12.6)
>30,000/year 52(16.2) 103 (28.5) 120 (39.9)
Medical insurance 3438 0179
Yes 311(969) 357 (98.9) 295 (98.0)
No 10(3.1) 401 6(20)
Pension insurance 5109 0078
Yes 267 (83.2) 292(80.9) 229(76.1)

No 54(16.8) 6919.1) 72(239)





OPS/images/fpubh-12-1385542/fpubh-12-1385542-g001.jpg
Assessed for eligibility (n=2584)

Enrollment

Exclude (n=2482)
© Not meet inclusion criteria (n=1677)
® Meeting exclusion criteria (n=741)
© Refuse to Participate (n=64)

Randomized allocation (n=102)

!

Baduanjin exercise group (n=51)

Allocation

I

The control group (n=51)

Drop out (n=6)
o Loss to follow-up (n=5)
® Voluntary withdrawal (n=1)

Follow-Up

Drop out (n=5)

Completed the trial (n=45)

eLoss to follow-up (n=4)
*Voluntary withdrawal (n=1)

Completed the trial (n=46)

Analysed (n=51)

Analysis

Analysed (n=51)
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2013 CHARLS
N=18604

Participants with missing disabilty data or
no disabilty were excluded in wave 1

N=15841

Participants with missing MMSE were.

excluded in wave 1
657

Participants with missing demographic data

‘were excluded in wave 1
584

Participants with missing MMSE from wave 2

Model
N=983

to wave 4 were excluded

N=539
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Adjusted
mean
difference
(95% CI)
T1

Group x Time
interaction
(95% ClI)

Adjusted p-value
mean
difference
(95% Cl)
TO

MVPA (min)
MELvs. 2.94(-223,8.10) 0.264
Control
MFLvs.UP | 5.58(1.04,10.13) 0016
UPvs. ~265(~7.60, 2.31) 0.294
Control
LiPA (hours)
MEL vs. 0.11(=002,024) 0.09
Control
MFLvs.UP .14 (0.03,025) 0012
UPvs. 003 (~0.15,0.09) 0.605
Control
Stand (hours)
MEL vs. 0.82(023,1.42) 0.007
Control
MELvs.UP  0.95(0.46, 1.43) <0.0001
UPys. ~0.12 (<049, 0.24) 0,500
Control
Sed. time (hours)
MFLvs. ~0.23 (<066, 0.19) 0.284
Control
MELvs. UP ~0.64(~101, 0.001

-0.27)
UPys. 0.41 (=003, 0.82) 0.052
Control
PAGL'(%)
MFL vs. 10(=130,150) 0.880
Control
MFLvs.UP | 7.0(-40,18.0) 0.193
UPys. =60 (=17.0,5.0) 0.298
Control
BMI
MFL vs. 1.96(0.54,3.39) 0.007
Control
MFLvs.UP | 1.22 (<002, 2.46) 0.054
UPys. 0.74(-061,2.09) 0.282
Control
Waist circ. (cm)
MFLvs. 8.90(486,1295)  <0.0001
Control
MFLvs.UP 621 (3.03,9.38) 0.0001
UP s, 269 (-0.78,6.17) 0.128
Control
TUG (sec)
MEL vs. ~0.32(<085,0.20) 0227
Control
MFLvs.UP | =027 (~071,0.18) 0.245
UPys. ~0.06 (<037, 0.25) 071
Control
6MWT (meters)
MEL vs. 12,57 (1457, 0363
Control 39.70)
MFLvs.UP | 3181 (9.06,54.57) 0.006
UP s, ~1924(-35.25, 0.019
Control -324),
Well-being
MFL vs. ~0.89 (~1.82,0.03) 0.059
Control
MELvs. UP | 0.048 (075, 0.84) 0.905
UPys. ~0.94(-181, 0035
Control ~0.07)

MFL =Move for Life Intervention Group, UP= Usual Provision Group, CON =Control Group;
time, Sed. Time=sedentary time (during waking hours), PAGL = physicalactivity guidelines, BM

4.14(-0.82,9.10)

4.05 (034, 8.45)

0.09(4.68, 4.85)

0.13(001,0.25)

0.14(0.03-0.25)

~0.01 (<0.13,0.10)

0.81(0.22,1.40)

0.96 (0.48, 1.44)

—0.15(~0.49,0.19)

~0.32(~0.74,0.10)

~061 (<096,
~0.26)

0.29(~0.11,069)

15.0(5.0,26.0)

12,0 (40,200)
3.0(-6.,13.0)

197 (054, 3.40)

1.27 (002, 251)

0.70 (~0.66, 2.06)

8.55(4.53,1257)

5.27(2.13,8.41)

3.28(-0.16,6.72)

~041(<093,012)

053 (<097,
—0.08)

0.12(~0.16, 0.40)

1690 (~10.03,
43.84)

3067 (8.03, 53.32)

~13.77 (<2843,
0.89)

~0.62 (~146,0.22)

0.25 (049, 098)

~0.86 (~1.6,
~0.07)

p-value Adjusted p-value
mean
difference
(95% ClI)
T2
0.101 6.57(079,12.35) 0.026
0070 3.50 (~1.59, 8.58) 0177
0971 307 (-247,8.61) 0.276
0.040 0.14/0.02,026) 0018
0010 0.15(0.05,0.25) 0.004
0834 ~0.01 (<0.12,0.10) 0.898
0.008 050 (=0.12,1.12) o
<0.0001 0.77(0.25,1.28) 0.004

0.380 ~0.26 (<066, 0.13) 0.191
0132 ~0.41(~0.80,002) 0,039
0.001 ~0.60 (~0.93, 0.001

~026)
0152 0.18 (~0.19,0.56) 0339
0.003 250 (14.0,36.0) <0.0001
0.003 140 (60, 220) <0.0001
0514 11.0(0.00,23.0) 0.054
0.007 2,00 (058, 3.43) 0.006
0.047 132 (0.08,2.56) 0.037
0310 0.68 (~0.67,2.03) 0322

<0.0001 7.11(3.02,11.19) 0.001

0.001 367 (047, 6.88) 0,025
0.061 344 (=008, 6.95) 0,055
0126 ~0.52(~1.05,002) 0.058
0020 ~0.85(~130, <0.0001

~039)
0.400 0.33(0.01,066) 0.045
0218 | 2381(-2254988) 0073
0.008 32,80 (10.97, 54.63) 0,003
0.066 -8.99(-2333, 0.299

535)

0.148 ~0.38 (~1.16,041) 0345
0515 0.36 (~0.34, 1.06) 0316
0032 ~0.74 (~147, 0.051

0.004)

[VPA =moderate to vigorous physical act

840 (167, 1847) 0.102
—1.00(-9.72,7.72) 0821
9.40 (=023, 19.04) 0056
0.04(<0.01,0.08) 0116
001 (~0.04,0.05) 0778
0.03 (<001, 0.08) 0181
~0.69 (<135, ~0.04) 0.037¢
~0.39 (<096, 0.18) 0183
~0.31(-093,0.32) 0334
~0.22(~0.45,0.01) 0062
0.06(~0.15,0.27) 0595
~0.28 (<050, ~0.05) 0.017¢
1297 (3.27,51.51) <0.0001F
3.83 (1,09, 13.48) 0.0361
338 (1,07, 10.70) 0.0381
005 (<0.10,0.19) 0524
0.12(-001,0.25) 0076
~0.07(<0.21,0.68) 0318
~3.11(-565,-0.57) 0.017+
~4.63(~6.81,-2.46)  <0.0001%
152 (~0.89,3.94), 0216
~0.38 (<095, 0.20), 0199
~108(~158,-0.58)  <0.0001%
0.71(0.161.26) 0.012¢
14.09 (5.20,22.99), 0.002¢
124 (-6.61,9.08) 0756
1285 (4.42,21.29) 0.003+
061 (0.12,1.09) 0.0141
0.36(~0.06,0.79) 0092
0.24(-024,0.72) 0323

LiPA =light physical activity, Stand =standing

ody mass index, Waist Circ. = waist circumference, TUG=Timed Up & Go Test,

6MWT=Six-Minute Walk Test.‘Significant “Group x Time” interaction indicative of intervention effects. Models are adjusted by Local Sports Partnership and relevant demographic,
biological, social, and environmental variables.‘Estimated difference in percentage of participants meeting physical activity guidelines.
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MEL up CON MEL up CON

MVPA —8.7% 01% ~233% -217% 29% —245%
LiPA ~3.3% 38% -21% -5.6% 15% ~106%
Stand ~1.8% 56% 53% —20% —16% -3.5%
Sed. Time 0.8% ~19% ~02% 0.7% ~15% 48%

PAGL 95.4% 68.5% 234% 85.4% 69.0% 224%
BMI -3.1% -03% -0.7% -23% -0.9% -0.1%
Waist circ. —6.6% -20% -33% -62% ~3.6% -34%
TUG ~109% 0.9% -7.9% -9.3% ~04% -6.6%
6MWT 85% 69% 25% 10.6% 8.1% 34%

Well-being 26% 0.92% 13% 32% 12% ~11%

MEL =Move for Life Intervention Group, UP= Usual Provision, CON =Control; MVPA = moderate to vigorous physical activity, Stand =standing time, LiPA =light physical activity, Sed
Time =sedentary time during waking hours, PAGL=compliance with physical activity guidelines, BM1 = Body Mass Index. Waist Circ. = waist circumference, TUG=Timed Up & Go Test,
SMWT = Six-Minute Walk Test; percentage changes are based on raw (unadjusted) values.
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Sample
size

198 participants

27 participants

13 participants
81 participants

7 participants

7 participants

3 participants

41 participants

75 participants

52 participants

46 participants
22 participants

20 participants

23 participants

7 participants

11 participants

Exercise mode

Treadmill/Stationary
bike/Cross trainer
exercise

Nordic walking training

Otago exercise program

Strengthening exercise

Blood-flow resistance
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Single resistance
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Elastic band resistance
training
Progressive resistance
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Progressive resistance
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Elastic band exercise
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intensity cardiovascular
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Exercise
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frequency

Moderate-to-high
intensity
60 min, 12 weeks

60%-70% intensity of
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60 min, 12 weeks

3 times/week, 30 min
8 weeks.

3 times/week, 50 min
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40%-60% of 1 RM,
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60%-80% of
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Study group

Descriptive variables UP

Age: mean (SD), N 61.86 (7.98), 189 64.22(8.51),269 62.50(737), 143
Gender: N (%) Male 29(15.3) 58 (21.6) 31017)
Female 160 (84.7) 211 (78.4) 112(78.3)

Level of education: N (%)

Primary or no formal training 16(87) 22(84) 6(43)
Lower secondary 30(16.3) 37(14.1) 23(16.3)
Upper secondary 50(272) 57(21.8) 32(227)
Post-secondary, non-tertiary 6(33) 17(65) 3@1)
Non degree 35(19.0) 65(24.8) 4431.2)
Degree or higher 47 (25.5) 64 (24.4) 33(23.4)
Medical card: N (%) Yes 56 (30.8) 102(38.9) 45 (31.9)
No 126 (69.2) 160 (61.1) 96 (68.1)

Marital status: N (%)
Married/living with partner 128 (69.2) 170 (64.6) 87 (61.7)
Other 57(3038) 93 (35.4) 54(38.3)
Number of chronic health conditions:
Mean (SD), N 253 (1.4), 150 277(1.63),204 247(1.33), 101
Area deprivation index: N (%)
Marginally below average 189 (100.0) 180 (66.9) 49 (43.3)
Disadvantaged - 89 (33.1) 94 (65.7)

Geographical location: N (%)

Rural 189 (100.0) 53(19.7) -
Urban - 216 (80.3) 143 (100.0)
MVPA mins (10 min bouts) (SD), N 13.69(13.95), 151 12.44 (15.44), 188 13.05 (12.87), 104

MFL =Move for Life Intervention Group, UP= Usual Provision, CON = Control. MVPA mins (10min bouts) = MVPA minutes/day (in bouts of 10min) (lower Ns than in other variables reflect
the circumstance that accelerometers were worn by a subsample of participants).
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Assessed for eligibility (N=733)

Enrolment

Excluded participants
Opt-out consent (n=9)
Too Active (n=90)
Too Young (n=33)
Total (n=132)

LSP Hubs (N=8)
Participants (N=601)

Intervention

Control
LSP Hubs (n=2)

LSP Hubs (n=3)
Included Participants (n=189

Accelerometer* (n=151, 80%)
Questionnaire (n=188, 98%)

Included Partici

Accelerometer* (n=188, 100%)

Physical Health (n=263, 97%)

LSP Hubs (n=3)

Questionnaire (n=262, 97%)

Included Participants (n=143

Accelerometer* (n=104, 73%)

Physical Health (n=142, 99%)

0, 98%)

Questionnaire (i

Physical Health (n=188, 98%)

Control

Follow Up T1 (Post Programme)

Usual Provision

Intervention
Lost to follow up (n=46)

No reason (n=12), Other/family
commitments (n=5), Personal (n=1),
Medical (n=2), Lack of time (

Didn't take up the programme (n=

commitments (n=4), Personal (n=2),

programme (n=2), Didn't take up the

Lost to follow up (n=77)

3), Other/family

No reason (n=

Medical (n=7), Didn't like the

programme (n=49)

Lost to follow up (n=32)
Reasons

No reason (n=32)

T1 Assessment: Valid Data
Accelerometer (n=115, 61%)

‘Accelerometer (n=76, 73%)

Accelerometer (n=100, 66%)
Questionnaire (n=135, 71%)
Physical Health (n=133, 70%)

Questionnaire (=169, 63%)
Physical Health (n=172, 64%)

Questionnaire (=93, 65%)
Physical Health (n=98, 69%)

Intervention

sual Provision

Control
Lost to follow up (n=13)

Lost to follow up (n=22)
No reason (n=17), Other/family

commitments (n=3), Personal (n=1),
Didn’t like the study (n=1)

Accelerometer (n=87, 58%)

Questionnaire (n=120, 64%)

Lost to follow up (n=38)

No reason (n=28), Other/family
commitments (n=5), Medical (n=2),
Lack of time (n=1), Didn’t like the
programme (n=1), Didn't take up

Accelerometer (1 , 49%)
Questionnaire (n=151, 56%)
Physical Health (n=153, 57%)

No reason (n=13)

Accelerometer (n=66, 64%)
Questionnaire (=98, 69%)
Physical Health (n=98, 69%)

Physical Health (n=120, 64%)
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IG (n=40) CG (n=40) 95% confidence Mann- Whitney's test for Repeat measurement analysis (F/P/1 )

intervals (pre- between-group comparisons
post-test mean mean difference
difference)
Instrument Time M s M D Lower and upper limits ' prale | Effect size (d) Time effect Group effect Time*Group effect
DKAS Pre 277 638 2165 7.69 ~202,427 125.216/<0.001/0616  78.643/<0.001/0.502  80.609/<0.001/0.508
Post 3425 704 227 493 9.26,14.68 8.808 <0001 6.08
Follow-up 1262 739 2390 461 15.98,21.46 13.587 <0001 616
cps Pre 19.10 708 2057 586 437,142 95.842/<0.001/0551 | 9.357/<0.05/0.336 39.390/<0.001/0.107
Post 2527 341 2132 430 221,568 4544 <0.001 388
Follow-up 2907 245 287 4 466,773 8016 <0.001 345
Self.affirmation | Pre 18.02 308 17.07 178 ~0.7,207 39477/<0.001/0336 | 33.355/<0.001/0.216  21.549/<0.001/0.300
Post 2027 347 17.40 223 157,417 4402 <0.001 292
Follow-up 235 191 17.72 276 356,568 8,698 <0.001 237
Life outlook Pre 1410 349 1490 332 -231,071 67.998/<0.001/0466 | 5.667/<0.05/0.260 27.411/<0.001/0.068
Post 1662 271 1507 288 030,279 2474 <005 280
Follow-up 19.22 094 1605 283 223,411 6714 <0.001 2n
HA Pre 595 32 492 247 ~025,230 95.199/<0.001/0.550 | 4.081/<0.05/0.391 49.981/<0.001/0.050
Post 350 220 462 251 ~2.17,-0.07 -2.125 <005 236
Follow-up 127 090 417 263 -322,-1.22 ~6572 <0.001 197
HD Pre 557 36 467 272 -052,232 31950/<0001/0.291 | 4310/<0.05/0.220 22.058/<0.001/0.052
Post 302 195 452 237 ~2.46,-0.53 ~3.084 <005 217
Follow-up 175 148 430 312 ~330,-0.99 ~1.666 <0.001 244

IG, Intervention Group; CG, Control Group; DKAS, Dementia Knowledge Assessment Scale; CPS, Caregiver Preparedness Scale; HA, Anxiety; HD, Depression.
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« Contact 400 older women aged > 65 years

[

* 350 older women responded (Response rate: 87.5%)

[

Excluded: n =28
« Out of the prescribed age range (n = 12)
« Failure to meet inclusion criteria (n = 16)

[

* 322 older women were recruited (Recruitment rate: 92%) ‘

[

Excluded: n =124

* Declined to participate (n = 11)
« Did not complete trials (n = 10)
« Excluded participants with

MMSE > 24 score and PF > 12s or MS < 18kg (n = 103)

[

+ Data analysis: n =198

[

Cog+ PF+ Cog— PF+
n=74 n=42
Cog+ MS+ Cog— MS+
n=718 n=48

1
Cog— PF—
n=38
Cog— MS—

n=32
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Variables BASE JUGG [ele])] p-value [ES]

Mean +SD Mean +SD Mean +SD
Median + IQR Median +IQR Median + IQR

Simple reaction time [ms] 302.10£4865 29655+41.33 293.60+43.32 063

294.00+57.00 29200+53.00 287.00£70.00 [002]
Variability of simple reaction 4110£17.30 40.5539.40 3940+ 1464 085
time [ms] 37.00+16.00 3850+ 14.00 34.50+22.50 [0.01]
Choice reaction time [ms] 491.60£56.66 47270£50.10 478.80£52.96 045

482.50+67.50 473.50£78.00 47250£50.00 [0.04]
Variability of choice reaction 7265+16.66 67.60419.69 728042107 054
time [ms] 68.00+ 14.50 65.50+33.00 70.00+27.00 [0.03]
Motor time [ms] 26338+57.05 265556896 260287563 087

25475£88.75 24750+ 106.75 251.25494.25 [001)
Variability of motor time [ms] 37.1547.95 354041171 3545£1415 051

38.00£12.00 3525413.50 31.75%15.00 [0.03]
Decision time [ms] 189.5048.15 176.15449.45 185.20+33.65 082

176.00+70.00 166.50+76.50 190.50+54.00 [0.01]
Correct refections in the 319062 3112077 3112076 078
Cognitrone test [s] 3222110 3074118 30240386 [001]
Correct acceptances in the 2584067 2504061 2524061 086
Cognitrone test [s] 2.39+0.68 241£0.83 241£0.64 lo.01]
Correct reactions in the 53754292 55654376 55.9044.28 001
Cognitrone test [points] 54.00+4.00 57.00+6.00 56.50+5.00 [021]
Duration time of the 182454742 17190+35.24 1719543483 021
Cognitrone test [s] 174.00+46.00 171505650 17250+34.50 [0.08]

“Statistically significant; BASE, baseline time-point; JUGG, juggling time-point; CON, control time-point; ES, effect size: 7 (Fsatistic) or W (if in ialics;chi square statistic).
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Variables BASE JUGG CON BASE-JUGG ~ BASE-CON fIX?

Mean +SD Mean +SD Mean +SD % % p-value [ES]
380
IPSI_CE["] 2734292 064£2.93 0.583.12 112404 112991
003 [0.17)
116
CONTRA_CE ["] ~0.105.63 ~081£6.75 -2.15£4.38 115604 118222
0.32(0.06]
170
IPSI_AE [] 4528112 3258112 3204153 13269 13420
<0.01* [0.29]
030
CONTRA_AE["] 5364277 590£3.66 4.67£2.08 1959 11376
0.6 0.01]
120
IPSI_VE[] 13514954 808+4.95 883715 15030 148,57
055 (0.03]
430
CONTRA_VE[] 163841478 10429.19 121041250 14748 130,06
0.12(0.11]
633
IPSI_RMSE (] SAlELIe 3758127 3811710 13070 12915
<0.01% [0.25]
070
CONTRA_RMSE ['] 614281 6424357 533£222 1456 [RTRE)
0.70[0.02]

“Statistically significant; result significantly different from baseline time-point; result significantly different from juggling time-point; result significantly different from control time-point;
TPs, time-points; BASE, baseline time-point; JUGG, juggling time-point; CON, control time-point; IPSI, the ipsilateral condition; CONTRA, the contralateral condition; CE, constant error;
AE, absolute error; VE, variable error; RMSE, root mean square error f/X’, fstatistic or chi-square statstic (if in italics); ES, effect size: " (f statistic) or W (chi-square statistic).
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Control Experimental
group group (n=27)
(n=26)
M (SD) M (SD)
Age 7104 (090) 70.04 (0.36)
Education® 5.18 (087) 538 (0.63)
Age of onset of disease 66.00 (461) 6451 (5.16)
Duration of disease® 538 (0.15) 515 (0.15)
Gender”
Male 15 (19:23) 8 (10.26)
Female 11 (14.10) 19 (24.36)

Neuropsychological measures®

MMSE 18.11 (0.07) 18.03 (0.07) 0.36
RL/RI 8.88 (0.16) 8.81 (0.16) 0.74
Verbal fluency 563 (017) 552(016) | 067
Category fluency 7.00 (0.15) 7.04 (0.15) 079
Clock test 1.50 (0.15) 1.04 (0.14) 0.02
Psychological measures®
GDS (15 points) 9.73 (0.22) 8.85 (0.22) 0.02
‘WHOQOL-BREF-100 D1 13.23 (0.25) 13.00 (0.24) 0.54 | -0.60
‘WHOQOL-BREF-100 D2 13.31 (0.23) 13.26 (0.22) I 0.98
‘WHOQOL-BREF-100 D3 13.38 (0.19) 14.30 (0.19) 0.00
‘WHOQOL-BREF-100 D4 13.84 (0.25) 13.85 (0.25) 0.94
Physiological measures®
Distance (m) 27219 (4427) | 31688 (5266) | 0.00
HR rest 70.92 (5.26) 70.34 (4,21) 0.73
HR final 103.14 (10.29) 98.80 (6.56) 0.15
HR max 102.96 (7.18) 106.96 (12.60) 0.05
SYS pre (mmHg) 122.96 (4.65) 121.53 (3.67) 0.22
DIA pre (mmHg) 83.70 (4.19) 85.07 (3.98) 022
SYS post (mmHg) 129.00 (4.00) 126.00 (5.26) | 0.04
DIA post (mmHg) 87.00 (4.00) 8800 (3.78) | 021

*Mean (standard deviation)
*Number (percentage); D1, physical health field; D2, psychological health area; D3
field of social relations; D4, environment; DIA, diastolic pressure; HR, heart rate;
Pre, assessment before the pedaling or reading exercise; Post, postexercise
assestsmernt: SYS. systolic pressure: WHOQOL-BREF, quality of life scals.
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[ele])]

Conditions
Md
[95%Cl] [95%CI] [95%Cl]
p-value p-value p-value
283 146 273
CE [-0.446.11] [~1.48:4.40] (072:4.74)
0086 0312 0.010¢
~083 -265 -146
AE [-231:064] [~446:-083] [-276:-0.17)
0252 0.007% 0.029%
287 -234 -327
VE [-1086:5.12] [-7.56:289) [-9.99:3.44]
0.461 0361 0302
-103 -267 -152
RMSE [-251:045] [-451-084] [-293%-0.12]
0191 0.007% 0.035*

JASE, the first series of measurements;

“Statistically significant; IPSI, the ipsilateral condition of joint position matching; CONTRA, the contralateral condition of joint position matchi
JUGG, the series of measurements taken after the intervention period; CON, the series of measurements, taken after a period without implementing any intervention; Md, mean difference;
95%Cl, 95% confidence interval of mean difference; CE, constant error of joint position matching assessment; AE, absolute error of joint position matching assessment; VE, variable error of

joint position matching assessment; RMSE, root mean square error of joint position matching assessment
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Conditions

Differences between the series of measurements

BASE-JUGG
Md

[95%Cll
p-value

BASE-CON

Md
195%CI]
p-value

JUGG-CON

Md
[95%CI]
p-value

208 214 0.61
1PsI [-0.13:4.30) [-0.07:4.36] [-2.16:2.28)
0072 0.061 1.000
07 204 133
CONTRA [-270:4.12) [-136:5.45] [-207:4.74)
1.000 0424 0999
AE
127 132 0.05
1Pst [026:2.28] (0312331 [-0.96:1.06]
0.010% 0.007% 1.000
-0.54 069 123
CONTRA [-2:65:1.56] [-1.42,2.80] (~087:3.34)
1.000 1000 0454
VE
543 4.68 ~074
1PsI [-0.59:11.44] [-133;10.70] (-6.76:5.27)
0.089 0.176 1.000
596 428 ~168
CONRA [-28314.75) [~45113.08] [~10477.11)
0293 0690 1.000
RMSE
136 130 -057
1PsI [0.28:2.44] [0222.39] [~1.14:1.03)
0.010% 0014* 1.000
-0.28 081 109
CONTRA [-245:1.89] [-136:2.98] [~1.08:3.26]
1.000 1.000 0.665

“statistically significant; IPSI, the ipsilteral condition of joint position matching; CONTRA, the contralateral condition of joint position matching; BASE, the fist series of measurements;
JUGG - the series of measurements taken after the intervention period; CON, the series of measurements taken after a period without implementing any intervention; Md, mean differen
95%Cl, 95% confidence interval of mean difference; CE, constant error ofjoint position matching assessment; AE, absolute error of joint position matching assessment; VE, variable error of
joint position matching assessment; RMSE, root mean square error of joint position matching assessment
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Variable Mean (SD)

Age [years] 69.95 (4.58)
Body mass [kg] 62,88 (8.55)
Body height [cm] 158.65 (5.12)
Body mass index [kv/em’] 25.04(352)
Lateralization® [points] 9250 (1243)

*Assessed by the Edinburgh Handedness Inventory - short version; SD, standard deviation.
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Indicators
Hands clasped back

(cm)

Seat bend forward

(em)

Grip strength(kg)

Upper arm dumbbell bends(s/

time)

Sit-station trails

(s/time)

2min standing still
(times)

2.44m chair stand up and walk

around the object(s)

Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male

Female

0-74 years old
~104£8.2
~89+8.1
6794
—4.1282
318448
204£40
1672046
187055
193049
2224062
825:132
7884127
7842178

835£203

75~79years old
~135£934
—140£694
924974
—102+894
283504
1882304
193:0614
2120604
23040674
2264058
78121244
723£1174
89041754

9972044

80 ~84years old
— 18818840
—17.4£8248
—159+9.94¢
—13318.34¢
2474348
16722640
416511640
397+ 10040
442512148
424208548
712£12.548
66811740
1040423140

1165+2.37A®

Compared with 70~ 74 years old group, Ap <0.05; compared with 75~ 79 years old group, *p <0.05; compared with 80~ 84years old group, #p <0.05.

Over 85years old
-22748.6A0¢

~20.447.9A
—19.649.640¢
—155£8.7 Aee
22553.6h00
130223400
477%1.16A0%
422£1.04A0¢
192210140%
460£1.0240%
625510, A0
598+ 10940
12.6422.49A0%

1350+ 2.4140¢
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Hypothesis

Compared with MoCA 0 and 1 OR

(95% CI); p-value

MoCA 0 and 2 OR (95%

Cl); p-value

MoCA 1and 2 OR
(95% ClI); p-value

Female
Agel (<50years)

Age TII (60-69years)
Age IV (70-79 years)
Age V (280years)
Education Intermediate
High

Active or former smoker
AR

Stroke

RD2

RD3

Male -

Age 11 (50-59 years) -+

264 (1.60-4.36) p =0.0001
9.18 (3.37-25.03) p <0.0001
Low 0.41 (0.28-061) p <0.0001
0.24/(0.14-040) p <0.0001

Never smoker 057 (0.35-0.93) p =0.0230

No AF =
No stroke -+
NoRD B

277 (1.61-4.76) p =0.0002

221(1.25-3.93) p =0.007

4061 (5.39-306.05) p =0.0001
122.40 (13.06-1147.20) p <0.0001
0.16 (0.08-0.30) p <0.0001
0.04(0.01-0.17) p <0.0001
0.19 (0.08-0.48) p =0.0230
212(1.18-3.80) p =00120
313 (1.50-6.50) p =0.0020

2.13 (1.06-4.30) p =0.0350

8.27(3.73-18.37) p <0.0001

cognitive dysfunction; OR, odds ratio; RD, renal dysfunction; RD 2, eGER 60-90 mL/min/1.73m’; RD 3, éGER 30-59 mL/min/1.73ny’

204 (1.18-353) p =001

0.37(0.20-0.68) p =

0.16 (0.04-0.70) p =

034(014-0.82) p =

=

197 (104-3.73) p =

=

299 (147-6.08) p =

o significant association; AR, atrial fbrillation; CD, cognitive dysfunction; CI, confidence interval; MoCA 0, preserved cogition; MoCA 1, mild cognitive dysfunction; MoCA 2, advanced
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Indicators 70 ~74 years old 75 ~79years old 80 ~ 84 years old Over 85years

old

Systolic pressure Male 1370132 14501554 1433211640 143612140
(mmHg) Female 14134148 139.611.54 1420£127% 1428+ 12,564
Diastolic pressure Male 79.8+102 83.8+9.64 81.0+8.64® 81.3£9.940
(mmHg) Female 8304104 833486 829484 83.9+8.7A%
Pulse pressure Male 5724107 61211164 623111748 623111448
(mmHg) Female 583+114 56241054 59.0+11.9% 58841130
Quiet pulse(times/min) | Male 754£86 763+7.84 75.867.8 756+7.3%

Female 771877 78.1:7.98 7674719 7784764
Vital capacity(ml) Male 25314553 236444214 2081241240 1839+ 396A0¢

Female 1887+4,09 165143854 1491235640 1,161£28240¢

Compared with 70~ 74 years old group, Ap <0.05; compared with 75~ 79 years old group, % <0.05; compared with 80~ 84 years old group, #p <0.05.
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Hypothesis p-value of Cramer's Effect size Strength of the association PV (%)

V test

Gender 0016 0115 Weak 00132 (1.32)
Age <0001 024 Moderate 0.0576 (5.76)
Education level <0.0001 0232 Moderate 0.0538 (5.38)
Smoking <0.0001 0222 Moderate 0.0493 (4.93)
AF 0033 0104 Weak 0.0108 (1.08)
Stroke 0.009 0122 Weak 00149 (1.49)
RD <0.0001 0219 Moderate 0048 (48)

AF, atrial fibrillation; PV, proportion of variations; RD, renal dysfunction (the proportion of variation shared between two variables calculated based on the Phi coefficient).
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Hypothesis No valid Ass passed Significant

cases association

Gender 627 Yes 2 0016 827 Yes
Age 627 Yes 8 <0.0001 75 Yes
Education level 627 Yes 4 <0.0001 67.22 Yes
Hypertension risk 605 Yes 4 008 847 No
Diabetes 624 Yes 4 04 405 No
Dyslipidemia 575 Yes 6 0386 255 No
Smoking 308 Yes 2 <0.0001 1527 Yes
Obesity 621 Yes 2 015 387 No
HD 627 Yes 6 017 9.03 No
HE 613 Yes 2 o1 462 No

PEF 612 Yes 4 02 604 No

TEF 561 Yes 2 067 08 No
AR 627 Yes 2 003 685 Yes
PAD 627 Yes 2 067 081 No
CAD 627 Yes 2 019 338 No
Stroke 627 Yes 2 0,009 946 Yes
RD 627 Yes 4 <0.0001 3159 Yes

Column *No valid cases” includes the number of cases that do not contai

issing values (cases with missing values excluded). AF, atral fibrillation; CAD, carotid artery disease; D, degree of
freedom; EF, ejection fraction; HE, heart failure; IHD, ischemic heart disease; pEF, preserved jection fraction; PAD, lower extremity peripheral artery diseases; rEF, reduced ejection fraction;
RD, renal dysfunction.
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Variables IPSI CONTRA

Spearman rho (p-value) Spearman rho (p-value)
3 VE RMSE AE 3

Simple reaction time  ~0.06 (0.62) | ~0.02(0.86) | 0.11(038) ~002(091) | -036%(<001)  020(0.13) 0.05(0.68) 0.19(0.14)
Variability of simple  ~0.03(0.83) 001 (094) 019 (0.14) -001(091) | -024(007)  017(021) | -003(079) 016(021)
reaction time
Choice reaction time | —001(091) | 0.07(058) 0,01 (0.93) 005(0.73) 0.08(0:52) 0.02(0:86) 004(0.75) 001 (093)
Variability of choice | 024 (0.07) 017(019)  -0.05(069) 0.13(034) 039%(<001) 0274 (0.04) | 000(L00)  —026%(0.05)
reaction time
Motor time ~018(018) | 0.02(085) 0.02(0:88) 0.03(0.83) —0.13(034) | 0.09(048) 009 (0.50) 009 0.48)
Variability of motor 0.01(0.94) 0.13(032) 0.06 (0.66) 0.11(0.42) 0,09 0.51) 0.01(0:92) 0.19(0.14) 003 (0.82)
time
Decision time 007 (0.60) 013(031)  -0.02(088) 0.09(0.49) 042%(<001) | —019(014) | —0.06(0.63)  —0.22(0.09)
Correctrefectionsin  ~005(0.73) | ~006(073) | -010(047)  -007(061)  -009(048) | 0.15(0.27) 0.03(0.80) 0.13(032)

the Cognitrone test

Correctacceptances  =0.05(0.72)  —007(058) | 0.03(085) ~0.08 (0.55) ~0.19(0.15) 0.18(0.16) | ~0.04(079) 0.17(0.19)
in the Cognitrone test

Correct answers in -020(013) | -0.14(029) | -007(058)  -0.13(033) -021(0.11) 004(077) | -025(006) | ~0.01(095)
the Cognitrone st

Time duration ofthe | ~002(085) | 0.01(095) | ~0.02(0.90) 0,00 (1.00) ~0.11(040) 009(049) | ~0.14(030) 0.08(0.55)
Cognitrone test

Handedness 009(051) | -027*(004) | -024(0.07)  —-030%(0.02) 0.08 (0.56) 0.200.14) 0.16 (0.23) 0.20 (0.13)

“Statistically significant; IPSI, the ipsilateral oint position matching task; CONTRA, the contralateral joint position matching task; CE, constant error; AE, absolute error; VE, variable error;
RMSE, root mean square error.
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Indicators 70~74yearsold  75~79yearsold ~84yearsold  Over 85years old
BMI Male 245+24 2401334 2401284 2411294
Female 24029 2331274 23.1+294 22.6+3.040¢
‘Waist line(m) Male 0.898£0.076 0.890+0.0924 0.878+0.0944¢ 0.861 +0.08340¢
Female 0.832£0.077 0.835£0.068 0.830+0.094 0.821£0.09440¢
Waist-to-hip ratio Male 0.94£0.06 0.94£0.06 0.94+0.06A® 0.94£0.05
Female 0.89£0.05 0.90£0.06 0.89+0.06 0.90+0.06A0¢
‘Waist-to-height ratio Male 0.54£0.04 0.54£0.06 0.53£0.054® 0.53£0.0540¢
Female 0.54£0.05 0.54£0.06 0.54£0.06 0.53+0.06%

Compared with 70~ 74 years old group, Ap <0.05; compared with 75~ 79 years old group, % <0.05; compared with 80~ 84 years old group, #p <0.05.
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Second level indicators

rst level indicatol

Body morphology index BMI, Waist circumference, Waist-to-hip ratio, Waist-to-height ratio
Physiological function index Systolic pressure, diastolic pressure, Pulse pressure, Quiet pulse, vital capacity
Physical quality index Flexibility Hands clasped back, Seat bent forward
Strength and speed Grip strength, 30 or 5 times upper
arm dumbbell bends, 30s or 5 times
sit-station trials
2min standing stil
Endurance 2.44m chair stand up and walk around the object

Balance
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Characteristics AUN =628 Preserved cognition  Cognitive dysfunction p-value
(% from all) (% from all)

Gender N (%) 628 (100.0) 212(338) 416 (66.2) <0001
Male N (%) 300 (47.8) 103 (34.4) 225(65.6) <0.0001
Female N (%) 328(52.2) 109 (333) 191(66.7) <0.0001

Race
White N (%) 628 (100.0)

Age N (%) 628 (100.0) 212(338) 416 (6.2) <0001
Mean age: year (SD) 6795 (9.53) 6401 (8.56) 69.96 (9.38) <0.0001%
Age T (<S0years) N (%) 19 (3.0) 9(47.4) 10(526) 075
Age 11 (50-59 years) N (%) 104 (166) 51(49.1) 53(50.9) 089
Age 11 (60-69 years) N (%) 206 (32.8) 93 (45.1) 113 (549) 0.047
Age IV (70-79 years) N (%) 237 (37.7) 54(228) 183 (77.2) <0.0001
Age V (280years) N (%) 62(9.9) 5(81) 57(91.9) <0.0001

Provenience N (%) 525 (83.6) 190 (36.2) 335(63.8) <0.0001
Urban N (%) 298 (56.8) 115(38.6) 183 (61.4) <0.0001
Rural N (%) 227 (43.2) 75(33.0) 152(67.0) <0001

Educational level N (%) 507 (80.7) 181 (35.8) 326 (64.2) <0.0001
Low N (%) 149 (29.4) 21014.1) 128 (85.9) <0.0001
Intermediate N (%) 263 (51.9) 107 (40.6) 156 (59.4) <0001
High N (%) 95(18.7) 53(55.7) 42(443) 012

Cardiovascular risk factors

Arterial hypertension N (%) 628 (100.0) 212(33.8) 416(66.2) <0001
All cases N (%) 606 (96.3) 203(33.5) 403 (66.5) <0.0001
Grade LN (%) 22(36) 5(227) 17(77.3) 00003
Grade IL N (%) 392 (64.7) 133 (34.0) 259(66.0) <0001
Grade 1L N (%) 192(31.7) 65(33.9) 127 (66.1) <0.0001

Smoking N (%) 308 (49.0) 117(38.0) 191(620) <0001
Active/Former smoker N (%) 142 (46.1) 67(47.2) 75 (52.8) 035
Never smoker N (%) 16 (53.9) 50(30.2) 116 (65.8) <0001

Dyslipidemia N (%) 576 (91.7) 193 (33.5) 383 (66.5) <0001
Alltypes N (%) 395 (68.6) 128 (32.4) 267(67.6) <0001
Hypercholesterolemia N (%) 205 (51.9) 69(33.6) 136 (66.4) <0001
Hypertriglyceridemia N (%) 149 (37.7) 46(30.8) 103 (69.2) <0001
Mixed N (%) 41(104) 13(17) 28(68.3) 00010

Obesity N (%) 622(99.0) 211(34.0) 411(66.0) <0001
All types N (%) 328(527) 12(34.1) 216(65.9) <0.0001
Mean BMI: kg/m* (SD) 3076 (5.88) 3135(632) 3046 (5.63) 0.009*
Grade LN (%) 202(61.6) 60(29.7) 142(703) <0.0001
Grade IL N (%) 80(24.3) 30(37.5) 50 (62.5) 00016
Grade 1L N (%) 46 (14.1) 22(47.8) 24(522) 067

Diabetes N (%) 625(99.3) 211(338) 414 (66.2) <0001
N (%) 241 (38.5) 72(29.8) 169 (70.2) <0001

Comorbidities
Ischemic heart disease N (%) 180 (286) 65 (36.1) 115(639) <0001
Heart failure N (%) 614(97.8) 208(33.8) 406 (6.2) <0001
Heart failure N (%) 334 (52.8) 95 (28.4) 226(67.6) <0.0001
HEpEF N (%) 259(77.6) 74(28.5) 185(71.5) <0001
HFCEF N# (%) 75(224) 26(34.7) 49(653) 0.0002
Mean EF % (SD) 6103 (11.58) 60.88 (11.69) 61.11(1.54) 0.64*

Atrial ibrillation N (%) 178 (283) 48(27.0) 130(73.0) <0001

Carotid artery disease N (%) 52(8.3) 13(25.0) 39(75.0) <0001

PAD N (%) 79(126) 25(31.7) 54(68.3) <0.0001

Stroke N (%) 74(118) 17(23.0) 57(77.0) <0.0001

Renal function N (%) 628 (100.0) 212(338) 416 (66.2) <0001
AIRD N (%) 392 (62.4) 114(29.0) 278 (71.0) <0001
RD 2N (%) 267(68.2) 92(345) 175 (65.5) <0.0001
RD 3N (%) 117(298) 20(17.0) 97(83.0) <0001
RD 4N (%) 8(20) 2(25) 6(75.0) 0052

Depression N (%) 328(539) 88(26.9) 240 (73.1) <0001

For missing variables, the exact numbers were noted. Otherwise,the total number of cases was used. * Applied Welchs test. Applied the “N-1” Chi-squared test or the rest. ‘We considered
reduced ejection fraction < 40%. BMI, body mass index; EF, cjection fraction; HFpEF, heart failure with preserved ejection fraction; HFFEF, heart failure with reduced ejection fraction; N,
number; PAD, lower extremity peripheral artery disease; RD 2, cGFR 60-90 mL/min/1.73ms RD 3, 30-59 mL/min/1.73m's RD 4, eGFR < 30 mL/min/1.73m’ SD, standard deviation.
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Variable If item dropped

oo Scale  Scale  Ca
mean  variance

Visuospatial/executive 18.99 14.03 062 0.69
Naming 19.63 19.85 0.69 0.74
Attention 17.82 1337 0.62 0.69
Language 2055 1635 06t 069
Abstraction 2099 17.69 0.65 0.69
Delayed recall 2004 1486 07 074

Orientation 1665 1977 069 074
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Gender Diabetes mellitus
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Heart e Associated
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Lowerextremity peripheral artery disease
Carotid artery disease

ld CD, Advanced €D
Older age Female

Y Low education Atrial fibrillation
n n Absence of smoking Stroke

AR ! -






OPS/images/fpubh-12-1352894/fpubh-12-1352894-g014.jpg
ale
& —o—female e

Sit-station trails (s/time)

o L N " .
70~Tayearsold  75~79yearsold  80~84 yearsold  over 85 years old





OPS/images/fpubh-12-1385089/fpubh-12-1385089-g001.jpg
<50 years 1

5059 years d
6069 years i
7099 years
>80 years
0 T TR TR

[ Preserved Cognition~ Mildcp [l Advanced cD





OPS/images/fpubh-12-1352894/fpubh-12-1352894-g013.jpg
“ama
—e—female

Upper arm dumbbell bends (s/time)

o L N " .
70~Tayearsold  75~79yearsold  80~84 yearsold  over 85 years old





OPS/images/fpubh-12-1385089/crossmark.jpg
(®) Check for updates






OPS/images/fpubh-12-1352894/fpubh-12-1352894-g012.jpg
Grip strength (kg)

450

375

300

25

150

—a—male
—e—female.

0
70~74 years od

75~79 years old

'80~84 years old

over 85 years old





OPS/images/fpubh-12-1422000/fpubh-12-1422000-t008.jpg
No cogni

decline (n
Multimorbidity versus having . chronic disease 28457 <0.001
Multimorbidity 3933 2,138(54.36) 1795(45.64)
Only one chronic disease 3,933 2,372(6031) 1,561(39.69)

£ chi-square test. P<0.05: statistically significant
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Variable

Male

Female
Marital status

Married

Other (separated/
divorced/widowed/
unmarried)

Educational level

Elementary school

and below
Middle school

High school or
middle school

College and above
Residence
Urban
Rural
Mode of residence
Not living alone
Living alone

Type of medical

insurance
Insurance
Self-funded
Monthly income
2¥2000
<¥2000
Drinking
Nondrinker
Drinker
Smoking
Nonsmoker
Smoker

Annual physical

examination
Yes
No

Participation in
social acivi

Yes
No
Exercise
Yes
No
Social support
Adequate
Lacking

PSM, prope

Total

(n=9,221)

7100 (66.00,
77.00)

4,698 (50.95)

4,523 (49.05)

7,683 (83.32)
1,538 (16.68)

6,034 (65.44)

1887 (20.46)

973 (10.55)

327 (3.55)

5,133 (55.67)

4,088 (44.33)

8,673 (94.06)

548 (5.94)

9,015 (97.77)

206 (2.23)

4,868 (52.79)

4,353 (47.21)

8,130 (88.17)
1,091 (11.83)

7,655 (83.02)
1,566 (16.98)

5,037 (54.63)
4,184 (45.37)

5,538 (60.06)

3,683 (39.94)

6,983 (75.73)

2,238 (24.27)

8,179(88.7)

1,042 (11.3)

score matching; 7', chi-square test. P <0.05; statist

Before PSM

Multimorbidity
(n=4,276)

72.00 (67.00, 78.00)

2,192(51.26)

2084 (48.74)

3,435 (80.33)

841(19.67)

2,746 (64.22)

886 (20.72)

487 (11.39)

157 (3.67)

2,553 (59.71)

1723 (40.29)

3,983 (93.15)

293 (6.85)

4,191 (98.01)

85(1.99)

2,302 (53.84)

1974 (46.16)

3,825 (89.45)
451 (10.55)

3,599 (84.17)
677 (15.83)

2461 (57.55)
1815 (42.45)

2,410 (56.36)

1866 (43.64)

3,193 (74.67)

1,083 (25.33)

3,793 (88.70)

483 (11.30)

ly significant.

Only one

chronic
disease

(n=4,945)

70.00 (66.00, 76.00)

2,506 (50.68)

2,439 (49.32)

4,248 (85.90)

697 (14.10)

3,288 (66.49)

1,001 (20.24)

486 (9.83)

170 (3.44)

2,580 (52.17)

2,365 (47.83)

4,690 (94.84)

255 (5.16)

4,824 (97.55)

121 (245)

2,566 (51.89)

2,379 (48.11)

4,305 (87.06)

640 (12:94)

4,056 (82.02)

889 (17.98)

2,576 (52.09)
2369 (47.91)

3,128 (63.26)

1817 (36.74)

3,790 (76.64)

1,155 (23.36)

4,386 (88.70)

559 (11.30)

—8.871

0314

51.245

7.715

52.705

11793

2213

3479

12610

7.485

27.588

45.442

4844

0.000

<0001

0575

<0001

0052

<0001

<0001

0137

0062

<0001

0.006

<0001

<0001

0028

0989

Total

(n=7,866)

7100 (67.00, 77.00)

4,037 (51.32)

3,829 (48.68)

6,576 (83.6)

1,290 (16.4)

5,098 (64.81)

1,627 (20.68)

849 (1079)

202(3.71)

4,500 (57.21)

3,366 (42.79)

7,399 (94.06)

467 (5.94)

7,704 (97.94)

162 (2.06)

4,167 (52.97)

3,699 (47.03)

6,981 (88.75)
885 (11.25)

6,575 (83.59)
1291 (16.41)

4,387 (55.77)
3479 (44.23)

4,635 (58.92)

3,231 (41.08)

5,907 (75.1)

1959 (24.9)

6,950 (88.35)

916 (11.65)

(n

Multimorbidity
,933)

7100 (67.00, 77.00)

2007 (51.03)

1926 (48.97)

3,280 (83.40)
653 (16.60)

2,555 (64.96)

810 (20.59)

427 (1086)

141 (3.59)

2,251 (57.23)

1,682 (42.77)

3,706 (94.23)

227 (5.77)

3,853 (97.97)

0 (2.03)

2071 (5266)

1862 (47.34)

3,493 (88.81)
440 (11.19)

3,286 (83.55)
647 (16.45)

2,203 (56.01)
1730 (43.99)

2,324 (59.09)

1,609 (40.91)

2,962 (75.31)

971 (24.69)

3,481 (88.51)

452 (11.49)

After PSM

Only one
chronic
disease

(n=3,933)

7100 (67.00, 77.00)

2030 (51.61)

1903 (48.39)

3,296 (83.80)

637 (16.20)

2,543 (64.66)

817 (20.77)

422 (1073)

151 (3.84)

2,249 (57.18)

1,684 (42.82)

3,693 (93.90)
240 (6.10)

3,851 (97.92)

2 (2.08)

2096 (53.29)

1837 (46.71)

3,488 (88.69)
445 (11.31)

3,289 (83.63)
644 (1637)

2,184 (55.53)
1749 (44.47)

2311 (58.76)

1,622 (41.24)

2,945 (74.88)

988 (25.12)

3,469 (88.20)

464 (11.80)

~0.787

0269

0237

0430

0.002

0385

0025

0319

0032

0.008

0186

0089

0196

0178

0431

0.604

0626

0934

0964

0535

0874

0572

0858

0927

0.666

0.766

0658

0673
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Univariate logistic regression analyses Multivariate logistic regression analyses

Variable B P OR 95% CI B P OR 95% ClI
Age 0.064 0003 <0.001 1066 (1060, 1.073) 0.065 0003 | <0.001 1067 (1060, 1.075)
Sex (reference male)

Female 0368 0044 <0.001 1455 (1325, 1.576) 0299 0052 <0.001 1349 (1218, 1.495)

Marital status (reference married)

Other (separated/divorced/
0.497 0056 <0.001 1643 (1471, 1.835) 0.104 0.067 0.120 LI (0973,1.266)
widowed/unmarried)

Educational level (reference elementary school and below)

Middle school 0123 0.056 0.028 1131 (1.014,1.261) 0612 0065 <0.001 1844 (1.624,2.095)
High school or middle

hool ~0.505 0076 <0001 0.603 (0.520,0.700) 0.035 0.087 0.688 1035 (0.873,1.228)
school
College and above ~1.009 0139 <0001 0364 0277,0479)  -0.382 0.151 oon 0682 (0.508,0917)

“Type of residence (reference urban)

Rural 0.142 0.045 0.002 1153 (1,056, 1.259) 0.013 0.053 0811 1013 (0913, 1.123)
Mode of residence (reference not living alone),

Living alone 0274 0.089 0.002 1315 (1104, 1.567) —0.009 0.102 0929 0991 (0811,1.210)
‘Type of medical insurance (reference insurance)

Self-funded 32 0.166 0.054 1

(0.994,1.909)
Monthly income (reference> ¥ 2000)
<¥2000 0476 0044 <0001 161 (1.475,1756) 0418 0053 <0001 1519 (1368, 1.686)

Drinking (reference nondrinker)

Drinker =052 0.076 <0.001 0595 (0,513, 0.690) -0.21 0.088 0.017 0811 (0.682, 0.963)
Smoking (reference nonsmoker)
Smoker —0.407 0.062 <0.001 0.665 (0.589,0.752) =0.11 0.075 0.142 0.895 (0.773,1.038)

Annual physical examination (reference “yes”)
No 0.086 0.045 0.054 109 (0.999, 1.189)

Participation in social activities (reference “yes”)

No 0.534 0.045 <0.001 1.706 (1,563, 1.863) 0.503 0.054 <0.001 1.654 (1.488, 1.840)
Exercise (reference “yes’)
No 0.208 0.051 <0.001 1231 (1115, 1.360) —0.218 0.061 <0.001 0.804 (0.713,0.907)

Social support (reference adequate)

Lacking 0.022 0.071 0.762 1.022 (0.889, 1.174)

Presence of multimorbidity (reference no multimorbidity)

Multimorbidity 0.298 0.044 <0.001 1.347 (1.235, 1.469) 0.331 0.047 <0.001 1392 (1271, 1.525)

p, Standardized regression coeffcient; SE, Standard error; OR, Odds ratio; CI, Confidence interval; 7, Chi-square test. P<0.05: statistically significant.
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Variable Total No cognitive Cogpnitive decline

(n=8392) decline (n = 4,823) (n=3,569)

Age 72.00(67.00-77.00) 70.00(66.00-75.50) 74.00(69.00-80.00) 20,568 <0.001

Sex 69156 <0.001
Male 4,259(50.75) 2,636(54.65) 1623(45.47)
Female 4,133(49.25) 2,187(45.35) 1946(54.53)

Marital status 78344 <0.001
Married 6,835(81.45) 4,084(84.68) 2,751(77.08)
Others (separated/divorced/widowed/unmarried) 1,557(18.55) 739(15.32) 818(2292)

Educational level 110870 <0.001
Elementary school and below 5487(65.38) 3,073(63.72) 2414(67.64)
Middle school 1,690(20.14) 895(18.56) 795(22.28)
High school or middle school 905(10.78) 614(12.73) 291(8.15)
College and above 310(3.69) 241(5.00) 69(1.93)

Residence 10042 0002
Urban 4,979(59.33) 2,932(60.79) 2047(57.36)
Rural 3413(40.67) 1891(39.21) 1522(42.64)

Mode of residence 9452 0002
Not living alone 7,856(93.61) 4,549(94.32) 3,307(92.66)
Living alone 536(6.39) 274(5.68) 262(7.34)

‘Type of medical insurance 3735 0053
Insurance 8,245(98.25) 4750(98.49) 3,495(97.93)
Self-funded 147(1.75) 73(151) 74(207)

Monthly income 115,127 <0.001
2¥2000 4,464(53.19) 2,808(58.22) 1,656(46.40)
<¥2000 3,928(46.81) 2015(41.78) 1913(53.60)

Drinking 47.760 <0.001
Nondrinker 7,505(89.43) 4,217(87.44) 3,288(92.13)
Drinker 887(10.57) 606(12.56) 281(7.87)

Smoking 43467 <0.001
Nonsmoker 7,038(83.87) 3,935(81.59) 3,103(86.94)
Smoker 1354(16.13) 888(18.41) 466(13.06)

Annual physical examination 3717 0054
Yes 4,816(57.39) 2811(58.28) 2005(56.18)
No 3,576(42.61) 2012(41.72) 1,564(43.82)

Participation in social activities 142875 <0.001
Yes 4831(57.57) 3.044(63.11) 1787(50.07)
No 3,561(42.43) 1779(36.89) 1782(49.93)

Exercise 16551 <0.001
Yes 6,298(75.05) 3,700(76.72) 2,598(72.79)
No 2094(24.95) 1,123(23.28) 971(27.21)

Social support 0092 0762
Adequate 7,485(89.19) 4306(89.28) 3,179(89.07)
Lacking 907(10.81) 517(10.72) 390(1093)

Presence of multimorbidity 45353 <0.001
Yes 4,196(50.00) 2,259(46.84) 1937(54.27)
No 4,196(50.00) 2564(53.16) 1,632(45.73)

£ chi-square test. P<0.05:statistcally significant.
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Variable

Male

Female
Marital status

Married

Other (separated/
divorced/
widowed/

unmarried)
Educational level

Elementary

school and below
Middle school

High school or

middle school
College and above
Residence
Urban
Rural
Mode of residence
Not living alone
Living alone

‘Type of medical

insurance
Insurance
Self-funded
Monthly income
2¥2000
<¥2000
Drinking
Nondrinker
Drinker
Smoking
Nonsmoker
Smoker
Annual physical
examination
Yes
No

Participation in

social acti
Yes
No
Exercise
Yes
No
Social support
Adequate

Lacking

Total
(n=14,175)

7100 (66.00,
76.00)

7,170 (50.58)

7,005 (49.42)

12,110 (85.43)

2065 (14.57)

9,484 (66.91)
2,818 (19.88)
1385 (9.77)

488 (3.44)

7,254 (51.17)

6,921 (48.83)

13,387 (94.44)

788 (5.56)

13,850 (97.71)

325 (229)

7,329 (51.7)

6,846 (48.3)

12,356 (87.17)

1819 (12.83)

11,684 (82.43)

2491 (17.57)

7,128 (50.29)

7,047 (49.71)

8,906 (62.83)
5,269 (37.17)

10,774 (76.01)

3,401 (23.99)

12,655 (89.28)
1,520 (10.72)

Patients with no
multimorbidity
(n=9,899)

70.00 (65.00, 75.00)

4978 (50.29)

4,921 (49.71)

8,675 (87.64)

1,224 (12.36)

6,738 (68.07)
1932(19.52)
898 (9.07)

331 (3.34)

4,701 (47.49)

5,198 (52.51)

9,404 (95.00)

495 (5.00)

9,659 (97.58)

240 (242)

5,027 (50.78)

4872(49.22)

8,531 (86.18)

1,368 (13.82)

8,085 (81.67)

1814 (18.33)

4,667 (47.15)

5,232 (52.85)

6,496 (65.62)

3,403 (34.38)

7,581 (76.58)

2318 (23.42)

8,862 (89.52)
1,037 (10.48)

Before PSM

Patients with
multimorbidity
(n=4,276)

72,00 (67.00, 78.00)

2,192(51.26)

2084 (48.74)

3,435 (80.33)

841(19.67)

2,746 (64.22)
886(20.72)
487 (11.39)

157 (3.67)

2,553 (59.71)

1723 (40.29)

3,983 (93.15)

293 (6.85)

4,191 (98.01)

85(1.99)

2,302 (53.84)

1974 (46.16)

3,825 (89.45)

451 (1055)

3,599 (84.17)

677 (15.83)

2,461 (57.55)

1815 (42.45)

2,410(56.36)

1866 (43.64)

3,193 (74.67)

1,083 (25.33)

3,793 (88.70)

483 (1130)

PSM, propensity score matching; ', chi-square test. P<0.05: satisticaly significant.

Z/y

-14.438

1136

127.966

26132

178337

19502

2541

11142

28,586

12808

129385

109.679

5979

2096

<0.001

0.287

<0.001

<0.001

<0.001

<0.001

0111

<0.001

<0.001

<0.001

<0.001

<0.001

0.014

0.148

Total
(n=28,392)

72.00 (67.00, 77.00)

4,259 (50.75)

4,133 (49.25)

6,835 (81.45)

1,557 (18.55)

5,487 (65.38)
1,690 (20.14)
905 (10.78)

310 (3.69)

4,979 (59.33)

3,413 (40.67)

7,856 (93.61)

536 (6.39)

8,245 (98.25)

147 (1.75)

4,464 (53.19)

3,928 (46.81)

7,505 (89.43)

887 (10.57)

7,038 (83.87)

1,354 (16.13)

4,816 (57.39)

3,576 (42.61)

4,831 (57.57)

3,561 (42.43)

6,298 (75.05)

2094 (24.95)

7,485 (89.19)
907 (10.81)

Patients with no
multimorbidity
(n=4,196)

72,00 (67.00, 78.00)

2117 (50.45)

2079 (49.55)

3,422 (81.55)

774 (18.45)

2,782 (66.30)
825 (19.66)
430 (10.25)

159 (3.79)

2,504 (59.68)

1,692 (40.32)

3,937 (93.83)
259 (6.17)

4,133 (98.50)

63 (1.50)

2,218 (52.86)

1978 (47.14)

3,758 (89.56)

438 (10.44)

3,513 (83.72)

683 (16.28)

2,422(57.72)

1774 (42.28)

2,433 (57.98)

1763 (42.02)

3,166 (75.45)

1,030 (24.55)

3,763 (89.68)

433(10.32)

After PSM

Patients with
multimorbidity
(n=4,196)

72,00 (67.00,77.00)

2,142(51.05)

2054 (48.95)

3413 (81.34)

783 (18.66)

2,705 (64.47)
865 (20.61)
475 (11.32)

151 (3.60)

2,475 (58.98)

1721 (41.02)

3,919 (93.40)

277 (6.60)

4,112 (98.00)

84(2.00)

2,246 (53.53)

1950 (46.47)

3,747 (89.30)

449 (10.70)

3,525 (84.01)

671 (15.99)

2,394 (57.05)

1802 (42.95)

2398 (57.15)

1798 (42.85)

3,132 (74.64)

1,064 (25.36)

3,722 (88.70)

474 (11.30)

~0061

0.002

0.064

4471

0415

0.646

3.053

0375

0153

0127

0382

0.598

0.736

2078

0951

0.965

08

0215

0519

0422

0.081

054

0.696

0722

0537

044

0391

0.149
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Sample Ps R? MeanBias MedBias
Unmatched 0.150 20 109
Matched 0.000 328 0.986 16 15

Ps R’ represents Pseudo R square, LR chi2 represents chi-square est statisics,p> chi2 represents the probabiliy greater than the crtical value of chi-square distribution, MeanBias represents
the mean of bias, and MedBias represents the median of the bias.
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Variable Unmatched Mean % Bias % Reduct

Matched Treated Control Bias

u 85439 85.251 16 0.68 0.495
Age

M 85415 85593 -15 53 -057 0568

u 0272 0341 ~150 -631 0.000
Area

M 0273 0270 07 95.3 027 0784

u 0.204 0.194 24 104 0299
Income level

M 0.203 0.203 02 93.4 0.06 0952

u 0231 0047 554 2598 0,000
Vegetables

M 0229 0222 21 9.3 0.62 0537

u 0.463 0.469 -L1 ~0.46 0,643
Fruits

M 0.464 0455 19 -739 071 0478

u 0.292 0.084 550 2516 0.000
Smoking

M 029 0279 29 948 090 0370

u 0285 0335 -109 —462 0,000
Exercise

M 0.285 0.269 36 67.0 139 0.164

u 0532 0522 21 091 0360
Sleep quality

M 0531 0534 -06 70.1 -0.24 0810

u 0757 0753 10 042 0677
Leisure activities

M 0758 0749 22 —1245 082 0412
Physical u 0739 0617 263 1105 0.000
examination M 0739 0734 09 9.4 037 0711
Other community U 0630 0.296 710 3047 0.000
services M 0629 0625 08 98.9 028 0779
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Variables
Age

Area

Income level
Vegetables
Fruits
Smoking
Exercise
Sleep quality
Leisure
activities
Physical
examination
Other
community

services

_cons

0.003

~0.361

0.047

0.769

~0051

0526

~0.183

0,030

—0014

0377

0675

-1222

SE.

0002

0.037

0040

0056

0.033

0048

0.036

0031

0.040

0035

0032

0153

z  p>z
222 0027
-973 0000
118 0238
1375 0000
-157  onz
1092 0.000
-505 0000
095 0341
-036 0722
1062 0.000
2099 0000
~797 0,000

[95% ClI
0000 0.006
—0433  —0.288
0031 0126
0660 0.879
-0115 0013
0431 0620
-0254 0112
-0032 0091
0093  0.064
0307 0446
0612 0738

-1522

~0.921
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\ELELIES

SE p>t [95% ClI

0188 0055 344 0001 = 0081 0295

Sex 0011 0056 019 0848  —009 0120
Age —0.056 0003 -2020 0000  —0061 0050
Area 0634 005 1124 | 0000 052 0744
Spouse 0014 | 0062 022 | 0828 0109 0136
Incomelevl | 0152 | 0063 240 0016 0028 0276
Vegetables 0579 0081 718 | 0000 0421 0737
Fruits 0274 0053 | 520 | 0000 0171 | 0377
Smoking —0159 0075 212 0034 | —0307 -0012
Exercise 0678 | 0056 1201 | 0000 0568 0789

Sleepquality | 0153 | 0050 307 0002 0055 0250
Leisure

Lis4 | 0065 1786 | 0000 1027 1281
activities
Physical

0470 | 0055 855 0000 = 0362 0578
examination
Other
community 0149 0052 288 0004 | 0048 0251
services

_cons -5.174 | 0260 1990 0000 = -5684 = -4.665
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Variable Mean + SD

Total Treatment
group

ADL score 10814251 10874243
Spatial
accessibility of

035048 /
community
health services
Sex 0562050 055050
Age 853241170 854421174
Area 0322047 027045
Spouse 0422049 0422049
Income level 0.20£0.40 020£0.40
Vegetables 0112032 0234042
Fruits 0472050 046050
Smoking 0.16£036 029046
Exercise 0324047 028045
Sleep quality 053050 053050
Leisure activities 0752043 076043
Physical

0.66+0.47 074044
examination
Other
community 0412049 063048
services

N 7922 2,806

Control
group

1070£2.63

0.57:£0.50

852541169
0344047
041:£0.49
0.19:£0.40
0.05£0.21
0476050
0.08:£0.28
034047
0524050

0754043

0624049

030046

5116
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Cog Cognitive function

PE Physical function

Ms Muscle strength

ML Machine-learning

Cog#+PF+ Group without signs of declines in Cog and PF
Cog—PF+ Group with Cog decline but no signs of PF declines
Cog—PF- Group with signs of declines in Cog and PF
CogrMs+ Group without signs of declines in Cog and MS
Cog-MS+ Group with Cog decline but no signs of MS declines
Cog-MS— Group with signs of declines in Cog and MS
IRB Institutional review board

MMSE Mini-mental status examination

FSTS Five times sit-to-stand

HGS Handgrip strength

PWs Preferred walking speed

SWs Slower walking speed

FWS Faster walking speed

MU Inertial measurement unit

GV Gait variability

cv Coeffcient of variance

GA Gait asymmetry

PpCI Phase coordination index

ANOVA Analysis of variance

D Standard deviation

icc Intra-class correlation coefficient

LoA Limits of agreement

BMI Body mass index

OR Odds ratios.

ROC Receiver operating characteristic

AUC Areas under the curve

LR Logistic regression

KNN K-nearest neighbors

NB Naive Bayes

LDA Linear discriminant analysis

QDA Quadratic discriminant analysis

SVM Support vector machine

RE Random forest

Cog#+PF+ vs. Cog—PF-+_96 Cog+PF+ vs. Cog—PF+ with 96 features
Cog#+PF+ vs. Cog—PF+_3 Cog#+PF+ vs. Cog—PF+ with 3 features selected through stepwise regression, Cog+PF+ vs. Cog—PE—_96

Cog#PF+ vs. CogPF— with 96 features, Cog+PF+ vs. Cog—PF—_3  Cog#+PF+ vs. Cog—PF~ with 3 features selected through stepwise regression

Cog-PF+ vs. Cog-PF~_96 Cog~PF+ vs. Cog—PF~ with 96 features

Cog~PF+ vs. Cog—PF—_I Cog~PF+ vs. Cog—PF~ with 1 feature selected through stepwise regression

Cog#MS+ vs. Cog=MS + 96 Cog#MS+ vs. Cog—MS+ with 96 features

Cog#MS+vs. Cog—MS +_1 Cog#MS+vs. Cog—MS+ with 1 feature selected through stepwise regression, Cog+MS+ vs. Cog—
MS-_96

Cog#MS+vs. Cog—MS— with 96 features, Cog+MS+vs. Cog—  Cog#MS+ vs. Cog—MS— with 2 features selected through stepwise regression

Ms-_2

Cog-MS+ vs. Cog-MS—_96 Cog-MS+ vs. Cog-MS— with 96 features

Cog—MS+ vs. Cog-MS—_1 Cog—MS+ vs. Cog—MS— with 1 feature selected through stepwise regression.
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ML Cog + MS+ Cog +MS+ Cog + MS+ Cog + MS+ Cog-MS+  Cog-MS+

techniques vs. Cog—MS+ vs. Cog—MS+ vs. Cog—-MS— vs. Cog—MS— vs. Cog— vs. Cog—
(w/96 (w/1 Feature) (w/96 (w/2 MS— (w/96 MS— (w/1
Features) Features) Features) Features) Feature)
LR 654592 6222116 820463% 552454 6252151 708+9.5
KNN 69962 583499 77.643.6% 660458 63,6493 687467
NB 628480 5582104 717460% 55845.1% 6464136 604426
Accuracy LDA 647284 6104122 80.86.0% 584285 72995% 63680
QDA 77.547.7 5842112 93.625.1% 577452 80.1£7.0% 60538
SVM 5624175 5564161 93.6£5.1 93.645.1 559£19.1 688481
RE 685£6.0 64.0£10.0 840467 77660 719£106 666+52

Precision, recall, and FI score are represented as mean (%) standard deviation (%). ML, machine learning; Cog, cognitive function; MS, muscle strength; LR, logistic regression; KNN,
knearest neighbors; NB, naive bayes; LDA, linear discriminant analysis; QDA, quadratic discriminant analysis; SVM, support vector machine; RE, random forest. *Denotes a significant
ifference. Boldface indicates the highest accuracy.
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Variables Estimate (SE) OR (95% CI) p value
Cog+MS+ and Cog-MS+

CV of left double support phase (slower) (12.08%) 0481 (0.242) 1618 (1.008-2.599) 0046 0184

Cog+MS+and Cog-Ms-

Left step time (preferred) (51.50cm) 0731 (0.317) 2,078 (1.115-3.872) 0.025

GA (slower) (2.18) =0.930 (0.415) 0.395 (0.175-0.890) 0.025 0%
Cog-M$+and Cog-Ms-

CV of right single support phase (preferred) (3.02%) 1234 (0.524) 3433 (1.229-9.589) 0019 0442

Model was adjusted for age, height, body mass index, and education. Cog, cognitive function; MS, muscle strength; S, standard error; OR, odds ratio: 95% CI, 95% confidence interval; R
the it statistc for the Nagelkerke Model; CV; coeffcient of variance; Boldface indicates significant differences, p<0.05,
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Sample Treated Controls ATT S.E.

Urban 10741 10370 0371%% 0133 280
Matched
Rural 10995 10815 0180 0075 239

* p<0.05, ** p<0.01.
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Sample Treated Controls SiE T
Unmatched  10.866 10695 0171 0059 291
Total
Matched 10912 10694 0218%% | 0066 330

* p<0.05, ** p<0.01.
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Variables Estimate (SE) OR (95% CI) p value

Cog+ PF+ and Cog-PF+

CV of left double support phase (slower) (11.90%) 0.795 (0.273) 2213 (1.295-3.783) 0.004
CV of left double support phase (faster) (10.44%) 0,668 (0:316) 1.950 (1.049-3.624) 0035 0481
Right double support phase (slower) (19.26%) 0.776 (0.299) 2173 (1208-3.907) 0010

Cog+PF+ and Cog-PF-
‘Walking speed (faster) (138 m/s) —1575 (0.547) 0.207 (0.071-0.605) 0.004
CV of left double support phase (faster) (2.09%) 2965 (0.797) 19.390 (4.067-92.445) <0.001 0810
Right double support phase (slower) (19.69%) 0.984(0.433) 2674 (1143-6.253) 0023

Cog-PF+ and Cog-PF-
Walking speed (preferred) (1.01 m/s) —0.827 (0323) 0437 (0.232-0.825) oon 0296

Model was adjusted for age, height, body mass index, and education. Cog, cognitive function; PF, physical function; SE, standard error; OR, odds ratio: 95% CI, 95% confidence interval; Ry is
the it statistc for the Nagelkerke Model; CV; coeffcient of variance; Boldface indicates significant differences, p <0.05.
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Cog and MS groups (n =158)

SWS
Estimated/measured (m/s) 0:88/0.90 0:88/0.89
cc(2.1) 0.895 0.902
prvalue <0001 <0001

FWS
Estimated/measured (m/s) 1.39/1.35 1.37/1.34
1cc @) 0912 0918
prvalue <0001 <0001

Al data represent the mean: standard deviation; Cog, cognitive function; PF, physical function; MS, muscle strength; SWS, slower walking speeds FWS, faster walking speed; ICC, intraclass
correlation coefficient; significant difference, p < 0.05.
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Variables Cognitive function trajectories
(ref: Persistently Low cognitive function)

Persistently moderate cognitive Persistently high cognitive
function function

OR (95%Cl) p-value OR (95%Cl)
Physical activity (ref: decreasing physical activity)

Persistently low physical activity 095 (0.78~1.16) 063 284(225~3.59) <0.001
Rising physical activity 1.14(0.88~1.47) 032 1.48(1.09~2) 0.01
Age 0.97 (0.96~0.98) <0.001 0.92(091~093) <0.001
Female (vs. male) 092 (0.79~1.06) 024 0.79(0.68~092) 0.003
Marital status (vs. married) 102(0.82~1.27) 085 1.00(0.80~1.26) 0.99

Educational level (vs. no formal education)

Primary school 1.29(1.08~1.53) 0.004 159 (1.33~191) <0.001
Middle or high school 12(097~1.48) 0.10 1.5 (1.25~1.93) <0.001
College or above 115 (0.82~1.6) 042 1.86 (1.35~2.56) <0001
Rural (vs. urban) 0.59 (0.47~0.75) <0.001 0.29(0.23~0.36) <0.001

OR odds ratio, 95% C1 95% confidence intervals.
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ML techniques Cog+MS+vs. Cog+MS+vs. Cog+MS+vs. Cog+MS+vs. Cog—MS+vs. Cog—MS+vs.
Cog—MS+ Cog—-MS+ (w/1  Cog—-MS-  Cog-MS-(w/2 Cog-MS— Cog —MS—
(w/96 Feature) (w/96 Features) (w/96 (w/1 Feature)
Features) Features) Features)
IR C=1000.0 c=01 €=10000 c=001 C=0001 c=10
KNN k=3 k=2 k=3 k=2 k=2 k=9
NB - - - - - -
LDA n_components=1 n_components =1 n_components=1 n_components=1 n_components n_components
QDA reg_param=0.001 reg_param=0.4 reg_param=0.001 reg_param=0.4 reg_param=0.001 reg_param=0.4
C=1e-05, C=1e-05, 1968, C=1968, C=6660.846,
SVM gamma=10, ‘gamma=100000.0, gamm: gamma=100000.0, gamma=0.001,
kernel = rbf kernel kernel = rbf kernel =rbf
- max_depth=10, max_depth=10,n_ max_depth=10, max_depth=25,n_ max_depth=25, max_depth=10,

n_estimators =500

estimators =500 n_estimators=750

estimators =500

n_estimators=500

n_estimators=500

ML, Machine learning; Cog, cognitive function; MS, muscle strength; LR, logistic regression, ‘C” s the inverse of regularization strength; KNN, k~ nearest neighbors, 'K is the number of
neighbors; NB, naive bayes; LDA, linear discriminant analysis, n_components'is the number of components; QDA, quadratic discriminant analysis,‘reg_parant i the regularization of the
per — class covariance; SVM, support vector machine, ‘C" i the regularization parameter and ‘gammal i the kernel coefficient; RF, random forest, n_estimators'is the number of rees in the
forest and ‘max_depth' is the maximun depth of the tree.
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Variables Class 1, Persistently Class2, Decreasing Class3, Rising

low physical activity physical activity physical activity
(N=4,349) (N=722) (N =694)
Age, Mean 5D 633564 615552 603245 <0001
Male, n (%) 2,309 (53.1) 410 (56.8) 398 (57.4) 003
Married, n (%) 3,827 (88.0) 629 (87.1) 615 (88.6) 068
Educational level, n (%) <0.001
No formal education 2,005 (46.1) 375 (51.9) 375 (54.0)
Primary school 1,153 (26.5) 199 (27.6) 207(29.8)
Middle or high school 771(17.7) 121 (168) 77(111)
College or above 420(9.7) 27(3.7) 35(5.0)
Self-reported health, n (%) 005
Poor 1,340 31.8) 226 (31.3) 247 (35.6)
Fair 2,057 (47.3) 344 (47.7) 315 (45.4)
Good 908 (20.9) 152 (21.0) 132(19.0)
Depressive symptoms, n (%) 1,164 (26.8) 204(28.3) 221(31.8) 002
Rural residence, n (%) 1,068 (24.6) 66(9.1) 54(7.8) <0.001
Comorbidity, n (%) 004
0 1,112(25.6) 215(298) 204 (29.4)
1 1,255 (28.9) 207 (28.7) 183 (26.4)
>2 1,982 (45.6) 300 (41.6) 307 (44.2)
Annual household income, n (%) <0.001
Low 1443 (33.2) 260 (36.0) 255 (36.7)
Medium 1,385 (31.9) 266 (36.8) 255 (36.7)
High 1,521 (35.0) 196 (27.2) 184 (265)
BMI (kg/m’), n (%) <0.001
Underweight 271(62) 63(87) 62(8.9)
Normal 2,256 (51.9) 440 (60.9) 420 (605)
Overweight 1,344 (30.9) 175 (24.2) 159 (229)
Obese 478(11.0) 44(6.) 53(7.6)
Drinking, n (%) 0.04
Never 2,494 (57.4) 376 (52.1) 369 (53.2)
Former 457 (10.5) 89(12.3) 77(11.1)
Current 1,398 (32.2) 257 (35.6) 248(35.7)
Smoking, n (%) <0.001
Never 2,466 (56.7) 377(522) 374(53.9)
Former 519 (11.9) 71(9.8) 62(8.9)
Current 1,364 (31.4) 274 (38.0) 258(37.2)
Visual impairment, n (%) 682(157) 87(12.1) 111 (16.0) 004
Hearing impairment, n (%) 629(14.5) 113 (157) 106 (15.3) 064
Hospitalization, n (%) 372(9.8) 38(58) 52(8.3) 0.003
ADL, n (%) 003
0 3,208 (73.8) 545 (75.5) 508 (73.2)
1 322(7.4) 68 (9.4) 66 (9.5)
22 819(18.8) 109 (15.1) 120(17.3)
IADL, n (%) 012
0 3,095 (71.2) 533(73.8) 509 (73.3)
1 387 (8.9) 69 (9.6) 68(9.8)

>2 867 (19.9) 120 (16.6) 117(169)
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ML Cog + PF+ vs.
techniques

Cog - PF+
(w/96
Features)

KNN k=2
NB =
LDA n_components = 1
QDA reg_param=0.001
€=0508,
SVM gamma=10.,
kernel =rbf

max_depth=20,
RE iy
estimators = 1,000

Cog + PF+ vs.
Cog— PF+
(w/3 Features)

Cog + PF+ vs.
Cog— PF-
(w/96
Features)

Cog + PF+ vs.
Cog - PF-
(w/3 Features)

k=9 k=3 k=7

n_components=1 | n_components=1 n_components=1

reg_param=05 reg_param=05 reg_param=0.2
C€=0.508, C=1.968, C=1719.072
gamma=0.01, gamma=0001,
kernel=rbf Kernel=rbf

max_depth=15,n_  max_depth=10,n_ | max_depth=10,n_

estimators =750 estimators=1,000 estimators=1,000

Cog — PF+ vs.

Cog - PF—
(w/96
Features)

gamm
kernel =rbf

max_depth=20,
n_estimators =500

Cog—PF+ vs.
Cog - PF—
(w/1 Feature)

n_components=1
reg_param =0.001
C=114.505,

gamma=10,
kernel=rbf

max_depth =30, n_

estimators =1,250

ML, Machine learning; Cog, cognitive function; PE, physical function; LR, logistic regression, ‘C’ s the inverse of regularization strength; KNN, k—nearest neighbors, K is the number of

neighbors; NB, naive bayes; LDA, linear discriminant analysis, 'n_components'is the number of components; QDA, quadratic discriminant analysis,‘reg_parant i the regularizati
per —class covariances SVM, support vector machine, C’ is the regularization parameter and ‘gamma’
forest and ‘max_depth' is the maximun depth of the tree.

of the

the kernel coefficient; RE, random forest, n_estimators' is the number of trees in the
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Variables Class, Persistently low Class2, Persistently Class 3, Persistently p-value

cognitive function moderate cognitive high cogpnitive function
(N=1,262) function (N =2,195) (N=2,308)
Age (years), mean £ SD 641268 62862 617455 <0.001
Male, n (%) 695 (55.1) 1,201 (54.7) 1,221 (52.9) 034
Married, n (%) 1,106 (87.6) 1,931 (87.9) 2,034 (88.1) 091
Educational level, n (%) <0.001
No formal education 710(56.3) 103 (50.3) 942 (40.8)
Primary school 308 (24.4) 610(27.8) 641 (27.8)
Middle or high school 177 (14.0) 344 (15.7) 448 (19.4)
College or above 67(53) 138(6.3) 277(12.0)
Self-report health, n (%) 030
Poor 411 (30.3) 681(31.0) 765 (233.1)
Average 613 (48.6) 1,056 (48.1) 1,047 (45.4)
Good 238 (17.9) 458 (20.9) 496 (21.5)
Depressive symptoms, n (%) 379 (30.0) 597 (27.2) 613 (26.6) 0.08
Rural residence, n (%) 131 (104) 343 (156) 714 (309) <0.001
Comorbidity, n (%) 001
0 335 (26.6) 626 (28.5) 570 (24.7)
1 375(29.7) 629 (28.7) 641 (27.8)
>2 552 (43.7) 940 (42.8) 1,097 (47.5)
Annual household income, n (%) <0.001
Low 454(35.9) 789 (35.9) 715 (30.9)
Medium 458 (36.3) 754 (34.4) 694 (30.1)
High 350(27.7) 652(29.7) 899(39.0)
BMI (kg/m?), n (%) <0.001
Underweight 106 (8.4) 141 (64) 149 (65)
Normal 732 (58.0) 1,243 (56.6) 1141 (49.4)
Overweight 311(24.6) 595 (27.1) 772(33.5)
Obese 113 (9.0) 216 (9.8) 246 (10.7)
Drinking, n (%) o1
Never 693 (54.9) 1,202 (54.8) 1,344 (58.2)
Former 131 (10.4) 249 (11.3) 243(10.5)
Current 438 (34.7) 744 (339) 721(31.2)
Smoking, n (%) 0.02
Never 708 (56.1) 1,183 (53.9) 1326 (57.5)
Former 137(109) 229(10.4) 286(124)
Current 417 (33.0) 783 (35.7) 696(30.2)
Visual impairment, n (%) 171(13.6) 307 (14.0) 402(17.4) <0.001
Hearing impairment, n (%) 194 (15.4) 308 (14.0) 346 (15.0) 050
Hospitalization, n (%) 115 (9.97) 178 (9.04) 169 (8.56) 0.42
ADL, n (%) 0.07
0 949(75.2) 1,629 (74.2) 1,683 (73.0)
1 108 (8.6) 179.(82) 169(7.3)
22 205(162) 38717.6) 456 (19.8)
IADL, n (%) 001
0 916 (72.6) 1,570 (71.5) 1,651 (71.5)
1 127(10.1) 218(9.9) 179(738)
>2 219(17.4) 407 (18.54) 478 207)

Comorbidity refers to the coexistence of multiple chronic conditions, such as hypertension, diabetes, dyslipidemia, and chronic kidney disease, along with other chronic illnesses diagnosed by
physicians, including heart disease, stroke, lung disease,arthritis, and cancer It is quantified based on the number of these nine chronic diseases present in an individual, categorized as none
(0), one (1), or multiple (>2); Hospitalization refers to whether an individual was hospitalized during the past year.
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Cog + MS+ Cog + MS+

Characteristics Cogelin Cogg iy @ ‘iSMS @ ZSMS,
(n = 48) (n=32) OIS ©9
p value

Age (years) 72504484 74384465 78914561 0135 <0.001 <0.001
Height (cm) 153872458 153.7945.50 148564678 1000 <0.001 <0.001
Body weight (kg) 59.6647.63 59.8348.44 54224889 1.000 0.005 0.009
BMI (kg/m?) 25224325 25234276 2532359 1.000 0906 1.000
Skeletal muscle mass (kg) 20724245 209842.94 18.03£239 1000 <0.001 <0.001
Body fat mass (kg) 21324547 20944547 1997617 1000 0761 1000
Percent body fat (%) 34894588 34282550 35962615 1.000 1000 0625
MMSE (scores) 27134178 21354185 19.383.28 <0.001 <0.001 <0.001
Handgrip strength (kg) 23124335 2714304 1448274 1000 <0.001 <0.001
Education (years) 1191363 9854214 8974228 0.001 <0.001 0591
IPAQ-SF (MET min/weck) | 2336.222039.29 2536.36:+2558.40 1957.56.+ 187485 1000 1000 0740

All data represent the mean standard deviation; Cog, cognitive function; MS, muscle strength; BMI, body mass index; MMSE, minimental tate examination; IPAQ-SF, international physical
activity questionnaire-short form; MET, metabolic equivalents; Boldface indicates significant differences, p <0.0167.
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Cog+PF+ Vs Cog+PF+Vs Cog-PF+ Vs

Characteristics C;Jng:;‘ﬁ*' C&g: 4P;'+ C(ong: 3PBF) Cog—PF+ Cog—PF- Cog—PF-
p value

Age (years) 7199+45.18 74714530 77824531 0024 <0.001 0.027
Height (cm) 152474507 152574633 150.74+6.70 1000 0418 0491
Body weight (kg) 58.6647.08 57544821 5763991 1000 1000 1000
BMI (kg/m?) 25254293 24.6542.64 25284358 0931 1.000 1.000
Skeletal muscle mass (kg) 20092254 20454317 19082284 1000 0213 0.09
Body fat mass (kg) 21114496 1952478 21684652 0381 1.000 0219
Percent body fat (%) 35404511 33374540 36704577 0.155 0674 0.018
MMSE (scores) 27162178 21172223 19.89+3.00 <0.001 <0.001 0039
Five sit-to-stand (s) 869+190 954+176 16162428 1000 <0.001 <0.001
Education (years) 1280345 10124199 8824230 0417 <0.001 <0.001
IPAQ-SF

TR 2874.02+2349.09 2972.85:+2576.81 156653+ 173469 1000 0.014 0,020

Al data represent the mean: standard deviation; Cog, cognitive function; PF, physical function; BMI, body mass index; MMSE, minimental state examinations IPAQ-SF,international physical
activity questionnaire-short form; MET, metabolic equivalents; Boldface indicates significant differences, p<0.0167.
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Cog#MS* vs. Cog-MS* with 96 features

CogtMS+ vs. Cog-MS* with 1 feature
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Exposure Outcome IVW-derived  f (95% confidence Cochran MR-Egger

p value intervals) Q-derived P value intercept derived
p value
EA ALM 225%10° 0.25(0.1910 0.31) 0 024
Hand grip strength (eft) 477%10° 0.042(0.013 10 0.071) 9.38x1077 09994
Hand grip strength (right) 517x10° 0,050 (0.022 10 0.079) 16810 0.8
Usual walking pace 6.16x10° 0.20 (01810 0.22) 278x10° 0.6
SA 340x107 4082.36 (251335 t0 5681.38) 199%107 058
TH 345%10° 0.014 (00045 t0 0.023) 161x10” 0.28
SA ALM 010 9.28x10°(~1.89x 10° to 325x10°7 059
2.04x107)
Hand grip strength (left) 0012 379%10(816x107 o 543x10° 0044
6.75x107)
Hand grip strength (right) 0017 381x10(695% 107 0 7.04x10 011
6.93x107)
Usual walking pace 0081 198107 (<2.42x 107 to 137x107 012
4.20x10)
TH ALM 083 0.10 (<0.86 10 1.1) 663x10° 042
Hand grip strength (lef)) 031 ~0.46 (<134 10 0.42) 23610 049
Hand grip strength (right) 037 ~0.40 (~1.27 10 0.48) 442x10° 055
Usual walking pace 269x10° 0.49.(017 10 0.81) 0.041 094

Educational attainment, EA; Inverse variance weighted, IVW; Appendicular lean mass, ALM; Cortical surface area, SA; Cortical thickness, TH.
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ML Cog +PF+ Cog +PF+ Cog +PF+ Cog +PF+ Cog—-PF+ Cog—PF+

techniques. vs. Cog—PF+ vs. Cog—PF+ vs. Cog—PF— vs.Cog—PF—  vs. Cog— vs. Cog—
(w/96 i3 (w/96 (/3 PF- (W/96  PF- (w/1
Features) Features) Features) Features) Features) Feature)
LR 717467 6484112 851459 872427 679+75% 538+89*
KNN 710495 649421 80547.4% 88.6+5.1% 679488 726465
NB 688479 67.6410.1 830456 84420 716£102 6664123
Accuracy LDA 649248 6554147 804281 872444 5374215 6322138
QDA 81.8+2.9% 68.349.0% 912:5.3% 8442407 454598 6662123
SVM 690130 690130 912452 879457 691461 691444
RE 797447 85,2464 912452 919417 69.1£7.4 654451

Precision, recall,and F1 score are represented as mean (%) & standard deviation (%). ML, machine learning; Cog, cogaitive function; PF, physical function; LR, logistic regression; KNN,
knearest neighbors; NB, naive bayes; LDA, lincar discriminant analysis; QDA, quadratic discriminant analysis; SVM, support vector machine; RF, random forest. * Denotes a significant
difference. Boldface indicates the highest accuracy.






