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Editorial on the Research Topic
 The open challenges of cognitive frailty: risk factors, neuropsychological profiles and psychometric assessment for healthy aging




Cognitive frailty (CF), defined as the co-occurrence of physical frailty and mild cognitive impairment in the absence of dementia, has emerged as a critical concept in aging research. As populations grow older worldwide, there is increasing recognition that age-related decline is rarely confined to a single domain. Rather, it involves complex and overlapping deteriorations in physical health, cognitive function, psychosocial wellbeing, and functional capacity. Cognitive frailty captures this intersection, offering a holistic lens through which to understand vulnerability in later life. However, despite its growing prominence, cognitive frailty remains a contested and evolving construct. Key challenges persist regarding its operational definition, the selection of appropriate and sensitive assessment tools, and the identification of intervention strategies that are both scalable and person-centered. Existing approaches often rely on cognitive screening instruments or physical frailty models developed in isolation, which may not fully reflect the multidimensional nature of CF. Moreover, variation in the criteria used to diagnose CF across studies has made it difficult to build a coherent body of evidence and translate findings into practical guidance for clinicians or policymakers.

Recognizing these gaps, this Research Topic was conceived to bring together new research, methodological advancements, and interdisciplinary perspectives that can move the field forward. The Research Topic includes contributions from epidemiology, neuropsychology, gerontology, digital health, and rehabilitation sciences, offering both theoretical insights and applied findings. Specific areas addressed include the identification of modifiable risk factors, the development of functional and ecological assessments, the role of biomarkers and brain imaging, and the evaluation of technology-enhanced interventions.

Together, the articles in this Research Topic reflect a shared commitment to redefining cognitive frailty not only as a clinical condition, but as a dynamic and potentially reversible state. In doing so, they support a broader vision of healthy aging, one that prioritizes early detection, personalized care, and the integration of physical, cognitive, and social health domains.


Beyond screening: functionally grounded assessment and neuropsychological profiling

While cognitive screening tools such as the MoCA are widely used, they may not capture functional impairments relevant to everyday living. Marks et al. demonstrate that performance-based assessments of instrumental activities of daily living (IADLs) identify limitations even among individuals who score within normative cognitive ranges, suggesting that a combined approach to assessment is essential for detecting subtle forms of CF.



Consensus and co-creation in interventions

To address the absence of standardized intervention frameworks, Holland et al. convened a Delphi consensus panel involving clinicians, researchers, carers, and individuals with lived experience. The resulting 89 statements establish a foundation for evidence-based prevention and care strategies, highlighting the importance of participatory design in tackling complex aging syndromes.



Psychosocial and sensory pathways to frailty

This Research Topic highlights how psychological distress and sensory loss intersect with frailty and cognitive decline. Mao et al. reveal that dual sensory impairment exerts its cognitive effects through anxiety and depression, moderated by frailty. Li et al. corroborate this by showing a robust link between chronic pain and CF. Additionally, Huang et al. find that short sleep duration is associated with increased frailty risk, reinforcing the role of lifestyle factors in CF onset.



Sociodemographic disparities and health inequities

Several studies explore the structural drivers of CF. Zhang et al. report high prevalence rates of physical and cognitive impairment among older adults in southern China, with strong associations to income, rural residence, social support, and depressive symptoms. Ran et al. extend this analysis through joint longitudinal-survival models, showing that socioeconomic and behavioral risk factors, such as smoking and low education, exert persistent, and often sex-specific, effects on cognition. Mirkovic et al. similarly find that social support and educational level strongly correlate with memory performance among older adults in Serbia.



Metabolic and somatic contributors to cognitive decline

The metabolic underpinnings of CF are becoming clearer. Luo et al. show that higher estimated glucose disposal rate (eGDR), a proxy for insulin sensitivity, is protective against cognitive decline, especially in women. Guo et al. identify an inverted U-shaped association between the Body Roundness Index and cognitive function, with mid-range values associated with the lowest risk, suggesting metabolic phenotype may serve as an early indicator of CF.



Neurovascular, imaging, and biomarker innovations

Neurovascular integrity also appears relevant to CF. In Duan et al., extracranial–intracranial bypass surgery is associated with improved cognitive outcomes in elderly patients with cerebral steno-occlusive disease. Zhang et al. find that elevated serum levels of glial fibrillary acidic protein (GFAP) correlate with hippocampal subregion atrophy in individuals with MCI, proposing GFAP as a viable blood-based biomarker for early detection.

Further, Zhang et al. use Mendelian randomization to identify associations between frailty and cortical structure, while Chen et al. uncover shared genetic loci between body mass index and cognitive performance, highlighting TUFM and MST1R as potential targets for intervention.



Post-stroke cognitive impairment and technological interventions

The lasting impact of stroke on cognitive health is reviewed in a bibliometric analysis by Zhang et al., which highlights cerebral small vessel disease as a major contributor to post-stroke cognitive impairment (PSCI). In an interventional study, Xue et al. show that ultrasound-guided stellate ganglion block reduces postoperative cognitive dysfunction by lowering inflammation and oxidative stress. In the realm of digital diagnostics, Tascedda et al. demonstrate the value of artificial intelligence, particularly graph neural networks, specifically Multi-Layer Perceptron, for differentiating Alzheimer's disease from MCI. Their work supports the growing use of AI in early and precise dementia diagnosis.



Physical function, working memory, and daily functioning

Zhou et al. show a strong association between higher frailty index scores and reduced performance across multiple cognitive domains. Liao et al. further demonstrate that muscle strength influences working memory and, in turn, affects capacity for activities of daily living—supporting the rationale for integrated physical and cognitive interventions in older adults.



Conclusion

This Research Topic brings into focus the multidimensionality and modifiability of cognitive frailty. Across biological, psychological, and social domains, the contributions highlight CF as a complex yet tractable condition, one that demands nuanced approaches to detection, prevention, and care. Together, these studies reinforce the view that cognitive frailty should not be regarded as an inevitable consequence of aging, but rather as a dynamic and potentially reversible state.

The Research Topic demonstrates the value of integrated assessment tools that move beyond screening and incorporate functional, neuropsychological, and ecological measures. It also underscores the importance of co-designed interventions that reflect the lived experiences of older adults, caregivers, and health professionals. Novel contributions from neuroimaging, biomarker research, and artificial intelligence point to promising frontiers in the early identification and personalized management of CF.

Equally, the findings call attention to persistent inequalities in access to healthcare, education, and social support that may shape the trajectories of frailty and cognitive decline. Addressing cognitive frailty, therefore, also requires attention to its social determinants, ensuring that future strategies are inclusive, equitable, and community-responsive.

Taken together, this Research Topic Collection offers a strong foundation for future work. It encourages the development of interdisciplinary frameworks and stakeholder-informed practices that can better support cognitive resilience in later life. As the field continues to evolve, efforts to clarify, operationalize, and address cognitive frailty will be essential to advancing the broader goal of healthy aging.
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Introduction: Physical weakness is associated with cortical structures, but the exact causes remain to be investigated. Therefore, we utilized Mendelian randomization (MR) analysis to uncover the underlying connection between frailty and cortical structures.



Methods: The Genome-Wide Association Study (GWAS) on frailty pooled data from publicly available sources such as the UK Biobank and included five indicators of frailty: weakness, walking speed, weight loss, physical activity, and exhaustion. GWAS data on cerebral cortical structure were obtained from the ENIGMA consortium, and we assessed the causal relationship between hereditary frailty and cortical surface area (SA) or cortical thickness (TH). Inverse variance weighting (IVW) was used as the primary estimate, and heterogeneity and multidimensionality were monitored by MR-PRESSO to detect outliers. Additionally, MR-Egger, Cochran’s Q test, and weighted median were employed.
Results: At the aggregate level, there was no causal relationship between frailty and cortical thickness or surface area. At the regional level, frailty was associated with the thickness of the middle temporal lobe, parahippocampus, rostral middle frontal lobe, lower parietal lobe, anterior cingulate gyrus, upper temporal lobe, lateral orbital frontal cortex, pericardial surface area, rostral middle frontal lobe, upper temporal lobe, rostral anterior cingulate gyrus, lower parietal lobe, and upper parietal lobe. These results were nominally significant, and sensitivity analyses did not detect any multidirectionality or heterogeneity, suggesting that the results of our analyses are reliable.
Discussion: The results of our analyses suggest a potential causal relationship between somatic weakness and multiple regions of cortical structure. However, the specific mechanisms of influence remain to be investigated. Preliminary results from our analysis suggest that the effects of physical frailty on cortical structures are influenced by various factors related to frailty exposure. This relationship has been documented, and it is therefore both feasible and meaningful to build on existing research to explore the clinical significance of the relationship.

Keywords
physical frailty, cerebral cortical structure, Mendelian randomization, middle-aged and older adults, aging


1 Introduction

As the aging of the population increases, physical frailty is also a growing concern. The gradual weakening of the functional reserves of various physiological systems in middle-aged and older adults leads to frailty, which results in reduced adaptability to the surrounding environment (including, for example, reduced resistance to climate change, pathogenic microorganisms, etc.) and increased vulnerability of the body (Clegg et al., 2013). Conceptualized as a multifactorial medical syndrome, frailty is mainly characterized by a decrease in endurance, physiological functions, etc., which leads to an increased risk of disease occurrence and prognosis, and a weakening of the body’s resistance to unfavorable factors in the surrounding environment (Morley et al., 2013). Therefore, frailty is actively advocated in clinical practice as a routine monitoring program to prevent its adverse consequences.

The occurrence of frailty and its complications poses a significant challenge for public health, clinical diagnosis, and treatment (Hoogendijk et al., 2019). Studies have shown that the onset and progression of frailty may be attributed to the ongoing deterioration of brain reserve function (Chen et al., 2015; Del Brutto et al., 2017; Zijlmans et al., 2021). For example, the hallmark of brain aging is an increase in the total white matter density and gray matter volume of the brain - the implications of which for frailty are clear (Chen et al., 2015; Kant et al., 2018). We know that the vast majority of psychiatric disorders in older adults are associated with neurodegenerative changes, i.e., changes in brain structure. However, fewer studies have been conducted on the relationship between frailty and cortical structure, and there are no uniform conclusions. Therefore, it is urgent to understand the association between frailty and brain structure (Genon et al., 2022; Marek et al., 2022). The current Mendelian randomization analysis method is uniquely suited for studying a variety of undiscovered potential causal relationships. Therefore, the use of MR to explore the link between frailty and cortical brain structure is of interest. Similarly, this is important for the preliminary analysis of psychiatric disorders that occur due to altered cortical structure.

Mendelian randomization (MR) is a method used to predict associations between etiology and disease by utilizing genetic variants with strong correlations with exposure as instrumental variables. This approach serves as an effective solution to the bias introduced by macroscopic observations (Emdin et al., 2017). Mendelian randomization is currently widely used in studies of brain structure and Alzheimer’s disease, migraine, and alcohol consumption (Mavromatis et al., 2022; Guo et al., 2023; Seyedsalehi et al., 2023). Unfortunately, no studies on frailty have been reported. Therefore, we designed a systematic MR analysis based on a prospective study on the association between frailty and cortical structure in UK Biobank (Jiang et al., 2023). The aim was to understand the potential association between frailty and cortical structure and to preliminarily analyze the impact of altered cortical structure on psychiatric disorders in middle-aged and older adults.



2 Materials and methods


2.1 Source of data on physical frailty and brain structure

The GWAS data for physical frailty were statistically analyzed by UK Biobank1 for a UK population with frailty indicators between 2006 and 2010. Jiang et al. (2023) reported detailed information on the participants, including weakness (N = 719,433), walk speed (N = 358,974), weight loss (N = 355,129), exhaustion (N = 350,580), and physical activity (N = 539,757) (Jiang et al., 2023). GWAS data related to cortical structure were obtained from the ENIGMA Consortium (Grasby et al., 2020),2 where 51,665 participants from around the world (comprising 60 cohorts, with the European population accounting for more than 94% of the total) underwent MRI scans to assess cerebral surface area (SA) and cerebral cortical thickness (TH). An approximate partition of the cerebral cortex was established for the two average regions of the cerebral hemispheres. Additionally, an approximate anatomical partition was based on the depth between the sulci, using the 34 regions defined by the Desikan-Killiany atlas of brain structure (Desikan et al., 2006). They conducted independent measurements and GWAS analyses of both total surface area (SA) and total thickness (TH) of the cerebral cortex, as well as SA and TH of the 34 regions. In the GWAS analysis, SA and TH at the global level were used as covariates. Meta-analysis was performed using METAL when the data were all completed with quality control (Willer et al., 2010). Our study utilized the findings from the meta-analysis conducted on the European population (Supplementary Material b, Supplementary Table 1 for comprehensive cohort details).



2.2 Physical frailty-related phenotypes

According to the description of Fried’s frailty phenotype (Fried et al., 2001), frailty mainly consists of five indicators: weakness, walk speed, exhaustion, weight loss, and physical activity. The severity of frailty is related to the number of frailty phenotypes that a person possesses. In general, individuals are considered frail when they exhibit three or more of the aforementioned indicators of frailty (Zhu et al., 2023). As there is no broad consensus on the definition of frailty, we relied on the prevailing definition of frailty in the existing literature to align with the GWAS data on frailty in UK Biobank (Supplementary Material a).



2.3 Selection of instrumental variables (IV)

Single nucleotide polymorphisms (SNPs) loci with significant P-values were screened for frailty GWAS data based on the classification of Fried vulnerability phenotypes, including weakness and walk speed (P < 5.0 × 10–8), as well as weight loss and physical activity (P < 5.0 × 10–6). To ensure the validity of instrumental variables (IVs), it was necessary to establish a strong correlation with the exposure factor without introducing bias. The linkage disequilibrium condition was set to (LD): r2 < 0.001, and the clump window size was set to 1000 kb. SNPs that exhibited allelic incongruence with the exposure factor, as well as those with duplications or potential effects on the outcome, were excluded. Additionally, MR outliers (MR-) test and multivariate analysis (MVA) were conducted. The MR-PRESSO test and pleiotropy residual (MR Pleiotropy RESidual) were applied to assess potential horizontal pleiotropy. To eliminate the effect of pleiotropy, outliers were removed (Verbanck et al., 2018). The flowchart of the study is shown in Figure 1.
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FIGURE 1
Study flame chart of the Mendelian randomization study to reveal the causal relationship between physical frailty and the brain cortical structure.




2.4 Mendelian randomization analysis

We conducted a two-sample Mendelian randomization (MR) analysis to examine the causal relationship between exposure factors and outcomes. We employed three different MR analysis methods, namely random effects inverse variance weighted (IVW), MR-Egger, and weighted median, to assess this relationship. Three assumptions need to be met for instrumental variable (IV): (1) the correlation assumption: the instrumental variable is strongly correlated with the exposure variable; (2) the independence assumption: the instrumental variable and the confounders are independent of each other; and (3) the exclusivity assumption: the effect of the instrumental variable on the outcome is mediated through the exposure variable. Therefore, even if only one genetic variant is null, the final result will be biased (Burgess et al., 2013). IVW was then used as the primary outcome of the analysis. In addition, MR-Egger and weighted median were employed to enhance the completeness of the results obtained from IVW and provide a more compelling extension to the broader range of applications for IVW (Chen et al., 2021). MR-Egger is used to detect heterogeneity and the presence of pleiotropy in the analysis. The presence of pleiotropy is indicated when the MR-Egger intercept deviates from 0 (Bowden et al., 2015). In addition, the weighted median test produces consistent estimates when weights from valid IVs are ≥50% because it uses median IVs (Bowden et al., 2016). To assess the stability of the causal relationship between exposure and outcome, sensitivity analyses were conducted on the results. These analyses included the MR-Egger intercept test and leave-one-out analysis. The purpose of these analyses was to further evaluate horizontal pleiotropy and to verify that individual SNPs did not have a significant impact on the obtained results. In addition, funnel plots were used to assess pleiotropy. Cochran’s Q test was used to identify heterogeneity, which was considered significant when Cochran’s Q (P < 0.05). In addition, the F statistic was used to estimate weak variable bias by calculating F. Instrumental variables with F-values less than 10 indicate weak bias and should be discarded (Burgess and Thompson, 2011). The formula for F is as follows: F = R2(N-2)/(1-R2), where R2 = (2 × eaf × (1-eaf) × beta2)/[(2 × eaf × (1-eaf) × beta2) + (2 × eaf × (1-eaf) × N × se2)]. In this formula, N represents the sample size, eaf is the effect allele frequency, beta is the genetic effect, and se is the standard error of the genetic effect (Papadimitriou et al., 2020).

To determine whether SNPs were associated with potential risk factors [mainly smoking (Corley et al., 2019), alcohol consumption (Mavromatis et al., 2022), educational level (Cox et al., 2016), blood pressure (Newby et al., 2022), mental illness (Gaser et al., 2004), etc.], we also searched for gene-phenotype associations provided by PhenoScanner3 and removed this portion of SNPs that might affect the outcome of SNPs (Staley et al., 2016; Chen et al., 2021).



2.5 Data analysis

All analyses were performed using the TwoSampleMR package (version 0.5.7) in R (version 4.3.1) and MR-PRESSO (version 1.0). In analyses at the level of the brain as a whole, a causal relationship between exposure and outcome was considered significant at P < 0.05. A total of 690 MR estimates were generated at the regional level for each cortical structure region, and the Bonferroni-corrected P-value should be 0.05/690. However, a result with P < 0.05 is not considered a negative result; instead, it is considered nominally significant (Chen et al., 2021).



2.6 Ethics

The data used in this study were derived from publicly available data obtained from studies of participants (from the ENIGMA Consortium and UK Biobank, respectively), which have been approved by the Ethics Committee for human experimental data and do not require separate ethical approval.




3 Results


3.1 Selection of instrumental variables

After a series of screening steps, we selected a total of 527 SNPs for predicting the outcome. These included 208 SNPs predicting frailty (P < 5 × 10–8) (Supplementary Material b, Supplementary Tables 2, 3), 22 SNPs predicting walking speed (P < 5 × 10–8) (Supplementary Material b, Supplementary Table 4), 243 SNPs predicting fatigue (P < 5 × 10–5) (Supplementary Material b, Supplementary Table 4), 12 weight loss SNPs (P < 5 × 10–6) (Supplementary Material b, Supplementary Table 5), 42 physical activity SNPs (P < 5 × 10–6) (Supplementary Material b, Supplementary Table 5), and 12 weight loss SNPs (P < 5 × 10–6) (Supplementary Material b, Supplementary Table 5). Individuals (Supplementary Material b, Supplementary Tables 6, 7). The independent variable (IV) was analyzed using the F-statistic data structure >10, indicating that there was no significant bias in the selected variables. In addition, neither the MR-Egger nor MR-PRESSO global tests detected any evidence of multiple effects. Finally, after passing the MR-PRESSO outlier test, a randomized analysis of association between multiple SNPs containing the four exposure factors and the results was subsequently performed using three different MR methods.



3.2 Relationship between exposure factors and outcomes

By conducting MR analysis, no significant causal relationships were found at the global level between weakness, walk speed, weight loss, physical activity, and SA and TH of cortical structures. However, at the regional level, our analysis revealed that walk speed was associated with the caudal anterior cingulate without weighted SA (IVW: β = 75.1694 mm, 95% CI = 21.2146 mm to 129.1247 mm, P = 0.006321). Defaults to IVW results without special annotation); weight loss versus lateral orbitofrontal (IVW: β = −152.156 mm, 95% CI = −266.812 mm to −38.2976 mm, P = 0.008872); weakness versus parahippocampal (IVW: β = −14.957 mm, 95% CI = −26.1247 mm, P = 0.006321) casts doubt on the causal relationship between these three key exposure factors and altered cerebral cortical structure as the most significant results in our analyses. The weighted median and MR-Egger also demonstrated the relationship between each exposure factor’s physical frailty association with cortical structure. Not only that, exposure factors related to physical frailty were found to be associated with various brain regions, including the caudal middle temporal, superior temporal, rostral middle frontal, rostral anterior cingulate, inferior parietal, and pericalcarine, as well as the superior parietal and other interconnected regions. Although the strength of these associations may not be very strong, they may still hold some meaningful implications (Supplementary Material b, Supplementary Table 8) and (Figure 2).


[image: Flowchart illustrating the relationship between exposure and outcomes via Mendelian randomization analysis. Physical frailty is linked to outcomes like reduced walk speed, weakness, weight loss, and lower physical activity. It progresses to exhaustion with statistical significance (P < 5 x 10^-5). The outcomes affect brain regions, including the inferior parietal and caudal middle frontal. Connections to brain images are shown with nominal significance lines (P < 0.05).]

FIGURE 2
Using two-sample Mendelian randomization analysis to reveal the relationship between physical frailty and cerebral cortical structure. The dotted line indicates a non-significant positive result.




3.3 Sensitivity analysis

Sensitivity analyses were conducted to assess the stability of the nominally significant results. These analyses included Cochran’s Q test, MR-PRESSO global test, leave-one-out analysis, funnel plot, and MR-Egger intercept test. All p-values >0.05 for MR-Egger, and the leave-one-out analysis showed no evidence of horizontal pleiotropy. Funnel plot symmetry on both sides showed that the estimates were not affected by individual SNPs, suggesting that there was no directional pleiotropy in the estimates that were unaffected by individual SNPs and biased (Figure 3). Cochran’s Q test showed that all p-values were greater than 0.05, indicating that the results were not heterogeneous. Additionally, the MR-PRESSO analysis did not identify any outliers or evidence of heterogeneity.


[image: Nine-panel image showing various Mendelian randomization analyses. Panels A, B, and C display leave-one-out sensitivity analyses for different genetic variants, illustrating the stability of the results. Panels D, E, and F feature scatter plots of inverse variance weighted and MR Egger methods, showing relationships between genetic variant effects and outcomes. Panels G, H, and I present scatter plots illustrating SNP effects on exposure versus outcome, with lines indicating different MR test methods: inverse variance weighted, weighted median, and MR Egger. Each panel highlights different aspects of the genetic analysis.]

FIGURE 3
Leave-one-out and funnel plot of the significant Mendelian randomization statistics. (A,D,G) Association between walk speed and caudal anterior cingulate without global; (B,E,H) association between weakness and parahippocampal; (C,F,I) association between weight loss and lateral orbitofrontal.





4 Discussion

With the aging of the body, physiological functions continue to weaken, resulting in a decreased ability to withstand various risk factors from pathogenic factors in the environment, such as climate change and impacts from pathogenic organisms (Fried, 2016). This frailty is particularly pronounced in middle-aged and elderly individuals, especially those over the age of 75–80 years. The relationship between frailty and the structure of the cerebral cortex originated from a prospective study by Jiang et al. (2023) based on UK Biobank data on frailty, health outcomes, and brain structure. Their study revealed a broad spectrum of connections between frailty and health outcomes, as well as brain structure, in middle-aged and older adults. However, it did not establish a direct causal relationship between frailty and gray matter in the brain. Only 50% of brain regions exhibited a negative correlation between gray matter volume and the severity of frailty. However, subcortical regions showed a strong correlation with frailty. Therefore, based on the prospective study of frailty and cortical structure, we assessed the potential causal relationship between frailty and cortical structure. To the best of our knowledge, based on our review of the relevant research literature, this study represents the first comprehensive analysis of frailty and cortical structure of the brain on a large scale. After making necessary corrections, our study reveals a correlation between frailty and cortical structure. Although we did not find any statistically significant positive results, the nominally positive results could still provide valuable insights in the fields of public health and clinical practice.

Overall, although our study did not find exposure factors with strong correlations on brain structure, non-significant causality is not negligible. According to our results, the effects of physical weakness on various brain regions are widespread, mainly on the middle temporal, caudal middle frontal, parahippocampal, rostral middle frontal, and rostral anterior cingulate, inferior parietal, caudal anterior cingulate, superior temporal, lateral orbitofrontal, pericalcarine, and superior parietal. Although the two were not strongly correlated, the nominal significance of the relationship also casts doubt on the potential causal relationship between these frailty exposure factors and cortical structure, and the clinical significance of the relationship is worth exploring. In particular, walk speed was associated with caudal anterior cingulate cortical thickness (without weighted); weight loss with lateral orbitofrontal surface area; weakness versus parahippocampal surface area compared to other non-positive results, and their association is worthy of further analysis. Notably, our results showed that the potential association between weakness and cortical structures was mainly focused on the effect on cortical SA, which accounted for about 3/4 of the total results, and the facilitating effect was overwhelming. Meanwhile, both walk speed and weakness contributed differentially to the increase of the superior temporal region, whereas weakness and physical activity showed opposite effects on the parahippocampal region (i.e: weakness decreased the parahippocampal surface area, and physical activity increased parahippocampal surface area). Thus, we are more skeptical that there is a currently undiscovered causal relationship between weakness and cortical structure than we are that these results are coincidental.

The development of brain structure is mainly regulated by genes, but the influence of acquired factors on brain structure is equally important. According to the radial unit hypothesis (RU hypothesis), the proliferation of neural progenitor cells drives the increase of cortical SA, while TH is determined by the number of divisions of neural cells (Rakic, 1988, 1995, 2009). In contrast, the diminished proliferation of neural progenitor cells during aging may be responsible for the changes in brain SA and TH, which are inextricably linked to frailty. According to Fjell et al. (2014) cortical reduction was found in most of the brain surfaces with age and the annual rate of change was around 0.5% in most of the regions, furthermore, the extent of annual changes in brain structures was greatest in frontal and temporal lobes, followed by significant changes observed in medial parietal regions. Kant et al. (2018) have found that frail compared to non-frail individuals The total brain volume as well as the gray matter volume was significantly lower in frail individuals and the cortical infarct area and the volume of WMH also showed an upward trend. Conservatively, frailty occurs with the aging process of the organism, and the brain SA and TH effects during aging may be related to the severity and time of occurrence of physical frailty.

Poor grip strength, as a crucial indicator for assessing physical function, is also a significant manifestation of the aging process and overall weakness of the body. Numerous studies have confirmed that low grip strength affects the cortical structure of the brain. A study on grip strength and brain structure revealed that stronger grip strength was associated with increased cortical structure in specific areas of the brain, including the ventral striatum, hippocampus, parahippocampal gyrus, temporal cortical areas, and pallidum (Jiang et al., 2022). According to our findings, weakness may affect the thickness of the caudal middle frontal, superior temporal, and rostral anterior cingulate, as well as the middle temporal, parahippocampal, and rostral middle frontal surface area. The middle temporal gyrus, on the other hand, is located in the hand knob region, and studies have shown that hand and arm activity activities this region (Willett et al., 2020). The effect of this on the middle temporal region is dramatic. Although there has been no reported evidence of a link between grip strength and the other results in this study, the impact of grip strength on the total cortical structure of the brain, as well as on subcortical areas, is significant. This is crucial for the precision and persuasiveness of our findings. Of course, because the brain has excellent remodeling properties, it is understandable that when the hand is exerted, the stimulation of the muscles and the nerves of the hand leads to physiological structural changes in the brain to adapt to changes in the environment.

Slow gait (walking speed) is inevitable for most older adults. Decreased walking speed has been associated with a variety of adverse outcomes, such as dementia and death (Verghese et al., 2007; Abellan van Kan et al., 2009). The results of the present study suggest that decreased walking speed in older adults is associated with an increase in the surface area of the inferior parietal lobe, caudal anterior cingulate gyrus, and superior temporal region. Since the inferior parietal and caudal anterior cingulate gyrus regions play a role in motor regulation (Paus, 2001; Claeys et al., 2003), it is understandable that walking speed would have an effect on these regions in frail older adults. In addition, a number of reliable studies have confirmed the effect of walking speed on cortical structures. Ezzati et al. (2015) showed that slower walking speeds were associated with the volume of the right cortex of the brain and the hippocampus (an important regulatory region for motor function). Other studies have also found a positive correlation between walking speed and the parietal and temporal lobes (Chen et al., 2020; Hupfeld et al., 2022). Therefore, it is reasonable to conclude that the stimulation of the inferior parietal lobe and caudate anterior cingulate gyrus regions by the inhomogeneity of walking speed, as brain regions involved in the regulation of locomotion, leads to adaptive changes in the brain in response to such variations. This leads to predictable changes in the inferior parietal, caudate, and anterior cingulate gyrus regions.

Weight loss occurs at various stages of a person’s life, but weight loss due to physical weakness differs from subjective weight loss (e.g., intentional weight loss). Therefore, weight loss induced by frailty can be considered pathological weight loss. In our findings, weight loss in the elderly may decrease the surface area of the lateral orbitofrontal cortex, increase the pericalcarine, and also increase the thickness of the inferior parietal lobe and the superior parietal lobule. As the body ages, the gradual weakening of its functions leads to a decreased demand for energy, resulting in a lower intake of food and ultimately weight loss. Studies have shown that the orbitofrontal cortex of the brain plays a key role in constructing value signals for food and other rewards. Analysis of functional MRI data indicates that food value represents a form of neural activity in the lateral orbitofrontal cortex (Suzuki et al., 2017). As the body’s appetite diminishes with age, the decreased assessment of food’s value results in the underutilization of the lateral orbitofrontal cortex region. The lack of function in this area may prompt other normally active regions to compensate, leading to a reduction in the surface area of the lateral orbitofrontal cortex. This phenomenon reflects the brain’s plasticity and remarkable adaptability. Unfortunately, this only pertains to the impact of diet-related weight loss on cortical structure, and the effects of other factors on cortical structure have not been reported yet.

Physical activity decreases with the onset of frailty, which is a significant characteristic of older adults experiencing frailty. Regular daily activity is beneficial for healthy aging and helps alleviate frailty (Kortebein et al., 2008; Theou et al., 2011). Studies have shown that a decrease in physical mobility leads to an expansion of the surface area of the parahippocampal and periaqueductal regions. Although the parahippocampal region plays a unique role in memory function (Aminoff et al., 2013), exercise has little to no effect on our memory perception. Interestingly, some studies have shown that physical activity induces a series of changes that enhance memory and cognitive functions (Loprinzi, 2019). Not only that, but some studies have revealed the effects of physical exercise on the parahippocampal region. Not only does actual exercise have an effect, but even imagined exercise affects the neural activity of the parahippocampal region and activates it during exercise (Jahn et al., 2004; la Fougère et al., 2010). Sun et al. (2024) conducted a magnetic resonance study on the relationship between physical exercise and the structure of the cerebral cortex. Researchers concluded that physical activity is linked to the thickness of the cerebral cortex. Although their results were different from those of the present study, this variance may be attributed to random error. We believe that this discrepancy is acceptable. However, it gives us reason to believe that there may be an undiscovered potential causal relationship between them.

Population aging has been increasing in all countries at present, and the prevalence of frailty has become inevitable. Even though research on frailty is accelerating, the coverage falls far short of expectations. The International Association of Gerontology Geriatrics (IAGG) defines frailty as a clinically significant syndrome, importantly characterized by both cognitive impairment and physical decline in the absence of dementia (Kelaiditi et al., 2013). In turn, the cerebral cortex is often recognized as the site of cognitive functioning (Filley and Fields, 2016). Therefore, it is urgent to address the link between frailty and brain structure either for physical health reasons or as a social public health issue. Both our study and previous research on cortical structures have shown that the development of frailty during the aging process is critical to the impact of cortical structures and that this impact threatens the quality of life and life expectancy of middle-aged and older adults. Therefore, we believe that a closer study of the mechanisms by which frailty affects the structural changes in the brain will enable us to monitor and prevent psychiatric disorders due to frailty in middle-aged and elderly people.

Although our study is a true reflection of the relationship between physical frailty and the cerebral cortex in older adults, there are still some limitations of the study. Firstly, all the people included in this study were from European populations and are not representative of the relationship between frailty and brain structure in other populations. Secondly, MRI data are derived from testing an all-age population, whereas our study only focused on middle-aged and older adults, so there is an unavoidable partial age interference between the exposure data and the resultant data. Thirdly, the analyzed study only reported a possible link between frailty and structural changes in the brain, and the exact mechanism remains to be investigated in a more recent study. Finally, the P-value for exposure exhaustion (P < 5 × 10–5) was too small, and the credibility as well as the stability of the results obtained were questionable, so it was discarded altogether.

Physical frailty, as a recognized clinical syndrome, is a potential causative factor for a variety of age-related diseases and a great challenge to global public health. Our study reveals a new factor affecting brain structure, but its direct association with disease remains to be studied in greater depth, and it is certain that it deserves to be emphasized and researched as a highly prevalent causative factor.



5 Conclusion

The results of our analyses suggest that there may be a causal relationship between physical weakness and multiple regions of cortical structure. However, the specific mechanisms of this effect remain to be investigated. The preliminary results of our analyses suggest that all indicators of physical frailty have varying degrees of influence on the structure of the cerebral cortex. Moreover, these relationships have been reported in the existing literature, indicating that it is both feasible and meaningful to examine the clinical significance of this association based on previous studies.
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The aim of this study was to investigate how sociodemographic and health factors contribute cognitive abilities in the older population of the Republic of Serbia, using data from the 2019 national health survey. The study included 3,743 participants, of whom 2,061 (55.1%) were women and 1,682 (44.9%) were men. The median age of all participants was 72 (10) years. Study used logistic regression on cross-sectional data to analyze how education, social support, and healthcare access affect cognitive abilities, while adjusting for demographic variables. The results revealed negative associations between higher levels of education and lower odds of experiencing memory and concentration problems, while recent visits to specialists were positively associated with increased risk for the same. The highest percentage of participants (22.6%) reporting major difficulties in memory and concentration were in the age group of 85–89 years (p < 0.001). A statistically significant relationship was found between social support and issues related to memory and concentration (p < 0.001). Social support emerged as a significant factor in preserving cognitive abilities. The discussion underscores the need for a comprehensive approach in promoting cognitive health, taking into account education, social integration, and access to healthcare as key factors. The study acknowledges its limitations, including its cross-sectional nature and potential subjective biases in self-assessment of cognitive abilities. Future research should incorporate longitudinal studies and more objective measures of cognitive abilities.
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1 Introduction

In the past few decades, the number of older adults worldwide has dramatically increased, and according to the World Health Organization (WHO) forecasts, there is expected to be a threefold increase in the number of people aged 80 and over by 2050, reaching around 426 million globally (1). Like many other countries, Serbia is facing demographic changes that require adjustments to policies and strategies to meet the needs of the older population. The average age of the population in Serbia is 43.2 years (2), significantly higher compared to the global average of 30.3 years according to research by the World Economy (3). The aging process leads to physical and mental decline, affecting emotional and cognitive functioning, which can result in reduced social activity and exposure to numerous health risks (4). WHO defines health as a state of complete physical, mental, and social well-being, not merely the absence of disease or infirmity (5). As key elements of mental health, WHO lists achieving personal potential, effective coping with everyday stressors, and contributing to the community (6). Cognitive impairment is defined as a decline in memory, learning new information, and concentration, which affects daily activities and functioning (7). Previous studies have indicated the contribution of various factors on cognitive ability throughout life (4, 8–10). Cognitive impairment includes a decline in memory, learning, and concentration, affecting the daily activities of individuals facing it, especially in old age (4, 7–10). Various factors, such as sociodemographic characteristics, have shown a significant impact on the cognitive abilities of older adults, regardless of the specific cognitive tests applied in studies (9). Lower literacy is associated with poorer cognitive performance, while socio-economic status can contribute to better cognitive health (7–11). Higher socioeconomic status, including factors such as income and occupation, is associated with better access to healthcare, healthier lifestyles, and reduced stress, all of which can contribute to better cognitive health in old age (9). Previous studies suggest that social participation is a protective factor for mental stimulation (11–14), while social isolation and the presence of chronic diseases can contribute to depression and reduced cognitive abilities (13, 14). A close relationship has been observed between age and the onset of dementia, which is generally associated with accelerated cognitive decline as age progresses (12). Pain is an underexplored cause of cognitive decline in older adults (15–18). Cognitive decline and dementia can make experiencing pain and expressing it more difficult, presenting a challenge for healthcare workers and caregivers of older adults (15).

This study aims to comprehensively explore the complex relationships between different factors such as age, gender, education, socioeconomic status, social engagement, presence of chronic diseases, and pain perception in the context of cognitive functions in older adults in Serbia. Through this analysis, we hope to lay the groundwork for a better understanding of these interactions not only within our national context, which could contribute to the development of better strategies and policies to promote cognitive health in the older population.



2 Materials and methods


2.1 Study design

The research was designed as a national population-based two-stage cross-sectional study and was conducted as part of the fourth national survey, the “Health Survey of the Population of Serbia in 2019.” This comprehensive study was carried out by the Statistical Office of the Republic of Serbia in collaboration with the Institute of Public Health of Serbia “Dr Milan Jovanović Batut” and the Ministry of Health of the Republic of Serbia. The Ministry of Health obtained approval for the use of the questionnaire from the European Commission. All participants were informed about the research’s goal and gave their consent. Ethical standards in health research were aligned with international standards (Declaration of Helsinki by the World Medical Association) and the country’s specific legislation. The study’s methodology adhered to the European Health Interview Survey (EHIS Wave 3) (19) standards, ensuring robust and internationally recognized research practices. The ethical considerations were paramount, with researchers obligated to provide participants with a printed document detailing the research, ethical committee approval, respondents’ rights, and information on how and where to file complaints/grievances if they believed their rights were compromised. Furthermore, the University of Kragujevac was granted access to the National Health Survey 2019 database for scientific research purposes, as officially communicated through a letter from the Institute of Public Health of the Republic of Serbia “Dr. Milan Jovanović Batut.” This collaboration reflects a meticulous and transparent approach, aligning with the highest standards in research ethics and methodology.



2.2 Selection criteria

The analysis is based on a sample of 3,705 participants aged 65 and above. The research spanned 3 months, from October to December, in 2019. The sample encompasses all households listed in all enumeration areas during the 2011 Census. To achieve a random sample of households and respondents, a combination of two sampling techniques was employed: stratification and multistage sampling. Stratification was carried out based on the type of settlement (urban and other) and four regions: Belgrade Region, Vojvodina Region, Šumadija and Western Serbia Region, and Southern and Eastern Serbia Region. A sample of 5,114 households was realized, totaling 15,621 respondents. It is noteworthy that individuals placed in social institutions and prison facilities were excluded from the research.



2.3 Measurement instruments

Participant data, including demographic and socioeconomic information, were collected through personal interviews conducted at home. Household information was obtained through a household questionnaire, part of validated instruments based on standard surveys. Independent variables included demographic characteristics (age, gender, type of settlement, marital status) and socioeconomic status (education and household wealth index). Participant age was categorized into age groups (65–69, 70–74, 75–79, 80–84, 85–89, 90+), while gender, were defined as male or female, place of residence, urban or rural, and marital status, married, and unmarried/single, cohabiting, divorced, or widowed, respectively. Variables reflecting socioeconomic status included education (no schooling, incomplete primary school, secondary school, higher education, master’s or doctorate) and household wealth index.


2.3.1 Cognitive functional limitation

Cognitive functional impairments were analyzed to assess participants’ ability in relation to daily functioning concerning the degree of memory and concentration impairment. The related question asked was: “Do you have difficulty with memory or concentration?” The provided response options were: No difficulty, with minor difficulties, with major difficulties, unable.



2.3.2 Social support

The social support score was formed by assigning and summing points for each response to three possible questions from the “Oslo-3 Social Support Scale” (20): “How many people are so close to you that you can count on them when you have serious personal problems?” [points range from 1 (“None”) to 4 (“6 or more”)], “How much are people really interested in you, in what you do, what happens in your life?” [points range from 1 (“Not at all interested”) to 5 (“Very interested”)], “How easy is it to get practical help from neighbors/friends if you need it?” [points range from 1 (“Very difficult”) to 5 (“Very easy”)]. By summing points on these three questions, a social support score was established: strong social support (12–14 points), moderate (9–11 points), and poor (3–8 points).



2.3.3 Mental health

To assess the presence of depression, the PHQ-8 questionnaire (Patient Health Questionnaire-8) was used as a diagnostic tool. It consists of eight items related to specific mental problems and distress. A PHQ-8 score ranging from zero to four indicates no symptoms of depression, a score from five to nine indicates mild symptoms of depression, and a total PHQ-8 score of ten and above indicates a high probability of depression, further classified as moderate (PHQ-8 score from 10 to 14), moderately severe (PHQ-8 score from 15 to 19), and severe depressive episode (PHQ-8 score 20 and above).



2.3.4 Wealth index

The Demographic and Health Survey Wealth Index, or wealth index estimation, has been extensively described in previous studies and includes variables related to property, excluding income (21). Well-being index - a complex measure of household cumulative living standards, calculated using data on household ownership of selected assets such as televisions and bicycles; materials used for housing construction; and types of access to water and sanitation facilities. Household wealth in Serbia is ranked into five socio-economic categories (5- wealthiest, 4- rich, 3- middle class, 2- poor, and 1- poorest).




2.4 Self-assessment of health - minimum European health module

Subjective measurement, or self-assessment of health, contributes significantly to the overall evaluation of health issues, disease burden, and healthcare needs at the national level. This assessment does not replace objective indicators, derived from routine health statistics, but rather complements them. Research has shown that self-assessment of health is a significant predictor of mortality in the population, with the basic question about health defined by the WHO. In addition, regarding the impact of pain, respondents were asked two questions: “Have you had any pain in the past four weeks?”; “During the past four weeks, how much has pain interfered with your normal work (including both work outside the home and housework)?” Participants were asked to self-assess their health using the question: “A. How would you rate your overall health?” These indicators, including the self-assessment of health and pain interference, are crucial for shaping EU health policies and monitoring the health status of the population. Certain variables measured in this research are also intended to be used as standardized key variables in other social surveys conducted both in the EU and in Serbia (22).



2.5 Statistical analysis

Data processing utilized SPSS 23.0 on Windows. Descriptive and inferential statistics, including χ2 tests and logistic regression, were applied for categorical data analysis. The χ2 test assessed single characteristic distribution, while rxk-type contingency tables examined differences in two or more features. Bivariate and multivariate logistic regression explored the relationship between dependent and significant independent variables (p ≤ 0.05). In constructing the multivariate regression model, we first performed univariate analyses to identify variables significantly associated with the outcome. We chose to not include all statistically significant from each domain variables in the multivariate model; instead, a single representative variable from each domain (excluding sociodemographic characteristics) was chosen. This technique was premised on the fact that variables within a domain tended to capture similar constructs and including all of them could result in multicollinearity. We thereby sought to develop a more interpretable model, as well as one that accounted for the main features of each domain in appropriate detail through selection of single variables from among many candidate explanatory factors. Results, presented in tables considered significance at a 5% probability level to assess the contribution of potential confounding variables on the associations between the independent variable and the outcome variable, a confounding analysis was conducted. Specifically, changes of approximately 10% or more in the magnitude of the effect estimates were deemed indicative of a potentially important confounding effect.




3 Results

The study included a total of 3,743 participants, of whom 2,061 (55.1%) were women and 1,682 (44.9%) were men. The median age of all participants was 72 (10) years, with the youngest participant being 65 years old and the oldest being 99 years old. Women were older than men, with a median age of 72 (11) years compared to men’s median age of 71 (10) years (p < 0.01). Regarding memory and concentration, one in four participants reported minor difficulties, one in twenty reported major difficulties, while only one in a hundred responded “Unable.” The sociodemographic characteristics are presented in Table 1.



TABLE 1 Distribution of sociodemographic characteristics by memory and concentration difficulties in the older adult.
[image: Table showing memory or concentration difficulties across various demographics. Categories include gender, age group, marital status, place of residence, education level, and wealth index. Percentages are shown for levels of difficulty: no difficulty, minor, major, unable, and totals. Each category has specific p-values indicating statistical significance.]

The highest percentage of participants reporting major difficulties in memory and concentration, nearly one in five, were in the age group of 85–89 years (p < 0.001). One in three respondents who indicated experiencing significant challenges with memory and concentration also displayed symptoms of depression. Individuals with severe depressive symptoms showed the highest rate of major difficulties with memory or concentration, nearly two in five (p < 0.001). There is a statistically significant relationship between social support and issues related to memory and concentration (χ2 = 449.871, df = 15, p < 0.001). Additionally, participants who underwent hospitalization or sought specialist care within the past year reported a heightened prevalence of memory or concentration difficulties (p < 0.001, respectively) (Table 2).



TABLE 2 Distiribution of selected health aspects by memory and concentration difficulties in the older adult.
[image: Table showing various health variables in relation to difficulties with memory or concentration. Variables include mental health, social support, overall health, long-term illness, activity limitations, hospitalizations, and pain. Each category is divided into no difficulty, minor difficulty, major difficulty, unable, with total counts and chi-square values indicating statistical significance. Missing values are listed for each section.]

Analyzing the statistically significant predictors of functional limitations regarding memory or concentration, including the well-being index, gender, level of education, self-rated health, presence of depression, pain-related limitations, need for home care, need for hospital treatment, visits to specialist doctors, unmet healthcare needs due to financial reasons, age, mental health score, and social support score, a binary logistic regression model was employed. The variables that retained statistical significance in this model are presented in Table 3. Participants who completed high school had 56.5% lower odds of experiencing difficulties in concentration or memory compared to those without a completed elementary education which indicated a negative association between educational level and cognitive problems. Similarly, patients who visited a specialist doctor within the last 12 months had 72.8% higher odds of reporting difficulties with memory and concentration compared to those who visited a specialist more than 12 months ago. This indicated a positive association between the timing of specialist doctor visits and cognitive problems.



TABLE 3 Cross-relationship of odds and 95% confidence intervals of predictors for difficulties with memory or concentration.
[image: A table comparing univariate and multivariate models for various variables. Categories include age, education level, visiting a specialist doctor, and pain intensity. Odds ratios (OR), confidence intervals (CI), and p-values are provided. Education levels show decreasing OR in univariate models, with master's or doctorate having the lowest OR. In the multivariate model, higher pain intensity generally corresponds to higher OR. Recent doctor visits are linked to slightly increased OR. Mental health scores show significant OR in both models.]

The confounding analysis revealed significant contribution of age, gender, mental health score, and pain on the associations between healthcare access, education level, and cognitive impairment. Adjusting for these variables led to notable changes in the odds ratios for both visiting a specialist doctor and completing high school. Age, gender, and mental health acted as confounders, contributing the associations in varying degrees. Additionally, pain emerged as a notable confounding variable, particularly contributing the association between education level and cognitive impairment. After adjusting for age, the odds change for both educational level and visiting a specialist doctor in predicting functional limitations regarding memory or concentration was negative. Specifically, the odds ratio decreased after adjustment for age, indicating a more protective effect.This finding suggests that age acted as a negative confounder in the analysis. The results of confounding analysis are presented in Table 4.



TABLE 4 Confounding analysis of healthcare access and education.
[image: Chart displaying odds ratios before and after adjusting for variables: age, gender, mental health score, and recent pain experience. Two main categories are "When was the last time you visited a specialist doctor?" and "Education level." Changes are shown, such as age adjustment for doctor visits showing a decrease of 0.155 and a decrease of 0.215 for education level. Baseline odds ratio for doctor visits is 2.019, and for education level, it is 0.435.]



4 Discussion

Our study explores variations in age, gender, education, healthcare utilization, and the prevalence of difficulties in memory and concentration among a large number of participants. The findings highlight several important aspects that warrant detailed consideration. We identified that age and gender play a significant role in cognitive functioning. Women are, on average, older than men across all examined categories. The age group of 85–89 years reports a higher percentage of significant difficulties in memory and concentration. This supports the general consensus in gerontological research that cognitive decline typically increases with each year of life, and that the oldest segments of the population are most vulnerable. While the longer lifespan of women partially explains their higher representation in groups with cognitive difficulties, it is important to consider how their circumstances, such as social support and access to healthcare, may contribute to these findings (4). Study from Peru emphasizes the importance of sociodemographic factors, such as education level, income, and engagement in mentally stimulating activities, for the cognitive abilities of older adults (4). The authors indicate that higher levels of education and income can positively contribute cognitive functioning. Similar conclusions are drawn from a 2019 study, which highlights the association between health literacy, sociodemographic factors, and the effectiveness of cognitive training programs in older adults (8). Higher levels of health literacy and favorable sociodemographic conditions, such as education and income, are associated with better outcomes in these programs. Our results indicate that older individuals, as well as those with lower levels of education and income, are more likely to experience cognitive difficulties, which is consistent with the conclusions of previous studies. The study from southern Brazil explores the relationship between cognitive functions, sociodemographic factors, and verbal fluency among active older individuals. Results indicate that lower levels of education and income, as well as older age, correlate with poorer cognitive performance (9). These findings align with our research, which also found that higher frequency of health problems and utilization of specialist care may be indicators of worsening cognitive health.

Our analysis reveals that one-third of the adult population reporting difficulties with memory and concentration suffers from depression. These findings align with similar studies in the literature highlighting a close relationship between depression and cognitive decline (11, 13). Additionally, identifying significant associations between social support, education, healthcare utilization, and cognitive functions, especially in the context of memory and concentration problems in older adults, is consistent with previous research (10, 13). Sloane introduces the term “slowing” or “reduced processing speed” in the context of cognition in older adults, often observed as aging progresses. This phenomenon involves slower information processing in the brain, affecting perception, attention, memory, and thinking (9). Factors such as health problems, depression, lack of physical activity, and the presence of multimorbidity can contribute to reduced processing speed in older adults.

Subjective perception of health plays a crucial role in self-assessment of an individual’s health status. Participants who reported the greatest difficulties in cognitive aspects often rated their health as poor or even very poor. This may be due to the interaction between cognitive difficulties, psychological state, and subjective perception of health. For example, individuals facing significant difficulties in memory and concentration may experience higher levels of stress, anxiety, or depression, which can affect their perception of their own health. Furthermore, subjective perception of health and pain can serve as a form of self-defense or coping mechanism, as evidenced by previous research (16).

The results we presented indicate a significant association between experiencing pain in the last 4 weeks and reporting difficulties with memory or concentration. When considering the perception of memory and concentration difficulties in the context of pain, the question arises of how many of those participants who experienced pain in the past 4 weeks actually suffer from persistent pain. If the pain is temporary, we can assume that the perception of memory and concentration difficulties might also be temporary. However, the severity of pain may also contribute this perception, as our results show that as the severity of pain increases, the percentage of participants reporting difficulties with memory or concentration also increases. This association is supported by the findings of a study from Rico (16), which demonstrated that older adults experiencing pain more frequently report subjective memory problems and exhibit lower cognitive performance. Therefore, while persistent pain is associated with cognitive decline, temporary pain may be linked to temporary cognitive problems.

Our analysis has shown that widows/widowers report a higher level of cognitive decline, up to 72.5%. Social support significantly contributes individuals’ cognitive abilities, especially among older adults. Regular interaction with family, friends, and social groups can provide emotional support, a sense of belonging, and confidence, which positively impacts mental health and cognitive functions. Marriage, as a community of belonging, can have a stimulating effect on the brain and maintain its functionality.

The findings of this research indicate that 95% of participants who reported the greatest difficulties also confirmed the presence of health problems in the last 6 months. Correlation was observed between recent visits to specialists and a 72.8% higher risk of memory/concentration problems. However, this connection may not imply a direct causal relationship between healthcare utilization and cognitive decline but rather a higher prevalence of health issues among those seeking specialist care. Epidemiological studies support this notion, showing a link between chronic conditions such as heart failure and atrial fibrillation and cognitive decline in older adults (23, 24).

Results presented suggest the need for non-pharmacological interventions that may contribute to delaying or improving cognitive functions in older adults. The Finnish Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) (24) highlighted success in slowing cognitive decline through an approach involving Mediterranean diet, exercise, social interaction, computer games, and treatment of vascular risk factors. Promoting healthy lifestyle habits, including proper nutrition, regular physical activity, and mental stimulation, represents a key strategy in combating cognitive decline during the aging process. Activities that promote cognitive reserve, such as solving complex puzzles or learning new skills, emerge as vital factors in preserving and protecting mental abilities in older adults. Self-reported difficulties with memory and concentration can be considered important symptoms of cognitive impairment, potentially significantly impacting individuals’ well-being and functioning. Social interaction and active participation in social activities have a significant impact on cognitive well-being, emphasizing the importance of social support in the aging process and maintaining mental health. At the same time, early identification and adequate intervention in the domain of mental health are essential for recognizing and effectively managing initial signs of cognitive decline, highlighting the need for a systematic approach to prevention and treatment of these conditions. Further scientific research, focusing on mechanisms of preserving cognitive functions and developing innovative prevention and intervention strategies, provide the foundation for enhancing understanding and practice in the field of gerontological neurology and public health.


4.1 Limitations

Our study is based on the 2019 National Health Survey data, however, like any research, this study also has its limitations that may affect the interpretation and generalization of the results. Since the study is cross-sectional, it can identify associations between sociodemographic and health aspects and cognitive abilities, but cannot establish causative relationships. Longitudinal studies would be more appropriate for understanding the dynamics of changes in cognitive abilities over time. Data on cognitive abilities were collected through participant self-assessments, which may lead to subjectivity, as well as to the fact that questionnaires were filled out by family members or caregivers, taking into account other limitations and disabilities in this population. More objective measures, such as standardized cognitive tests, provide more accurate information about cognitive status. Although the study is based on a national survey, specific groups, such as individuals living in isolated rural areas or those who are institutionalized, were not sufficiently represented. The study may not have included all relevant sociodemographic and health factors that may affect cognitive abilities. For example, genetic factors, family medical history, and more detailed aspects of lifestyle (such as diet and physical activity) may also have a significant impact. Since the data were collected in 2019, it is possible that relevant sociodemographic and health factors have changed, especially considering the impact of the COVID-19 pandemic on the health and well-being of the population. The study may not have fully taken into account the contribution of cultural and economic factors specific to Serbia, which can have a particular impact on cognitive abilities and access to healthcare. Understanding these limitations is crucial for interpreting the study results and for planning future research that could contribute to a deeper understanding of the factors influencing the cognitive abilities of the older adult population in Serbia.




5 Conclusion

Given the increasingly aging global population, understanding the factors contributing to the preservation of cognitive abilities becomes increasingly important. Our study, based on the 2019 national health survey of Serbian residents, provides significant insights into the complex interaction among sociodemographic characteristics, health status, and cognitive abilities among older adults. The results indicate that factors such as education, social support, and access to healthcare significantly contribute cognitive abilities, emphasizing the need for a comprehensive approach in promoting cognitive health. Higher levels of education may be associated with better cognitive abilities, while social support and regular contacts with the healthcare system have been identified as key factors in preserving cognitive functions. However, the study also acknowledges limitations, including its cross-sectional nature, which precludes establishing causal relationships, as well as potential subjective biases in self-assessment of cognitive abilities. Future research should incorporate longitudinal studies to better understand the dynamics of cognitive changes, as well as more objective measures of cognitive abilities. We believe that a multidisciplinary approach is necessary in promoting cognitive health. Through the integration of educational, social, and healthcare strategies, we can work toward improving the quality of life for older adults, promoting healthy aging, and preserving cognitive functions.
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Background: As the population ages, the occurrence of cognitive decline and dementia is continuously increasing. Frailty is a prevalent problem among older adults. Epidemiologic studies have shown a comorbidity between frailty and cognitive impairment. However, their relationship remains unclear. The frailty index is an important indicator for measuring frailty. This study aims to investigate the relationship between frailty index and cognitive dysfunction in older adults aged 60 years and older in the United States from the 2011–2014 National Health and Nutrition Examination Survey (NHANES).
Methods: Community-dwelling older adults aged 60 years or older from 2011 to 2014 were extracted from the NHANES database. The frailty index was calculated using the formula: frailty index = total number of deficits present/total number of deficits measured. The Animal Fluency (AF), the Digit Symbol Substitution Test (DSST), the Consortium to Establish a Registry for Alzheimer’s disease Delayed Recall (CERAD-DR), and Word Learning (CERAD-WL) were used to evaluate cognitive dysfunction. Firstly, weighted logistic regression analysis was used to explore the relationship between frailty index and cognitive dysfunction. Secondly, the influence of covariates on the frailty index was evaluated by subgroup analysis and interaction. Finally, the non-linear relationship is discussed by using the restricted cubic spline regression model.
Results: Our study included a total of 2,574 patients, weighted logistic regression analysis, after adjusting for all covariates, showed that the frailty index was associated with every test score. The interaction showed that covariates had no significant effect on this association in AF. The association between the frailty index and AF in the restricted cubic spline regression model is non-linear. As the frailty index increased, the risk of AF reduction increased, suggesting a higher risk of cognitive dysfunction.
Conclusion: In general, a high frailty index appears to be associated with an increased risk of cognitive dysfunction in the elderly. Consequently, protecting against cognitive decline necessitates making geriatric frailty prevention and treatment top priorities.
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1 Introduction

Neurological disorders are the primary reason for disability and the secondary cause of mortality on a global scale. The occurrence of cognitive decline and dementia is continuously increasing, and it is expected that by 2,040, more than 1.9 million individuals across the globe will be affected by this condition (Ahmadi-Abhari et al., 2017). This not only has an impact on the patients themselves but also places a significant burden on their families and society as a whole (Matthews et al., 2019). We used a set of four cognitive tests to evaluate cognitive impairment: the Digit Symbol Substitution Test (DSST), Animal Fluency (AF), Consortium to Establish a Registry for Alzheimer’s disease Delayed Recall (CERAD-DR), and Word Learning (CERAD-WL) tests (Gong et al., 2021; Zhang et al., 2022). These tests were chosen to gauge cognitive function accurately. At present, the early detection and successful management of cognitive dysfunction remain somewhat restricted (Piersol et al., 2018). Therefore, researchers consider the prevention of cognitive dysfunction as a more feasible strategy (Liss et al., 2021; Zetterberg and Stomrud, 2021).

Frailty as a measure of deficit accumulation can capture health problems over the adult life course. Epidemiologic studies have shown a comorbidity between frailty and cognitive impairment (Vargas-Torres-Young et al., 2022). Current models for commonly measuring and understanding frailty are the Frailty Index (Rockwood and Mitnitski, 2007) and the phenotype of frailty (Fried et al., 2001). Frailty is a prevalent issue among older individuals, leading to increased risks of falls, disability, mobility issues, hospitalization, and diminished quality of life compared to their healthier counterparts (Chen et al., 2018). Consequently, it is imperative to acknowledge the vulnerability of this population and strive to prevent, delay, reverse, or minimize the adverse effects associated with frailty.

To the best of our knowledge, there are no studies on frailty index and cognitive dysfunction, and the National Health and Nutrition Examination Survey (NHANES), a well-designed, large-sample clinical registry database with complete follow-up, is well-positioned to discuss the association between frailty index and cognitive dysfunction, as well as the prognosis of cognitively dysfunctional patients. To supplement clinical studies, we utilized the NHANES database from 2010 to 2014 to investigate the correlation between frailty indexicality and cognitive dysfunction.



2 Methods


2.1 Study population

The NHANES database, including the National Health and Nutrition Examination Survey, is a comprehensive research database designed to assess and monitor the personal health and nutrition status of adults and children living in the United States. This program dates back to the early 1960s and initially focused on conducting surveys pertaining to various populations or specific health-related topics. Each year, NHANES selects a representative sample of approximately 5,000 individuals, selected from counties across the country. These participants are chosen to ensure a diverse representation of the population, in terms of demographics and geographic location. To this end, NHANES visits 15 different counties annually in order to collect data from a wide range of individuals. The survey component of NHANES involves conducting interviews that cover a variety of crucial aspects, including demographics, socioeconomic status, dietary habits, and relevant health-related inquiries. These interviews serve to gather valuable information about the individuals’ backgrounds and lifestyle choices, providing crucial data for analysis and further examination. The physical examination portion includes physiologic measurements and laboratory tests. The results of the survey are used to determine the prevalence of major diseases and risk factors for disease, and are the basis for national standards for height, weight, and blood pressure (Surveys will be conducted every 2 years, with 2 years referred to as a cycle year). Detailed NHANES study design and data are available at https://www.cdc.gov/nchs/nhanes/.

In this study, we obtained data from a total of 19,931 individuals who participated in the NHANES survey between 2011 and 2014. To ensure the accuracy and validity of our analysis, we excluded respondents who were under the age of 60 (N = 16,299), resulting in a remaining sample of 3,632 individuals. Moreover, we also excluded respondents who had missing data for important variables such as gender, race, marital status, education, physical activity, the ratio of family income to poverty, smoked at least 100 cigarettes in life, at least 12 alcohol drinks/1 yr, hypertension, diabetes, and daily low-dose aspirin use. This exclusion resulted in a total of 744 respondents being excluded, leaving us with a final sample size of 2,888 individuals for our analysis. Additionally, participants who lacked information on the frailty index (N = 164; residual 2,724) were excluded, as well as those who did not undergo cognitive function tests or failed to complete the four cognitive tests (N = 279; residual 2,574). Finally, our study included a total of only 2,574 participants, as shown in Figure 1. This image displays the selection process.

[image: Flowchart detailing participant selection from the NHANES database 2011-2014, starting with 19,931 participants. Exclusions: under age 60 (16,299), lack data on covariates (744), lack body fat percentage (164), and incomplete cognitive tests (279). Final research population is 2,574.]

FIGURE 1
 Flowchart of patient exclusion. The exclusion criteria were used to identify participants over 60 years of age who had completed a cognitive function score between 2000 and 2014, using data from the NHANES database.




2.2 The definition of cognitive dysfunction

Individuals who are 60 years of age and older meet the eligibility criteria for cognitive function assessments administered through various tests in NHANES. The tests used to assess Alzheimer’s disease include the establishment of the Alzheimer’s Registry Consortium (CERAD) test, as well as AF and DSST assessments. The CERAD test focuses specifically on vocabulary learning and memory, consisting of three consecutive learning phases and a delayed recall test phase. During each learning session, participants were asked to name a set of 10 unrelated words. After 8–10 min, the delayed recall test phase began, asking participants to recall as many previously learned words as possible. This comprehensive approach allows for the comprehensive evaluation of cognitive function in older individuals. This module is designed to test learners’ immediate and delayed learning of new words. Animal Fluency Test: Subjects are asked to list the names of animals in 1 min, with one point for each animal named. This module is designed to test the subject’s executive ability. Digital Symbol Substitution Test (DSST): a test with the numbers 1 through 9 and matching shapes at the top of the test. Subjects are asked to sequentially match the 133 numbers in the lower part of the test to the graphic in order within 2 min. The test is designed to examine subjects’ processing speed, sustained attention, and working memory. Higher scores on all tests indicate better cognitive abilities. The evaluation is conducted by skilled interviewers during the private, face-to-face interview at the Mobile Testing Center. The National Health and Nutrition Examination Survey (NHANES), available at https://www.cdc.gov/nchs/nhanes/index.htm, provides a comprehensive overview of the cognitive functioning test, including aspects such as quality assurance, quality control, data processing, and editing. In order to distinguish potential cognitive dysfunction from healthy cognitive function, this study adopts cutoff values supported by previously published literature (Bailey et al., 2020): AF less than 14, DSST less than 34, CERAD-WL less than 17, and CERAD-DR less than 5.



2.3 The definition of frailty index

The frailty index is a composite of physical, functional, psychological, and social health variables. The frailty index scale consists of 70 health deficiencies in these four areas, each of which is a deficiency that is scored as “1” when it is present and “0” when it is absent. The formula for calculating the frailty index is frailty index = total number of defects present/total number of defects measured. Frailty index ≥ 0.25 suggests that the elderly person is frail; Frailty index: 0.12–0.25 is pre-frailty; Frailty index < 0.12 is no frailty (Hoover et al., 2013).



2.4 Covariates

The covariates analyzed in our study that may potentially influence the occurrence of cognitive dysfunction encompass various factors such as age, gender (male or female), race (categorized as Mexican American, non-Hispanic white, non-Hispanic black, other Hispanic, or other race), educational background (< 11th grade, high school graduate, some college or AA degree, and college graduate or above), Ratio of family income to poverty (<1, 1–2, 2–5; Gong et al., 2021). Other aspects taken into consideration were physical activity (whether the individual engages in it or not), smoked at least 100 cigarettes in life (Yes or No), at least 12 alcohol drinks/1 yr (Yes or No), hypertension (Yes or No), diabetes (Pre-diabetes, Diabetes, No), Daily low-dose aspirin use (Yes or No).



2.5 Statistical analysis

Since the NHANES data were surveyed using complex multistage sampling, we selected “WTMEC2YR” for 2011–2014 and calculated these weights using the following formula:

[image: Mathematical formula stating: \( wt = \frac{1}{2} \times WTMEC2YR \).]

Regarding the data expressed as unweighted counts (weighted %) for categorical variables, the mean (standard deviation) for continuous variables. In order to facilitate the test and comparison between different groups, we used the chi-square test for categorical variables and T-test for continuous variables. This approach allowed us to carefully analyze and contrast the various groups with accuracy and precision. This allowed us to gather valuable insights and draw meaningful conclusions from our research. The frailty index was categorized into tertiles from the lowest (T1) to the highest (T3). In order to explore the association between cognitive dysfunction and frailty index, weighted univariate logistic regression analyses were first performed. Second, the crude model did not account for covariates. However, in Model 1, the analysis was adjusted for variables such as gender, age, and race. In model 2, adjustments were made for age, gender, race, ratio of family income to poverty, education, hypertension, diabetes, low-dose aspirin in use, alcohol use, smoking, and physical activity. The association between frailty index and cognitive dysfunction was analyzed using weighted multivariate logistic regression models. To better characterize the non-linear dose–response relationship between frailty index and cognitive dysfunction, we used a restricted cubic spline regression model. We conducted a thorough examination and segmentation of interactions based on various factors such as age, gender, race, socioeconomic status, education level, hypertension, diabetes, history of low-dose aspirin intake, alcohol consumption, smoking habits, and physical activity. It is important to note that all statistical evaluations were conducted using a two-sided approach and assessed at a significance level of 0.05. All analyses were performed using R (version 4.2.3. http://www.r-project.org) was performed.




3 Results


3.1 Baseline characteristics of the study population

Table 1 demonstrates the pertinent characteristics of the individuals participating in the study. In total, the study encompassed 2,574 older adults with an age of 60 years or above. The average frailty index, represented as the mean (SD), was found to be 0.17 (0.00). Furthermore, the prevalence of cognitive impairment was evaluated through various assessments. The weighted prevalence for the Digit Symbol Substitution Test (DSST) was calculated to be 22.12%, while it was 21.42% for the Consortium to Establish a Registry for Alzheimer’s Disease Word List Learning (CERAD-WL). Moreover, the CERAD Delayed Recall (CERAD-DR) assessment revealed a prevalence of 21.34%, and the Animal Fluency (AF) test resulted in a prevalence of 20.77%. The clinical characteristics of the participants, based on the frailty index as a column-stratified variable, are shown in. From it, we can find statistically significant differences (p < 0.05) in gender, race, education, the ratio of family income to poverty, at least 12 alcohol drinks/1 yr, smoked at least 100 cigarettes in life, hypertension, and diabetes.



TABLE 1 Study population characteristics by tertiles of frailty index.
[image: A table displays various variables across three tertiles and overall averages, with p-values for statistical significance. Variables include frailty index, age, cognitive scores, gender, race, marital status, education, income, alcohol and tobacco use, hypertension, diabetes, aspirin use, and physical activity. Significant differences noted in most variables with p-values less than 0.05.]



3.2 Univariate logistic regression analysis of CD

On the basis of univariate logistic regression (Table 2), it can be concluded that there was an increased risk for cognitive function test scores among those who were older (> 60 years), non-Hispanic blacks, other Hispanics, other marital status, female, drinking alcohol, diabetes (yes), and hypertension (yes; OR > 1, p < 0.05). However, participants of Mexican American, other race, ratio of family income to poverty (>1), and higher education demonstrated a decreased risk for cognitive function test scores (OR < 1, p < 0.05).



TABLE 2 Weighted univariate logistic analysis of cognitive function.
[image: A statistical table displays logistic regression results for variables predicting cognitive test outcomes: DSST < 40, CERAD-WL < 17, CERAD-DR < 5, and AF < 14. Variables include frailty index, age, gender, race, education, poverty ratio, alcohol consumption, smoking, hypertension, diabetes, aspirin use, and physical activity. The table shows odds ratios (OR), 95% confidence intervals (CI), and p-values for each variable across the cognitive tests. Significance is highlighted, with attention to age, education, poverty, alcohol intake, smoking, hypertension, and diabetes.]



3.3 Association between frailty index and CD

Overall, in DSST, CERAD-WL, CERAD-DR, and AF scores, the results of the three models were similar, with Odds ratio (OR) attenuating whenever more covariates were included in the model (OR < 1, p < 0.05). This demonstrated a significant correlation between the frailty index and cognitive function scores. We further converted the frailty index from a continuous variable to a categorical variable (tertiles) for sensitivity analysis (Table 3). It was found that in the same model in higher frailty index subgroups, ORs increased (OR > 1, p < 0.05). However, the positive correlation between frailty index and CD became negligible in Models 1 and 2 (Table 3).



TABLE 3 Weighted multivariate logistic analysis frailty index and cognitive function.
[image: Table showing odds ratios (OR), confidence intervals (CI), and p-values for cognitive tests across frailty index tertiles (T1, T2, T3). Tests include DSST, CERAD-WL, CERAD-DR, and AF. Models are Crude, Model 1, and Model 2, with adjustments for age, gender, race, family income, health behaviors, and physical activity. Significant findings are highlighted with p-values less than 0.05.]



3.4 Subgroup analysis and interaction effects

Subgroup analysis in which all variables were stratified was shown in Figure 2. Overall, this correlation was statistically significant (p > 0.05) for participants with age, gender, race, marital, education level, the ratio of family income to poverty, physical activity, smoked at least 100 cigarettes in life, at least 12 alcohol drinks/1 yr, hypertension, diabetes, and daily low-dose aspirin use.

[image: Forest plot showing hazard ratios (HR) with 95% confidence intervals for various subgroups. Age, gender, race, marital status, education level, family income ratio, alcohol consumption, smoking, diabetes, hypertension, aspirin use, and physical activity are analyzed. Each red dot represents the HR for a subgroup, with lines indicating confidence intervals. P-values for interactions are listed on the right. Subgroups showing significant HR include age (HR: 1.05), male gender, high school education, low income, smoking history, and physical inactivity, all with p-values less than 0.01.]

FIGURE 2
 The relationship between frailty index and cognitive function in the elderly was analysed by forest map stratification. p for interaction represents the influence of age, gender, race, marital status, the ratio of family income to poverty, education, smoking, alcohol drinks, hypertension, diabetes, low-dose aspirin use, and physical activity on the association between body fat percentage and cognitive function, p < 0.05 indicates an impact.


Subsequently, we performed interaction findings for each variable, and the results showed that the relationship between frailty index and AF score tests was not statistically different across classes, suggesting that age, gender, marital, education, physical activity, smoked at least 100 cigarettes in life, at least 12 alcohol drinks/1 yr, hypertension, diabetes, and daily low-dose aspirin use did not significantly affect this positive association. For DSST, race, marital status, education level, income-to-poverty ratio, hypertension, and diabetes in the model, all interacted on the frailty index (Figure 2).



3.5 The non-linear relationship between frailty index and CD

As Figure 3 shown, a non-linear dose–response relationship was found between the frailty index and AF, using restricted cubic splines (AF, p for non-linear <0.001). For AF, the risk of low cognitive performance started to increase when the frailty index was higher than 0.190 (Figure 3). The frailty index was statistically significantly associated with an elevated risk of low cognitive performance in AF when the frailty index.

[image: Line graph depicting the relationship between Frailty Index and Odds Ratio. The red line represents the odds ratio with a shaded red area illustrating confidence intervals. The graph shows a nonlinear increase in odds ratio from 0.2 Frailty Index onwards, with a statistical significance of p < 0.001.]

FIGURE 3
 Restricted cubic spline relationship between frailty index and the risk of cognitive function. Models adjusted for age, gender, race, marital status, ratio of family income to poverty, education, smoking, alcohol drinks, hypertension, diabetes, low-dose aspirin use, and physical activity. The dashed area indicates 95% CI.





4 Discussion

This research aims to examine the correlation between the frailty index and cognitive function in individuals aged 60 years or older. The study involves a retrospective analysis of cognitive dysfunction data collected from the NHANES database between 2011 and 2014. Older adults in the highest tertile were at higher risk for low cognitive function. The study found that the frailty index was significantly associated with CERAD-DR/AF score tests, even after adjusting for multiple sociodemographic, laboratory data, questionnaire, and examination data covariates, and even after controlling for full potential confounders.

To the best of our knowledge, our study reported finding that the frailty index was associated with lower cognitive scores. Our results are consistent with previous studies. Shu et al. found that older people who are frail are more likely to have cognitive decline (OR: 5.76, 95% confidence interval: 1.20–27.6) and memory decline (OR: 5.53, 95% confidence interval: 1.64–18.7) than older people who are not frail (Nishiguchi et al., 2015). Kota et al. found that social vulnerability was associated with every cognitive deficit (OR = 1.61, 95%CI: 1.13–2.30) and physical functioning deficits (OR = 1.99, 95%CI: 1.57–2.52) independently (Tsutsumimoto et al., 2017). A meta-analysis found statistically significant differences in both comparisons when it came to cognitive status scores for participants in the non-vulnerable (N = 12,729, 47.4%) versus pre-fragile (N = 11,559, 43.2%) and non-vulnerable versus fragile (N = 2,452, 9.4%) subgroups (M ± SD = 0.60, 95% CI: 0.50–0.62, p < 0.001 and M ± SD = 3.43, 95% CI: 2.26–4.60, p < 0.001; Furtado et al., 2018). In another meta-analysis, results from cross-sectional studies of cognitive performance in frail and non-frail or able-bodied older adults (60+ years of age) indicated that in both the Global Test of Cognitive Functioning (OR = 0.734: 95% CI: 0.601–0.867) and the Individual Cognitive Domains (OR = 0.439: 95% CI: 0.342–0.535) tests, the frailty status had a functioning had an overall significant negative effect (Robinson et al., 2022).

The connection between levels of frailty and various diseases has been examined in past epidemiological studies. Notably, Ma et al. discovered a notable association between the frailty index and age. Additionally, it was found that the prevalence of frailty was considerably higher in individuals with hypertension compared to those without the condition (Ma et al., 2020). A study of 314,093 participants in the UK Biobank found an absolute prevalence difference of 1.67 (95% CI: 1.33–2.02) for pre-frailty and 5.00 (95%: 4.03–5.97) for frailty compared to a non-frail population with an overall cardiovascular disease prevalence rate of 6.54% (Chen et al., 2023). Frisoli et al. found that frailty was an independent predictor of disability [HR: 3.94 (1.59–9.75) p = 0.003] and it tripled the probability of death compared to the robust group. In conclusion, elderly outpatients with CVD are more frail than those without CVD (Frisoli et al., 2015). A study of older Spanish adults showed that frailty was associated with incident disability or mortality (HR 3.3; 95%CI: 1.7–6.6) adjusted for all study covariates (de la Rica-Escuín et al., 2014). In addition, one study found that the prevalence of frailty and premorbidity was higher in older adults with diabetes than in those without diabetes (Tang et al., 2013; Chhetri et al., 2017; Lyu et al., 2023). One study found that the prevalence of frailty and pre-frailty was very high in Chinese older adults with asthma, and assessment of frailty should become routine in the treatment of older adults with asthma (Huang et al., 2019; Zeng et al., 2023). However, there are no direct studies demonstrating whether the frailty index is associated with low cognitive function.

The mechanisms by which the frailty index increases the likelihood of cognitive decline are complex. First, the frailty index is calculated from a composite score and may involve a disease associated with multiple physiological systems. Previous studies have shown that the frailty index is associated with a variety of diseases such as hypertension, diabetes, heart disease, and respiratory system (Tang et al., 2013; Frisoli et al., 2015; Ma et al., 2020; Zeng et al., 2023), which may affect the quality of their nutritional intake, lethargy, loss of appetite, dysbiosis, and even malabsorption, and ultimately increase the risk of malnutrition and lead to cognitive dysfunction. Another pathway may be a psychosocial phenomenon, some studies have found that frail older adults have a higher probability of fracture and disability in daily life (Kojima, 2016, 2017), this can lead to a prolonged inability to move around autonomously, once older adults stay at home for long periods of time instead of engaging in socialization activities they are at a high risk of developing depression. A study of Japanese older adults followed for 4 years found that the prevalence of depressive symptoms was 7.2%. Among them physical weakness 9.6%, cognitive impairment 9.3%, and social weakness 12.0% (Tsutsumimoto et al., 2018). Wei J et al. found that cognition in older adults may be altered by late-life depression (Wei et al., 2019). Frailty may increase the risk of low cognition through psychosocial effects such as depression. The last possible link between frailty and low cognitive function may be the inflammatory pathway, It was found that white blood cell (WBC), neutrophil (NE), neutrophil-to-lymphocyte ratio (NLR), neutrophil-to-albumin ratio (NAR), systemic immune-inflammation index (SII), systemic immune response index (SIRI), and dementia inflammation index (DII) scores were significantly higher in the cognitively impaired group compared to the normal group (p < 0.05). Furthermore, there was a positive correlation between cognitively impaired patients and systemic inflammatory indices (p < 0.05; Li et al., 2023). Previous studies have found that the levels of pro-inflammatory cytokines (especially IL-6 and IL-8), TNF-α, and CRP are significantly elevated in the frail state (Lai et al., 2014; Hammami et al., 2020), and if these mediators live in the brain, they may stimulate microglia in the brain and lead to a malignant inflammatory cycle, which ultimately damages the important neurons and leads to the decline of cognitive function (Magalhães et al., 2018).

Interestingly, the World Health Organization introduced the concept of intrinsic capacity (IC), defined as “the combination of all the physical and mental capacities of an individual.” Recent research suggested that IC may be a crucial factor in assessing an individual’s aging process, and that it is closely related to the progression of Alzheimer’s disease across its five dimensions (locomotion, vitality, sensory, cognitive, and psychosocial; López-Ortiz et al., 2024). Additionally, cognitive frailty is also a notable concept. It not only refers to cognitive impairment in those with co-morbid physical fragility but is also associated with a higher risk of dementia (Kocagoncu et al., 2022). These findings provide new insights into better understanding the concept of cognitive frailty in dementia.

DSST, CERAD-WL, CERAD-DR, and AFT were chosen as the research method because these tests are widely used to assess cognitive function, have high reliability and validity, and can fully reflect the cognitive ability of the subjects (Low et al., 2019). DSST is a commonly used cognitive function test to assess information processing speed and visual-motor skills, which requires subjects to complete as many symbol substitution tasks as possible within a certain period of time, and through this test, we can learn about the subjects’ abilities in attention, visual perception, and motor coordination (Auer et al., 2016). The CERAD test consists of several sub-tests such as the immediate recall and delayed recall tests for assessing memory functioning, especially for recent and distant memory, which are sensitive to assessing changes in cognitive functioning (Karrasch et al., 2005; Bailey et al., 2020). The AFT, on the other hand, is considered to reflect executive functions, such as semantic memory (Monteiro-Junior et al., 2022). It assesses a subject’s verbal organization and expressiveness by asking them to list the names of as many animals as possible starting with a specific letter within a certain time period (Wendell et al., 2016; Bailey et al., 2020). These tests were chosen based on their ability to comprehensively assess multiple aspects of cognitive functioning, including attention, memory, language ability, and speed of information processing, thereby more accurately reflecting the overall cognitive state of the subject. In addition, these test methods have been widely validated and applied with high reliability and validity, and are therefore considered appropriate choices in cognitive function research.

Our study contains many strengths. First, after searching the PubMed database, our report explored the link between frailty and cognitive functioning, and our results could bring more attention to the link between frailty indices and cognitive frailty. Additionally, our study involved the evaluation of cognitive impairment using a battery of four widely utilized individual tests. To ensure the reliability and accuracy of our findings, we took into account various covariates. These covariates were meticulously analysed using weighted logistic regression models, considering the complex sampling design of the NHANES database. By adjusting for these covariates and considering the multi-stage sampling data, we aimed to enhance the precision and dependability of our study’s conclusions. Furthermore, we employed restricted cubic splines and smooth curve fitting techniques to meticulously explore the potential nonlinear associations between variables. Finally, we assessed whether the covariates had an effect on the findings through subgroup analyses and interactions. The main results found a positive association between frailty index and low cognitive functioning.

However, there may be limitations to the results of the study, and we need to be cautious in making recommendations to guide clinical practice. First, it is important to note that this particular study was conducted using a retrospective design, which means that the study relied on past data, limiting the ability to establish a clear causal relationship between frailty and cognitive dysfunction. It is plausible that a bidirectional association exists between the frailty index and cognitive dysfunction among older individuals. This means that lower cognitive function in older adults could be attributed to a variety of factors, such as the presence of other underlying health conditions or a decline in self-care ability. Consequently, these factors may contribute to higher scores on the frailty index, thus creating the appearance of an elevated frailty level. Second, the limitations of retrospective studies may lead to missing data or incomplete cognitive tests, which may introduce selection bias, and thus the final sample may not be fully representative of the broader older population. Third, the cross-sectional nature of the study, capturing data at a single point in time, limits the ability to track changes in frailty and cognitive function over time. Longitudinal studies would be needed to understand how these conditions evolve and interact in the long term. Fourth, despite controlling for many variables, the study may still be influenced by residual confounders. Some confounders based on self-reported data, such as smoking and alcohol consumption, did not have accurate cigarette and alcohol consumption. Thus, although we have adjusted for them in our analyses, it may lead to recall bias. Finally, while the cognitive tests used in the study are validated and widely accepted, they may not capture all aspects of cognitive functioning, especially in diverse populations with different educational and cultural backgrounds. This reliance on standardized tests could overlook important cognitive domains that might provide a more comprehensive picture of cognitive health. They do, however, serve a valuable purpose in exploring the connection between cognitive function and various medical conditions and risk factors recorded in the NHANES database. To establish more precise correlations, it is crucial to conduct further research on this matter.



5 Conclusion

In our study, the frailty index was found to be associated with poorer cognitive functioning in older adults. This may be because cognitive abilities like processing speed, attention span, and working memory deteriorate with age. In a clinical setting, it’s crucial for clinicians to check for frailty in older people and deal with it as part of their clinical review. Identifying and intervening with patients who exhibit signs of frailty can help prevent the onset of cognitive impairment in the aging population. Additionally, healthcare providers should consider implementing customized screening tools to evaluate cognitive function specifically in frail older patients. This approach enables early detection and intervention for cognitive impairment, promoting overall well-being in the elderly.
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Objective: This study aims to investigate the relationship between muscle strength, working memory, and activities of daily living (ADL) in older adults. Additionally, it seeks to clarify the pathways and effects of working memory in mediating the relationship between muscle strength and ADL.
Methods: Using a cross-sectional study design, we recruited 245 older adults individuals from nursing homes. We collected data on grip strength, the 30-s sit-to-stand test, the N-back task, and ADL. The data were analyzed using independent sample t-tests, χ2 tests, correlation analysis, and structural equation modeling.
Results: Grip strength significantly influenced ADL (effect size = −0.175, 95% CI: −0.226 to −0.124). Grip strength also had a significant direct effect on ADL (effect size = −0.114, 95% CI: −0.161 to −0.067). The 1-back task correct rate significantly mediated the relationship between grip strength and ADL (effect size = 0.054, 95% CI: −0.084 to −0.029). The 30-s sit-to-stand test significantly impacted ADL (effect size = −0.280, 95% CI: −0.358 to −0.203). It also had a significant direct effect on ADL (effect size = −0.095, 95% CI: −0.183 to −0.007). The 1-back task correct rate significantly mediated the relationship between the 30-s sit-to-stand test and ADL (effect size = −0.166, 95% CI: −0.236 to −0.106).
Conclusion: There exists a strong correlation between muscle strength, working memory, and ADL. Increased muscle strength leads to better ADL performance and improved working memory tasks. Low cognitive load working memory tasks can mediate the relationship between muscle strength and ADL. Regular physical exercise can enhance muscle strength, slow down the decline of working memory, thereby maintaining or improving ADL in older adults.
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1 Introduction

Around 15% of the global population experiences a decline in their activities of daily living (ADL) (World Health Organization, 2011). In individuals aged 60 and older, this decline occurs at a rate of 46.1%, increasing with age (Wei et al., 2019). ADL includes basic physical actions required for daily independent living, such as eating, dressing, getting in and out of bed, using the toilet, and bathing (Katz et al., 1963; Shuqing et al., 2022). A decline in ADL is a significant contributor to disability, dependence, and mortality (Wang et al., 2020). By 2030, it is estimated that over 77 million older adults individuals in China will experience ADL decline, accounting for more than 57% of the total disabled population (Luo et al., 2020).

Working memory is closely linked to ADL and May serve as an important predictor of ADL. It is a limited-capacity system that temporarily stores and processes information during cognitive tasks, essential for reasoning, decision-making, and behavior (Baddeley, 2012; Cai Zhi-Dong et al., 2022). Studies have shown that a decline in ADL is strongly associated with impaired cognitive function, and executive function is a key predictor of ADL (Li et al., 2008; Mansbach and Mace, 2019). Friedman et al. (2006) found that, compared to other components of executive function like inhibition and switching, working memory almost completely modulates age-related changes in fluid intelligence, which is closely related to ADL (Chen and Li, 2007). Both fluid and crystallized intelligence are significant predictors of ADL (Jacob et al., 2020), indicating that working memory could be an important predictor of ADL.

Muscle strength, working memory, and ADL are closely interconnected. Aging leads to degenerative changes in bodily functions, initially manifested by a decline in muscle strength (Pinsker et al., 2011). Muscle strength peaks around age 30, declines by an average of 16% by age 40, and falls by 40.9% in those over 60, leading to decreased ADL (Keller and Engelhardt, 2013). Muscle strength is crucial for performing ADL, and its decline can lead to ADL impairment; low muscle strength is an important predictor of ADL disability (Janssen et al., 2002; Hairi et al., 2010; Zicai et al., 2017). Therefore, enhancing muscle strength can prevent ADL decline. Grip strength and the 30-s sit-to-stand test are widely used to assess muscle strength. Grip strength measures upper limb muscle strength and reflects overall muscle strength and physical function (Rantanen et al., 1999); the 30-s sit-to-stand test measures lower limb muscle strength and reflects balance, coordination, and endurance (Jones et al., 1999; Sijie et al., 2012). From a cognitive perspective, age-related brain deterioration and functional impairment lead to cognitive decline, with working memory considered the core of cognitive activities (Baddeley, 1992; Elliott et al., 2011). Working memory performance peaks around age 30 and significantly declines after age 60 (Wang et al., 2011). It is crucial for maintaining personal functionality and independent living. The decline in muscle strength and working memory occurs synchronously. Cohort studies show that grip strength can predict brain health (total brain volume, white matter volume) and cognitive function in older adults (Dercon et al., 2021). Chen et al. found that greater quadriceps strength is associated with better cognitive performance in older adults (Chen et al., 2015). Muscle strength positively correlates with working memory (Firth et al., 2018a). Higher grip strength is associated with better overall cognitive function, including declarative memory, working memory, and attention (Filardi et al., 2022), and lower limb muscle strength is closely related to attention and working memory (Scherder et al., 2010).

Previous research extensively covers the correlation between muscle strength, working memory, and ADL. Muscle strength can predict working memory, and working memory is a significant predictor of ADL. Given the close relationship among the three, does working memory mediate the relationship between muscle strength and ADL? If so, how does working memory regulate muscle strength to affect ADL? Do the effects of upper and lower limb muscle strengths differ, and are their pathways consistent? Addressing these questions is crucial. This study uses a cross-sectional design to explore the relationships among muscle strength, working memory, and ADL in older adults. It aims to clarify how working memory mediates the effect of muscle strength on ADL and to provide evidence for maintaining or improving ADL in older adults.



2 Research methods


2.1 Research subjects

Participants were older adults individuals aged 60 and above. Sample size estimation was based on the Monte Carlo power analysis principle for mediating effects, using an online tool, “Monte Carlo Power Analysis for Indirect Effects,” developed by Alexander M. Schoemann (Contact), Aaron J. Boulton, and Stephen D. Short (URL: https://schoemanna.shinyapps.io/mc_power_med/). Effect size was set based on previous literature (Jefferson et al., 2006; Irisawa and Mizushima, 2022; Ferguson, 2016), with a statistical power of 0.8 achieved for mediating effects with a sample size of 196. Considering a 10% sample loss rate, 216 participants were targeted.

Convenience sampling was used to randomly select older adults individuals aged 60 and above from a nursing home in Shanghai. Inclusion criteria included right-handedness, normal verbal communication, the ability to see and hear, sufficient mental status to participate, no mild cognitive impairment or dementia, no use of anti-cognitive impairment medication, no major organic diseases, no exercise contraindications, and no vigorous exercise or consumption of caffeinated or alcoholic beverages within 24 h before testing. Participants filled out a basic information questionnaire and an ADL scale. The recruitment process is shown in Figure 1. All participants volunteered for the study and signed informed consent forms. This study complies with the latest version of the Helsinki Declaration’s ethical requirements and has been approved by the Ethics Committee of Shanghai University of Sport (102772020RT060).

[image: Flowchart outlining the selection process for older adults in a study. Begins with recruiting 256 older adults, followed by completing a questionnaire and signing a consent form. Progresses to inclusion of participants meeting criteria. Exclusions include poor vision and hearing (n=5), exercise contraindications (n=3), and pre-existing medical history (n=3), leaving 253 effective samples. Descriptive labels indicate components of the process with associated numbers.]

FIGURE 1
 Flow chart of subject recruitment.




2.2 Test procedure

The test was conducted during the period of 13:30–16:30. After explaining the test procedure to the subjects, a grip strength test, a 30-s sit-up test, and a working memory task test were performed. The test procedure is presented in Figure 2.

[image: Flowchart depicting a testing process with five steps: "Object to be included (n=253)," "Grip Strength Test/30-second Sit-up Test," "8 people did not complete the test," "N-back Task," and "Data Analysis (n=245)."]

FIGURE 2
 Flow chart of the test procedure.




2.3 Test tools


2.3.1 Basic information questionnaire

The basic information questionnaire includes name, age, gender, height, weight, preferred hand, any contraindications to exercise, past medical history, and medication use.



2.3.2 Activity of daily living scale (ADL)

Developed by Lawton and Brody in 1969, this scale is used to assess participants’ ADL. It consists of 14 items covering two dimensions: physical ADL and instrumental ADL. The scoring system ranges from 1 to 4 points, with 1 point indicating no impairment. A total score of 14 signifies completely normal ADL, while scores above 14 indicate a decline in ADL, with higher scores representing greater impairment. The highest possible score is 56. The ADL scale used in this study has high internal consistency, with a Cronbach’s alpha coefficient of 0.93 (Jian Wen-Jia et al., 2014).



2.3.3 Grip strength test

Grip strength reflects overall muscle strength and physical function and is highly practical and sensitive (Ma Xin, 2021). Participants stood with their elbow extended and arm resting at their side, gripping the dynamometer. They exerted maximal force for 3 to 5 s. Both hands were tested three times each, with a 30-s interval between tests. The highest value was recorded as the grip strength.



2.3.4 30-s sit-up test

30-s sit-up can indicate the muscle strength of the lower limbs of the older adults, which has good reliability and validity (Bo Wen-Xi et al., 2020). The subjects sat in a chair with arms in a crossed position in front of the chest. The test began with the body standing as upright as possible. The subjects then sat down until the back touched the back of the chair once, then stood up and repeated the action for 30 s. Test 3 times and take the average.



2.3.5 N-back task

In this study, the N-back task paradigm was adopted to test working memory, which was programmed using the psychological experiment software E-prime 2.0, where the stimulus type was numeric and the subjects performed the stimulus keystroke response on the computer as required, and the response time and correctness of the N-back task were recorded. The N-back of this experiment was designed with two different loadings of cognitive tasks, including 1-back and 2-back. The 1-back task asked the subjects to determine if the current number was the same as the previous number, starting with the second number, and press “1” for the same and “2” for different. The 2-back task required the subject to judge whether the current number was the same as the second number before it, starting with the third number, and press “1” for the same and “2” for different. The instruction and exercise were set before the start of the formal experiment, and each task was repeated 5 times. At the beginning of the experiment, a “+” was presented for 500 ms for the subject to maintain attention, then 10 random numbers between 0 and 9 were shown for 500 ms, and finally a blank screen appeared for 2000 ms. If no response was made during the period of the blank screen, the next numerical stimulus was automatically presented, and the prompt “30s break” appeared at the end of each task.




2.4 Statistical analysis

Data were statistically analyzed using SPSS 26.0. ADL scores of 14 indicated normal ADL, while scores above 14 indicated impaired ADL. Descriptive statistics for continuous variables were presented as mean ± standard deviation, with results rounded to three decimal places. Independent sample t-tests were used for group comparisons, and χ2 tests were used for categorical data comparisons described as n (%). Pearson correlation analysis was conducted to explore the relationship between muscle strength, working memory, and ADL. The mediation effect of working memory between muscle strength and ADL was analyzed using Model 4 (parallel mediation model) of PROCESS (Hayes, 2013), with age and years of education as control variables. Path analysis parameters were estimated using the Bootstrap method with 5,000 samples and a 95% confidence interval. A confidence interval not containing zero was considered statistically significant. All statistical inferences were performed using two-tailed tests, with an α level of 0.05 indicating statistical significance.




3 Results


3.1 Differences in muscle strength and working memory in older adults with different ADL scores

As shown in Table 1, a total of 245 older adults participated in the study, with an average age of 76.22 ± 7.83 years. ADL scores of 14 indicated normal ADL, while scores above 14 indicated impaired ADL. Compared to those with normal ADL, Older adults individuals with impaired ADL showed statistically significant differences in age, years of education, grip strength, 30-s sit-to-stand, 1-back correct rate, 1-back response time, and 2-back correct rate (all p < 0.001). No significant differences were found in other variables (all p > 0.05).



TABLE 1 Comparison of differences in muscle strength and working memory in older adults with different ADL scores.
[image: Table comparing variables across three groups: whole, normal, and reduced activities of daily living. Variables include age, height, weight, BMI, education years, gender, grip strength, sit-up time, 1-back and 2-back correct rates and response times. The test of variability shows significant differences in age, education years, grip strength, sit-up time, 1-back correct rate, and 2-back correct rate. Gender distribution shows a slight female predominance. Statistical values include t-scores and p-values, highlighting significance in various measures.]



3.2 The relationship between muscle strength, working memory, and ADL scores in older adults

The Pearson correlation coefficient was used to examine the relationship between grip strength, 30-s sit-up performance, working memory, and ADL scores. The results showed significant negative correlations between grip strength and ADL scores (r = −0.508), 1-back response time (r = −0.303), and 2-back response time (r = −0.184) (all p < 0.01), while significant positive correlations were observed between grip strength and 30-s sit-up performance (r = 0.393), 1-back correct rate (r = 0.342), and 2-back correct rate (r = 0.215) (all p < 0.001). Similarly, 30-s sit-up performance showed significant negative correlations with ADL scores (r = −0.504), 1-back response time (r = −0.480), and 2-back response time (r = −0.253) (all p < 0.001), while significant positive correlations were found with 1-back correct rate (r = 0.616) and 2-back correct rate (r = 0.441) (all p < 0.001). ADL scores exhibited significant negative correlations with 1-back correct rate (r = −0.605) and 2-back correct rate (r = −0.353) (all p < 0.001), and significant positive correlations with 1-back response time (r = 0.340) and 2-back response time (r = 0.216) (all p < 0.001). Refer to Figure 3 for details. The results indicate that greater muscle strength in older adults is associated with lower ADL scores, faster response times, and higher correct rates in working memory tasks.

[image: Scatter plots display relationships between various physical and cognitive measures. The plots show correlations involving grip strength, sit-up performance, and cognitive task performance, including response time and correct rate for one-back and two-back tests. Shaded areas represent confidence intervals, with each plot indicating distinct correlations, some positive and others negative, across different combinations of variables.]

FIGURE 3
 Correlations among variables (N = 245).




3.3 Construction and validation of structural relationship model among muscle strength, working memory, and activities of daily living


3.3.1 Structural relationship model of grip strength, working memory, and activities of daily living

Controlling for age and years of education, grip strength was taken as the independent variable, 1-back correct rate, 1-back response time, 2-back correct rate, and 2-back response time as the mediating variables, and activities of daily living as the dependent variable. As shown in Table 2, grip strength positively predicted 1-back correct rate (B = 0.261, p < 0.001) and 2-back correct rate (B = 0.212, p < 0.01), while negatively predicting 1-back response time (B = −0.315, p < 0.001) and 2-back response time (B = −0.171, p < 0.05). Grip strength (B = −0.265, p < 0.001) and 1-back correct rate (B = −0.484, p < 0.001) negatively predicted ADL.



TABLE 2 Regression analysis of relationships among variables (N = 245).
[image: Table showing regression analysis results for five models. Key variables include Grip Strength, Age, and Years of Education. Each model lists Beta and t-values with statistical significance indicated by asterisks. Footnote explains model focus: Model 1 to 5 link Grip Strength, cognitive tasks, and ADL (activities of daily living). Significance levels specified as \( P < 0.05 \), \( P < 0.01 \), \( P < 0.001 \).]

Controlling for age and years of education, further analysis using the bias-corrected Bootstrap method (Table 3) revealed that the total effect of grip strength on ADL was −0.175 (95% CI: −0.226 to −0.124), with the 95% confidence interval not crossing zero, indicating a significant effect. The direct effect of grip strength on ADL was −0.114 (95% CI: −0.161 to −0.067), also significant as the confidence interval did not cross zero. The mediating effect of 1-back correct rate was 0.054 (95% CI: −0.084 to −0.029), which again did not cross zero, indicating significance. However, the 95% confidence intervals for 1-back response time, 2-back correct rate, and 2-back response time all crossed zero, indicating non-significance. For details on the structural relationship model of grip strength, working memory, and daily living ability, refer to Figure 4. The path values represent the standardized coefficients between the pairs of variables shown in Table 2.



TABLE 3 Bootstrap analysis for significance testing of mediating effects (N = 245).
[image: Table displaying variables with their effect sizes, bootstrap standard errors, and confidence intervals. Total effect shows an effect size of -0.175, SE of 0.026, lower limit -0.226, upper limit -0.124. Direct effect: effect size -0.114, SE 0.024, lower limit -0.161, upper limit -0.067. 1-back correct rate: effect size -0.054, SE 0.014, lower limit -0.084, upper limit -0.029. 1-back response time: effect size -0.002, SE 0.016, lower limit -0.036, upper limit 0.027. 2-back correct rate: effect size 0.001, SE 0.005, lower limit -0.009, upper limit 0.012. 2-back response time: effect size -0.006, SE 0.008, lower limit -0.026, upper limit 0.004.]

[image: Diagram illustrating relationships between grip strength, cognitive tasks, and the Activity of Daily Living Scale. Arrows show correlation values: grip strength is linked to 1-back correct rate (0.261), 1-back response time (-0.315), 2-back correct rate (0.212), and 2-back response time (-0.171). The Activity of Daily Living Scale is affected by 1-back response time (-0.484) and grip strength (-0.265).]

FIGURE 4
 Structural relationship model of grip strength, working memory, and activities of daily living (ADL) (N = 245). Path values are standardized coefficients.




3.3.2 Structural relationship model of 30-s sit-up performance, working memory, and activities of daily living

Controlling for age and years of education, 30-s sit-up performance was taken as the independent variable, 1-back correct rate, 1-back response time, 2-back correct rate, and 2-back response time as the mediating variables, and activities of daily living as the dependent variable. As shown in Table 4, 30-s sit-up performance positively predicted 1-back correct rate (B = 0.523, p < 0.001) and 2-back correct rate (B = 0.386, p < 0.001), while negatively predicting 1-back response time (B = −0.421, p < 0.001) and 2-back response time (B = −0.214, p < 0.01). 30-s sit-up performance (B = −0.140, p < 0.05) and 1-back correct rate (B = −0.466, p < 0.001) negatively predicted ADL.



TABLE 4 Regression analysis of relationships among variables (N = 245).
[image: A regression table displays five models evaluating various predictors for beta and t values. Model 1 shows that 30-second sit-up performance significantly predicts 1-back correct rate. Model 2 examines 1-back response time. Model 3 shows 2-back correct rate significance. Model 4 focuses on 2-back response time. Model 5 combines all predictors. Significant values are marked with asterisks: one for p<0.05, two for p<0.01, and three for p<0.001. Variables analyzed include 30-second sit-up, 1-back and 2-back correct rates, response times, age, and years of education.]

Controlling for age and years of education, further analysis using the bias-corrected Bootstrap method (Table 5) revealed that the total effect of the 30-s sit-to-stand on ADL was −0.280 (95% CI: −0.358 to −0.203), with the 95% confidence interval not crossing zero, indicating a significant effect. The direct effect of the 30-s sit-to-stand on ADL was −0.095 (95% CI: −0.183 to −0.007), also significant as the confidence interval did not cross zero. The mediating effect of 1-back correct rate was −0.166 (95% CI: −0.236 to −0.106), which again did not cross zero, indicating significance. However, the 95% confidence intervals for 1-back response time, 2-back correct rate, and 2-back response time all crossed zero, indicating non-significance. For details on the structural relationship model of the 30-s sit-to-stand, working memory, and daily living ability, refer to Figure 5. The path values represent the standardized coefficients between the pairs of variables shown in Table 4.



TABLE 5 Bootstrap analysis for significance testing of mediating effects (N = 245).
[image: A table presenting variables with effect size, bootstrapped standard error, and bootstrap 95% confidence intervals. Variables include total effect, direct effect, 1-back correct rate, 1-back response time, 2-back correct rate, and 2-back response time, with corresponding values for each category.]

[image: Diagram showing pathways from "30-second sit-up" to four variables: "1-back correct rate" (0.523), "1-back response time" (-0.421), affecting "Activity of Daily Living Scale" (-0.466). Direct link from sit-up to activity scale (-0.140). It also connects to "2-back correct rate" (0.386) and "2-back response time" (-0.214).]

FIGURE 5
 Structural relationship model of 30-s sit-up performance, working memory, and activities of daily living (ADL) (N = 245). Path values are standardized coefficients.






4 Discussion

The results of this study indicate that greater muscle strength in older adults is associated with better daily living abilities, aligning with previous findings (Den Ouden et al., 2013; Gopinath et al., 2017; Jonkman et al., 2019). Muscle strength declines with age; research shows that muscle strength in middle-aged and older adults over 50 decreases by 12 to 14% every decade (De Carvalho et al., 2020). Higher muscle strength in this population is linked to a lower risk of impaired daily living abilities (Den Ouden et al., 2013; Gopinath et al., 2017; Jonkman et al., 2019), and changes in muscle strength May precede actual changes in daily living ability scores (Lau et al., 2023). This study found that grip strength has a direct effect on daily living abilities, whereas the 30-s sit-to-stand test does not. Grip strength is related to overall muscle strength (Bohannon, 2012) and is a predictor of overall mortality, cardiovascular diseases, respiratory diseases, and cancer (Celis-Morales et al., 2018; Leong et al., 2015). Grip strength affects the physical function of older adults (Norman et al., 2011); for every 5 kg decrease in grip strength, the risk of limitations in eating, walking, bathing, and toileting increases by 20, 14, 14, and 6%, respectively (Mcgrath et al., 2018). Lower limb muscle strength has a weaker effect on daily living abilities but May be a better predictor of fall risk (Simpkins and Yang, 2022; Jianming, 2019).

The study also found that greater muscle strength in older adults is associated with faster response times and higher correct rate in working memory tasks. Faster response times and higher correct rate in these tasks are linked to better daily living abilities. Higher muscle strength is associated with greater activation in specific prefrontal areas, leading to better working memory performance (Kilgour et al., 2014; Kobori et al., 2015). Grip strength is positively correlated with verbal and spatial abilities, processing speed, and memory in older adults (Firth et al., 2018a; Firth et al., 2018b). Among older adults experiencing cognitive decline, higher grip strength is related to better overall cognitive function and higher performance in declarative memory, working memory, and attention tasks (Filardi et al., 2022). Grip strength is influenced by the central nervous system (Rinne et al., 2018), and neural degeneration can lead to both cognitive decline and reduced grip strength (Kwon and Yoon, 2017). Lower limb muscle strength is closely related to attention and working memory task performance (Scherder et al., 2010); higher levels of lower limb muscle strength are associated with better cognitive and executive functions (Friedman et al., 2006; Anstey et al., 1997). In older women, insulin-like growth factor 1 (IGF-I) levels are positively correlated with lower limb muscle strength (Cappola et al., 2001). Higher IGF-I levels are associated with better overall cognitive function and performance in learning and memory tests (Calvo et al., 2013; Liqin et al., 2023), suggesting that IGF-I May mediate changes in muscle strength and cognitive function. Cognitive function is closely related to daily living abilities; even mild cognitive decline can negatively affect the ability to perform complex instrumental activities of daily living (Farias et al., 2003). Working memory is an important predictor of daily living abilities (Jacob et al., 2020); thus, better working memory is linked to better daily living abilities.

This study found that 1-back correct rate mediates the relationship between grip strength and daily living abilities, as well as the relationship between the 30-s sit-to-stand test and daily living abilities. Previous research has further demonstrated that the inhibitory component plays a major role in the differences between high and low working memory loads (Cong et al., 2017). The 1-back task reflects the recognition, maintenance, and updating of information in working memory, which involves a low memory load (Cong et al., 2017). In daily living abilities, basic activities of daily living (ADL) include fundamental personal self-care tasks such as eating, dressing, and grooming, while instrumental activities of daily living (IADL) include more complex tasks related to independent living, such as cooking, making phone calls, and managing finances. These tasks are closely related to low memory load working memory (Jian Wen-Jia et al., 2014). Conversely, high working memory loads that involve inhibition (e.g., 2-back tasks) are less prevalent in daily living abilities. In age-related decline, physical functions, represented by muscle strength, tend to decline first, subsequently affecting daily living abilities. There is a close relationship between muscle strength and working memory (Firth et al., 2018a); higher muscle strength is associated with better cognitive performance in older adults (Chen et al., 2015; Filardi et al., 2022). Declining muscle strength in older adults can impact their physical and social activities, which often involve interaction, discussion, and engagement with others, providing cognitive stimulation and opportunities for information processing. Reduced social engagement can mean less cognitive stimulation, possibly accelerating the decline in working memory. It is recommended that older adults engage in regular exercise tailored to their physical condition to increase muscle strength and improve both working memory and daily living abilities. Nursing homes and community centers should organize suitable physical and social activities, providing exercise guidance and facilities to help older adults participate in physical activities, enhance their physical and mental health, and promote social interaction, reducing feelings of loneliness and improving quality of life.

This study used a cross-sectional design; future longitudinal studies are needed to further explore the temporal relationships and effect sizes between muscle strength, working memory, and ADL. The sample size in this study was relatively small, limiting the generalizability of the results. Larger sample sizes are needed in future studies to verify these findings. Additionally, this study did not assess participants’ vitamin D levels or nutritional status, which May influence muscle strength and working memory. Future research should consider these factors.



5 Conclusion

There is a close relationship between muscle strength, working memory, and daily living abilities. Greater muscle strength is associated with better daily living abilities and working memory task performance. Low memory load working memory can mediate the relationship between muscle strength and daily living abilities. Appropriate physical exercise can enhance muscle strength in older adults, delay the decline in working memory, and help maintain or improve daily living abilities.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by the ethical committee of Shanghai University of Sport (102772020RT060). 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. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

JL: Conceptualization, Data curation, Methodology, Writing – original draft. JW: Data curation, Investigation, Writing – original draft. SJ: Data curation, Investigation, Writing – original draft. ZC: Data curation, Investigation, Funding acquisition, Writing – original draft. HL: Data curation, Investigation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Social Science Foundation of China funded project (22BTY076), the Jiangsu Office of Philosophy and Social Science, Jiangsu Province Social Science Fund (23TYB011), and the Ministry of Education, Humanities and Social Science Projects (23YJC890023).



Acknowledgments

We gratefully acknowledge the support of the National Social Science Foundation of China funded project (22BTY076), the Jiangsu Office of Philosophy and Social Science, Jiangsu Province Social Science Fund (23TYB011), and the Ministry of Education, Humanities and Social Science Projects (23YJC890023).



Conflict of interest

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



Publisher’s note

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



References
	 Anstey, K. J., Lord, S. R., and Williams, P. (1997). Strength in the lower limbs, visual contrast sensitivity, and simple reaction time predict cognition in older women. Psychol. Aging 12, 137–144. doi: 10.1037/0882-7974.12.1.137 
	 Baddeley, A. (1992). Working memory. Science (New York, N.Y.) 255, 556–559. doi: 10.1126/science.1736359

	 Baddeley, A. (2012). Working memory: theories, models, and controversies. Annu. Rev. Psychol. 63, 1–29. doi: 10.1146/annurev-psych-120710-100422 
	 Bo Wen-Xi, C. H.-S., Bing, W., Zhang, Y., and Hua, Y. (2020). Measurement of lower limb muscle strength in the elderly and its research progress. Chin. J. Gerontol. 40, 4474–4477.

	 Bohannon, R. W. (2012). Are hand-grip and knee extension strength reflective of a common construct? Percept. Mot. Skills 114, 514–518. doi: 10.2466/03.26.PMS.114.2.514-518 
	 Cai Zhi-Dong, Y. J.-L., Ning, W., Zhi-Tong, C., Jing, W., and Xing, W. (2022). Meta-analysis of effect of physical exercise on working memory of the elderly. Chin. Ment. Health J. 36, 140–146.

	 Calvo, D., Gunstad, J., Miller, L. A., Glickman, E., and Spitznagel, M. B. (2013). Higher serum insulin-like growth factor-1 is associated with better cognitive performance in persons with mild cognitive impairment. Psychogeriatrics 13, 170–174. doi: 10.1111/psyg.12023 
	 Cappola, A. R., Bandeen-Roche, K., Wand, G. S., Volpato, S., and Fried, L. P. (2001). Association of Igf-I levels with muscle strength and mobility in older women. J. Clin. Endocrinol. Metab. 86, 4139–4146. doi: 10.1210/jcem.86.9.7868 
	 Celis-Morales, C. A., Welsh, P., Lyall, D. M., Steell, L., Petermann, F., Anderson, J., et al. (2018). Associations of grip strength with cardiovascular, respiratory, and cancer outcomes and all cause mortality: prospective cohort study of half a million Uk biobank participants. BMJ 361:k1651. doi: 10.1136/bmj.k1651

	 Chen, T., and Li, D. (2007). The roles of working memory updating and processing speed in mediating age-related differences in fluid intelligence. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 14, 631–646. doi: 10.1080/13825580600987660 
	 Chen, W. L., Peng, T. C., Sun, Y. S., Yang, H. F., Liaw, F. Y., Wu, L. W., et al. (2015). Examining the association between quadriceps strength and cognitive performance in the elderly. Medicine 94:e1335. doi: 10.1097/MD.0000000000001335 
	 Cong, L., Xiaodong, X., Luck, D., and Hou, F. (2017). The analysis of event-related potentials in normal brain aging based on N-back cognitive tasks. J. Biomed. Eng. 34, 824–830. doi: 10.7507/1001-5515.201704031

	 De Carvalho, B. A., Nobre, L. N., De Souza, M. B., Rosa, I. F., Ferreira, G. B., DDL, S., et al. (2020). Independent and combined effect of home-based progressive resistance training and nutritional supplementation on muscle strength, muscle mass and physical function in dynapenic older adults with low protein intake: A randomized controlled trial. Arch. Gerontol. Geriatr. 89:104098. doi: 10.1016/j.archger.2020.104098

	 Den Ouden, M. E., Schuurmans, M. J., Brand, J. S., Arts, I. E., Mueller-Schotte, S., and van der Schouw, Y. T. (2013). Physical functioning is related to both an impaired physical ability and Adl disability: a ten year follow-up study in middle-aged and older persons. Maturitas 74, 89–94. doi: 10.1016/j.maturitas.2012.10.011 
	 Dercon, Q., Nicholas, J. M., James, S. N., Schott, J. M., and Richards, M. (2021). Grip strength from midlife as an indicator of later-life brain health and cognition: evidence from a British birth cohort. BMC Geriatr. 21:475. doi: 10.1186/s12877-021-02411-7 
	 Elliott, E. M., Cherry, K. E., Brown, J. S., Smitherman, E. A., Jazwinski, S. M., Yu, Q., et al. (2011). Working memory in the oldest-old: evidence from output serial position curves. Mem. Cogn. 39, 1423–1434. doi: 10.3758/s13421-011-0119-7 
	 Farias, S. T., Harrell, E., Neumann, C., and Houtz, A. (2003). The relationship between neuropsychological performance and daily functioning in individuals with Alzheimer's disease: ecological validity of neuropsychological tests. Arch. Clin. Neuropsychol. 18, 655–672. doi: 10.1093/arclin/18.6.655 
	 Ferguson, C. J. (2016). An effect size primer: A guide for clinicians and researchers. In: Methodological issues and strategies in clinical researc. ed. A. E. Kazdin 4th ed. (American Psychological Association), pp. 301–310.

	 Filardi, M., Barone, R., Bramato, G., Nigro, S., Tafuri, B., Frisullo, M. E., et al. (2022). The relationship between muscle strength and cognitive performance across Alzheimer's disease clinical continuum. Front. Neurol. 13:833087. doi: 10.3389/fneur.2022.833087 
	 Firth, J., Firth, J. A., Stubbs, B., Vancampfort, D., Schuch, F. B., Hallgren, M., et al. (2018a). Association between muscular strength and cognition in people with major depression or bipolar disorder and healthy controls. JAMA Psychiatry 75, 740–746. doi: 10.1001/jamapsychiatry.2018.0503 
	 Firth, J., Stubbs, B., Vancampfort, D., Firth, J. A., Large, M., Rosenbaum, S., et al. (2018b). Grip strength is associated with cognitive performance in schizophrenia and the general population: A Uk biobank study of 476559 participants. Schizophr. Bull. 44, 728–736. doi: 10.1093/schbul/sby034 
	 Friedman, N. P., Miyake, A., Corley, R. P., Young, S. E., DeFries, J. C., and Hewitt, J. K. (2006). Not all executive functions are related to intelligence. Psychol. Sci. 17, 172–179. doi: 10.1111/j.1467-9280.2006.01681.x

	 Gopinath, B., Kifley, A., Liew, G., and Mitchell, P. (2017). Handgrip strength and its association with functional independence, depressive symptoms and quality of life in older adults. Maturitas 106, 92–94. doi: 10.1016/j.maturitas.2017.09.009 
	 Hairi, N. N., Cumming, R. G., Naganathan, V., Handelsman, D. J., le Couteur, D. G., Creasey, H., et al. (2010). Loss of muscle strength, mass (sarcopenia), and quality (specific force) and its relationship with functional limitation and physical disability: the Concord health and ageing in men project. J. Am. Geriatr. Soc. 58, 2055–2062. doi: 10.1111/j.1532-5415.2010.03145.x 
	 Hayes, A. F. (2013). Introduction to mediation, moderation, and conditional process analysis: A regression-based approach. New York, NY: Guilford Press.

	 Irisawa, H., and Mizushima, T. (2022). Assessment of changes in muscle mass, strength, and quality and activities of daily living in elderly stroke patients. Int. J. Rehabil. Res. 45, 161–167. doi: 10.1097/MRR.0000000000000523 
	 Jacob, L., Smith, L., Thoumie, P., Haro, J. M., Stickley, A., and Koyanagi, A. (2020). Association between intelligence quotient and disability: the role of socioeconomic status. Ann. Phys. Rehabil. Med. 63, 296–301. doi: 10.1016/j.rehab.2019.07.010 
	 Janssen, I., Heymsfield, S. B., and Ross, R. (2002). Low relative skeletal muscle mass (sarcopenia) in older persons is associated with functional impairment and physical disability. J. Am. Geriatr. Soc. 50, 889–896. doi: 10.1046/j.1532-5415.2002.50216.x 
	 Jefferson, A. L., Paul, R. H., Ozonoff, A., and Cohen, R. A. (2006). Evaluating elements of executive functioning as predictors of instrumental activities of daily living (Iadls). Arch. Clin. Neuropsychol. 21, 311–320. doi: 10.1016/j.acn.2006.03.007 
	 Jian Wen-Jia, S. J., Jing-Nian, N., Ming-Qing, W., and Jin-Zhou, T. (2014). Activities of daily living rating for differentiating mild cognitive impairment and dementia. Chin. J. Gerontol. 34, 865–868.

	 Jianming, Z. (2019). Hot spots and evolution about exercise intervention of fall in the elderly abroad. J. Shanghai Univ. Sport 43, 77–85.

	 Jones, C. J., Rikli, R. E., and Beam, W. C. (1999). A 30-s chair-stand test as a measure of lower body strength in community-residing older adults. Res. Q. Exerc. Sport 70, 113–119. doi: 10.1080/02701367.1999.10608028 
	 Jonkman, N. H., Colpo, M., Klenk, J., Todd, C., Hoekstra, T., del Panta, V., et al. (2019). Development of a clinical prediction model for the onset of functional decline in people aged 65-75 years: pooled analysis of four European cohort studies. BMC Geriatr. 19:179. doi: 10.1186/s12877-019-1192-1 
	 Katz, S., Ford, A. B., Moskowitz, R. W., Jackson, B. A., and Jaffe, M. W. (1963). Studies of illness in the aged. The index of Adl: A standardized measure of biological and psychosocial function. JAMA 185, 914–919. doi: 10.1001/jama.1963.03060120024016

	 Keller, K., and Engelhardt, M. (2013). Strength and muscle mass loss with aging process age and strength loss. Muscles Ligaments Tendons J. 3, 346–350. doi: 10.32098/mltj.04.2013.17 
	 Kilgour, A. H., Todd, O. M., and Starr, J. M. (2014). A systematic review of the evidence that brain structure is related to muscle structure and their relationship to brain and muscle function in humans over the lifecourse. BMC Geriatr. 14:85. doi: 10.1186/1471-2318-14-85 
	 Kobori, N., Moore, A. N., and Dash, P. K. (2015). Altered regulation of protein kinase a activity in the medial prefrontal cortex of normal and brain-injured animals actively engaged in a working memory task. J. Neurotrauma 32, 139–148. doi: 10.1089/neu.2014.3487 
	 Kwon, Y. N., and Yoon, S. S. (2017). Sarcopenia: neurological point of view. J. Bone Metab. 24, 83–89. doi: 10.11005/jbm.2017.24.2.83 
	 Lau, L. K., Tou, N. X., Abdul Jabbar, K., Tang, J. Y., Gao, J., Ding, Y. Y., et al. (2023). The effects of exercise interventions on physical performance and activities of daily living in oldest-old and frail older adults: a review of the literature. Am. J. Phys. Med. Rehabil. 102, 939–949. doi: 10.1097/PHM.0000000000002246 
	 Leong, D. P., Teo, K. K., Rangarajan, S., Lopez-Jaramillo, P., Orlandini, A., Seron, P., et al. (2015). Prognostic value of grip strength: findings from the prospective urban rural epidemiology (Pure) study. Lancet 386, 266–273. doi: 10.1016/S0140-6736(14)62000-6 
	 Li, S. C., Schmiedek, F., Huxhold, O., Röcke, C., Smith, J., and Lindenberger, U. (2008). Working memory plasticity in old age: practice gain, transfer, and maintenance. Psychol. Aging 23, 731–742. doi: 10.1037/a0014343 
	 Liqin, Y., Changfa, T., and Weiqiang, L. (2023). Effects of multimodal exercise on cognitive function, neurotrophic factors, and whole brain volume in mci elderly. China Sport Sci. Technol. 59, 50–57.

	 Luo, Y., Guo, C., Wang, Y., and Zheng, X., Institute of Population Research, Peking University, Beijing, China, APEC Health Science Academy, Peking University, Beijing, China (2020). Trends and challenges for population health and migration-China, 2015-2050. China CDC Weekly 2, 520–524. doi: 10.46234/ccdcw2020.141 
	 Ma Xin, Z. Y.-P. (2021). Xie Bo, Li Yi, Wu Dan, Li an-Qi advances in the clinical application and prognostic value of grip strength measurement. Nurs. Rehabil. J. 20, 26–29.

	 Mansbach, W. E., and Mace, R. A. (2019). Predicting functional dependence in mild cognitive impairment: differential contributions of memory and executive functions. The Gerontologist 59, 925–935. doi: 10.1093/geront/gny097 
	 Mcgrath, R. P., Vincent, B. M., Lee, I. M., Kraemer, W. J., and Peterson, M. D. (2018). Handgrip strength, function, and mortality in older adults: A time-varying approach. Med. Sci. Sports Exerc. 50, 2259–2266. doi: 10.1249/MSS.0000000000001683 
	 Norman, K., Stobäus, N., Gonzalez, M. C., Schulzke, J. D., and Pirlich, M. (2011). Hand grip strength: outcome predictor and marker of nutritional status. Clin. Nutr. 30, 135–142. doi: 10.1016/j.clnu.2010.09.010 
	 Pinsker, D. M., Mcfarland, K., and Stone, V. E. (2011). The social vulnerability scale for older adults: an exploratory and confirmatory factor analytic study. J. Elder Abuse Negl. 23, 246–272. doi: 10.1080/08946566.2011.584049 
	 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 
	 Rinne, P., Hassan, M., Fernandes, C., Han, E., Hennessy, E., Waldman, A., et al. (2018). Motor dexterity and strength depend upon integrity of the attention-control system. Proc. Natl. Acad. Sci. USA 115, E536–E545. doi: 10.1073/pnas.1715617115 
	 Scherder, E. J., Eggermont, L. H., Geuze, R. H., Vis, J., and Verkerke, G. J. (2010). Quadriceps strength and executive functions in older women. Am. J. Phys. Med. Rehabil. 89, 458–463. doi: 10.1097/PHM.0b013e3181d3e9f6 
	 Shuqing, L., Jiaxiang, Y., and Rudan, H. (2022). Epidemiological studies of activities daily living in the elderly. Chin. J. Geriatr. Care 20, 116–123.

	 Sijie, T., Yu, Z., and Shanshan, L. (2012). Study on simple test method of the elderly lower limb muscle strength. Chin. J. Gerontol. 32, 3739–3742.

	 Simpkins, C., and Yang, F. (2022). Muscle power is more important than strength in preventing falls in community-dwelling older adults. J. Biomech. 134:111018. doi: 10.1016/j.jbiomech.2022.111018 
	 Wang, M., Gamo, N. J., Yang, Y., Jin, L. E., Wang, X. J., Laubach, M., et al. (2011). Neuronal basis of age-related working memory decline. Nature 476, 210–213. doi: 10.1038/nature10243 
	 Wang, D. X. M., Yao, J., Zirek, Y., Reijnierse, E. M., and Maier, A. B. (2020). Muscle mass, strength, and physical performance predicting activities of daily living: a meta-analysis. J. Cachexia Sarcopenia Muscle 11, 3–25. doi: 10.1002/jcsm.12502 
	 Wei, L., Yi, H., and Hai-Lu, Z. (2019). Elderly people with disabilities in China. J. Am. Geriatr. Soc. 67, 858–859. doi: 10.1111/jgs.15793 
	 World Health Organization (2011). Summary: World report on disability 2011. Geneva: World Health Organization.

	 Zicai, D., Lei, W., and Qi, X. (2017). Research Progress on performance-based physical function measurement methods for older adults. Chin. J. Gerontol. 37, 3630–3633.



Copyright
 © 2024 Liao, Wang, Jia, Cai and Liu. 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.










	 
	ORIGINAL RESEARCH
published: 16 October 2024
doi: 10.3389/fnagi.2024.1466799





	[image: Button icon with a circular arrow in a shield shape, accompanied by the text "Check for updates."]

Investigating causality and shared genetic architecture between body mass index and cognitive function: a genome-wide cross-trait analysis and bi-directional Mendelian randomization study

Mingyi Chen1,2, Xiaoxin Xu1,2, Fang Wang1,2 and Xiaohong Xu1,2*

1Department of Neurology and Stroke Center, The First Affiliated Hospital of Jinan University, Guangzhou, Guangdong, China

2Clinical Neuroscience Institute, The First Affiliated Hospital of Jinan University, Guangzhou, Guangdong, China

Edited by
Simone Varrasi, University of Catania, Italy

Reviewed by
Giuseppe Alessio Platania, University of Catania, Italy
Roberto Vagnetti, University of L’Aquila, Italy

*Correspondence
Xiaohong Xu, xiaohongxu86@jnu.edu.cn

Received 18 July 2024
Accepted 30 September 2024
Published 16 October 2024

Citation
 Chen M, Xu X, Wang F and Xu X (2024) Investigating causality and shared genetic architecture between body mass index and cognitive function: a genome-wide cross-trait analysis and bi-directional Mendelian randomization study. Front. Aging Neurosci. 16:1466799. doi: 10.3389/fnagi.2024.1466799

Background and objectives: Observational studies have established a connection between body mass index (BMI) and an increased risk of cognitive decline. However, a comprehensive investigation into the causal relationships between BMI and cognitive function across diverse age groups, as well as the genetic underpinnings of this relationship, has been notably lacking. This study aims to investigate causality and the shared genetic underpinnings of between BMI and cognitive function by conducting a thorough genome-wide analysis, thereby provide valuable insights for developing personalized intervention strategies to promote cognitive health.



Methods: Genetic associations between BMI and cognitive function were thoroughly investigated through covariate genetic analysis and chained imbalance score regression, utilizing data from genome-wide association studies (GWAS). Bi-directional Mendelian Randomization (MR) was employed to uncover associations and potential functional genes were further scrutinized through Cross-trait meta-analysis and Summary-data-based MR (SMR). Subsequently, a detailed examination of the expression profiles of the identified risk SNPs in tissues and cells was conducted.
Results: The study found a significant negative correlation between BMI and cognitive function (β = −0.16, P = 1.76E-05), suggesting a causal linkage where higher BMI values were predictive of cognitive impairment. We identified 5 genetic loci (rs6809216, rs7187776, rs11713193, rs13096480, and rs13107325) between BMI and cognitive function by cross-trait meta-analysis and 5 gene-tissue pairs were identified by SMR analysis. Moreover, two novel risk genes TUFM and MST1R were shared by both cross-trait analysis and SMR analysis, which had not been observed in previous studies. Furthermore, significant enrichment of single nucleotide polymorphisms (SNPs) at tissue- and cell-specific levels was identified for both BMI and cognitive function, predominantly within the brain.
Conclusion: This study uncovers a causal relationship between BMI and cognitive function, with the discovery of TUFM and MST1R as shared genetic factors associated with both conditions. This novel finding offers new insights into the development of preventative strategies for cognitive decline in obese individuals, and further enhances our understanding of the underlying pathophysiology of these conditions. Furthermore, these findings could serve as a guide for the development of innovative therapeutic approaches to address cognitive decline in obese individuals.
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1 Introduction

The global population is experiencing an demographic shift towards older age groups, prompting a heightened concern for cognitive decline among the elderly population (Alberini and Chen, 2012). Dementia and mild cognitive impairment (MCI) are among the most diagnosed forms of cognitive impairment (Biessels and Despa, 2018). Estimates suggest that there were approximately 47 million individuals living with dementia worldwide in 2015, a number that is projected to triple by 2050 (Livingston et al., 2017). This anticipated growth will impose a substantial financial and healthcare burden on individuals, their families, and public health services (Petersson and Philippou, 2016). Moreover, the World Health Organization reports that the prevalence of obesity, defined as a body mass index (BMI) of 30 kg/m2 or higher, has nearly tripled globally since 1975 (Cirulli et al., 2019), which also presents a substantial public health challenge. Therefore, the population aging and obesity crisis have been two major concerns for public health organizations worldwide.

Previous studies have suggested a causal relationship between BMI and cognitive function; however, the conclusions drawn from these studies have been inconsistent, particularly when examining different age populations. In one hand, some studies have indicated a correlation between higher BMI and a potentially reduced risk of cognitive decline among older adults across various ethnic groups, suggesting that overweight older adults might have a lower propensity for cognitive impairment (Parker et al., 2018; Schmeidler et al., 2019; Wu et al., 2021; Dong et al., 2023; Nicolas et al., 2024). For instance, a community-based prospective cohort study revealed that overweight older adults had a decreased risk of cognitive impairment, whereas significant weight loss was linked to an elevated risk of cognitive decline (Wu et al., 2021). Moreover, two more studies have demonstrated that being underweight is associated with an increased risk of cognitive impairment in older adults (Dong et al., 2023; Nicolas et al., 2024). In the other hand, higher BMI was found to be associated with cognitive decline in younger and mid-life populations (Meo et al., 2019; West et al., 2021; Albanese et al., 2012; Li et al., 2021; Dahl et al., 2013; Smith et al., 2022). For instance, the research conducted by Albanese et al. revealed that an increase in BMI between the ages of 26 and 36 is correlated with lower memory scores (Albanese et al., 2012). Li et al. discovered that obesity is linked to an elevated risk of dementia in the 40–49-year age populations (Li et al., 2021). Another investigation involving individuals aged 50–64 years showed a significant association between BMI and an increased likelihood of MCI (Smith et al., 2022). Therefore, the relationship between BMI and cognitive function remains elusive across diverse age groups.

Importantly, the interplay between BMI and cognitive function has been revealed as bidirectional. One study indicates that a higher BMI adversely affects cognitive function in middle age and beyond, while individuals with better cognitive function tend to maintain a stable weight and avoid weight loss (Karlsson et al., 2021). Additionally, research has identified that patients experiencing cognitive dysfunction often undergo significant weight loss, which is related to the degree of cognitive dysfunction. Notably, this weight loss phenomenon appears to be more pronounced in women than in men (Wirth et al., 2007). However, a study by Norris T et al. found no association between cognitive dysfunction and BMI (Norris et al., 2023). Despite these findings, the existing literature presents limited evidence regarding the reverse causal relationship between BMI and cognitive function, thus leaving uncertainty about the mutual influence between the two. Furthermore, the contribution of genetic factors in determining the overlapping risk profiles of BMI and cognitive function is still largely unexamined. In an effort to fill this gap in our knowledge, we have undertaken an extensive genome-wide analysis to explore these intricate connections.

The hypothesis of the study is that there is a causal relationship between BMI and cognitive function, which is likely mediated by shared genetic factors. To explore this connection, this research focused on investigating the possible causal pathways and genetic associations linking BMI and cognitive function by conducting a thorough analysis of an extensive genome-wide association study (GWAS) dataset. We initiated our study by leveraging genetic correlation and local genetic correlation methodologies to evaluate the extent of shared genetic influences on cognitive function and BMI. To further refine our understanding of specific genetic associations, we engaged in cross-trait meta-analyses. Moving forward, we employed a bidirectional two-sample Mendelian Randomization (MR) analysis to investigate any potential causal relationships between the two traits. In the final analysis, we utilized the genotype-tissue expression (GTEx) and single-cell RNA sequence (scRNA) databases to delve into tissue-specific and cell-type-specific functions. This allowed us to explore the potential genetic pathways that might connect cognitive function and BMI. Ultimately, this comprehensive approach would shed light on the intricate interplay between BMI and cognitive function, providing critical insights into the relationship between these two vital health indicators.



2 Materials and methods


2.1 Study design, data summary and quality control

The overall study design is illustrated in Figure 1. We extracted summary statistical data for BMI (n = 68,1275) and cognitive function (n = 257,841) from the MRC Integrative Epidemiology Unit OpenGWAS database, accessible at https://gwas.mrcieu.ac.uk/.
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FIGURE 1
Overview of the experimental design. The genome-wide cross-trait analysis and bi-directional Mendelian randomization were used for identifying shared genetic etiology and causality between BMI and cognitive function. BMI, body mass index; GWAS, Genome-wide Association Study; S-LDSC, Stratified Linkage Disequilibrium Score Regression; MAGMA, Multi-marker Analysis of GenoMic Annotation; MR, Mendelian Randomization; SMR, Summary-databased Mendelian Randomization; GSMR, Generalized Summary-data-based Mendelian Randomization; MTAG, multi-trait analysis of GWAS; CPASSOC, Cross-phenotype association analysis.


The BMI data utilized in this investigation were sourced from the GWAS meta-analysis conducted by the Genetic Investigation of Anthropometric Traits (GIANT) Consortium. This Consortium’s dataset provided impact estimates for BMI-associated single nucleotide polymorphisms (SNPs), which were derived by integrating participants’ weight and height information (Yengo et al., 2018). The Body Mass Index (BMI) values in this study spanned a range from 13.65 to 50.41 kg/m2, with an average of 24.89 ± 3.81 kg/m2.

The GWAS summary statistics for cognitive function utilized in this investigation were sourced from the MRC Integrative Epidemiology Unit’s OpenGWAS database. These data were obtained through a meta-analysis of several cognitive function-related metrics, including self-reported math ability (N = 564,698 participants), highest math ability (N = 430,445 participants), cognitive ability (N = 35,298 participants), and cognitive performance (N = 222,543 participants), as reported by Lee et al (Lee et al., 2018). The GWAS for self-reported math ability and highest math ability phenotype was carried out exclusively with participants from the personal genomics company 23andMe, who provided survey responses detailing their mathematical proficiency. Cognitive ability data were extracted from published research on general cognitive ability, conducted by the COGENT Consortium, and cognitive performance data was gathered from genome-wide association analyses of cognitive performance by the UK Biobank. Participants ranged in age from 39 to 97 years, with an average age of 64 ± 7 years. This is documented in more detail in Supplementary Table 1.



2.2 Heritability and genetic correlation

We used linkage disequilibrium score regression (LDSC) as a valuable method for estimating genetic correlations between multiple traits or diseases (Ni et al., 2018). In order to achieve this goal, we made use of pre-calculated linkage disequilibrium (LD) scores obtained from the 1000 Genomes Project. Additionally, we calculated SNPs using the HapMap 3 SNP set and eliminated SNPs that did not align with the reference panel. Using GWAS summary statistics and LD scores from the 1000 Genomes Project’s European Ancestry Reference Data, we applied LDSC to calculate the heritability of an individual trait and to determine the genetic strength of two genetic correlations between traits. Genome-wide genetic correlations (rg) quantify the average shared genetic effect between two traits that are not affected by environmental confounders, with estimates ranging from −1 (negative correlation) to 1 (positive correlation). Importantly, LDSC can provide accurate estimates even in cases where test statistics may be inflated due to polygenicity.

Our research uses stratified LDSC (S-LDSC) to analyze the impacts of different genomic functional components in order to shed light on the genetic connections between cognition and BMI, which functions by categorizing SNPs into different functional groups and then calculating LD scores for each SNP within a specific category (Gazal et al., 2019). These LD scores are then used to estimate genetic correlations within specific functional categories. To further investigate the functions of genomic components, we conducted a comprehensive LDSC analysis to explore the genetic correlations in a hierarchical manner. We considered several functional categories including coding regions, conserved regions, DNA zyme digital genomic imprinted regions (DGFs), DNA zyme I hypersensitive sites (DHSs), fetal DHSs, intronic regions, promoters, repressor regions, super-enhancers, transcribed regions, and histone marks (Mize and Evans, 2022). By using this approach, we were able to calculate the genetic correlations for each of the different functional categories, thereby revealing the influence of several genomic components on the overall genetic correlation between cognitive function and BMI.



2.3 Local genetic correlation analysis

Summary statistical heritability estimation (ρ-HESS) (Shi et al., 2017) was used to estimate local SNP heritability and genetic correlation. ρ-HESS allows us to determine whether BMI and cognitive function are linked genetically in distinct, locally independent regions of the genome. This approach identified 1,703 potential regions that are approximately non-LD related, with an average size of nearly 1.5 MB. We then utilized the 1000 Genomes Project as a reference, as suggested on the ρ-HESS webpage, to ascertain the genetic correlation between BMI and cognitive function and to estimate the local SNP heritability of these traits. Subsequently, to manage the risks associated with multiple testing, we applied the Bonferroni correction, adjusting the significance threshold to account for the number of regions under investigation.



2.4 Cross-trait GWAS meta-analysis

To identify common risk SNPs associated with both BMI and cognitive function, we employed two cross-trait meta-analyses: the multi-trait analysis of GWAS (MTAG) (Turley et al., 2018) and the Cross-Phenotype Association analysis (CPASSOC) (Liu et al., 2021). MTAG benefits from incorporating a diverse array of related traits, which enhances the accuracy of SNP effect size estimations for each trait. MTAG is applicable when the SNP heritability is assumed to be equal across traits and when genetic covariance between traits is fully characterized. We determined the upper bound of the error discovery rate using “maxFDR.” Furthermore, we employed the CPASSOC to conduct a pairwise cross-trait meta-analysis, considering the varying heritability estimates across the two CPASSOC traits. This approach involved calculating the Statistical Heterogeneity (SHet) and P-values between traits through a meta-analysis of GWAS aggregated data. It incorporates the inter-trait effect diversity, utilizing sample size weights to appropriately account for it. This method is designed to address the varying effects among traits, offering an advantage over the SHom (fixed effects meta-analysis method), which is less effective at handling such heterogeneous effects. SHet has been shown to provide superior and more robust statistical power. For our analysis, we utilized SHet to integrate summary data for cognitive function and BMI.

Relevant SNPs were those demonstrating a strong association with both BMI and cognitive function (P < 5 x 10^−8 in both MTAG and CPASSOC). To combine the summary statistics for BMI and cognitive function, we utilized the SHet method, which accounts for statistical heterogeneity. This was followed by clumping in PLINK (version 1.9) to identify independent SNPs most significantly associated with the phenotype. The PLINK “clumping” function was applied with the following parameters: -clump-p1 5e-8 -clump-p2 1e-5 -clump-r2 0.2 -clump-kb 500. Novel loci were defined as independent SNPs that were not in LD with significant SNPs, as determined by the cross-trait GWAS meta-analysis. Specifically, we considered SNPs that were not in LD (r2 > 0.2) within a 1000 kb window with significant SNPs from the cross-trait GWAS meta-analysis, which included the two GWAS studies on BMI and cognitive function conducted in this research.



2.5 SNP Annotation

To identify significant and lead SNPs, we annotated the MTAG summary data using the online platform functional mapping and annotation (FUMA).1 SNPs were considered to be independent when P < 5x10−8 and r2 < 0.6. Notably, lead SNPs, which are characterized by an r2 value of less than 0.1, indicate distinct genetic variants. We employed the default parameters for the Functional Mapping and Annotation within FUMA and referenced the 1000 Genomes Project Phase 3 data, specifically using the European ancestry population as our reference panel. This approach was designed to capitalize on our European heritage as a starting point for annotation. To elucidate tissue-specific associations, we conducted a tissue enrichment analysis, leveraging the GENE2FUNC process within FUMA. This analysis utilized data from 54 tissue types, as provided by the Genotype-Tissue Expression project, version 8 (GTEx v8).



2.6 Colocalization analysis

To identify the common genetic basis of cross traits, it is also possible to examine if two GWAS signals are due to separate genetic variants that are close to one another or to the same variants. We employed the coloc package (Wu et al., 2019) to conduct a thorough colocalization examination. Five mutually exclusive hypotheses are identified by Colco: H0 (no association), H1 or H2 (relationship to one trait alone), H3 (association to both traits, two different SNPs), and H4 (connection to both characteristics, one shared SNP). Utilizing a Bayesian algorithm, coloc calculates the posterior probabilities for each of these hypotheses. We received summarized information regarding changes within a 1.0 Mb radius of the index SNP for every shared locus and calculated the posterior probability for H4 (PPH4). At these shared loci, we also retrieved summary statistics for variants located less than 0 Mb from the index SNP and determined the posterior probabilities for both H4 (PPH4) (Lin et al., 2023) and H3 (PPH3). A locus was deemed colocalized if either the PPH4 or PPH3 value exceeded 0.95.



2.7 Mendelian randomization analysis

We employed five prominent MR methods—MR-Egger (Bowden et al., 2017), inverse variance weighting (IVW) (Peng et al., 2022), weighted median, weighted model, and Mendelian randomization analysis based on generalized aggregated data (GSMR) (Zhu et al., 2018)—to conduct multiple hypothesis tests for horizontal pluripotency in relation to the causal connection between body mass index BMI and cognitive function. The R software packages “TwoSampleMR” and “GSMR” were utilized to identify any potentially significant associations (P < 0.05). The Wald test was applied to assess the causative link between a single genetic variable and the exposure-outcome relationship. The IVW method facilitated the estimation of causal effects for both phenotypes through meta-analysis. The MR-Egger technique leveraged weighted linear regression to elucidate the presence and direction of unmeasured horizontal pleiotropy, providing insights into potential confounding factors. Cochran’s Q statistic and the MR-Egger intercept test were conducted to evaluate heterogeneity and pleiotropy. To detect pleiotropy and multivalence, as well as potential outliers, we utilized MR-PRESSO analysis and single SNP effect analysis.

The selection of variants for our analysis was guided by three key assumptions: (1) the variants must be associated with the exposure variable; (2) they should not be influenced by confounding factors; and (3) they should not directly affect the outcome variable. To ensure the validity of these assumptions, we focused on identifying SNPs that exhibited genome-wide significance for the exposure traits, with a stringent threshold of P ≤ 5 × 10^−8, serving as instrumental variables. The F statistic for each SNP instrument was calculated using the formula F = [(N−k−1)/k] * [R^2/(1−R^2)], where N represents the total number of individuals, k is the number of SNPs, and R^2 is the variance explained by the instrumental variable. SNPs with an F statistic below 10 were considered to provide insufficient information for meaningful analysis and were accordingly excluded. To assess the heterogeneity across studies, the Cochran’s Q statistic was computed. Additionally, sensitivity analyses were conducted using a leave-one-out method to evaluate the robustness of our findings. This involved removing one study at a time and re-calculating the statistics to ensure that the results were not driven by any single outlier.



2.8 Tissue specific enrichment of SNP heritability


2.8.1 Large-scale data- sharing consortium (LDSC) analysis

To determine the tissues most significantly associated with shared genes, we conducted a GTEx (Genotype-Tissue Expression) tissue enrichment analysis utilizing the S-LDSC (Sparse Linear Discriminant Analysis with an Enhanced R Package) method (“Human genomics. The Genotype-Tissue Expression (GTEx) pilot analysis: multitissue gene regulation in humans” GTEx Consortium, 2015; Battle et al., 2017). GTEx version 8 provides comprehensive data on 53 distinct tissue types. S-LDSC was applied to evaluate the enrichment of SNP heritability for cognitive function and BMI across various tissues. We analyzed the z-fraction p-value of the regression coefficient to modify the initial model and the entire gene set, assessing the significance of each SNP’s genetic effect richness estimate. Subsequent tissue-specific analyses estimated the associations between genes specifically expressed in each tissue and their impact on cognitive function and BMI. To account for the multiple testing involved, we employed the Bonferroni correction algorithm, setting the significance threshold at 0.05 divided by the number of tissue types (0.05/53).



2.8.2 Multi-marker analysis of genomic annotation (MAGMA) analysis

As a sensitivity analysis complementing the S-LDSC results, we utilized MAGMA (de Leeuw et al., 2015) to conduct tissue-specific enrichment and gene set enrichment analyses. This involved performing gene-level association studies using GWAS pooled data. MAGMA estimates gene-phenotype associations by aggregating the P of SNPs in close proximity to the target genes.




2.9 Mendelian randomization (MR) based on aggregated data

Summary-data-based MR (SMR) was used to identify potentially statistically significant functional genetic variants that may be associated between cognitive function and BMI. identify functional genes that may be statistically associated between cognitive function and BMI. SMR is an approach that integrates summary statistics from GWAS and expression quantitative trait loci (eQTL) studies within an instrumental variable framework to detect associations between gene expression and target phenotypes (Bowden et al., 2017; Krishnamoorthy et al., 2023). SMR was performed in tissues significantly enriched for cognitive function and BMI SNP heritability. Genome-wide significant SNPs were used as instrumental variables to perform an instrument-dependent heterogeneity (HEIDI) test to assess the presence or absence of a causal link in the observed associations (Wang et al., 2021; Shadrina et al., 2020). An additional step involved using the HEIDI-outlier test to differentiate between causality or multiplicity and linkage. Significantly shared functional genes between cognitive function and BMI were defined as those genes that passed a Benjamini-Hochberg false discovery rate (FDR) test and a HEIDI outlier test for functional genes with a significance level of P < 0.05, with a requirement of 10 SNPs for SMR analysis for both traits.



2.10 Cell-type enrichment analysis using scRNA-seq data

We performed MAGMA cell typing using scRNA-seq (Zhang et al., 2023) datasets to assess cell type expression-specific gene height genetic correlations between BMI and cognitive function. For this purpose, we calculated regression coefficient z-scores for all genes. Subsequently, we used functional localization and annotation (FUMA) processing of SNP genes on GTEx tissue to assess the significance of each gene’s heritability enrichment estimate. Only scRNA-seq datasets of tissues enriched for both cognitive function and BMI were included in the cell-type specific analysis. We used the Bonferroni program to correct for multiple testing, and only significantly correlated cell types were identified by correcting the average gene expression in the preprocessed scRNA-seq dataset and combining it with the MAGMA results for each trait.




3 Results


3.1 Genetic correlations

We included a comprehensive dataset consisting of 2,336,260 SNPs associated with cognitive function and 10,066,414 SNPs related to BMI (Supplementary Table 2). The single trait LDSC s analysis revealed GWAS-based estimates of heritability for cognitive function (GWAScognitive function) to be 0.2002 (SE = 0.007) and for BMI (GWASBMI) to be 0.2126 (SE = 0.0069), with mean statistics of 2.0299 and 3.9461 for GWAScognitive function and GWASBMI, respectively. Pairwise LDSC analysis indicated a genome-wide negative correlation between BMI and cognitive function (rg = −0.1237, SE = 0.0151, P-LDSC = 3.1453 x 10^−16), as presented in Supplementary Table 3. The genetic covariance intercept was estimated to be approximately 0.01. Considering the minor overlap in sample sets, we conducted a constrained-intercept LDSC analysis without assuming overall stratification, which showed a slightly weaker but still statistically significant genetic correlation (Supplementary Table 3).



3.2 Local genetic correlation analysis

We conducted a genome-wide analysis to assess localized genetic correlations between BMI and cognitive function, utilizing summary statistics-based heritability estimates. Following multiple correction procedures, we identified strong genetic correlations in 18 distinct regions that emerged as the most significant (Supplementary Figure 1 and Supplementary Table 4).



3.3 Partitioned genetic analysis

In our study, SNPs linked to BMI were found to be enriched in 48 out of 97 functional categories, with the most significant enrichment observed in the MAF_Adj_ASMCL2_0 category (Enrichment = 1.94025 x 10^13, P = 7.51 x 10^−24). Similarly, SNPs associated with cognitive function showed enrichment in 48 out of 97 functional categories, with the MAF_Adj_ASMCL2_0 category again displaying the highest level of enrichment (Enrichment = 2.24 x 10^13, P = 8.55 x 10^−25) (Supplementary Tables 5–6). Additionally, 39 functional regions were significantly enriched for both BMI and cognitive function, as shown in Supplementary Table 7.



3.4 Causal relationship between BMI and cognitive function

We conducted bi-directional MR analyses to delineate the causal relationships between the variables of interest and to ascertain whether the underlying genetic architecture exhibited heterogeneity and pleiotropy. Instrumental variables (IVs) were chosen in accordance with three a priori hypotheses (Supplementary Table 8), and subsequent using a bi-directional MR framework was employed to assess the consistency and stability of the inferred causal associations. Our investigation encompassed five distinct MR methodologies, which collectively provided evidence supporting a causal link between BMI and cognitive function (IVW β = −0.16, P < 0.05; GSMR β = −0.05, P < 0.05), as depicted in Figure 2, Supplementary Figure 2, and Supplementary Table 8, with negligible indication of substantial heterogeneity or pleiotropy. In the converse causal direction, examining the influence of cognitive function on BMI, all employed MR techniques except for GSMR failed to reach statistical significance (GSMR β = −0.05, P < 0.05), as illustrated in Figure 2.


[image: Panel A shows a forest plot evaluating the association between BMI and cognitive function with different methods and corresponding hazard ratios. Panels B and C display scatter plots of genetic association estimates. Panel B plots BMI against cognitive function, while Panel C plots cognitive function against BMI. Both show data points with error bars and a trend line.]

FIGURE 2
Bi-directional MR analysis and GSMR effect size plots for the relationship Between cognitive Function and BMI. (A) Bi-directional MR Forest Plot: The upper panel illustrates the causal effect of cognitive function on BMI, while the lower panel depicts the causal effect of BMI on cognitive function; (B) GSMR effect size plot for the impact of BMI on cognitive function; (C) GSMR effect size plot for the impact of cognitive function on BMI. Each dot corresponds to a SNP. The effect estimates and their 95% confidence intervals (CI) are shown with squares and whiskers, respectively. BMI: body mass index; SNP: single-nucleotide polymorphism.




3.5 Cross-trait meta-analysis

Drawing on genetic correlations and causal outcome effects, there is evidence of a genetic mechanism underlying the relationship between BMI and cognitive function. Utilizing the MTAG methodology, we conducted an analysis of GWASBMI and GWAScognitive function, identifying 1141 SNPs that exhibited genome-wide significance (P < 5 x 10^−8). To corroborate the findings in the MTAG, we employed CPASSOC for multiplicity analysis, integrating the results of both MTAG and CPASSOC to refine the selection of the 1141 SNPs (P < 5 x 10^−8). Subsequently, we used PLINK to extract 44 SNPs from the CPASSOC results. Furthermore, by consolidating the SNPs from the ρ-HESS significant regions with the novel SNPs, we identified seven novel SNPs, which are associated with the combined phenotype of BMI-cognitive function (Table 1). Furthermore, co-localization analysis revealed that five of these SNPs including rs6809216, rs7187776, rs11713193, rs13096480, and rs13107325, demonstrate co-localization between BMI and cognitive function (PH4 > 0.95) (Figure 3 and Table 2).


TABLE 1 Pleiotropic loci between BMI and cognitive function.

[image: Table displaying genetic data with columns for SNP, chromosome (CHR), position, gene, alleles (A1, A2), MTAG Beta1 and Beta2, standard error (SE1, SE2), MTAG P-values (P1, P2), P_Shet, and P_Shom. Includes genetic markers such as rs2196172 and their respective data.]


[image: Scatter plots labeled A to E depict genomic associations, with axes representing GWAS data, log-transformed p-values, and chromosome positions. Color gradients indicate different association intensities. Key genetic markers like rs6809216 and rs7187776 are highlighted across plots. Each subplot visualizes distinct chromosomes.]

FIGURE 3
Colocalization analysis of shared SNPs between BMI and cognitive function. (A) rs6809216, (B) rs7187776, (C) rs11713193, (D) rs13096480, and (E) rs13107325 are five identified shared SNPs between BMI and cognitive function. In each panel, the diamond-shaped purple points indicate the SNPs that exhibit the minimal sum of P-value in corresponded BMI and cognitive function.



TABLE 2 Posterior probability test of shared loci between BMI and cognitive function.

[image: Table listing SNPs with associated genes and PPH4 values. Bold SNPs: rs6809216, rs1306480, rs11713193, rs13107325, rs7187776. Genes: PLCL1, RHOA, BSN, MST1R, SLC39A8, CELF1, TUFM. PPH4 values range from 0.0508 to 0.9999.]



3.6 Summary statistics-based Mendelian randomization (SMR)

Through the concurrent analysis of GWAS data from the GETx consortium and eQTLGen, we employed the SMR approach to infer the causal relationship between BMI and cognitive function, as well as to identify putative functional genes that passed the HEIDI outlier test. Our investigation uncovered genes that exhibit shared associations with BMI and cognitive function in the cerebellar hemisphere, frontal cortex, hypothalamus, basal ganglia, and pituitary gland (Figure 4 and Table 3). Notably, TUFM (PSMR = 4.94E-11, PHEIDI = 0.32) and MST1R (PSMR = 8.15E-11, PHEIDI = 0.06) were identified as two novel significant candidates by cross-trait analysis.


[image: Five Venn diagrams labeled A to E compare BMI and cognitive function in different brain regions and the pituitary gland. Each diagram shows overlapping genes with percentages: A) MST1R in the cerebellar hemisphere. B) RBM6 in the frontal cortex BA9. C) RP11-1348 G14.4 in the hypothalamus. D) TUFM and RP11-1348 G14.4 in the nucleus accumbens. E) RP11-1348 G14.4 in the pituitary gland.]

FIGURE 4
Summary statistics-based Mendelian Randomization (SMR) analysis based on aggregated data. Candidate genes that exhibit shared associations with BMI and cognitive function are found in (A) Brain cerebellar hemisphere, (B) Brain frontal cortex BA9, (C) Brain hypothalamus, (D) Brain nucleus accumbens basal ganglia, and (E) Pituitary gland. The shade of green indicates the number of genes shared between the BMI and cognitive function traits in each brain region.



TABLE 3 Shared significant SMR associations for BMI and cognitive function in enriched tissues.

[image: Table displaying genetic data across various brain regions and the pituitary gland, including columns for gene, probe ID, chromosome, probe position, alleles, Beta SMR, SE SMR, P SMR, P HEIDI, and the number of SNP HEIDI. Entries include data such as MST1R and RBM6 located on different chromosomes with specific positions and effect details.]



3.7 LDSC-SEG and MAGMA tissue enrichment

Utilizing publicly available GWAS data, which were enhanced with SNP GTEx data, we applied LDSC Squared Error Gain (LDSC-SEG) method to pinpoint tissues with heightened gene expression due to shared SNPs. By modifying the baseline model, we detected significant SNP heritability enrichment in 53 tissues associated with BMI, with the cerebral frontal cortex showing the most pronounced enrichment (P = 0.001). In terms of cognitive function, 49 tissues demonstrated significant enrichment, and the frontal cortex of the brain emerged as the most highly enriched tissue (P = 4.83x10^−8; Supplementary Table 9).

To conduct a sensitivity analysis of the S-LDSC method, we used MAGMA, a tool designed to analyze GWAS data. The analysis revealed that BMI-related SNPs were particularly enriched in eight distinct brain regions, with the cerebellum being the predominant region. For cognitive function, we observed specific enrichment of SNPs in 14 different brain regions, again, with the cerebellar hemisphere showing the most significant enrichment (Supplementary Figures 3–4). These findings provide insights into the tissues and brain regions where shared SNPs associated with both BMI and cognitive function are most active, highlighting the complex interplay between genetic factors and these traits. The results underscore the importance of considering both genetic and tissue-specific factors when investigating the etiology of complex traits such as BMI and cognitive function.



3.8 Cell-specific SNP heritability enrichment

To further explore the potential role of shared SNPs within different specific cell types, cell-specific SNP heritability enrichment was performed. In this study, the prefrontal cortex, hippocampus, and midbrain are three key brain regions where SNPs associated with both BMI and cognitive function were found to be particularly enriched within neuronal populations (Supplementary Figure 5). First, in the prefrontal cortex, a region of the brain involved in higher cognitive functions such as decision-making, planning, and social behavior, GABAergic neuronal cells play a crucial role in the regulation of both cognitive function and BMI. Second, in the hippocampus, a region of the brain involved in learning and memory, the GABA2 neuronal cells emerges as a potential significant factor contributing to the interplay between BMI and cognitive function. Last, in the midbrain, SNPs related to BMI and cognitive function were significantly enriched in neuronal subsets, with a notable enrichment observed in certain neuron types, including Gaba, NbGaba, NbML5, and DA1. Overall, the findings provide insights into the roles of GABAergic neurons in the regulation of cognitive function and BMI and suggest that genetic variations within these neurons may contribute to the interplay between these traits. Further research is needed to fully understand the mechanisms by which these genetic variations contribute to the regulation of cognitive function and BMI, and to explore the potential implications for the development of interventions to improve cognitive function and reduce the risk of obesity.




4 Discussion

In this study, we provide evidence indicating a causal link between BMI and cognitive function. We also emphasize the convergence in the genetic architecture that underpins both BMI and cognitive function. Our research, which are based on results spanning various age cohorts, advances our comprehension of the intertwined complexities associated with these conditions. These insights may prove valuable in enhancing diagnostic accuracy, predicting outcomes, and devising targeted therapeutic interventions for related disorders.

Through the application of cross-trait meta-analysis, including MTAG and the CPASSOC, we identified 44 SNPs that were significantly associated with both BMI and cognitive function. Within these, we pinpointed five loci that reside in highly significant regions: RHOA, BSN, MST1R, SLC39A8, and TUFM. Notably, RHOA, BSN, and SLC39A8 have previously been implicated in the association between cognitive function and BMI (Xiang et al., 2022; Iyer et al., 2021; Zhu et al., 2023; Liu et al., 2023). Importantly, to mitigate potential errors associated with sample overlap, we employed both MTAG and CPASSOC methods, and further investigated the SNPs discovered by MTAG in relation to CPASSOC risk findings. The convergence of SNPs identified via MTAG with those from CPASSOC analysis enhanced the reliability of our results, reinforcing the validity of our findings.

In addition to the cross-trait meta-analysis, we integrated GWAS data from GTEx and eQTLGen to identify shared risk genes that might underlie the correlation between BMI and cognitive function. Among these shared risk genes, TUFM and MST1R were identified. Previous research by Lin J et al. has uncovered a novel pathway for the regulation of mitochondrial autophagy, mediated by PINK1 and its kinase substrate TUFM (Lin et al., 2020). TUFM has been implicated in Alzheimer’s disease (AD) pathology by regulating BACE1 translation, apoptosis, and Tau phosphorylation (Zhong et al., 2021). Additionally, TUFM has been associated with obesity (Lee et al., 2016; Gutierrez-Aguilar et al., 2012). MST1R, on the other hand, has primarily been detected in various tumors, including pancreatic cancer (Babicky et al., 2019), nasopharyngeal carcinoma (Dai et al., 2016), prostate cancer (Batth et al., 2021), and breast cancer (Millar et al., 2020). By the cross-trait analysis and SMR analysis, TUFM and MST1R are identified to have a potential relationship with both BMI and cognitive function, which indicates a novel perspective on the shared genetic mechanisms that could contribute to the co-occurrence of these conditions. This provides a novel direction for future prevention and intervention strategies targeting cognitive function decline in obese individuals.

In this study, MR analysis have provided a definitive causal association between BMI and cognitive function, suggesting a positive correlation (Mina et al., 2023). Our investigation revealed a causal effect of BMI on cognitive function, with an inverse relationship between BMI increase and the risk of cognitive impairment onset, thus positioning BMI as a protective factor—aligning with earlier research findings (Veronese et al., 2017; Siervo et al., 2011; Grapsa et al., 2023; Aiken-Morgan et al., 2020). Although we observed some correlation in GSMR analysis in the opposite direction, we are unable to ascertain at this juncture whether this relationship holds significance. These findings imply that individuals with cognitive impairment might benefit from increasing their BMI to mitigate the risk of disease progression. However, the potential for BMI alterations among those already experiencing cognitive impairment needs to be further explored. Moreover, to evaluate the validity of our results, we adopted multiple MR techniques in conjunction with standard MR methodologies. The lower and weighted median approaches were found to provide smaller effect estimates yet higher type I error rates in comparison to the IVW method. Conversely, MR-Egger regression produced less biased estimates across the board. The GSMR method, which employs a generalized least squares strategy for estimation, differs from the IVW approach. Given that the causal relationship between BMI and cognitive function remained significant across all three analytical methods, the observed effects are considered plausible within the context of this study.

Utilizing the GTEx dataset, we conducted an extensive analysis of the tissue-specific SNP genetic power enrichment concerning the relationship between BMI and cognitive function via the S-LDSC and MAGMA methods. Our investigation revealed eight prevalent regions of enrichment, with the cerebral cortex emerging as the predominant site. The suggestion is that BMI-related alterations in the brain may precipitate common lesion areas, potentially influencing brain structural changes that are linked to BMI (Willeumier et al., 2011; Opel et al., 2021; Medawar and Witte, 2022). Furthermore, evidence suggests that an overweight BMI alters brain chemistry, thereby impacting cognitive function (Xu et al., 2023; Asch et al., 2022). These findings underscore a shared pathophysiological framework involving brain anatomy and BMI in the realm of cognitive function. In particular, our study highlighted significant enrichment for BMI and cognitive function in the hippocampus, midbrain, and cerebral cortex. Previous research has indicated that GABA neurons in the hippocampus are integral to synaptic plasticity (He and Bausch, 2014), while chronic activation of GABA cells in the midbrain has been shown to ameliorate obesity induced by a high-fat diet in mice (Wang et al., 2023). Conversely, inhibition of GABAergic transmission in the cerebral cortex and hippocampus is associated with cognitive impairments (Bast et al., 2017). Additionally, the loss of dopamine neurons within the substantia nigra pars compacta is a hallmark feature of Parkinson’s disease (PD) (Kamath et al., 2022). The influence of leptin on GABA neurons in the cerebral cortex has also been implicated in the prevention of obesity (Vong et al., 2011). The role of NbML5 cells in the midbrain in the context of BMI and cognitive function needs further investigation to elucidate its mechanisms.

The present study offers several notable strengths. Firstly, e meticulously identified genes linked with both BMI and cognitive function through a rigorous cross-trait analysis and SMR results. This approach significantly enhanced the methodological robustness of our investigation. Secondly, to further ascertain the causal connection between BMI and cognitive function, we incorporated GSMR into our analytical framework, as opposed to the previous single MR approach to reinforce the reliability of our findings. Lastly, we conducted detailed tissue and cellular enrichment analyses for both conditions, providing a comprehensive elucidation of the interplay between BMI and cognitive function at the tissue-cell-gene level.

Meanwhile, we acknowledge the inherent limitations of our research. Firstly, our findings are primarily drawn from European populations, underscoring the need for future studies to broaden their scope to encompass other ancestral groups. This expansion is crucial for a comprehensive understanding of the biological mechanisms governing the relationship between the two traits. Secondly, due to the absence of detailed demographic information on our study population, we were unable to assess disease risk disparities across genders and ethnicities. Moreover, our investigation did not explore the etiology of cognitive function, indicating a requirement for larger GWAS datasets focused on both BMI and cognitive function to corroborate our findings across different ethnicities. Lastly, we did not explore whether similar associations exist between BMI and neurodevelopmental disorders within younger populations, despite our results suggest a causal link between BMI and cognitive function across various age groups. Future studies should explore this potential connection, as current literature suggests that children and adolescents with autism spectrum disorder often exhibit higher BMI (Sammels et al., 2022), altered prefrontal cortex GABA balance (Maier et al., 2022), cognitive difficulties (Masedu et al., 2021), and challenges in social functioning (Pino et al., 2020). It would be interesting to explore them as well. Exploring these inter relationships could provide valuable insights into the complex interplay between BMI and neurodevelopmental conditions.

In summary, this is a comprehensive and systematic study applying genome-wide association data to explore the causal relationship and shared genetic architecture between BMI and cognitive function. Our research leverages extensive GWAS datasets and tissue-specific cell type expression data to present new evidence suggesting a genetic correlation between BMI and cognitive function.



5 Conclusion

In conclusion, this study has unveiled a negative correlation between BMI and cognitive function across different age populations, identifying TUFM and MST1R as novel genetic markers that influence both BMI and cognitive function. This critical discovery not only enriches our understanding of the physiological underpinnings of both obesity and cognitive decline, but also offers crucial insights for the development of preventive strategies to counteract cognitive deterioration in individuals with obesity.
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Objective: Cerebrospinal fluid biomarkers are challenging to use for diagnosing mild cognitive impairment (MCI) in large populations, and there is an urgent need for new blood biomarkers. The aim of this study is to investigate whether astrocyte activation is correlated with hippocampal atrophy, and to assess the potential of glial fibrillary acidic protein (GFAP) as a biomarker for diagnosing MCI among community-dwelling older individuals.
Methods: This cross-sectional study included 107 older adults. The levels of GFAP in serum were measured, and the volumetric assessment of gray matter within hippocampal subregions was conducted using Voxel-Based Morphometry (VBM). The relationship between hippocampal subregion volume and blood biomarkers were analyzed using partial correlation. The effectiveness of blood biomarkers in differentiating MCI was assessed using a receiver operating characteristic (ROC) curve.
Results: We found that serum GFAP levels were significantly elevated in the MCI group compared to the cognitively normal (CN) group. Additionally, individuals with MCI exhibited a reduction gray matter volume in specific hippocampal subregions. Notably, the right dentate gyrus (DG) and right cornu ammonis (CA) subregions were found to be effective for distinguishing MCI patients from CN individuals. Serum levels of GFAP demonstrate a sensitivity of 65.9% and a specificity of 75.6% in differentiating patients with MCI from CN individuals.
Conclusion: Specific atrophy within hippocampal subregions has been observed in the brains of community-dwelling elderly individuals. Elevated levels of circulating GFAP may serve as a sensitive peripheral biomarker indicative of hippocampal-specific cognitive alterations in patients with MCI.
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1 Introduction

Mild cognitive impairment (MCI) represents a transitional phase between normal aging and Alzheimer's disease (AD) (Song et al., 2021), typically characterized by a subtle decline in memory, thinking, and learning capabilities, along with neurological alterations (Gaur et al., 2023). Long-term studies indicate that approximately 20% of individuals with MCI will eventually progress to AD (Qin et al., 2023). The etiology of the condition remains elusive, and the absence of effective treatment imposes a significant economic burden on patients' families and society at large. Therefore, early diagnosis and intervention during the initial stages of the disease, specifically during the MCI phase, are crucial in mitigating or even averting its progression.

The etiology of MCI hypotheses primarily encompasses the amyloid hypothesis, the tau protein hyperphosphorylation hypothesis, and the neuroinflammation hypothesis (Bradfield, 2023). Exploring the underlying mechanisms of these hypotheses is crucial for further understanding the pathology of MCI and for identifying biomarkers that can facilitate early diagnosis. Biomarkers, including CSF Aβ42/Aβ40, p-Tau181, t-Tau, and neurofilament light chains (NfL), can facilitate the early diagnosis of AD-related MCI and monitor disease progression (Chatterjee et al., 2023). Nevertheless, their high costs and invasive nature limit their utilization in large-scale population screenings, necessitating the search for novel, easily accessible biomarkers effective in diagnosing MCI.

In recent years, with the progress of bioassay technologies, such as immunomagnetic subtraction, single-molecule immunoarray, and immunoprecipitation-mass spectrometry (IP-MS), have intensified the search for peripheral biomarkers. Some biomarkers that are non-invasive, specific, sensitive, reproducible and easy to collect have become an important part of current AD screening and early diagnosis research (Ehrenberg et al., 2020). Recently, glial fibrillary acidic protein (GFAP) has garnered attention as a potentially valuable biomarker for various neurological disorders, including multiple sclerosis, frontotemporal dementia, AD, and Parkinson's disease. Furthermore, GFAP has been found to possess diagnostic significance in predicting the progression of MCI to AD (Cicognola et al., 2021; Abdelhak et al., 2022; Heimfarth et al., 2022). GFAP is distinguished as a specific marker for astrocytes in the central nervous system (CNS) and ranks among the cell-specific markers within the CNS (Kamphuis et al., 2014).

In addition to serving as a cytoskeletal element and a marker of mature astrocytes, GFAP is crucial for astrocytic differentiation and reactivity (Li et al., 2020). Neuroinflammatory processes, such as reactive astrocyte hyperplasia, may be linked to pathological mechanisms underlying neurodegenerative diseases (Osborn et al., 2016). Activated astrocytes are implicated in neuroinflammatory changes in AD through the release of cytokines, inflammatory factors, nitric oxide, and reactive oxygen species (Heneka et al., 2010). Furthermore, research indicates that activated astrocytes are involved in the degradation or clearance of Aβ, hinting at their potential as a novel therapeutic target in AD (Ries and Sastre, 2016). While most studies have focused on comparing control groups with disease groups, fewer have explored the various stages of AD. Blood GFAP levels have been identified as a biomarker for predicting the progression of MCI to AD (Cicognola et al., 2021). Plasma GFAP amplitude changes not only exceed those observed in cerebrospinal fluid but also more accurately distinguish between Aβ-positive and Aβ-negative individuals (Benedet et al., 2021). However, validation and exploration of related mechanisms across diverse ethnic populations remain limited.

Activated astrocytes can influence brain structure, including brain volume and white matter density (Takahashi et al., 2020). These structural changes can be quantitatively assessed using Voxel-based morphometry (VBM) technology. VBM is a neuroimaging technique that analyzes and evaluates structural changes in brain regions by segmenting and extracting the gray and white matter of the brain and detecting volume changes in these tissues (Huang et al., 2023). Brain atrophy is evident in patients with AD, with the most significant atrophy observed in the hippocampal region, which is crucial for memory formation (Ritchie et al., 2018). Functionally, the hippocampus holds a pivotal role in encoding and consolidating both short-term and long-term memories, as well as spatial processing. Structurally, the hippocampus comprises several anatomically and functionally diverse subfields, and analyzing these subregions allows for a more precise elucidation of their relevance to cognitive changes (Xiao et al., 2023). Segmentation of the hippocampus in postmortem AD brains reveals a robust correlation between atrophy of the cornu ammonis (CA)1 and subiculum regions and the diagnosis of AD (Blanken et al., 2017). Additional studies have demonstrated that the dentate gyrus (DG)/CA3 and subiculum regions at the lower end of the hippocampus exhibit more extensive and evident atrophy (de Flores et al., 2015). In this study, we aimed to compare the structural alterations in the hippocampus and its subregions between MCI patients and healthy individuals using VBM, while also exploring the hippocampal subregions that preferentially undergo astrocyte-responsive proliferation in MCI patients.

Consequently, the present study postulated that serum GFAP could function as a biomarker for MCI diagnosis and sought to evaluate its importance alongside other relevant blood biomarkers (specifically, t-Tau, p-Tau181, Aβ42, Aβ40, NfL) in differentiating healthy individuals from those suffering from MCI. By comparing the hippocampal subregion volumes between MCI patients and CN individuals, our objective was to identify hippocampal subregions associated with aforementioned blood biomarkers during the stage of MCI. This research serves as an exploratory foundation for elucidating the pathological mechanisms underlying MCI.



2 Methods


2.1 Research design and participants

In May 2023, a simple random sampling was employed to select one district in Zhongshan, Guangdong Province. A total of 500 community-dwelling older persons aged 60 and above were randomly selected to participate in the questionnaire survey. The inclusion criteria encompassed individuals aged 60 years and above who did not have any known major cerebrovascular diseases, dementia or other pathological cognitive impairments, acute functional mental disorders (including schizophrenia or bipolar disorder), stroke history and traumatic brain injury. Patients with a history of alcohol abuse, drug addiction, and long-term use of medications that affect cognitive function, such as glucocorticoids, antipsychotic drugs, and sedative-hypnotic drugs, are excluded.

Of the 91 people diagnosed with MCI, 52 agreed to participate in the study. A total of 55 participants were matched by sex, age, and education as a control group to the cognitively normal people in the same area. A total of 107 people were actively involved in the study by undergoing blood collection procedures. The APOE ε4 allele frequency was also investigated in participants who provided blood samples. Image data were collected within 7 days after completing the questionnaire. Nevertheless, due to non-cooperation from some participants and contraindications for image collection, MRI data was successfully collected from 86 individuals.

MCI was diagnosed according to guidelines issued by the National Institute on Aging and the Alzheimer's Association (Albert et al., 2011). The subject or their relative has expressed concern about the subject's cognitive abilities and an objective assessment indicated impairment in cognitive function, yet the subject can still maintain independent daily functioning and without dementia, then the subject could be diagnosed with MCI. In this study, we utilized the Mini-Mental Status Examination (MMSE) scale to evaluate cognitive function, the Activities of daily living (ADL) scale to assess daily living functions, and diagnosed dementia in accordance with DSM-5 criteria.

All volunteers provided written informed consent prior to participation, and the Zhongshan Third People's Hospital Ethics Committee, China (reference number SSYLL20220401) provided approval for the study.



2.2 Assessment of cognitive and abilities of daily living

Mini-Mental Status Examination (MMSE) (Winblad et al., 2004; Jia et al., 2021) consists of 30 items, that assess five dimensions: orientation, memory, attention and calculation, recall ability, and language ability. The correct answer gets 1 point, while the wrong answer gets 0 points, for a total of 30 points. A higher score indicates better cognitive function. MCI was identified using education-specific cutoff points for the total scores on the MMSE, which were categorized as 19 or less for illiterate individuals, 22 or less for those with an elementary school education, and 26 or less for individuals with a middle school education or higher.

Activities of daily living scale (ADL) (Wade and Collin, 1988) comprises 14 items, each scored from 1 to 4, with a total score ranging from 14 to 56. If an individual scored 3 or more on two or more items, or had a total score of 22 or higher, they were deemed to be functionally impaired and were excluded.



2.3 Blood sample acquisition and processing

All participants fasted overnight (not <8 h), and blood was collected in both plain and EDTA-treated 5 ml vacutainer tubes and gently inverted and mixed. After collection, the specimens were placed in universal transport boxes, stored at 4°C, and transported to laboratory within 4 h of collection. Plasma was separated from EDTA-treated blood samples and serum was separated from anticoagulant-free blood samples by centrifugation at 3,000 rpm for 10 min at 4°C.

Serum GFAP concentrations were determined by Single molecule immune, using a commercial reagent kit and an AST-Dx90 fully automatic fluorescence immunoassay analyzer from Su zhou Yu Jin Biotechnology. The brief steps were to mix and incubate the sample with magnetic beads indicating the presence of captured antibodies. The antigen in the sample bound to the captured antibody to form an antibody antigen complex. Detection antibodies labeled with fluorescent dyes were added to the antibody antigen complex, and combined with the antibody-antigen complex to form a double antibody sandwich structure. A washing solution was used to remove excess substances such as unbound fluorescent dyes. Finally, the fluorescence intensity of magnetic particles was detected, and the GFAP concentration in the serum of the sample was calculated by comparing the standard curve. The levels of Aβ40, Aβ42, NfL, p-Tau181, and t-Tau in plasma were measured using Simoa® Neurology 3-Plex A Advantage Kit (N3PA, cat: 101995), Simoa® NF-Light v2 Advantage Kit (cat: 104073), Simoa® pTau-181 Advantage V2 Kit (cat: 103714), ALZpath Simoa® p-Tau 217 v2 assay Kit (cat: 104371) in Simoa HD-X Analyzer ™ (Quante Rix Corp.). The coefficient of variation for GFAP was 47.77%, 33.93% for Aβ40, 31.83% for Aβ42, 18.13% for NfL, 52.32% for p-Tau181, 37.9% for t-Tau, respectively.



2.4 Brain imaging
 
2.4.1 Image acquisition

All subjects underwent MRI scans using the same 3.0 Tesla Vida Siemens scanner (Siemens, Erlangen, Germany) with a 64-channel head coil. We used high-resolution 3D T1-weighted imaging sequences (3D magnetization prepared Fast Gradient Echo, MPRAGE). Scan parameters are as follows: repetition time (TR) = 2,000 ms, echo time (TE) = 2.26 ms, inversion time (TI) = 900 ms, flip angle, (FA) = 8°, field of view (FOV) = 256 × 256 mm, matrix = 256 × 256 mm, thickness = 1.0 mm, and voxel size = 1 × 1 × 1 mm3.



2.4.2 Image processing

Voxel-based morphometry (VBM) analysis was performed using the CAT12 toolbox (https://dbm.neuro.uni-jena.de/vbm/, version 12.7, r1742) and the Statistical Parametric Mapping 12 (SPM12) (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) with default parameters in MATLAB version R2016b (The MathWorks, Inc., Natick, MA, USA). All scans were visually checked for artifacts and anatomical abnormalities by a senior neuroradiologist prior to pre-processing. Data quality was controlled by two methods: (i) all DICOM format images were reviewed before data processing to exclude images with artifacts or brain parenchymal lesions; and (ii) the weighted average image and preprocessing quality of all data was ensured to be at least B or above. Total intracranial volume (TIV) data were extracted.

During preprocessing, all 3D T1-weighted images were converted from DICOM format to Neuroimaging Informatics Technology Initiative (NIfTI) format. The default settings of the “Segment Data” module in CAT12 were employed, and all steps recommended in the manual were followed. The images were subsequently segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). The diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) algorithm was used for spatial registration, segmentation, and normalization of the images (Ashburner, 2007). DARTEL works by aligning gray and white matter in the image, creats a high-resolution average template, and registers all data to this template. The data were then normalized to a standard brain in the Montreal Neurological Institute (MNI) space. Using the MNI 152 standard space of the DARTEL template, the voxel size of the final standardized image was 1.5 × 1.5 × 1.5 mm. Spatial normalization corrects for differences in overall brain shape between subjects and removes non-brain tissue, thereby facilitating local adaptive segmentation. At the same time, these normalized images correct for signal intensity inhomogeneities. The segmented images are modulated by the Jacobian determinant of the transformation matrix to correct for volume changes.

After normalization, the resulting images were checked for data quality using the CAT12 “Check sample homogeneity” module, which revealed no potential outliers in brain volume. Subsequently, the segmented GM images were smoothed using an 8 mm full width at half maximum (FWHM) Gaussian kernel. Smoothing ensured the validity of the statistical analysis by making the data more normally distributed and reducing the individual differences among all subjects. To eliminate artifacts at the gray matter/white matter boundary, an absolute gray matter threshold of 0.1 was applied.

In this study, we will focus on selecting the hippocampus and its subregions as brain regions of subcortical interest. Based on previous literature (Jung et al., 2021), considering the complex shape and anatomical variation of the hippocampal region, we used the probability diagram of the cell structure of the hippocampal region to divide it into the following five subregions: cornu ammonias (CA), dentate gyrus (DG), entorhinal cortex (EC), subiculum (Subc), and hippocampal-amygdaloid transition area (HATA). In order to minimize the partial volume effect, the subfields were combined as follows: CA1/CA2/CA3 were combined as CA; CA4 and DG were combined as DG (Amunts et al., 2005). A total of 10 hippocampal subregion masks were obtained from the left and right sides, and the Gray Matter Volume of 10 regions of interest was extracted for comparison between groups.




2.5 Statistical analyses

Statistical analysis was performed with GraphPad Prism V.9.0 and IBM SPSS Statistics V.26.0. Continuous variables were described as unadjusted means with SD. Logarithmic was applied to the variables that were not normally distributed. Categorical variables were given as percentages (%). The t-tests and chi-squared tests were used to assess differences between the two groups.

The Analysis of Covariance (ANCOVA) was employed to compare the means of the detected parameters between the MCI and CN groups. We performed a voxel-based morphometric analysis using general linear models in SPM12, which included unrelated covariates such as age, gender, education, and total intracranial volume to reduce potential confounders. The mean volume of hippocampal gray matter and the mean volume of subregion gray matter were compared between the MCI and CN group. The familywise error (FWE) method was applied for multiple comparison correction, with significance established at P < 0.05 and a clustering threshold of k = 10. A partial correlation analysis was performed to assess the relationship between blood biomarkers and hippocampal subregion volume, controlling for age, sex, education, APOE ε4 carrier status and TIV as covariates. The diagnostic performance of biomarkers and hippocampal subregions was compared using receiver operating characteristic (ROC) curve analysis and the sensitivity and specificity refer to the values at the optimal cut-off point, as determined by maximizing the Youden's index. DeLong's test was utilized to compare the Area Under the Curve (AUC) for different models. A P-value of <0.05 was regarded as significant.




3 Results


3.1 Participant characteristics

As can be seen from Table 1, the characteristics of the two groups are evenly distributed. MCI patients were recruited at a mean age of 73.0 ± 7.4 years old, and 82.7% were women. MCI group and CN group were equivalent in age, gender, education, BMI, and total Intracranial volume.


TABLE 1 Characteristics of participants in MCI and CN groups (n = 107).

[image: Demographics table comparing entire, MCI, and CN groups across several metrics. Includes age, gender distribution, education levels, BMI categories, APOE ε4 carrier status, and total intracranial volume (TIV). Statistical values and p-values are provided for each category. MCI stands for mild cognitive impairment, and CN for cognitively normal.]



3.2 comparison of blood biomarkers between MCI and CN group

GFAP levels were significantly higher in the MCI group than in the CN group after adjusting for potential risk factors (Li et al., 2020; Marizzoni et al., 2023) for AD such as age, gender, education, and APOE ε4 allele carrier status (F = 4.71, P = 0.038) (Figure 1A). However, no significant group differences were observed in the NfL, p-Tau181, Aβ40 and Aβ42, and t-Tau levels (all P > 0.05) (Figures 1B–F).


[image: Six scatter plots labeled A to F compare biomarker levels between MCI (mild cognitive impairment) and CN (cognitively normal) groups. Each plot shows data points and P-values indicating statistical significance. Plot A (GFAP) shows a significant difference (P=0.038) between groups. Plots B (NfL), D (Aβ40), and E (Aβ42) show non-significant differences. Plot C (P-Tau181) has marginal significance (P=0.053). Plot F (t-Tau) is not significant. Pink dots represent MCI, blue dots represent CN.]
FIGURE 1
 Comparison of blood biomarkers concentrations among two groups (n = 107). (A) Comparison of GFAP concentration among two groups. (B) Comparison of NfL concentration among two groups. (C) Comparison of p-Tau181 concentration among two groups. (D) Comparison of Aβ40 concentration among two groups. (E) Comparison of Aβ42 concentration among two groups. (F) Comparison of t-Tau concentration among two groups. P-values derived from ANCOVA with age, gender, education, and APOE ε4 carriers as covariates. ANCOVA, Analysis of covariance; The line segments depicted in the graph signify the median value of the data. GFAP, Glial Fibrillary Acidic Protein; NfL, Neurofilament Light; t-Tau, total Tau; p-Tau, phosphorylated tau; Aβ, amyloid-β.




3.3 Comparison of hippocampal subregion gray matter volume between MCI and CN group

A voxel-based morphometric analysis was performed using the general linear model in SPM12, with age, sex, education level, and total intracranial volume as covariates of no interest. The mean volumes of hippocampal gray matter and subregion gray matter were compared between the MCI group and control groups. The family-wise error (FWE) correction was applied to account for multiple comparisons. The results showed that all hippocampal subregions in the MCI group had lower volumes than those in the control group, with statistically significant differences observed in most subregions, except for the bilateral EC and rHATA. Please refer to Table 2 and Figure 2 for further details.


TABLE 2 Comparison of hippocampal subregion volume between MCI and CN groups (n = 86).

[image: Table comparing hippocampal subregion measurements between MCI and CN groups. Columns include subregion, hemisphere, MCI and CN group values, cluster size, T/F value, P-value, and MNI coordinates for x, y, z. Notable differences in values and statistical significance are highlighted, with cluster sizes and coordinates included where applicable.]


[image: MRI brain scans showing coronal (A, B) and sagittal (C, D) views, highlighting regions in color: Cornu Ammonis (green), Dentate gyrus (blue), Entorhinal cortex (gray), HATA (orange), and Subiculum (pink). Each panel presents different brain slice coordinates.]
FIGURE 2
 Differences in hippocampal subfield volumes between the two groups (n = 86). Different hippocampal subregions are represented by different colors. (A) Coronal view. (B) Transverse view. (C, D) Sagittal view. L, left; R, right.




3.4 Discriminative power of hippocampal subfield volumes

To evaluate the abillity of hippocampal subregions to distinguish between the two groups, ROC curves were analyzed separately for the left (A) and right (B) subregions (Figure 3). To differentiate between CN and MCI, all subfield volumes had similar AUCs (exceeding 0.556), but only the rCA and rDG subfields significantly distinguished between MCI and CN (P < 0.05) (Table 3).


[image: ROC curves comparing CN (Cognitively Normal) versus MCI (Mild Cognitive Impairment). Panel (A) shows the ROC curves for ICA, ICO, iICA, and iDATA with ICA having an AUC of 61.3653. Panel (B) displays curves for iICO, iICA, and iDATA with iICO having an AUC of 64.0660. Diagonal reference lines indicate a random classifier.]
FIGURE 3
 ROC analysis of the hippocampus subregion distinguished MCI and CN participants (n = 86). Discriminative power of hippocampal subfields volume. (A) Discernment of the volume of the left hippocampal subregion. (B) Discernment of the volume of the right hippocampal subregion. CA, cornu ammonis; DG, dentate gyrus; EC, entorhinal cortex; HATA, hippocampal-amygdaloid transition area; Subc, subiculum; l, left; r, right.



TABLE 3 Detailed information of ROC analyses (n = 86).

[image: Table showing hippocampal subfields compared by AUC, sensitivity, specificity, and P-values. Notable P-values include 0.045 for rCA and 0.025 for rDG. Footnote explains terms and highlights significance of bold P-values less than 0.05.]



3.5 Correlation analysis between hippocampal subregion volume and blood biomarkers

Figure 4 illustrates the partial correlations between hippocampal subregion volumes and blood biomarkers, adjusted for age, sex, APOE ε4 carrier status, and TIV. The findings revealed that GFAP levels were negatively associated with the volumes of the rDG (r = −0.282, P = 0.015), rCA (r = −0.249, P = 0.033), lSubc (r = −0.248, P = 0.021), and lDG (r = −0.230, P = 0.040). NfL levels showed a negatively association with the volume of the lHATA (r = −0.223, P = 0.046). Additionally, p-Tau181 levels were inversely related to the volumes of the rDG (r = −0.265, P = 0.018), rCA (r = −0.246, P = 0.028), lSubc (r = −0.231, P = 0.036), and lDG (r = −0.223, P = 0.045). Aβ40 levels were inversely related to the volumes of the rEC (r = −0.332, P = 0.004), rSubc (r = −0.314, P = 0.005), and rCA (r = −0.253, P = 0.020). The Aβ42/Aβ40 ratio was positively associated with the volume of the lEC (r = 0.271, P = 0.026) and rEC (r = 0.282, P = 0.018). Furthermore, t-Tau levels were positively associated with the volumes of the lCA (r = 0.277, P = 0.014) and lDG (r = 0.253, P = 0.024). No correlation was observed between Aβ42 levels and the volumes of any hippocampal subregions.


[image: Correlation heatmap showing relationships between various blood biomarkers and hippocampal subfields. The heatmap uses a blue color gradient, where darker shades indicate stronger correlations. The biomarkers listed at the bottom are GFAP, NFL, p-Tau181, Aβ40, Aβ42, Aβ42/Aβ40, and t-Tau. The hippocampal subfields, listed on the left, include ICA, IDG, IEC, HATA, lSub, rCA, rDG, rEC, rHATA, and rSub. Numerical correlation values range from negative to positive, with a scale bar indicating correlation strength on the right.]
FIGURE 4
 The partial correlation analysis illustrates the relationship between hippocampal subfield volumes and blood biomarker concentrations across all participants (n = 86). Here, blue indicates a positive correlation, with darker shades signifying stronger associations; conversely, white denotes a negative correlation, where a more intense hue corresponds to a more pronounced inverse relationship. *P < 0.05. CA, cornu ammonis; DG, dentate gyrus; EC, entorhinal cortex; HATA, hippocampal-amygdaloid transition area; Subc, subiculum; l, left; r, right. GFAP, glial fibrillary acidic protein; NfL, Neurofilament Light; t-Tau, total Tau; p-Tau, phosphorylated tau; Aβ, amyloid-β.




3.6 Receiver operating characteristic curves for the prediction of MCI vs. CN group

To evaluate the diagnostic efficacy of serum GFAP as potential biomarkers for differentiating MCI from CN individuals, logistic regression analyses were conducted with MCI or CN status as the dependent variable to compute predicted probability values, which were subsequently utilized to generate receiver operating characteristic (ROC) curves. A basic model (BM) was developed, incorporating established risk factors for AD, including age, gender, years of education, and the presence of the APOE ε4 allele; it yielded an AUC of 0.644 (CI 0.540–0.773), with a sensitivity of 31.1%, a specificity of 68.9% (P = 0.012). Upon integrating GFAP into the basic model, the AUC increased to 0.728 (CI 0.621–0.836), with a sensitivity of 65.9% and a specificity of 75.6% (P < 0.001). The DeLong's test indicated no significant difference between the two models (Z = −1.44, P = 0.149). See Figure 5 for details.


[image: Receiver Operating Characteristic (ROC) plot showing sensitivity versus specificity. The plot includes two curves: a blue line for BM with an AUC of 64.3708, and a red dashed line for BM+GFAP with an AUC of 72.8455. The diagonal line represents random performance.]
FIGURE 5
 Receiver operating characteristic curves were utilized to predict MCI vs. CN (n = 107). The blue ROC curve represents the “base model” (BM), encompassing factors such as age, gender, education, and APOE ε4 allele status. The red ROC curve corresponds to the base model augmented with GFAP. AUC, area under the curve; GFAP, glial fibrillary acidic protein.





4 Discussion

This research demonstrates that the serum GFAP levels are higher in MCI patients from a community-based elderly cohort, suggesting that GFAP could potentially serve as a hematological marker for early detection of individuals predisposed to MCI prior to the onset of clinical symptoms. Despite the blood-brain barrier's role, which might distort the accuracy of blood biomarker levels as reflections of brain states, a meta-analysis by Gaur et al. (2023) supports these findings by indicating elevated GFAP in both cerebrospinal fluid and peripheral blood in MCI patients relative to a general cohort. Notably, the concentrations of GFAP in the subjects of this study were lower compared to the control populations in other studies. This variation may be attributed to our study's focus on community-dwelling elderly individuals, unlike other studies that primarily used samples from hospital settings or geriatric populations, where comorbidities might elevate GFAP levels. Additionally, elderly participants in such studies may present with multiple AD-related issues. Our participants, randomly selected seniors without self-reported symptoms, provide a baseline for possible widespread use of GFAP measurement. It is crucial to recognize that various factors, including demographics, behaviors, genetic predispositions, and others, could obscure the link between GFAP levels and MCI, with potential confounders impacting the results (Anderson, 2019; Gonzales et al., 2023). Variations in the testing methods also pose considerable influences. Furthermore, other biomarkers, such as Aβ40, Aβ42, NfL, t-Tau, and p-Tau181 were ineffective in distinguishing MCI patients from CN individuals. This ambiguity may arise from the MCI patients' relatively mild condition, resulting in lower biomarker levels in the blood. Additionally, the direct release of GFAP into the bloodstream from astrocytic end-feet at the neurovascular junction might mirror CNS alterations more closely than cerebrospinal fluid levels, underscoring the diagnostic utility of blood-based biomarkers (Pereira et al., 2021). In conclusion, increased GFAP levels in the blood suggest reactive astrocyte proliferation, indicative of early neurodegenerative processes. Therefore, GFAP holds promise as a biomarker to differentiate MCI from CN states.

The findings revealed that the MCI group exhibited a reduction in the volume of the bilateral DG, right CA, and left HATA when compared to the CN group. Furthermore, the volumes of the rCA and rDG subregions were effective in differentiating between individuals with MCI and those in the CN group. Multiple studies comparing MCI with hippocampal subregion volumes in a cognitively normal population are consistent with our results (Pluta et al., 2012; La Joie et al., 2013; Baek et al., 2022). Beak reported hippocampal CA4 and DG volume atrophy associated with increased Aβ deposition (Baek et al., 2022). Cognitive status was found to predict changes in hippocampal volumes, specifically in the CA1 and HATA regions (Becker et al., 2021). Functional magnetic resonance imaging (fMRI) studies conducted by Yassa detected hyperactive signals in the CA3 and DG regions of the hippocampus in aged rats, which were linked to deficits in spatial memory (Yassa et al., 2010). Such cognitive decline is typically reflected as atrophy in these hippocampal subregions, with the rCA and rDG displaying the strongest association coefficients. The recognized asymmetry in the bilateral hippocampal structure of mammals supports these observations (Hou et al., 2013). Disorientation a common symptom in AD and MCI, is associated with the volume of the right hippocampus (Peter et al., 2018). Studies in mice have found that signals from the CA3 of the right hemisphere connect to more robust synapses, playing a role in the stability of long-term memory maintenance (El-Gaby et al., 2015). The volumes of the right CA1 and DG in individuals with MCI are both smaller than those in healthy control groups (Qu et al., 2023). These studies provide compelling evidence for the significant atrophy in volume of the right DG and CA in MCI patients.

Additionally, our research revealed that elevated GFAP levels in the serum of patients with MCI were linked to diminished volumes in specific hippocampal subregions, including the bilateral DG, rCA, and lSubc compared to the control group. This correlation suggests that GFAP-associated pathologies may influence the atrophy of hippocampal subregions. Research by Cirarda corroborates our findings, demonstrating that GFAP levels correlate with volumetric changes in hippocampal subregions and are notably higher in the hippocampus of post-mortem patients (Díez-Cirarda et al., 2023). Neurodegenerative alterations in the CA1 region are linked to astrogliosis and reduced volume (Gonzalez-Rodriguez et al., 2021). However, the exact mechanisms behind the changes in hippocampal volume, whether due to the loss of neurons or glial cells, are still not fully understood. GFAP, a key protein in the astrocyte cytoskeleton, may have increased levels in the blood due to abnormal functional remodeling of astrocytes (Escartin et al., 2021). Microarray analysis also shows downregulation of the astrocytic cytoskeleton, indicating atrophy (Simpson et al., 2011). However, further research is needed to determine whether these changes indicate a neuroprotective response or whether they contribute to the exacerbation of neurodegeneration (Winblad et al., 2004). In summary, variations in the volumes of hippocampal subregions in MCI may reflect underlying changes in astrocytes, illuminating the complex relationship between astrocyte pathology and cognitive decline in MCI.

A ROC curve analysis was conducted to evaluate GFAP's ability to differentiate MCI from controls in this study. The combined diagnostic AUC for the baseline model and GFAP reached 0.728, demonstrating, a sensitivity of 65.9% and a specificity of 75.6%. Tao et al. (2024) reported a similar AUC of 0.714 for serum GFAP in distinguishing MCI from the control population, which aligns with our findings. Integrating GFAP with established AD risk factors significantly enhances the differentiation between MCI and control subjects, suggesting that GFAP levels are closely associated with age, sex, education, and APOE ε4 carrier status. However, predicting MCI based solely on serum GFAP is susceptible to various factors, necessitating the incorporation of multiple multidimensional factors for more accurate MCI prediction.

This study has several limitations. It was designed as a cross-sectional study, therefore, longitudinal tracking of patients could provide deeper insights into the pathophysiological changes associated with GFAP levels and cerebral alterations. Furthermore, we are unable to examine whether the associations of serum GFAP with demographic and clinical factors persist with adjustment for neuropathologic burden. Additionally, the small sample size may limit subgroup analyses, such as evaluating GFAP performance across different genders or lifestyles. Future research should involve larger cohorts to enhance the results' generalizability and applicability to a broader population.

In conclusion, this study demonstrates that GFAP is a promising biomarker for diagnosing MCI, exhibiting substantial sensitivity and specificity in distinguishing MCI from cognitively normal individuals in a community-based elderly cohort. MCI patients show reductions in hippocampal volume and elevated GFAP levels, potentially indicative of cognitive impairment. These findings may also guide future research toward identifying targets for new therapeutic interventions, including astrocyte-protective drugs, which could alleviate the adverse effects on hippocampal structures.
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Background: Stronger associations between modifiable risk factors and cognitive function have been found in younger than older adults. This age pattern may be subject to mortality selection and non-ignorable missingness caused by dropouts due to death, but this remains unclear.
Methods: Longitudinal data from 9,562 adults aged 50 and older from Waves 1–4 (2011–2018) of the China Health and Retirement Longitudinal Study were used. Cognitive function was assessed repeatedly using a battery of cognitive tests. Joint models of longitudinal and survival data were applied to examine the associations of modifiable risk factors with cognitive function and mortality.
Results: Worse cognitive function score was associated with being female (coefficient[β] = −1.669, 95% confidence interval [CI]: −1.830, −1.511, p < 0.001), low education (β = −2.672, 95%CI: −2.813, −2.530, p < 0.001), rural residence (β = −1.204, 95%CI: −1.329, −1.074, p < 0.001), stroke (β = −0.451, 95%CI: −0.857, −0.051, p = 0.030), probable depression (β = −1.084, 95%CI: −1.226, −0.941, p < 0.001), and current smoking (β = −0.284, 95%CI: −0.437, −0.133, p < 0.001); whereas dyslipidaemia (β = 0.415, 95% CI: 0.207, 0.626, p < 0.001), heart disease (β = 0.513, 95% CI: 0.328, 0.698, p < 0.001), overweight (β = 0.365, 95% CI: 0.224, 0.506, p < 0.001) and obesity (β = 0.264, 95% CI: 0.048, 0.473, p = 0.014) were associated with better cognitive function. These associations changed less than 5% when the longitudinal and survival data were modelled separately. An increase in cognitive function over age was associated with reduced mortality risk (hazard ratio: 0.418, 95%CI: 0.333, 0.537, p < 0.001). The association between socioeconomic disadvantage and cognitive function was more evident in women than in men, while the associations of socioeconomic disadvantage and lifestyle with cognitive function increased with age.
Conclusion: Mortality selection and non-ignorable missingness caused by dropouts due to death played a minor role in the associations between modifiable risk factors and cognitive function in middle-aged and older Chinese adults.
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Introduction

As individuals age, cognitive impairment and dementia become increasingly prevalent, reducing quality of life and elevating the risk of disability and mortality (1). Utilizing data from the Health and Retirement Study (HRS) in the United States, one study estimated the prevalence of mild cognitive impairment (MCI) at 22% and dementia at 10% among older adults (2). The prevalence of dementia was comparable in Korea (9.2%) (3) and Japan (9.5%) (4). Although a recent nationwide survey in China reported a lower prevalence of MCI (15.5%) and dementia (6.0%) (5), these rates continue to rise in China due to population aging (5), which will place a heavy burden on the families and on the social and healthcare systems.

According to the Lancet Commission on Dementia Prevention, Intervention, and Care, approximately 40% of worldwide dementias are attributable to modifiable risk factors, updated from 9 in 2017 (i.e., less education, smoking, obesity, depression, physical inactivity, low social contact, hypertension, hearing impairment, and diabetes) to 12 in 2020 (adding excessive alcohol consumption, traumatic brain injury, and air pollution) (1, 6). Emerging evidence also points to dyslipidaemia and cardiovascular disease (CVD) as risk factors and the Mediterranean diet as a protective factor for cognitive impairment and dementia (7, 8). A pooled cohort study showed that both insufficient (≤4 h/night) and excessive (≥10 h/night) sleep duration increased the risk of cognitive decline (9). A cross-sectional study from China with a large nationally representative sample of older adults also identified 9 modifiable risk factors for MCI and dementia, including rural residence, less education, being divorced/widowed or living alone, smoking, hypertension, hyperlipidaemia, diabetes, heart disease, and cerebrovascular disease (5). However, the role and contribution of these modifiable risk factors to cognitive decline may vary by sex, rural–urban residence, and age (10, 11). These disparities may be more pronounced in China compared to other countries, due to large differences in cognitive function, education, access to resources, and lifestyle between men and women, age groups, and rural and urban residents (12, 13).

A recent analysis of the UK Biobank data revealed that the associations between most modifiable risk factors and dementia were stronger in younger adults than in their older counterparts (14). However, individuals with poor cognitive function or who experience rapid cognitive decline are known to have a heightened risk of mortality (15, 16). Therefore, it is possible that older adults with unfavourable risk factors may have worse cognitive function or faster cognitive decline, resulting in an increased mortality risk at a younger age. This leaves those who survive have better cognitive function and be more biologically resilient to adverse effects of the unfavourable risk factors (i.e., mortality selection). Furthermore, it is not feasible to follow up individuals after they have died (i.e., dropout due to death). As the probability of missing data caused by dropout due to death depends on the unobserved values of cognitive function, the data are missing not at random (MNAR, i.e., non-ignorable missingness) (17). The relationships between modifiable risk factors and cognitive function at different ages thus may be biased by mortality selection and dropouts due to death. This, to our knowledge, has not been explicitly accounted for in previous studies.

It is crucial to accurately assess the associations between modifiable risk factors and cognitive decline, as this provides invaluable guidance for strategies to prevent cognitive impairment and dementia. Under MNAR, unbiased estimates of cognitive trajectories could be obtained by modelling the trajectories conditionally on the basis of non-random attrition (i.e., death) (17). Our study therefore investigated (1) how sociodemographic characteristics, lifestyle, and health conditions were associated with trajectories of cognitive function in middle-aged and older Chinese adults when the longitudinal and survival processes were jointly modelled; and (2) how these associations differed by sex, rural–urban residence, and age.



Methods


Study design

Data came from the China Health and Retirement Longitudinal Study (CHARLS) with a nationally representative sample of community-dwelling adults aged 45 and older. The details of the data used in this study are available on the website,1 and the data can be accessed after registration and downloaded upon approval. The baseline survey was conducted in 2011 (Wave 1), and comprehensive information on socio-demographic characteristics, family, health status and functioning, work, retirement, and healthcare was collected. Three follow-up surveys were carried out in 2013 (Wave 2), 2015 (Wave 3), and 2018 (Wave 4), respectively. Both the survival status and the time of death were recorded at Wave 2; yet only the survival status was recorded at Waves 3–4. Details of CHARLS can be found elsewhere (18). We included participants aged≥50 at Wave 1 who reported no memory problems at Wave 1, had at least one cognitive assessment at Waves 1–4, and had no missing data on lifestyle, body mass index (BMI), and health conditions at Wave 1 (N = 9,562, Supplementary Figure S1).



Cognitive function

Cognitive function, consisting of episodic memory and mental status, was assessed at Waves 1–4. After the interviewer read out 10 unrelated words, participants were asked to recall as many words as possible immediately (immediate recall) and approximately five minutes later (delayed recall). One point was awarded for each correctly recalled word. Episodic memory (scored 0–10) was calculated as the average of the immediate word recall (0–10) and delayed word recall (0–10). Mental status (scored 0–11) was captured by time orientation, calculation, and visuospatial ability. Time orientation (scored 0–5) was evaluated by asking participants to name today’s date (month, day, year, and season) and the day of the week. Calculation (scored 0–5) was assessed using the serial 7 s test, which required participants to subtract 7 from 100 up to five times. Visuospatial ability (scored 0–1) was measured by whether participants could re-draw two overlapping pentagons that had been previously shown to them. Cognitive function (scored 0–21) was calculated by summing the scores of episodic memory and mental status, with a higher score indicating better cognitive function (19). In our study, 791, 1,886, 2,792 and 4,524 participants had cognitive function data missing at Wave 1–4, respectively.



Socio-demographic characteristics

Marital status (married/partnered or unmarried/divorced/widowed), education (<secondary school or ≥ secondary school), and place of residence (rural or urban), were measured at Wave 1. Following the analysis of UK Biobank data (14), education below secondary school and living in rural areas were used to reflect socioeconomic disadvantage, as attaining secondary or higher education and urban residence were strongly correlated with better opportunities, employment, access to resources, and the accumulation of material over the life course for older Chinese adults. One point was assigned for each indicator, and the risk score for socioeconomic disadvantage was calculated as the sum of the two indicators (scored 0–2).



Lifestyle

Smoking (never/former or current), alcohol drinking in the past year (yes or no), and sleep duration were assessed at Wave 1. Unfavourable sleep duration was defined as ≤6 or ≥ 10 h/night for participants aged 50–64 and ≤ 6 or ≥ 9 h/night for those aged 65 and above (14). The three lifestyle factors scored 0–3. Since CHARLS did not assess participants’ diets and only measured physical activity in half of the sample, we included BMI as a proxy which was categorized into normal weight (<24.0 kg/m2), overweight (24.0–27.9 kg/m2), and obesity (≥28.0 kg/m2) using the cutoffs in the Chinese population (20).



Health conditions

Health conditions were measured at Wave 1, covering self-reported doctor diagnoses of hypertension, dyslipidaemia, diabetes, heart disease, and stroke, as well as probable depression assessed using the 10-item Centre for Epidemiologic Studies Depression Scale (CES-D-10) with a score ≥ 12 (21). Health conditions therefore scored 0–6. Coding of variables and risk scores is provided in Supplementary Table S1.



Statistical analyses

The associations between modifiable risk factors, cognitive function, and mortality were analysed using the joint model, which typically combines a linear mixed-effects (LME) model for the longitudinal outcome (i.e., longitudinal sub-model) with a survival model for the survival outcome (i.e., survival sub-model) in a single statistical framework (22). The joint model enables the utilization of the survival outcome to inform trajectories of the longitudinal outcome on dropouts due to death, and vice versa, associate the longitudinal outcome with survival (23). As a result, it corrects trajectories of the longitudinal outcome for non-ignorable missingness caused by dropouts due to death (17) and minimizes the mortality selection bias (23, 24).

We first modelled the trajectories of cognitive function using LME model with age as the time scale (centred at 50). Several LME models were compared including (1) random intercept; (2) random intercept + random slope of age; and (3) random intercept + random slopes of age and age squared. The second model was selected as it had the best model fit (Supplementary Table S2). For the survival outcome, since the exact date of death was unknown (i.e., interval censored), we used the parametric survival model with Weibull distribution (see Supplementary Figure S2; Supplementary Table S3 for the selection of survival distribution) and age as the time scale (25).

In the standard joint model, the two sub-models are connected via the true and unobserved longitudinal outcome at each time point (i.e., “current value” association), which assumes that the hazard of death at time t is associated with cognitive function at time t (22). There could be other association structures, such as “current slope” (i.e., the hazard of death at time t is associated with the slope of the trajectory of cognitive function at t), “current value and current slope,” and “time-dependent slope” (i.e., the hazard of death at time t is associated with the change of the cognitive function between t-1 and t, see Supplementary Method) (26). We estimated joint models with these association structures using the Bayesian approach with a Markov Chain Monte Carlo (MCMC) estimation of 20,000 iterations and a burn-in phase of 2000 iterations. Due to non-convergence, age was further divided by 10. The “time-dependent slope” association structure was selected because it had the smallest deviance information criterion (DIC, Supplementary Table S4) and good trace plot and density estimation plot (Supplementary Figure S3) (26). Sociodemographic factors, lifestyle, and health conditions were entered into the joint model both as separate variables and as continuous risk scores. The sample was further stratified by sex, place of residence, and age to examine potential effect modifications. All tests were 2-sided with an α-level of 0.05. Statistical analyses were performed in R 4.2.0 (R Core Team, 2022) using the packages of “nlme,” “survival,” and “JMbayes2”.




Results

In the total of 9,652 participants, 974 (10.2%) died during the follow-up (Table 1). Majority of the participants were married/partnered, had received primary school or lower education, and were living in rural areas. The proportion of low education was higher among older individuals, women, and rural residents. The most prevalent health conditions were probable depression (28.8%) and hypertension (26.2%). Smoking, alcohol drinking, and overweight and obesity were more prevalent in men than in women, while more than half of participants had an unfavourable sleep duration.



TABLE 1 Sample characteristics (N = 9,562).
[image: A table summarizing demographic and health data for a sample of 9,562 individuals, categorized by age, sex, and place of residence. Key variables include death rates, cognitive function scores, sex distribution, marital status, socioeconomic disadvantage, health conditions such as hypertension and diabetes, lifestyle factors like smoking and drinking, and BMI classifications. Additional footnotes explain standard deviations and criteria for sleep duration assessment.]

The decline in cognitive function accelerated with age, which was slightly more rapid in the joint model than in the LME model (see Table 2 for β coefficients, which indicate how much cognitive function changed with one unit increase in independent variables). In the joint model, worse cognitive function was associated with being female (β: −1.669, 95% confidence interval [CI]: −1.830, −1.511, p < 0.001), low education (β = −2.672, 95%CI: −2.813, −2.530, p < 0.001), rural residence (β = −1.204, 95%CI: −1.329, −1.074, p < 0.001), stroke (β = −0.451, 95%CI: −0.857, −0.051, p = 0.030), probable depression (β = −1.084, 95%CI: −1.226, −0.941, p < 0.001), and current smoking (β = −0.284, 95%CI: −0.437, −0.133, p < 0.001). These associations estimated in the LME model were very similar to those in the joint model (differences<1% but 2.8% for current smoking). In addition, dyslipidaemia (β = 0.415, 95%CI: 0.207, 0.626, p < 0.001), heart disease (β = 0.513, 95%CI: 0.328, 0.698, p < 0.001), overweight (β = 0.365, 95%CI: 0.224, 0.506, p < 0.001), and obesity (β = 0.264, 95%CI: 0.048, 0.473, p = 0.014) were associated with better cognitive function in the joint model, but these associations were 1.9–4.9% larger in the LME model except for heart disease. For the survival process, in the joint model, diabetes, heart disease, stroke, probable depression, and current smoking were associated with a higher mortality risk. These associations were attenuated by 6.9–11.1% in the parametric survival model, except for stroke (attenuation of 1.5%). The time-dependent slope showed that the mortality risk was reduced by almost 60% (hazard ratio [HR] = 0.418, 95%CI: 0.333, 0.537, p < 0.001) with one unit increase in cognitive function over one unit increase over age (i.e., 10 years).



TABLE 2 Associations of modifiable risk factors with cognitive function and mortality.
[image: A table comparing separate and joint models for various factors affecting health outcomes. The table includes categories like longitudinal process, socioeconomic disadvantage, health conditions, lifestyle, and BMI. Each factor is listed with its hazard ratio (β/HR), confidence interval (95% CI), and p-value in both models. Significant values are marked with asterisks indicating levels of significance (*p<0.05, **p<0.01, ***p<0.001). Key factors include age, education level, smoking, and diseases like diabetes and heart conditions. The table also details how these factors differ between models, emphasizing the impact on health outcomes.]

When the sample was stratified by sex, the effects of modifiable risk factors on cognitive function were greater in women than in men, except for marital status and smoking (Table 3). Similarly, larger associations were observed in urban than in rural residents, except for dyslipidaemia and heart disease (Table 3). Stratifying the sample by age group, the associations of being female, low education, rural residence, heart disease, and overweight with cognitive function increased with age (Table 4). Only in the oldest age group was worse cognitive function associated with hypertension and current smoking, whereas better cognitive function associated with dyslipidaemia and obesity was observed only in younger age groups. Although the protective effect of the time-dependent slope on mortality was marginally larger in urban than in rural residents, it was much stronger in women and in the oldest age group.



TABLE 3 Associations of risk factors with cognitive function and survival by sex and residence in the joint models.
[image: Table displaying β/HR (95% CI) and p-values for diverse variables across men, women, urban, and rural populations. Categories include longitudinal process metrics like age and marital status; socioeconomic factors such as education and residence; health conditions including diabetes and depression; lifestyle habits like smoking and drinking; and BMI. Notable statistical significance is denoted by asterisks, indicating differences in various demographic and health-related aspects.]



TABLE 4 Associations of risk factors with cognitive function and survival by age group in the joint models.
[image: A table displaying the relationship between various factors and health outcomes across three age groups: 50–59, 60–69, and 70+ years. Factors include longitudinal process indicators like age, gender, and marital status; socioeconomic disadvantages; health conditions; and lifestyle factors. Each factor lists β/HR values with confidence intervals and p-values. The table highlights significant relationships with asterisks indicating different levels of statistical significance (*p<0.05, **p<0.01, ***p<0.001).]

Figure 1 depicts the associations of the risk scores of socioeconomic disadvantage, lifestyle, and health conditions with cognitive function by sex and age in the joint model (Supplementary Table S5). There were no sex differences in the associations of lifestyle and health conditions with cognitive function, but the adverse effect of socioeconomic disadvantage was much greater in women than in men. Furthermore, the effects of socioeconomic disadvantage and lifestyle on cognitive function were more pronounced at older ages.

[image: Bar charts depicting model coefficients with 95% confidence intervals for socioeconomic disadvantage, health condition, and lifestyle scores. The first chart stratifies by sex, showing significant socioeconomic interaction (p < 0.001). The second chart, stratified by age group, highlights significant socioeconomic (p < 0.001) and health condition interactions (p = 0.012).]

FIGURE 1
 Associations of risk scores for socioeconomic disadvantage, lifestyle, and health conditions with cognitive function.




Discussion

In this study of 9,562 Chinese adults aged 50 and over with 7 years of follow-up, socioeconomic disadvantage, lifestyle, and health conditions were associated with trajectories of cognitive function. Joint modelling of the longitudinal and survival processes produced minor changes in these associations compared to when modelling separately. The detrimental effect of socioeconomic disadvantage on cognitive function differed substantially by sex. An age pattern was found in the associations between socioeconomic disadvantage, lifestyle, and cognitive function, but not for health conditions including hypertension, dyslipidaemia, diabetes, heart disease, stroke, and probable depression.

Consistent with a prior study from China (5), we found that lower education and rural residence were associated with worse cognitive function. Longer education may enhance cognitive reserve, providing a buffer against dementia-related brain pathology (27). Inadequate healthcare, less infrastructure, and higher rates of comorbidity in rural China may exacerbate rural–urban disparities in cognitive function, as well as in the associations between modifiable risk factors and cognitive function (11). In our subgroup analysis, women and older age groups showed stronger associations between socioeconomic disadvantage and cognitive function. These findings mainly relate to their lower levels of education. Numerous previous studies on health inequality and the social determinants of health have consistently confirmed that socioeconomic status (SES) – mainly reflected by education, occupation, and income – has profound impacts on health throughout the lifespan (28, 29). Building on these findings, researchers have developed and tested theories of how education influences cognitive function via occupation, income, access to resources, and material accumulation (30, 31). A population-based cohort study of 7,357 Americans aged 45 and older showed that occupational complexity mediated 11–22% of the protective effect of education on cognitive function (32). Moreover, another large-scale survey of adults aged 50 and older reported the mediating role of income on the relationship between education and cognitive function (30).

In contrast to earlier studies (1, 9), we failed to observe any associations between alcohol drinking, unfavourable sleep duration, and cognitive function. This could be attributed to the oversimplified categorization of non-drinkers and drinkers, as well as the possibly inappropriate definition of unfavourable sleep duration for the Chinese population, which was adopted from a UK study (14). Consistent with our study, a cross-sectional study of 4,631 Chinese adults aged 60 and older also found an association between higher BMI and reduced MCI incidence (12). Overweight and obesity in later life may lead to increased secretion of leptin hormone from adipose tissue, which could reduce deposition of amyloid-β (Aβ) in the brain, thereby lower the risk of cognitive impairment and AD (33). Furthermore, the observed protective effect of obesity on cognitive function may be related to the robust link between elevated BMI and increased hippocampal volumes, as larger hippocampal volumes are often associated with better cognitive function (34). When the sample was stratified by sex and age, the impact of smoking was only evident in men and those aged 70 and older, which may be due to the sexed pattern of smoking and the time required for smoking as an accumulated exposure to affect cognitive function (35). In addition, unfavourable sleep duration only exhibited an adverse effect on cognitive function in individuals aged 50–59. This could be linked to the activation of low-level systemic inflammation – an important mechanism for cognitive decline – which may affect younger individuals more than older ones (8, 36). The omission of nap time in calculating total sleep duration in our study may overlook the compensatory effects of napping on nighttime sleep.

The associations between stroke, probable depression, and cognitive function were robust across sexes, age groups, and rural–urban residences. The biological mechanisms that connect stroke to cognitive decline encompass AD-related pathologies triggered or accelerated by stroke, brain injuries exacerbated by pre-stroke neurodegeneration, and vascular-related comorbidities (e.g., hypertension and atrial fibrillation) (37). Whereas for depression, it involved white matter hyperintensities, decreased hippocampal volume, reduction of prefrontal cortical thickness, and elevated levels of β-amyloid (38). Nevertheless, contradicting previous findings (5, 8), we found older Chinese adults with heart disease and dyslipidaemia had better cognitive function. Elevated cholesterol levels may be indicative of better nutritional status and general health, particularly in later life (39). Moreover, individuals with dyslipidemia and heart disease may be on long-term statins and antihypertensive medications, which have been shown to be effective in preventing cognitive impairment (40) and dementia (8). Our findings could also be attributed to the simultaneous inclusion of hypertension, obesity, dyslipidemia, diabetes, heart disease, and stroke in the model, which were correlated with each other and thus may distort the relationship between specific health conditions and cognitive function.

The marked sex difference in how the socioeconomic disadvantage risk score affected cognitive function, as observed in our study compared to the UK Biobank study (14), suggests greater health inequalities for women than men in China as opposed to the UK (41). In addition, we found that the effects of socioeconomic disadvantage and lifestyle risk scores increased with age, contrary to the findings from the UK Biobank study (14). This discrepancy may be ascribed to differences in outcome measures—our study centred on cognitive function, while the other study relied on dementia diagnoses extracted from electronic health records, potentially leading to a downward bias in dementia incidence estimation (42). Cognitive deterioration progresses along a continuum from normal cognition to subjective cognitive decline, MCI, and ultimately to dementia. The lack of data on dementia from Waves 1–3 in CHARLS, with the exception of Wave 4, has constrained us to investigate the relationships between modifiable risk factors and dementia. Furthermore, the observed age trends in the UK Biobank study may partially reflect fundamental differences between early- and late-onset dementia, which is less of a concern for our study. Most importantly, our study accounted for mortality selection and non-ignorable missingness caused by dropouts due to death by jointly modelling the longitudinal and survival processes, which the UK Biobank study failed to. Jointly modelling the longitudinal and survival processes enabled us to obtain more efficient and precise estimates of the relationships between the risk scores and trajectories of cognitive function while mitigating bias (43). In our joint models, the associations between modifiable risk factors and cognitive function only changed by less than 5%, suggesting that mortality selection and dropouts due to death might play a negligible role in the Chinese population. This could also be attributed to the same assumptions shared by the separate and joint models, and to the lack of severe censoring of cognitive function due to deaths in our study, as only 10.2% of the participants died during the follow-up period (44).

Consistent with prior research (16, 45), our study showed that the change in cognitive function with age, rather than the initial levels of cognitive function, was associated with a reduced risk of mortality. A cohort study from China reported a stronger association between cognitive impairment and mortality among individuals aged 65 and above compared to those under 65 (46), but a study from the UK demonstrated the opposite (15). We found that the magnitude of the cognition-mortality association rose with age, which could be partly attributed to the less prevalent cognitive decline in younger-old adults that may hold greater clinical significance, be more indicative of underlying brain disease of any etiology, and be more closely linked with underlying diseases that elevate mortality risk (16, 45). However, it has been well-recognized that dropouts due to death may also play an important role, as we are not only unable to continue following individuals who have died, but it is also possible that at advanced ages, the survivors may successfully adapt to mild cognitive deficits (47). This could explain the age pattern we observed after factoring in dropouts due to death.

We acknowledge that our study has several strengths and limitations. Utilizing longitudinal data from CHARLS with a nationally representative sample maximized the generalization of our findings to the middle-aged and older population of China. To our knowledge, this is the first study to jointly model trajectories of cognitive function and mortality when examining the associations between modifiable risk factors and cognitive function, which enabled us to account for mortality selection and non-ignorable missingness caused by dropouts due to death (23). We estimated the joint models using the Bayesian approach with MCMC posterior simulations, which has been demonstrated to outperform the frequentist approach based on maximum likelihood in terms of bias, flexibility, and coverage (24, 48). However, generalizing our findings to other populations should be done with caution due to possibly large differences in the distributions of cognitive function, modifiable risk factors, and covariates, as well as their associations with mortality. It is possible that socioeconomic characteristics and lifestyle can influence cognitive function and mortality through triggering hypertension, dyslipidaemia, and CVD (49). Future research is needed to examine these mediating effects while taking mortality selection (e.g., mortality due to CVD) into consideration.



Conclusion

Mortality selection and non-ignorable missingness caused by dropouts due to death played a minor role in the associations between modifiable risk factors and cognitive function in middle-aged and older Chinese adults. The large sex difference and the age trend underscore that, to maintain good cognitive function and prevent cognitive impairment and dementia, it is necessary to address socioeconomic inequalities between sexes and target individuals at older ages with socioeconomic disadvantage and an unfavourable lifestyle.
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Background: Alzheimer’s disease and mild cognitive impairment are often difficult to differentiate due to their progressive nature and overlapping symptoms. The lack of reliable biomarkers further complicates early diagnosis. As the global population ages, the incidence of cognitive disorders increases, making the need for accurate diagnosis critical. Timely and precise diagnosis is essential for the effective treatment and intervention of these conditions. However, existing diagnostic methods frequently lead to a significant rate of misdiagnosis. This issue underscores the necessity for improved diagnostic techniques to better identify cognitive disorders in the aging population.
Methods: We used Graph Neural Networks, Multi-Layer Perceptrons, and Graph Attention Networks. GNNs map patient data into a graph structure, with nodes representing patients and edges shared clinical features, capturing key relationships. MLPs and GATs are used to analyse discrete data points for tasks such as classification and regression. Each model was evaluated on accuracy, precision, and recall.
Results: The AI models provide an objective basis for comparing patient data with reference populations. This approach enhances the ability to accurately distinguish between AD and MCI, offering more precise risk stratification and aiding in the development of personalized treatment strategies.
Conclusion: The incorporation of AI methodologies such as GNNs and MLPs into clinical settings holds promise for enhancing the diagnosis and management of Alzheimer’s disease and mild cognitive impairment. By deploying these advanced computational techniques, clinicians could see a reduction in diagnostic errors, facilitating earlier, more precise interventions, and likely to lead to significantly improved outcomes for patients.
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1 Introduction

In clinical neurology and geriatrics, diagnosing and treating neurodegenerative conditions such as Alzheimer’s disease (AD) and mild cognitive impairment (MCI) is particularly challenging due to the physical and cognitive vulnerabilities of elderly patients. These challenges are exacerbated by the diseases’ complexity, their phenotypic similarities, and frequent comorbidities, often leaving patients in a diagnostic limbo without access to specific therapies (Wen et al., 2020). Differentiating between MCI, considered a transitional phase between normal cognitive aging and dementia, and mild AD is especially difficult due to their overlapping symptoms (Sperling, 2011; Jack et al., 2018).

Several diagnostic criteria, such as prodromal AD and MCI due to AD, have been proposed based on biomarkers that reflect brain changes typical of AD. These biomarkers include episodic memory decline, hippocampal atrophy on MRI, abnormal cerebrospinal fluid (CSF) biomarkers (e.g., low amyloid-β42, increased tau), and abnormal PET scan results showing amyloid and tau deposits or reduced glucose metabolism in temporoparietal regions (Armananzas et al., 2013; Sarraf et al., 2016; Schirrmeister et al., 2017; Leandrou et al., 2018). While these biomarkers are used in specialised centres, their integration into routine clinical practice has been slow (Albert et al., 2011; McKhann et al., 2011; Dubois, 2014). There are still uncertainties about the benefits and potential drawbacks of diagnosing prodromal AD or MCI due to AD, particularly regarding the emotional impact on patients and the unpredictability of disease progression (Khan et al., 2020). Predicting the progression from MCI to dementia with accuracy remains a challenge (Ding et al., 2023; Korolev et al., 2016). Traditionally, diagnosing AD relied on clinical assessment and cognitive testing, such as the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) (Li et al., 2015; Wang et al., 2022). Advances in technology have introduced tools like MRI, PET, DTI, biomarkers, and CSF analysis to detect AD more objectively (Sørensen et al., 2016; Wang et al., 2018; Li, 2020; Rodríguez-Santiago et al., 2024). New criteria for diagnosing and staging Alzheimer’s disease have recently been proposed that also consider advances in biological markers and brain analysis techniques (Jack et al., 2024). However, these methods have limitations: clinical assessments can be subjective, and early-stage AD may not be detectable with sufficient sensitivity using brain imaging techniques like MRI (Bron et al., 2015; Rathore et al., 2017; Parisot, 2018; Spasov et al., 2019; Zhao and He, 2019).

Recently, machine learning (ML) models have been applied to AD research to identify patterns associated with the disease, which may allow for earlier interventions and the possibility of slowing disease progression (Ju et al., 2017; Wang et al., 2018; Lian et al., 2020; Li, 2020). Beyond AD and MCI, Artificial Intelligence (AI) applications are beginning to revolutionize the diagnosis and management of other types of dementia and neurodegenerative disorders. For example, deep learning models and convolutional neural networks (CNNs) have shown potential in distinguishing Parkinson’s Disease Dementia and Lewy Body Dementia (Faragó et al., 2023; Altham et al., 2024). Additionally, natural language processing (NLP) tools are emerging as promising methods for early detection of language impairments in Frontotemporal Dementia (Panahi et al., 2024; Vonk et al., 2024), allowing for more accurate differentiation from other forms of dementia and psychiatric conditions. In cases of Vascular Dementia, machine learning models applied to MRI and CT scan analysis have improved diagnostic accuracy by identifying brain changes specific to ischemic processes (Castellazzi et al., 2020). Even in conditions such as Amyotrophic Lateral Sclerosis and Primary Progressive Aphasia, where cognitive symptoms are secondary, AI-based image analysis has proven useful for tracking disease progression (Rezaii et al., 2024). These AI-driven approaches not only enhance diagnostic precision but also support personalized intervention strategies, thereby improving clinical practice and care for diverse types of neurodegenerative patients.

Despite their effectiveness, ML models often lack transparency in real-world healthcare settings, limiting their clinical acceptance. In this complex scenario, AI and advanced imaging techniques are emerging as promising tools to improve AD diagnosis and prediction (Pinto-Coelho, 2023). AI can analyse complex patterns in biomarkers, imaging, and clinical data, potentially enabling more precise and early detection of AD. Such approaches that seek to combine machine learning techniques and medical research are already in place to enhance the discovery of new drug targets and provide more accurate risk stratifications; especially in degenerative diseases (Geraci et al., 2024).

In this study, we explore the potential of AI to enhance the diagnosis and understanding of AD and MCI. We specifically focus on the use of Multi-Layer Perceptron (MLP), Graph Convolution Network (GCN), and Graph Attention Network (GAT) models to analyse and interpret clinical data (Nia et al., 2023).

Our primary objective is to accurately classify patients into three categories: control group, MCI group, or AD group. For this purpose, we applied these three classification models (MLP, GCN, GAT) to a population of patients with MCI and AD, along with a control group. This allowed us to evaluate the performance of these models in correctly classifying patients and healthy subjects, integrating data from demographic variables, neuropsychological tests, and treatment and rehabilitation indicators.

To our knowledge, there are still few studies using AI algorithms in Cognitive Decline classification based on psychological variables, representing a critical area for further research.



2 Methods


2.1 Participants

The study sample consisted of 214 adults, divided into three groups: the amnesic Mild Cognitive Impairment group with 77 participants (54 females and 23 males, mean age 75.53 ± 7.3), the probable mild Alzheimer’s Disease group with 30 participants (19 females and 11 males, mean age 76.33 ± 6.4), and a Control group comprising 107 participants (78 females and 29 males, mean age 74.06 ± 6.8). The MCI and mild AD groups were recruited from a specialised cognitive impairment service, the “U.O.S. Centro Alzheimer e Psicogeriatria” at ASP3 in Catania, Italy. Specific inclusion and exclusion criteria were applied according to the protocols of the National Institute of Aging (NIA) and the Alzheimer’s Association Work Group for amnesic MCI and AD.

The criteria for MCI due to AD included cognitive concerns reported by the patient, an informant, or a clinician; objective evidence of impairment in one or more cognitive domains, typically memory; preservation of independence in functional abilities; and the absence of dementia. For probable AD, the criteria were cognitive or behavioural symptoms that interfere with daily activities and represent a decline from previous functioning levels, cognitive impairment confirmed through patient history and objective assessment, impairment in at least two cognitive or behavioural domains, insidious onset, clear evidence of worsening cognition, and specific cognitive deficits (either amnestic or non-amnestic). Patients with cognitive impairment due to cerebrovascular disease, dementia with Lewy bodies, or other neurological or non-neurological conditions that could affect cognitive function were excluded. Participants with an age-and education-adjusted MMSE score between 18 and 28 were included, while those with a recent history of cerebral ischemia or psychotic episodes were excluded. Consequently, 107 amnesic MCI and probable mild AD subjects were included in the study. The term “probable” AD is used here because the diagnosis was based solely on clinical signs and symptoms, without genetic or biomarker analyses. The Control group consisted of 107 healthy volunteers with an MMSE score of 28 or higher. Their clinical history, cognitive performance, and daily functioning were assessed to confirm their healthy status and exclude mild neurocognitive disorder, in line with DSM-5-TR and ICD-11 guidelines.

Patients were assessed during their scheduled appointments using the Italian standardised version of the Mini-Mental State Examination, which is recommended by the Italian AIFA (Agenzia Italiana del Farmaco) guidelines for staging cognitive deterioration. The MMSE was initially used to screen participants and divide them into the Control, MCI, and mild AD groups. This division was confirmed by clinical history and performance on other neuropsychological tests, consistent with the aforementioned guidelines.

Information about participants’ usual autonomy was gathered from both the participant and a knowledgeable informant. Additionally, MoCA score above 26 was considered as further assurance of the absence of preclinical cognitive decline, as this threshold was more conservative than other cut-offs proposed for the Italian population in distinguishing healthy individuals from those with MCI.

All participants provided informed consent for the processing of their data and for their publication and were individually tested in a single session by clinical psychologists experienced in dementia. After the screening process, the study sample included more women than men, reflecting the sex prevalence of cognitive impairment in both Italy and globally.



2.2 Data preparation and representation

To ensure the networks would receive clean and standardised input, a series of processing steps was performed. Numerical features such as Age, Education, Mini-Mental State Examination, Montreal Cognitive Assessment (MoCA), Frontal Assessment Battery (FAB), and Hamilton Depression Rating Scale (HDRS) scores were standardised to achieve zero mean and unit variance. Categorical features, including Sex, Comorbidity, Treatment, and Rehabilitation, were one-hot encoded to facilitate their incorporation into the models. This preprocessing step scaled numerical features and encoded categorical ones, ensuring all input data was uniformly formatted for the models.

A crucial aspect of our approach is the representation of patient data as a graph to leverage the relational information among patients. This graph-based approach allows us to model the complex interactions between different patients based on their clinical features, facilitating more nuanced and accurate predictions (Parisot, 2018). We first computed a distance matrix using the Euclidean distance between each pair of patients based on their scaled features. The Euclidean distance is a commonly used metric that measures the straight-line distance between points in multi-dimensional space, effectively capturing differences in clinical profiles. Next, we transformed it into a similarity matrix using a Gaussian (RBF) kernel, which is particularly suitable for converting distances into similarities because it ensures that patients with similar clinical features (i.e., closer in the feature space) have higher similarity scores. Since connecting every pair of patients would make the graph too dense and potentially noisy, to create edges between nodes (patients) in the graph we needed a way to select only the most meaningful connections. We applied a percentile-based thresholding method: instead of choosing a fixed similarity value as the cutoff, we calculated the 80th percentile of similarity scores in the matrix. This means we only kept the top 20% of similarity scores to define edges, connecting each patient only with those with the highest similarity. This approach allowed us to retain the most significant connections while discarding weaker, less relevant ones, resulting in a sparse graph. After thresholding, we generated an edge index for the graph, representing pairs of patients (nodes) with similarity scores above this threshold. This index list is essential for feeding the graph structure into GNN models. The edge index acts as a roadmap for the GNN, guiding it in learning from the structured connections between patients. The visualization of the obtained graph is reported in Figure 1. The resulting graph has 214 nodes (representing individual patients) and 4,472 edges, giving an average degree of 20.9 connections per patient. The graph is undirected, meaning connections are mutual, with no self-loops, and contains 9 isolated nodes (patients with no connections to others due to dissimilarity), which are omitted from the visual representation for clarity.
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FIGURE 1
 Graph representation of patient data. This figure illustrates the graph-based representation of the data, where each node represents a patient, and edges represent the similarity between patients based on their features. The similarity between two patients (nodes) was computed using a Gaussian Radial Basis Function (RBF) kernel applied to the Euclidean distance between their feature vectors. This transformation ensures that patients with similar clinical profiles are more strongly connected. Nodes are linked by edges when their similarity exceeds a predefined threshold (here set to keep top 20% similarities), resulting in a graph structure that preserves meaningful relationships critical for classification tasks.


Finally, we divided the data into training, validation, and test sets. Given the class imbalance (77 MCI, 30 AD, and 107 Control), the split was performed with class awareness to ensure proportional representation of each category. Additionally, the dataset has a gender imbalance, with 151 females (70.56%) and 63 males (29.44%). We confirmed that these proportions were maintained across the subsets: the training set consists of 71.43% females and 28.57% males, the validation set has 76.67% females and 23.33% males, and the test set includes 66.15% females and 33.85% males.



2.3 Model selection and architecture

The classification was carried out using 3 different models: MLP, GCN, and GAT. Each model was chosen for its specific strengths and suitability for the task and the data. The models and architectures are explained extensively below, and a summary of their characteristics has been included in Table 1.



TABLE 1 Summary table of the three models used with their characteristics and architectures.
[image: Comparison table of three models: MLP, GCN, and GAT. Each has Node Features (11) as input. MLP does not exploit graph structure; GCN and GAT do. MLP has 2 dense hidden layers, GCN has 2 graph convolutional layers, and GAT has 2 graph attention layers. Neurons per layer for MLP are 16 and 8; for GCN, 16 in layer 1; for GAT, 16 per attention head in layer 1 with 8 heads. Activation functions are ReLU for MLP and GCN, ELU for GAT. Dropout rates are 0.1 for MLP and GCN, 0.2 for GAT. Each has 3 units in the output layer. Additional features include graph structure aggregation for GCN and GAT, plus attention mechanism for GAT.]

The MLP is a type of feedforward artificial neural network that consists of multiple layers of nodes, or neurons, each of which uses a nonlinear activation function such as ReLU (Rectified Linear Unit). The MLP was fed the node features extracted from the graph, capturing complex nonlinear relationships within the data. Although MLPs do not inherently exploit the graph structure, they provide a robust baseline for comparison with graph-based models by focusing on individual node features.

In this study, an input layer receives the node features extracted from the graph, consisting of 11 input features per node. Then two hidden layers with 16 and 8 neurons, respectively. The ReLU activation function introduces non-linearity, allowing the model to learn complex patterns in the data. A dropout rate of 0.1 is used to prevent overfitting by randomly dropping neurons during training. The final output layer consists of 3 neurons, corresponding to the three classification classes (control, MCI, Alzheimer’s). No activation function is applied at this layer, as it is followed by the CrossEntropyLoss (Mao et al., 2023) during training.

GCNs are specialised neural networks designed to operate directly on graph structures. They apply convolutional operations on the graph, allowing the model to capture the intricate interactions between nodes (patients) and edges (shared clinical features). GCNs work by combining information from neighbouring nodes, helping the model learn patterns that traditional models might miss. This makes them particularly effective for tasks where relational information is key to understanding the data’s complexities. In clinical settings, GCNs have been used for various applications, such as predicting and interpreting cancer survival outcomes (Ramirez et al., 2021) and revealing network-level functional dysconnectivity in conditions like schizophrenia (Lei et al., 2022).

As in the previous method, the input layer processes the node features extracted from the graph. The first convolution layer applies a graph convolution operation to the input features, outputting 16 hidden units per node. The ReLU activation function introduces non-linearity, enabling the model to learn from the graph’s structure and a dropout rate of 0.1 is used to prevent overfitting. The second convolution layer further processes the output from the first layer, reducing the dimensionality to 3 output units per node, corresponding to the classification labels. After aggregation, the output layer directly maps these features to class probabilities. The model applies a SoftMax function (implicitly through loss functions like cross-entropy loss) to convert the raw scores into probabilities for each class.

GATs are an extension of GCNs that incorporate attention mechanisms. Attention mechanisms enable the model to dynamically weigh the importance of different edges in the graph, allowing it to focus more on the most relevant connections while potentially ignoring less important ones and leading to a deeper understanding of how different patients are connected (Vaswani et al., 2023). In healthcare, GATs enhance diagnostic predictions by leveraging relational data. For example, they have been tested for diagnosing autism spectrum disorder by analysing brain networks to identify key connections (Yang et al., 2021), or applied to COVID-19 diagnosis task, using chest X-ray images to highlight critical regions indicative of the disease.

The input layer processes the node features, like the other models. The first attention layer uses a multi-head attention mechanism with 8 attention heads, each outputting 16 hidden units. The ELU activation function is employed to introduce non-linearity and is here chosen instead of ReLU as it provides better gradient flow and faster convergence in deep networks with attention mechanisms. This layer computes attention coefficients for each edge, allowing the model to focus on the most relevant connections. The second attention layer processes the outputs from the first and produces final scores for each class, which are used to compute probabilities via a SoftMax function in the loss layer (like for GCN). For the GAT a higher dropout rate of 0.2 compensates for the increased model complexity due to attention mechanisms, reducing the risk of overfitting and enhancing model generalisation.

Each network consists of an input layer, hidden layers, and an output layer, tailored to capture different aspects of the data for effective classification of control, MCI, and Alzheimer’s patients. The MLP serves as a baseline model, focusing solely on node features to capture non-linear relationships. In contrast, GCN and GAT exploit both node and edge information, leveraging the graph structure to understand interactions between patients.



2.4 Training and evaluation-

The training process for each model involved:

	1. Hyperparameter tuning: the goal was to find the optimal combination of parameters that maximise model performance.

	2. • Parameters Tuned: we experimented with various combinations of learning rates and weight decays. Learning rates control how much the model’s weights are adjusted during training, while weight decay helps prevent overfitting by adding a regularisation term.
	3. • Approach: each model was trained for 100 epochs using a grid search approach to explore different hyperparameter settings. This systematic exploration allowed us to identify the most effective configuration for each model.

4. Train/validation split: To evaluate model performance and prevent overfitting, we split the training data into a training set and a validation set. This split ensures that the model is tested on unseen data during training. The validation set was used to track key performance metrics such as accuracy, positive predictive value (PPV) (Safari et al., 2015), recall, and loss throughout the training process. This monitoring enabled early detection of overfitting and informed decisions about model adjustments. Accuracy provides a general measure of the model’s overall correctness across all classes. Precision PPV, commonly referred to as precision in machine learning literature, is used in clinical practice to understand how useful and reliable a diagnostic test is in everyday practice, particularly in correctly identifying patients who actually have a disease or condition, as it indicates the proportion of positive identifications that were actually correct. It reflects the proportion of positive identifications that were actually correct, crucial for minimising false positives in clinical diagnoses, and Recall (or sensitivity) indicates the proportion of actual positives that were correctly identified, ensuring that true cases of the disease are not missed. To provide a balanced assessment across all classes, we used weighted recall in our analysis.

	5. Training process:

	6. • Optimizer: We used the Adam optimizer (Kingma and Ba, 2017), a popular choice for training neural networks due to its adaptive learning rate and ability to handle sparse gradients.
	7. • Loss function: cross-entropy loss was employed for the classification task. This loss function is well-suited for multi-class classification problems, as it calculates the difference between predicted and true class probabilities.
	8. • Epochs: Each model was trained for 100 epochs, allowing sufficient time for learning while preventing excessive training that could lead to overfitting.
	9. • Recording metrics: Throughout the training process, we recorded training losses for each epoch to monitor the model’s learning progress. This information was used to plot training curves and assess convergence.
	10. • Validation checks: After each epoch, the model’s performance on the validation set was evaluated. This step was crucial for determining whether the model’s performance was improving.

11. Post-Training evaluation: After training, the best-performing model for each architecture was selected based on validation metrics, including accuracy, precision, and recall.

12. • Testing: The final evaluation was performed on the test set, using the model configuration that achieved the best validation results. This test ensures that the model’s performance is robust and generalises well to new, unseen data.

All analyses and model implementations were built and executed using Python 3.10.12.




3 Results

In our study, we evaluated the performance of three models—MLP, GCN and GAT—with the primary goal of accurately classifying patients into control, MCI, or AD categories. The evaluation was based on key metrics that are highly relevant in a clinical setting: accuracy, PPV, and recall. The resulting models are reported below:


3.1 MLP

The MLP model was trained with the best performing parameters being a learning rate of 0.01 and a weight decay of 0.0001. The model achieved an overall test accuracy of 86.15%. The weighted PPV and recall were 85.92 and 86.15%, respectively. The classification performance across different categories, for which the confusion matrix is reported in Figure 2A, was the following:

	• Control: PPV of 97%, Recall of 100%.
	• MCI: PPV of 82%, Recall of 78%.
	• Alzheimer’s: PPV of 56%, Recall of 56%.

[image: Three side-by-side confusion matrices compare the performance of different models. A: Multi-Layer Perceptron with correct classifications in the 0 and 1 classes. B: Graph Convolutional Network shows correct classifications mainly in class 0. C: Graph Attention Network has strong performance in the 0 class, with moderate classification in class 1.]

FIGURE 2
 Confusion matrices for MLP, GCN, and GAT models. This figure presents the confusion matrices for the three models evaluated in our study: (A) Multi-Layer Perceptron (MLP), (B) Graph Convolutional Network (GCN), and (C) Graph Attention Network (GAT). The confusion matrices illustrate the performance of each model in classifying patients into control, mild cognitive impairment (MCI), and Alzheimer’s disease (AD) categories. The diagonal elements represent the number of correctly classified instances for each class, while the off-diagonal elements indicate misclassifications.


While the MLP showed high performance in the control group, its recall for the AD’s group, with only 56% of true cases being correctly identified, was less performant. This limitation suggests that while the MLP is capable of capturing nonlinear relationships within the data, its lack of integration with the graph structure limits its effectiveness in fully exploiting the relational information inherent in the patient data. The model’s classification report highlights this, showing a high precision but a relatively low recall for the Alzheimer’s class, which could lead to missed diagnoses in a real-world setting.



3.2 GCN

The GCN model was trained with optimal hyperparameters being a learning rate of 0.01 and a weight decay of 0.0005. The model reached an overall accuracy of 89.23%, with a weighted PPV of 88.65% and a weighted recall of 89.23%. The per-class results, reported visually with the confusion matrix in Figure 2B, were as follows:

	• Control: PPV of 97%, Recall of 100%.
	• MCI: PPV of 83%, Recall of 87%.
	• Alzheimer’s: PPV of 71%, Recall of 56%.

The GCN demonstrated a more balanced performance across all classes, particularly improving the recall for Alzheimer’s patients to 71%. This improvement indicates that the GCN effectively captures the underlying structure and interactions between patients, which are critical in the context of complex clinical data. The per-class values were:



3.3 GAT

The GAT model further extended the capabilities of the GCN by incorporating attention mechanisms, allowing the model to dynamically weigh the importance of different edges within the graph. The model was trained with the best-performing hyperparameters being a learning rate of 0.01 and weight decay of 0.0005. The GAT achieved the highest test PPV at 89.65% and matched the GCN’s weighted recall of 89.23%, with an overall accuracy of 89.23%. The per-class performance, also reported in the form of confusion matrix in Figure 2C, was the following:

• Control: PPV of 100%, Recall of 97%.

	• MCI: PPV of 79%, Recall of 96%.
	• Alzheimer’s: PPV of 80%, Recall of 44%.

While the GAT model excelled in precision, particularly in the Alzheimer’s group, its recall in this category was lower, indicating that the model may prioritize precision over recall, which could be a concern in clinical settings where identifying all cases is critical.




4 Discussion

Differentiating between MCI and AD remains a challenging task in clinical practice. MCI, often considered a transitional phase between normal cognitive aging and dementia, shares many overlapping symptoms with early-stage AD, making the two conditions difficult to distinguish (He, 2016; Lee, 2023). Traditional diagnostic methods are generally effective for detecting advanced AD (Dubois, 2014; Jack et al., 2018; McKhann et al., 2011), but they struggle in early stages, where symptoms are subtle and biomarkers may not yet reveal clear pathological distinctions (Sperling, 2011; Parisot, 2018). Early detection is essential to enable timely interventions, as this could improve outcomes for individuals in the MCI phase by delaying or even preventing progression to AD.

To address these challenges, we employed advanced AI models—MLP, GCN, and GAT—to classify patients into control, MCI, and AD categories (Albert et al., 2011; Kipf and Welling, 2017). This study is among the first to apply these sophisticated models specifically to differentiate MCI from AD, shedding light on unique diagnostic challenges associated with each condition. Our findings highlight the potential of AI for early diagnosis, especially in capturing subtle cognitive changes indicative of MCI or AD, and emphasize AI’s role in tackling complexities that traditional approaches might miss (Bertozzi, 2019; Zhang et al., 2019; Jiang, 2020; Kumar and Min, 2020; Veličković, 2018; Yao, 2020).

Each model demonstrated strengths and limitations in achieving accurate classifications. All models performed well in distinguishing control patients, with both precision and recall rates approaching 100%. However, separating MCI from AD proved significantly more challenging, particularly for the AD group, which displayed consistently lower recall rates across all models. The GCN model exhibited a more balanced performance, improving recall for AD to 71% compared to MLP’s recall of 56%. This suggests that GCN’s capacity to leverage the graph structure, capturing patient relationships, offers an advantage in neurodegenerative contexts where such interdependencies may reflect disease dynamics. The GAT model achieved the highest overall precision but at the cost of a lower recall rate for AD (44%), indicating a trade-off: while GAT effectively reduces false positives, it may miss true AD cases—a critical consideration in clinical settings where missed diagnoses could have serious consequences.

All three methods used perform optimally in distinguishing the control group from the other two groups. However, they show higher accuracy in classifying MCI compared to AD. This discrepancy can be attributed to two main factors.

First, the choice of neuropsychological tests plays a crucial role. Assessments such as the MoCA and MMSE are particularly effective in detecting mild cognitive decline, which is characteristic of MCI. Designed to identify early cognitive impairments, these tests are sensitive to the initial stages of decline, providing a clearer distinction from AD as symptoms become more pronounced. Additionally, the Beck Depression Scale and Apathy Evaluation Scale further aid differentiation: MCI patients often display more depressive symptoms, while apathy is more common in AD. Second, the smaller sample size of the AD group likely influenced the algorithms’ learning processes, potentially limiting accuracy during testing and validation. Increasing the sample size could enhance the model’s capacity to differentiate AD from MCI and improve generalizability.

The accuracy levels achieved in our study are consistent with similar research relying solely on neuropsychological data for AD and MCI diagnosis. For example, the Chinese Neuropsychological Consensus Battery achieved approximately 80% accuracy in identifying individuals at risk based on neuropsychological data alone (Gu et al., 2023). Additionally, studies employing natural language processing to analyse semantic variations and predict progression from MCI to AD report comparable accuracy (Amini et al., 2024), underscoring the value of neuropsychological and language-based data in early diagnosis. Studies that incorporate additional data types, such as MRI or PET imaging through CNNs and hybrid models, report even higher accuracy, underscoring the added value of detailed structural and functional brain data (Arya et al., 2023; Baskar et al., 2023). However, in clinical practice, neuroimaging is often reserved as a confirmatory tool due to its cost and limited accessibility. Consequently, neuropsychological assessments remain primary tools in initial diagnostic impressions, and AI models developed exclusively on such data hold practical relevance for clinical use.

Our findings highlight the complexity of accurately diagnosing AD using AI models, particularly when distinguishing it from MCI (Wang, 2020; Amin, 2021; Hsu, 2021; Liu, 2021; Ma, 2021; Zhang, 2021). The lower recall rates for AD suggest that, despite advancements in AI, the subtle and overlapping symptoms of AD and MCI remain a significant challenge. This complexity underscores the necessity of continuous refinement in AI algorithms and the integration of more diverse and comprehensive data sets.

The application of AI in neurological diagnostics represents a promising advancement, potentially improving diagnostic accuracy and consistency, especially in cases where traditional methods might fall short. Yet, the challenges encountered in our study emphasize that AI models, while valuable, must still be complemented by clinical expertise. Our approach using GNN and GAT is well-suited for clinical scenarios where neuropsychological and demographic data are primary indicators. Such methodology could be implemented in primary care settings or memory clinics, where access to advanced diagnostic tools like MRI or PET scans is limited. By leveraging GNNs and GATs, clinicians can examine relationships among patients with similar clinical characteristics, supporting more tailored diagnostic pathways and treatment plans that optimize available resources.

Looking ahead, research should prioritize refining AI algorithms by integrating comprehensive datasets and exploring hybrid methodologies. Achieving a balance between precision and recall is critical to reduce false negatives, which can be particularly costly in early-stage diagnoses. Integrating diverse data sources will deepen our understanding of symptom networks, ultimately leading to more effective tools for early and accurate diagnosis. With continued improvements, AI has the potential to transform the approach to neurodegenerative disease diagnosis, marking a shift toward more proactive and personalized care in neurology.
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Background: Frailty, particularly cognitive frailty, is an escalating public health issue. Cognitive frailty is defined by the simultaneous presence of physical frailty and cognitive impairment, without a confirmed diagnosis of dementia, and has become a significant geriatric syndrome. This study aimed to explore the association between chronic pain and the risk of cognitive frailty.
Methods: We utilized data from two waves (2011 and 2015) of the China Health and Retirement Longitudinal Study (CHARLS), conducting both cross-sectional and longitudinal analyses involving 17,705 Chinese adults aged 45 years and older. Chronic pain was defined as pain reported at both time points. Cognitive function was evaluated using a questionnaire adapted from the Telephone Interview for Cognitive Status. The frailty index (FI) was derived from a 30-item assessment. Cognitive frailty was characterized by the co-occurrence of cognitive impairment and physical frailty.
Results: Among the 14,285 participants, 5.39% exhibited cognitive frailty at baseline. Both cross-sectional and longitudinal analyses indicated that individuals suffering from chronic pain faced a higher likelihood of developing cognitive frailty compared to those without pain. After adjusting for potential confounders, multivariate models also indicated a higher odds of cognitive frailty for participants with chronic pain.
Conclusion: Chronic pain is significantly associated with an elevated risk of cognitive frailty among middle-aged and elderly individuals. These findings highlight the importance of managing chronic pain to mitigate the risk of cognitive frailty, thereby potentially enhancing the quality of life for the aging population and alleviating the economic burden on families and society.
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1 Introduction

With the accelerated population aging, frailty has become a major health problem all over the world. Frailty is defined as a geriatric syndrome characterized by increased susceptibility to stressors due to cumulative decline in multiple physiological systems (Clegg et al., 2013; Robertson et al., 2013). Frailty is a multidimensional geriatric condition that integrates physical, social and cognitive domains (Clegg et al., 2013; Robertson et al., 2013). Cognitive impairment is considered as a component of frailty, and significant association between physical frailty and cognition has been confirmed based on extensive evidence (Panza et al., 2015; Panza et al., 2015; Robertson et al., 2013). The concept of “cognitive frailty” has been proposed by the International Academy on Nutrition and Aging (IANA) and the International Association of Gerontology and Geriatrics (IAGG) in 2013 (Kelaiditi et al., 2013). Cognitive frailty refers to the concurrent presence of both physical frailty and cognitive impairment in the elderly population without definite diagnosis of dementia, which is characterized by reversibility (Kelaiditi et al., 2013). The estimated prevalence of cognitive frailty within the geriatric population in the community is approximately 1.0–12.1%. However, the prevalence significantly increases in clinical settings (Shimada et al., 2016; Feng et al., 2017; Feng et al., 2017; Solfrizzi et al., 2017; Roppolo et al., 2017; Merchant et al., 2017; St John et al., 2017; Montero-Odasso et al., 2016; Delrieu et al., 2016; Fougère et al., 2017). Cognitive frailty is affected by various factors, for example, age, income, marriage status, education level, BMI, comorbidity, disability, self-care ability (Jha et al., 2016; Smith et al., 2015; Li et al., 2018; Kojima et al., 2020; Handayani et al., 2019; Aprahamian et al., 2018; Yang and Chen, 2018; Ge et al., 2020; Jiao et al., 2020; Xiong et al., 2019; Trevisan et al., 2017; Herr et al., 2019; Chiou et al., 2018). Few studies with large sample size illustrated the association between pain and frailty or pain and cognition (Chiou et al., 2018), and until now, there was no research on pain and cognitive frailty (Figure 1).

Pain is an unpleasant sensory and emotional experience. It usually indicates tissue damage, and is prevalent among middle-aged and elderly adults. Chronic pain is a prevalent and significant medical condition worldwide. It is characterized as persistent nociception beyond the expected duration of tissue healing, typically manifesting as pain for a minimum of 3 months (Jackson et al., 2016; Jackson et al., 2015; Vos et al., 2016). Chronic pain is particularly common in elderly adults (≥age 65), and precipitates negative outcomes, including malnutrition, loss of daily functioning, and frailty (Pitcher et al., 2018; Cohen et al., 2021).

As cognitive frailty increases costs and burden on health care systems, it is of vital importance to explore potential factors contributing to cognitive frailty. The association between chronic pain and cognitive frailty remains inconclusive, therefore, prospective cohort studies with large sample size are necessary to investigate the association between chronic pain and cognitive frailty.

In the current study, we used China Health and Retirement Longitudinal Study (CHARLS) and provided both cross-sectional and longitudinal evidence of the association between chronic pain and cognitive frailty.



2 Methods


2.1 Study population

The CHARLS is designed to gather a comprehensive and high-quality set of microdata pertaining to households and individuals who are 45 years of age or older in China, with the objective of examining the demographic phenomenon of aging within the Chinese population and fostering interdisciplinary research in gerontology. The national baseline survey of CHARLS employed a multi-stage probability to size (PPS) sampling methodology, which was a systematic approach to ensure representativeness in the sample selection. The survey encompassed 450 villages, 150 counties across 28 provinces, and included over 17,000 individuals from approximately 10,000 households. CHARLS is a longitudinal study with biennial to triennial assessments, and to date, it has released data from four distinct survey waves: the initial national baseline survey (Wave 1, 2011), the first follow-up survey (Wave 2, 2013), the second follow-up survey (Wave 3, 2015), and the third follow-up survey (Wave 4, 2018). The CHARLS survey project received ethical approval from the Biomedical Ethics Committee of Peking University (IRB00001052-11015), and all participants were mandated to provide informed consent prior to their involvement in the study.

Extensive details regarding the CHARLS have been documented and published (Hu et al., 2022; Yan et al., 2023). This cohort study utilized two waves of CHARLS data collected in 2011 (wave 1) and 2015 (wave 3). The sample size of Wave 1 was 17,705, from which 3,420 individuals were excluded (including 368 individuals less than 45 years old or with missing age information, 2,838 individuals with missing data for cognitive scores or frailty index items, 12 individuals with missing data for pain and 202 individuals with memory-related diseases). The cross-sectional analysis involved 14,285 participants. For the longitudinal analysis, 8,781 individuals were excluded, including 6,347 individuals with missing data for cognitive scores or frailty index items at wave 3, 227 individuals diagnosed with cognitive frailty at wave 1, and 2,207 individuals with mismatched pain data at wave 1 and 3, or individuals with newly diagnosed memory-related diseases at wave 3.



2.2 Assessment of pain

Pain was evaluated utilizing self-reported symptom inventories, querying: Are you often troubled with any body pains (“no” or “yes”)? On what part of your body do you feel pain? Please list all parts of your body where you are currently feeling pain (head, neck, chest, stomach, shoulder, back, waist, buttocks, arm, leg, knees, wrist, fingers, ankle, and toes). We divided the pain status into no pain and baseline pain. Chronic pain was defined as reporting pain both at baseline (wave 1) and follow-up endpoint (wave 3). Pain was evaluated utilizing self-reported symptom inventories, querying: How bad is your pain (if more than one type of pain, ask about the most severe one among them)? The severity of pain is required to be selected from three options of mild, moderate and severe, and patients experiencing pain are requested to respond.



2.3 Measurement of cognitive function

Cognitive function was measured at two time points—the CHARLS 2011 baseline survey and the 2015 follow-up survey—using questionnaires adapted from the Telephone Interview for Cognitive Status. The assessment included episodic memory (score range: 0–10 points), orientation (score range: 0–5 points), calculation (score range: 0–5 points), and drawing (score range: 0–1 points). Episodic memory was measured through immediate and delayed recall. The total score range was from 0 to 21 points, with higher scores indicating better cognitive function. All participants were grouped for every 5 years of age. The participants were classified as having mild cognitive impairment (MCI) if their total score fell more than one standard (SD) below age-appropriate norms (Jak et al., 2009); otherwise, they were defined as normal cognition.



2.4 Calculation of frailty index

In accordance with previous methods (Searle et al., 2008; Yuan et al., 2023; Donders et al., 2006; Fan et al., 2020), we employed the Frailty Index (FI) to define frailty. We utilized a previously established 30-item frailty index (Yuan et al., 2023), comprising 13 physician-diagnosed health-related deficits, 5 disability indicators, and 12 limitations in activities of daily living (ADLs) and instrumental activities of daily living (IADLs) (Supplementary Table S1). The sum of scores for each indicator was divided by 30 to derive the FI (range: 0–1), with higher scores indicating greater frailty. Thresholds of 0.1 and 0.2 were utilized to interpret identified trajectories, with scores below 0.1 (FI ≤ 0.10) denoting robustness, scores between 0.1 and 0.2 (0.1 < FI ≤ 0.2) signifying pre-frailty, and scores exceeding 0.2 (FI > 0.2) indicating frailty. (Supplementary Table S1).



2.5 Cognitive frailty

According to (I.A.N.A/I.A.G.G) international consensus group (Yan et al., 2023). Cognitive frailty was defined as the concurrent presence of both mild cognitive impairment (MCI) and physical frailty (Kelaiditi et al., 2013).



2.6 Covariates

According to prior knowledge, we also considered sociodemographic characteristics and health-related factors in our study. Sociodemographic characteristics included age, gender and marital status (married/unmarried; the term “unmarried” includes several marital statuses: “separated,” “unmarried,” “divorced,” and “widowed”). Health-related factors included ever/current smoke, ever/current alcohol, nighttime sleep duration, poor sleep quality and 14 common co-morbidities (cancer, chronic lung diseases, heart disease, stroke, emotional and mental disorders, arthritis, dyslipidemia, hepatic disease, kidney disease, digestive system disease, asthma, memory-related disease, hypertension, and hyperglycemia). Poor sleep quality was assessed according to the response “my sleep was restless,” and divided into four groups according to the amount of time. Total nighttime sleep duration data were obtained from the question “During the past month, how many hours of actual sleep did you get at night (average hours for one night)?” Body mass index (BMI) was defined as the weight divided by the square of height (kg/m2). Depression was evaluated by the 10-item Center for Epidemiologic Studies Depression Scale (CESD-10), with a total score of 30. Health insurance status was ascertained via the Health Insurance Medical Insurance Program survey, wherein participants were required to identify their insurance coverage from a predefined list of options. The classification included: (1) Urban employee medical insurance (yi-bao); (2) Urban resident medical insurance; (3) New cooperative medical insurance (he-zuo-yi-liao); (4) Urban and rural resident medical insurance; (5) Government medical insurance (gong-fei); (6) Medical aid; (7) Private medical insurance procured by the work unit; (8) Private medical insurance procured by the individual; (9) Urban non-employed persons’ health insurance; (10) Other specified medical insurance; and (11) No insurance. Participants who indicated “No insurance” were coded as “No,” whereas all other responses were coded as “Yes” for the presence of insurance coverage.



2.7 Statistical analysis

Quantitative data with a normal distribution were described using the mean and standard deviation (SD), while non-normally distributed data were presented using the median (interquartile range). Qualitative data were reported as percentages. Group comparisons between the chronic pain and no-pain groups were carried out using one-way analysis of variance and chi-square tests.

In cross-sectional study, a logistic regression model was employed to investigate the association between chronic pain and cognitive frailty (Wave 1, 2011), and expressed as odds ratios (OR) and 95% confidence intervals (CI). Longitudinal data from 2011 and 2015 were analyzed using logistic regression models to explore the relationship between chronic pain and cognitive frailty. Four different models with various combinations of covariates were utilized. Specifically, Model 1 included only chronic pain; Model 2 included age, gender and marital status; Model 3 further included BMI, waist, education, smoking and alcohol history and insurance; Model 4 further included nighttime sleep duration, poor sleep quality, life-satisfy and CESD score.

We employed logistic regression analysis (model 4) to perform subgroup analyses on the baseline (2011) and follow-up (2015) datasets. The baseline analysis incorporated gender, age (with a cutoff of 60 years old), marital status, and BMI (with a cutoff of 30 kg/m2) as categorical variables. The sample for the subgroup logistic regression analysis is consistent with the sample used in the overall logistic regression. In the subgroup analysis conducted in 2015, the baseline frailty and mild cognitive impairment (MCI) subgroup did not include subjects who were diagnosed with cognitive frailty at baseline, as these individuals were subsequently excluded during the follow-up period. The 2015 dataset analysis included these variables along with the addition of baseline frailty and mild cognitive impairment (MCI) as covariates. The aim was to evaluate the influence of these variables on the chronic pain-cognitive frailty association within defined subgroups.

All statistical analyses were conducted using R software (version 4.4.0; R Foundation for Statistical Computing)1 and Free Statistics software (version2.01; Beijing Free Clinical Medical Technology Co., Ltd.), with a significance level set at 0.05 for all tests.




3 Results

Table 1 presented the characteristics of the 14,285 participants, categorized into non-pain (9,745) and pain groups (4,540), and further stratified into mild (1,166), moderate (1,651), and severe (1,723) pain subgroups. Significant differences were observed across groups in gender, age, marital status, education, alcohol and smoking habits, insurance coverage, sleep quality, life satisfaction, CESD, nighttime sleep duration, cognitive score, frailty index (FI), frailty, MCI, and cognitive frailty (p < 0.05). However, there were no significant differences in BMI and waist circumference among the groups (p > 0.05). Individuals with cognitive frailty accounted for 5.39% (770) at baseline (wave 1).



TABLE 1 Baseline characteristics of study population in 2011(wave 1).
[image: A table displaying demographic and health-related variables categorized by pain levels (non-pain, mild, moderate, severe). Variables include gender, age, marital status, education, substance use, insurance, sleep quality, life satisfaction, CESD, BMI, waist circumference, sleep duration, cognition, frailty, MCI, and frailty with MCI. P-values for statistical significance are shown, with most variables having significant differences across pain categories.]
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FIGURE 1
 Study flow chart.


Table 2 showed the relationship between pain and cognitive frailty at the baseline period (2011). In the unadjusted model (Model 1), individuals with mild, moderate, and severe pain demonstrated significantly higher odds of cognitive frailty compared to those without pain, with corresponding odds ratios (ORs) of 2.92 (95% CI 2.23–3.82), 4.85 (95% CI 3.94–5.96), and 9.03 (95% CI 7.53–10.83) (all with p < 0.001). Even after comprehensive adjustments for age, gender, marital status, BMI, waist circumference, education, smoking and drinking habits, insurance status, nighttime sleep duration, poor sleep quality, life satisfaction, and CESD score (Model 4), the ORs for mild, moderate, and severe pain remained significant at 2.53 (95% CI 1.81–3.53), 2.78 (95% CI 2.1–3.68), and 4.68 (95% CI 3.63–6.03) (all with p < 0.001).



TABLE 2 Logistic regression model on pain and Cognitive Frailty at 2011.
[image: A table shows odds ratios (OR) with 95% confidence intervals (CI) and p-values for different pain levels across four models. Non-pain serves as a reference. Mild pain OR ranges from 2.53 to 2.94. Moderate pain OR ranges from 4.16 to 4.85. Severe pain OR ranges from 4.68 to 9.03. Each model adjusts for various factors, with Model 4 including adjustments like BMI, education, and sleep quality. All p-values are less than 0.001.]

Figure 2 presents additional insights from subgroup analysis. For the subgroup aged <60, no statistically significant difference was found between the mild pain group and the no pain group (p > 0.05). In contrast, within the other subgroups, both the mild, moderate, and severe pain groups demonstrated significantly higher odds of cognitive frailty compared to individuals without pain (p < 0.05).

[image: A forest plot displaying odds ratios and confidence intervals for pain severity across various subgroups: overall, gender, age, marital status, and BMI. Crude and adjusted values are presented, with notable subgroups for female, male, under and over 60, married, unmarried, BMI less than and greater than 25. Each subgroup shows mild, moderate, and severe pain effects, with corresponding interaction p-values on the right.]

FIGURE 2
 Subgroup analysis of the relationship between chronic pain and cognitive frailty at baseline. Adjustments for confounders were conducted using Model 4. The logistic regression analysis for subgrouping was performed using an identical sample as that employed in the baseline-wide logistic regression. Square symbols are employed to represent the odds ratios (ORs), while horizontal lines delineate the 95% confidence intervals (CIs). Diamond shapes are used to depict the population-level odds ratios, with the points at the vertices of the diamonds indicating the 95% confidence intervals. CI, Confidence Interval; OR, Odds Ratio; BMI, Body Mass Index.


Table 3 expanded the analysis to the 2015 follow-up period, providing further insight into the association between pain and cognitive frailty. In the unadjusted model (Model 1), individuals experiencing mild, moderate, and severe pain demonstrated significantly elevated odds of cognitive frailty compared to those without pain, with ORs of 5.87 (95% CI 3.51–9.80), 6.10 (95% CI 4.02–9.25), and 10.63 (95% CI 7.42–15.21), respectively (all with p < 0.001). After comprehensive adjustments (Model 4), individuals with mild, moderate, and severe pain still exhibited significantly higher odds of cognitive frailty compared to those without pain, with ORs of 3.15 (95% CI 1.68–5.92), 2.03 (95% CI 1.14–3.62), and 5.14 (95% CI 3.12–8.48), respectively (all with p < 0.05).



TABLE 3 Logistic regression model on pain and Cognitive Frailty at 2015.
[image: Table comparing odds ratios (OR) and p-values for pain severity across four models. Non-pain is the reference category in each model. For mild pain, ORs range from 3.15 to 5.87 with significant p-values. Moderate pain shows ORs from 2.03 to 6.1. Severe pain has ORs between 5.14 and 10.63. Model adjustments are detailed below the table, including factors like age, gender, marital status, BMI, and lifestyle factors.]

Figure 3 provided additional insights from subgroup analysis. In the subgroup of individuals aged <60 years, married individuals, those with baseline mild cognitive impairment (MCI) and those with baseline frailty, the odds of experiencing cognitive frailty were significantly higher for individuals with mild, moderate, and severe pain compared to those without pain (p < 0.05). Conversely, in the subgroup of individuals aged ≥60 years, individuals with moderate and severe pain demonstrated significantly elevated odds of cognitive frailty compared to those without pain (p < 0.05), while no significant difference was found in the odds of cognitive frailty between those with mild pain and those without pain (p > 0.05). In the male and frailty at baseline subgroups, individuals experiencing mild, moderate, and severe pain did not display significantly increased odds of cognitive frailty compared to those without pain (p > 0.05). However, in the unmarried subgroup, individuals experiencing severe pain showed significantly elevated odds of cognitive frailty compared to those without pain (p < 0.05), while no significant difference was observed for individuals with mild and moderate pain compared to those without pain (p > 0.05). Furthermore, in the subgroups based on BMI categorized as ≥25 kg/m2 and < 25 kg/m2, individuals experiencing mild and severe pain exhibited significantly higher odds of cognitive frailty compared to those without pain (p < 0.05). Conversely, individuals experiencing moderate pain did not demonstrate significantly increased odds of cognitive frailty compared to those without pain (p > 0.05). There were no significant interactions between the groups (p > 0.05).

[image: Forest plot showing odds ratios (OR) with 95% confidence intervals (CI) for pain severity across various subgroups, including gender, age, marital status, BMI, MCI, and frailty at baseline. The overall crude and adjusted ORs indicate higher odds for severe pain. Each subgroup displays bars representing mild, moderate, and severe pain with corresponding statistics. Significance levels (P for interaction) are indicated: overall, gender, age group, marital status, BMI group, MCI, and frailty, ranging from 0.148 to 0.868.]

FIGURE 3
 Subgroup analysis of the association between chronic pain and cognitive frailty during the follow-up period. Adjustments for confounding variables were performed using Model 4. The sample for the subgroup logistic regression analysis mirrors that of the overall logistic regression conducted during the follow-up phase. The baseline frailty and mild cognitive impairment (MCI) subgroup excludes individuals diagnosed with cognitive frailty at baseline, as these subjects were not included during the follow-up due to subsequent exclusion criteria. Square symbols represent the odds ratios (ORs), and horizontal lines indicate the 95% confidence intervals (CIs). Diamond shapes depict the population-level odds ratios, with the points along the edges of the diamonds representing the 95% confidence intervals. CI, Confidence Interval; OR, Odds Ratio; BMI, Body Mass Index; MCI, Mild Cognitive Impairment.




4 Discussion

According to our cross-sectional study, the incidence of cognitive frailty was significantly higher in individuals with mild, moderate, and severe pain than those without pain, and in our longitudinal study, individuals with mild, moderate, and severe pain had a higher risk of developing cognitive frailty compared to those without pain. Subgroup analysis revealed that age, gender, marital status, BMI, baseline MCI and baseline frailty might be promoting/preventing factors to develop cognitive frailty.

“Cognitive frailty” was proposed by the IANA and the IAGG in 2013, which clarified its 2 criteria, namely: (1) co-existing of physical frailty and cognitive impairment; (2) exclusion of concurrent dementia (Kelaiditi et al., 2013). Thus, the simultaneous presence of both physical frailty and cognitive impairment with the feature of reversibility were required to diagnose cognitive frailty (Kelaiditi et al., 2013). In the community setting, the incidence of cognitive frailty in the elderly was approximately 1.0–12.1% (Shimada et al., 2016; Feng et al., 2017; Feng et al., 2017; Solfrizzi et al., 2017; Montero-Odasso et al., 2016; Delrieu et al., 2016; Fougère et al., 2017). However, in clinical settings, the prevalence of cognitive frailty could be as high as 10.7–39.7% (Roppolo et al., 2017; Merchant et al., 2017; St John et al., 2017; Jha et al., 2016). In the present study, the prevalence of cognitive frailty was 5.39%, which was in accordance with previous studies. Until now, there were no studies of cognitive frailty with large-sample size in China, and this study filled the domestic gap.

Few studies investigated the association between pain and cognitive frailty. Previous work revealed a significant positive correlation between chronic pain and frailty (Blyth et al., 2008; Coelho et al., 2017; Wade et al., 2017). Empirical studies disclosed a robust association between the prevalence of chronic pain and the incidence of frailty, with an estimated 40–50% of the frail elderly population concurrently enduring chronic pain (Chang et al., 2011; Shega et al., 2013). Elderly individuals with chronic pain were at higher risk to developing frailty compared to those without chronic pain. In a longitudinal cohort study with 8-year follow-up, pain alone was reported to cause a fairly high percentage of frailty compared to the individuals without pain (Wade et al., 2017). A study based on Health and Retirement Study (HRS) revealed that persistent severe pain trajectory was associated with poorer overall cognition, memory and calculation ability (Sun et al., 2024). Another longitudinal study confirmed that older adults exposed to severe long-term pain had a significantly faster cognitive decline (Rong et al., 2021). A cross-sectional study investigated the association between pain, cognition and frailty, and discovered that the association between pain and cognitive function became non-significant after adjustment for age, sex and education level (Smith et al., 2015). However, the above work was cross-sectional and with relatively small sample size. A variety of studies confirmed positive correlation between chronic pain and frailty, and positive correlation between chronic pain and cognitive impairment. Therefore, we hypothesized positive correlation between chronic pain and cognitive frailty, and eventually revealed that the incidence of cognitive frailty was significantly higher in individuals with chronic pain, and individuals with chronic pain had a higher risk of developing cognitive frailty.

The mechanism correlating pain and frailty/cognition also supported the association between chronic pain and cognitive frailty. First, persistent pain caused impaired mobility, decreased resting metabolic rate, and decreased intake. Second, chronic pain activated the hypothalamic pituitary adrenal (HPA) axis, which increased cortisol levels (McBeth et al., 2005; Choi et al., 2010; Varadhan et al., 2008). HPA axis dysregulation was also a keypoint in the onset of frailty (McBeth et al., 2005; Choi et al., 2010; Varadhan et al., 2008). Thirdly, persistent pain and frailty were linked through the immune-inflammatory response (Edwards et al., 2008). The biological mechanisms of cognitive impairment are also complicated. For example, noradrenaline (NA), produced by the locus coeruleus (LC), mediates cognitive reserve. Progressive degeneration of the LC with resulting NA deficiency leads to gradual cognitive impairment (López-Ortiz et al., 2024). Furthermore, the ventral tegmental area (VTA) which contains dopaminergic (DA) neurons is disrupted in AD. The disconnection between VTA and other brain regions leads also to cognitive decline (López-Ortiz et al., 2024). Additionally, chronic pain could induce neuropathological modifications, including alterations in gray matter volume and the integrity of the anterior white matter tracts. Such alterations might disrupt the operational efficacy of neural networks integral to cognitive processes (Malfliet et al., 2017; Gomez-Beldarrain et al., 2016). Furthermore, these neuroanatomical changes also impacted cognitive reserve, potentially precipitating a deterioration in cognitive function (Gomez-Beldarrain et al., 2016).

Pain-depression and depression-frailty relationships have been widely investigated (Landi et al., 2005; Herrick et al., 2004). Researchers found higher risk of depressive symptoms in frail older adults with pain (Malfliet et al., 2017). In the present study, we adjusted the item of depression and reached the same results.

The current investigation boasted several methodological merits. Initially, the research harnessed data from the CHARLS, a dataset that was emblematic of the national demographic, thereby enabling a robust examination of the nexus between chronic pain and cognitive frailty among the Chinese geriatric populace. Secondly, the study’s sample size eclipsed that of numerous comparable studies, bolstering the statistical robustness of the findings. Thirdly, the methodology included both cross-sectional and longitudinal analyses, which collectively enhanced the persuasiveness of the evidence linking chronic pain to cognitive frailty.

Conversely, the study was not devoid of limitations. The retrospective nature of the research precluded the comprehensive adjustment for all potential confounding factors. Moreover, a considerable proportion of the CHARLS data exhibited gaps or incompleteness, potentially skewing the results. Furthermore, the diagnoses within the CHARLS database predominantly rely on questionnaires and individual self-reports from subjects, which inevitably introduces recall bias and misclassifies some untreated patients as part of the healthy population, thereby exerting a partial influence on the outcomes. Additionally, the study did not delineate the specific anatomical sites of pain nor did it track the progression of pain over the four-year observation period. Future prospective cohort studies are warranted to more intricately dissect the interplay between distinct chronic pain sites or the trajectory of chronic pain and its impact on cognitive frailty.



5 Conclusion

In the present study, we discovered that the incidence of cognitive frailty was significantly higher in people suffered from chronic pain, and people with chronic pain had a higher risk of developing cognitive frailty in middle-aged and older Chinese population. As chronic pain may increase the risk of cognitive frailty, management of chronic pain is of vital importance in preventing cognitive frailty, improving the quality of life in middle-aged and older population and reducing economic burden on families and society.
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Background: Research investigating the association between sleep duration and the risk of frailty has yielded conflicting results. This study used data from the China Health and Retirement Longitudinal Study (CHARLS) to investigate the association between sleep duration and frailty.
Methods: Participants aged 45 and above at baseline were included in this study. Night or total sleep was categorized into three groups: short (<6 h), normal (6–9 h), and long sleep duration (≥9 h). Frailty was measured by a 31-item frailty index (FI). Non-frail participants at baseline were followed up after a 7-year period. The association between sleep duration and FI was examined by linear regression and restricted cubic spline (RCS) analysis. The relationship between sleep duration and the risk of frailty was evaluated using multinomial logistic regression analysis.
Results: A total of 10,258/10,250 (night/total sleep duration) participants were included in the cross-sectional study and 4,770/4,768 in the longitudinal study. A negative correlation was identified between the both night and total sleep duration and FI (night: β = −0.83, p < 0.001; total: β = −0.66, p < 0.001) after adjusting for age, sex, education level, marital status, residence, yearly expenditure, BMI, waist circumference, smoking status, and drinking status in the cross-sectional study. In the longitudinal study, the relationship remained. Short sleep duration increased FI (night: β = 3.59, p < 0.001; total: β = 3.74, p < 0.001) and the risk of frailty (night: OR [95% confidence interval (CI)], 1.06 [1.05, 1.08], p < 0.001; total: 1.07 [1.06, 1.08], p < 0.001) compared to normal sleep duration in the fully adjusted model of the cross-sectional study. The result remains consistent in the longitudinal analysis.
Conclusion: Short sleep duration increases the risk of frailty in Chinese individuals aged 45 and above. Extending sleep duration in this population may help prevent or alleviate frailty among middle-aged and older adult individuals.
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 sleep duration; frailty; frailty index; CHARLS; Chinese middle-aged and older adults


Introduction

The global aging population is projected to reach 2 billion people by the year 2050, with frailty emerging as one of the most significant challenges. Frailty is a significant clinical syndrome associated with aging, characterized by heightened susceptibility to stressors due to a progressive deterioration in various physiological systems (1). The gradual decline in homeostatic reserve may lead to a notable decline in functional abilities when encountering relatively minor stressors, such as acute infections or minor surgeries. In this case, the term “frailty” is used to describe the accelerated decline in homeostatic mechanisms, aiming to evaluate the vulnerability and prognosis of older adult individuals. Frailty prevalence varies from 10 to 37% among community residents and from 18 to 40% among hospitalized patients (2, 3). It is estimated to affect 25–50% of individuals aged over 85 years. Valid frailty models have identified the relationship between frailty and adverse health outcomes, such as falls, disability, restricted mobility, dependency, hospitalization, and mortality (4, 5). Given the significant medical and socioeconomic implications, it is imperative to identify older adult individuals at high risk for frailty and implement suitable interventions to prevent its development and advancement.

The two common tools for assessing frailty in both research and clinical settings are the Fried phenotype criteria and FI. The former comprises five specific symptoms: weakness, slowness, exhaustion, low physical activity, and shrinking. The latter was measured by the accumulation of deficits, including comorbidities, disabilities, ability in the activities of daily living, and so on (6). FI is a better predictor of adverse health outcomes than the frailty phenotype because it has a more finely graded risk scale and takes into account comorbidities and disabilities (7). Research has established that an index containing 30–40 variables can accurately predict adverse outcomes. Within this range, the results were usually consistent regardless of the number or specific terms of deficits used (8).

Given that frailty is not inherently irreversible, it is crucial to identify relevant risk factors to reduce its occurrence. Sleep is an essential component of daily life. Previous research has suggested a link between sleep duration and the development of frailty. However, the findings have been inconsistent. A correlation between both long (≥9 h) and short sleep duration (≤6 h or ≤ 5 h) and an increased frailty risk has been identified in Japan, the Netherlands, and Denmark (5, 9, 10). Conversely, some studies found frailty is only linked to long sleep duration in the United States, Korea and Greece (5, 11, 12). Nevertheless, other studies were unable to establish the above correlation (13, 14). The studies conducted in China were also controversial, and a clear general conclusion is lacking (5, 15–17). The majority of these studies used the Fried phenotype whereas the FI criterion was rarely assessed. Additionally, most previous studies were cross-sectional, which may introduce the possibility of reverse causation. Since sleep is a modifiable factor in the daily lives of the older adult, more evidence needs to be gathered before short or long sleep can be firmly established as a behavioral risk factor for frailty. This study used data from the CHARLS to investigate the relationship between short and long sleep duration and frailty.



Methods


Study population

The CHARLS, initiated in 2011, is a longitudinal, nationally representative survey conducted in China.1 The study investigated individuals aged 45 years and older together with their spouses in 150 counties/districts and 450 villages/urban communities across 28 provinces (including autonomous regions and municipalities) through a multistage stratified probability-proportional-to-size sampling method (18). The collected data encompass basic information, family composition, physical and mental health status, healthcare coverage, employment and pension, financial resources and laboratory examinations. CHARLS commenced in 2011, with subsequent follow-ups conducted in 2013, 2015, 2018, and 2020. The Ethical Review Committee of Peking University granted approval for the CHARLS study (IRB00001052–11015). All participants obtained informed consent at the beginning of their study.

The current investigation retrospectively analyzed data from the CHARLS 2011 and 2018. The baseline survey conducted in 2011 involved a total of 17,708 participants. The inclusion criteria for the cross-sectional study in 2011 were as follows: (1) complete information on individuals aged 45 years or older, including gender and other covariates; (2) complete data on night/total sleep duration; (3) complete data on the frailty index (Figure 1). Individuals who did not meet all of the above criteria were excluded. The inclusion criteria for the longitudinal study between 2011 and 2018 were as follows: (1) individuals aged 45 years or older with complete information on covariates at baseline; (2) complete data on night/total sleep duration; (3) individuals without frailty in 2011; (4) individuals with complete data on frailty index in 2018 (Figure 1). Individuals who did not meet all of the above criteria were excluded. Multiple imputations by chained equations with 5 imputations were conducted to impute missing covariate information in the sensitivity analysis. Estimates were obtained by pooling the results. The cross-sectional study in 2011 ultimately included 10,258/10,250 participants (night/total sleep duration), while the longitudinal study between 2011 and 2018 included 4,770/4,768 participants (night/total sleep duration).

[image: Flowchart diagrams A and B illustrate participant selection from the CHARLS 2011 study with 17,708 participants initially. Diagram A excludes participants under 45 and those lacking specific information, resulting in a cross-sectional sample of 10,250. Diagram B similarly excludes participants under 45 and adds a criterion for frailty information, resulting in a longitudinal analytical sample of 4,768.]

FIGURE 1
 Flowchart of participant selection in the cross-sectional study (A) and the longitudinal study (B).




Sleep duration

The night sleep duration was evaluated through the following question: “During the past month, how many hours of actual sleep did you get at night (average hours for one night)?” The duration of nap time was evaluated using the following inquiry: “During the past month, how long did you take a nap after lunch?” We determined total sleep duration by adding together the duration of night sleep and nap time. Night sleep and total sleep were divided into three categories: short sleep duration (<6 h), normal sleep duration (6-9 h), and long sleep duration (≥9 h).



Assessment of frailty index and frailty

The FI was developed by Rockwood et al. and is used for assessing frailty by quantifying the accumulation of age-related health deficits. The index can be customized and developed as needed by adhering to the health deficit selection principle (6). It is recommended to include a minimum of 30 health deficit items. The FI in this study is created from 33 terms, encompassing 14 chronic diseases, 5 disabilities, 12 limitations in activities of daily living (ADLs) and instrumental activities of daily living (IADLs), cognitive function and depression (Supplementary Table S1). The selection process is based on the established standard procedure and previous literature (8, 19–21). Chronic diseases identified in CHARLS include hypertension, diabetes, dyslipidemia, cancer, chronic lung disease, heart disease, stroke, psychiatric disorders, memory-related diseases, rheumatism, liver disease, kidney disease, digestive diseases, and asthma (22). Disabilities include physical disabilities, brain damage/mental retardation, vision problem, hearing problem and speech impediment (21, 22). Functional limitations are evaluated based on six questions for ADLs and six for IADLs (19). The cognitive function assessment encompasses an orientation test, a picture drawing test, a calculation test, and evaluations of both immediate and delayed memory capabilities, totaling 21 questions (21). The final cognitive score is a continuous variable obtained by dividing the total score by 21, with higher scores indicating worse cognitive function. Remaining terms were also assigned values from 0 to 1, with 0 indicating no health deficit and 1 indicating a health deficit. FI was calculated by dividing the total health deficit scores by 33 and multiplying by 100, with a range between 0 and 100. Higher scores suggest a higher level of frailty. As indicated in prior research, participants were categorized into physically robust (FI ≤ 10), pre-frailty (10 < FI < 25), and frailty (FI ≥ 25) groups (19, 23).



Covariates

The analysis was adjusted for demographic characteristics, health behaviors, and anthropometric measurements. The covariates used in this study included age, sex, education level, marital status, residence, yearly expenditure, BMI, waist circumference, smoking status, and drinking status. Age was divided into two groups: 45 to 60 years old and 60 years old or older. Education level was classified as illiterate, middle school or below (home school, primary school and middle school) and high school or above (high school, vocational school, college/associate degree, bachelor’s degree, master’s degree and doctoral degree). We classified the marital status as either married or any other status, including unmarried, separated, divorced, or widowed. BMI was classified into three categories: underweight (BMI < 18.5 kg/m2), normal weight (18.5 kg/m2 ≤ BMI < 24 kg/m2), and overweight or obesity (BMI ≥ 24 kg/m2). We determined the smoking status based on the individual’s smoking history. The drinking status of individuals was assessed based on their alcohol consumption within the previous 12 months.



Statistical analysis

Baseline characteristics were summarized according to sleep duration. The categorical variables were presented as n (%) and were compared using the chi-squared test. The continuous variables were presented as the mean ± standard deviation (SD) and were compared using one-way ANOVA.

In both cross-sectional and longitudinal study, linear regression and RCS analysis were used to assess the association between sleep duration and FI, while multinomial logistic regression analysis was used to examine the relationship between sleep duration and the risk of frailty. Multinomial logistic regression belongs to the generalized linear model family. This model uses a link function to mathematically connect the linear combination of input variables and their coefficients (linear predictor) to the expected probability of each categorical outcome. This transforms the typical S-shaped curve of logistic models into a linear relationship for analysis. Restricted cubic spline is a way to identify non-linear relationship, which essentially is a piecewise cubic polynomial (24). Each spline connects smoothly at each knot. To improve model fitting and smoothness while reduce overfitting, four knots were set at the 5th, 25th, 75th, and 95th percentiles of latitude, as recommended by Harrell (25). The selection of covariates was based on existing literature, and three models were used in the analysis (22). Model 1 is a crude model without any adjustments; Model 2 included adjustments for age, sex, educational level, marital status, residence and yearly expenditure; Model 3 adjusted for age, gender, educational level, marital status, residence, yearly expenditure, BMI, waist circumference, smoking status, and drinking status. Sensitivity analysis was conducted on the dataset after the imputation of incomplete covariate information. Subgroup analysis and interaction analysis were performed to investigate potential effect modifications of covariates on the association between sleep duration and frailty. Some subgroups were not statistically significant due to insufficient sample size such as “High school or above,” “Unmarried” and “Urban residence” subgroups in the longitudinal study, which comprised fewer than 1,000 individuals. All statistical analysis was performed by R software (Version 4.3.2). All p values were two-sided, and the statistical significance was defined as p < 0.05.




Results


Participant characteristics

Table 1 presents the baseline characteristics of the cross-sectional study population grouped by different night sleep durations. A total of 10,258 participants were included in the cross-sectional study of night sleep duration and FI/frailty. This sample consisted of 5,738 middle-aged adults aged between 45 and 60 years and 4,520 older adult adults aged 60 years and above (mean [SD] age: 59.1 [9.3] years). In the sample, 51.3% of the participants were female, 62.2% had middle school or below education, 88.3% were married, 80.5% resided in rural areas, 52.5% had normal weight, 59.1% were non-smokers, and 67.0% never consumed alcohol. The prevalence of frailty in the overall population is 7.9%.



TABLE 1 Baseline characteristics of all participants in night sleep duration analysis in 2011 (n = 10,258).
[image: Table displaying demographic and lifestyle characteristics categorized by sleep duration: overall, short, normal, and long. Variables include sex, age, education, marital status, residence, yearly expenditure, BMI, waist size, smoking, drinking, FI (frailty index), and frailty levels. Significant p-values are marked, indicating variations among sleep duration groups.]

The cross-sectional study comprised 2,999 participants with short sleep duration, 6,456 with normal sleep duration, and 803 with long sleep duration. Participants in the short night sleep group were more likely to be female, older, less educated, single, with lower annual expenses, underweight, with smaller waists, less likely to smoke or drink and more prone to pre-frailty and frailty compared to the normal group. The characteristics of the participants in the longitudinal study of night sleep were approximately similar (Table 2). This is also manifested in cross-sectional and longitudinal studies of total sleep (Supplementary Tables S2, S3).



TABLE 2 Baseline characteristics of all participants in the longitudinal analysis of night sleep duration from 2011 to 2018 (n = 4,770).
[image: Table displaying characteristics of participants by sleep duration. Categories include sex, age, education level, marital status, residence, yearly expenditure, BMI, waist size, smoking, drinking, frailty index, and frailty status. Percentages and means are given for overall, short, normal, and long sleep durations. Statistical significance is indicated by p-values in the last column.]



Cross-sectional associations between sleep duration and FI

In the cross-sectional study, a negative correlation was identified between both night and total sleep duration and FI in the crude model (Model 1, night sleep: β = −1.04, p < 0.001, total sleep: β = −0.83, p < 0.001) (Table 3). After adjusting for demographic characteristics (Model 2), and further for health habits and anthropometric measurements (Model 3), the association remained significant (Model 2, night sleep: β = −0.81, p < 0.001, total sleep: β = −0.63, p < 0.001; Model 3, night sleep: β = −0.83, p < 0.001, total sleep: β = −0.66, p < 0.001). After categorizing sleep duration into three groups, short night or total sleep duration increased FI in unadjusted and adjusted models compared to normal sleep duration (Table 3). Long sleep duration initially increased FI in models of night sleep but not total sleep. The findings suggest that short night and total sleep duration are associated with a higher FI.



TABLE 3 Linear and logistic regression analysis examining the relationship between sleep duration and frailty index or frailty in 2011 (n = 10,258/10,250).
[image: Table comparing three statistical models labeled Model 1, Model 2, and Model 3, each showing coefficients for FI (frailty index) and Frailty related to night sleep duration and total sleep duration. The data, adjusted for various factors, presents beta or odds ratios with standard errors and confidence intervals. Statistically significant results are marked with asterisks, indicating levels of significance. The p-values for trends are all less than 0.001. Detailed notes describe the model adjustments and significance levels.]



Cross-sectional associations between sleep duration and frailty

In the cross-sectional study, the risk of frailty was negatively associated with both night and total sleep duration (night sleep: OR [95 CI%], 0.98 [0.98, 0.98], p < 0.001; total sleep: 0.99 [0.98, 0.99], p < 0.001) (Table 3). The association retained statistical significance after adjusting for confounding variables (Model 2, night sleep: 0.99 [0.98, 0.99], p < 0.001, total sleep: 0.99 [0.99–0.99], p < 0.001; Model 3, night sleep: 0.99 [0.98, 0.99], p < 0.001, total sleep: 0.99 [0.99, 0.99], p < 0.001). After categorizing sleep duration into three groups, short sleep duration is associated with an increased risk of frailty compared to normal sleep duration in three models. Long sleep duration only increased the risk of frailty in the unadjusted model and this significance dissipated following adjustment. This suggests that short night sleep duration, as well as short total sleep duration, is associated with an increased risk of frailty.



Longitudinal associations between sleep duration and FI

In the longitudinal study spanning from 2011 to 2018, FI exhibited a negative correlation with both night and total sleep duration in the crude model (Model 1, night sleep: β = −0.75, p < 0.001, total sleep: β = −0.62, p < 0.001) (Table 4). After adjusting for demographic characteristics, as well as health habits and anthropometric measurements, the association continued to exhibit statistical significance (Model 2, night sleep: β = −0.57, p < 0.001, total sleep: β = −0.43, p < 0.001; Model 3, night sleep: β = −0.59, p < 0.001, total sleep: β = −0.47, p < 0.001). The FI was significantly higher in short sleep group compared to normal sleep group (Table 4). The association still existed in the sensitivity analysis (Supplementary Table S4). This result is consistent with cross-sectional study indicating that shorter sleep duration may lead to increased FI.



TABLE 4 Linear and logistic regression analysis examining the longitudinal relationship between sleep duration and frailty index or frailty from 2011 to 2018 (n = 4,770/4,768).
[image: Table comparing three models analyzing the relationship between sleep duration and frailty index (FI) and frailty. Each model has data for night and total sleep duration, with categories for normal, short, and long sleep. Results are shown as beta coefficients or odds ratios with confidence intervals. P-values indicate statistical significance. Model adjustments vary by demographic and lifestyle factors. Significance levels are marked as *p < 0.05, **p < 0.01, and ***p < 0.001.]



Longitudinal associations between sleep duration and frailty

The longitudinal study also revealed a negative association between both night and total sleep duration and the risk of frailty across all three models (Model 1, night sleep: 0.99 [0.98, 0.99], p < 0.001, total sleep: 0.99 [0.99, 0.99], p < 0.001; Model 2, night sleep: 0.99 [0.99, 1.00], p < 0.001, total sleep: 0.99 [0.99, 1.00], p < 0.01; Model 3, night sleep: 0.99 [0.99, 1.00], p < 0.001, total sleep: 0.99 [0.99,1.00], p < 0.01) (Table 4). The incidence of frailty was increased in short sleep group compared to normal sleep duration. The relationship persisted in the sensitivity study (Supplementary Table S4). This suggests that short night sleep duration, as well as short total sleep duration, may increase the risk of frailty.



Non-linear relationship between sleep duration and frailty

While a linear relationship between sleep duration and FI was revealed both in the cross-sectional and longitudinal analysis, a non-linear relationship was also detected (P-nonlinear <0.001). Restricted cubic spline regression showed a non-linear (U-shaped) relationship between both night and total sleep duration and the risk of frailty using the fully adjusted model (Figures 2, 3). The OR value of 1 is depicted by a dotted horizontal line, which intersects the curve at 6.5 h and 8.1 h for night sleep, and at 7.0 h and 9.0 h for total sleep. In the cross-sectional study, the risk of frailty decreases as sleep duration increases up to 7.2 h per night or 8.1 h per day, followed by a reversal trend beyond these thresholds (Figure 2). In the longitudinal study, the curve remained almost the same except the right half becoming insignificant (turning point: night, 7.9 h; total, 8.6 h) (Figure 3). This suggests that both short and long sleep duration may increase the risk of frailty.

[image: Two graphs labeled A and B show the relationship between sleep duration and odds ratio (OR) with 95% confidence intervals (CI). Graph A plots night sleep duration, and graph B plots total sleep duration. Both graphs depict a U-shaped curve with higher OR at shorter and longer sleep durations, suggesting a non-linear relationship. Statistical significance is indicated by p-values less than 0.0001.]

FIGURE 2
 (A) night; (B) total. Restricted cubic spline of the association between night/total sleep duration and the risk of frailty in the cross-sectional study. The model was adjusted for age, sex, education level, marital status, residence, yearly expenditure, BMI, waist circumference, smoking and drinking status.


[image: Two line graphs labeled A and B depict the relationship between sleep duration and odds ratios (OR) with 95% confidence intervals (CI). Graph A plots night sleep duration against OR, showing a non-linear trend dipping around seven hours. Graph B plots total sleep duration, also showing a similar pattern. Both graphs indicate statistically significant overall and non-linear trends with p-values less than 0.0001.]

FIGURE 3
 (A) night; (B) total. Restricted cubic spline of the association between night/total sleep duration and the risk of frailty in the longitudinal study. The model was adjusted for age, sex, education level, marital status, residence, yearly expenditure, BMI, waist circumference, smoking and drinking status.


The result of long sleep duration in restricted cubic spline regression is different from the insignificant result of the fully adjusted linear model. In comparing the linear and non-linear models, the AIC and BIC values suggest that the linear model performed better than the non-linear model. Therefore, our study tends to believe that long sleep duration is less likely to increase the risk of frailty. The discrepancy may be attributed to the relatively smaller sample size in the long sleep duration group, which complicates the interpretation of the results. Nonetheless, both results have supporting evidence. A study from China Kadoorie Biobank which conducted in 10 regions across China found that short sleep duration, but not long sleep duration, increased the risk of exacerbating frailty (16). This study included only a brief assessment of depression and did not incorporate a cognitive evaluation. A study in the Netherlands found that both short and long sleep durations were associated with an increased risk of physical frailty (9). However, the association with long sleep duration lost significance after further adjustment. This study also found that both short and long sleep duration were associated with psychological frailty but not cognitive frailty. This suggests that the significant result of long sleep duration in our RSC analysis may be attributed to the relatively comprehensive assessment of depression or cognitive function in FI.



Stratified and interaction analysis

To investigate whether sleep duration has varying effects on the risk of frailty among different subgroups, we performed a stratified analysis. The associations were robust in subgroup analysis in terms of age, gender, marital status, education level (excluding high school or above), residence, yearly expenditure, BMI (excluding underweight individuals), smoking and drinking status in the cross-sectional study of night sleep duration (Figure 4A). The insignificance observed in specific subgroups may be attributed to the relatively small sample sizes within these subgroups. Night sleep duration seems to have a greater impact on frailty in specific populations, such as females, individuals aged 60 and above, single individuals, those with limited literacy, and nondrinkers (Figure 4A). Likewise, significant interaction effects were also observed within subgroups of gender, marital status, education level, BMI, and drinking status, but not age in the cross-sectional analysis of total sleep duration (Figure 4B).

[image: Forest plot comparing odd ratios (OR) and confidence intervals (CI) across different demographic and lifestyle factors. Section A and B depict data for categories like sex, age, marital status, education, residence, yearly expenditure, BMI, smoking, and drinking. Notable p-values indicating significant interactions include factors like education and drinking, with values under 0.001. OR values are generally close to 0.99 across most categories, indicating slight differences between subgroups.]

FIGURE 4
 Forest plot of stratified analysis of the relationship between night/total sleep duration and the risk of frailty in the cross-sectional study. (A) The effect of night sleep duration on frailty in subgroups. (B) The effect of total sleep duration on frailty in subgroups.


The longitudinal stratification analysis of night sleep duration showed consistent results with the main findings. However, for certain subgroups such as males, individuals aged 60 and above, illiterate, with a high school education or above, single, living in urban areas, with low or high annual expenses, underweight, overweight or obese, and smokers, the observed relationship was not statistically significant (Figure 5A). This may arise from the limited sample size in these subgroups as a result of lost follow-up. As a consequence, no significant interactions were observed among subgroups based on age, marital status, education level, residence, yearly expenditure, BMI and drinking status (p for interaction >0.05). However, a significant interaction was noted for smoking status. The analysis of total sleep duration yielded similar results (Figure 5B).

[image: Two forest plots labeled A and B display odds ratios (OR) with 95% confidence intervals (CI) for various variables like sex, age, marital status, education, residence, expenditure, BMI, smoking, and drinking. Each plot includes P-values for interaction. Both plots exhibit similar trends in OR, hovering around one, with minor deviations.]

FIGURE 5
 Forest plot of stratified analysis of the relationship between night/total sleep duration and the risk of frailty in the longitudinal study. (A) The effect of night sleep duration on frailty in subgroups. (B) The effect of total sleep duration on frailty in subgroups.





Discussion

The average sleep duration has declined over the past few decades. This issue is particularly prevalent among the older adult population, primarily due to health issues, medication, and life transitions such as retirement, bereavement, and reduced social engagements (26, 27). While several studies have investigated the relationship between sleep duration and frailty in China, a consistent and comprehensive national conclusion is still lacking (5, 15–17). The discrepancy may be ascribed to the use of different assessment tools for frailty and different compositions of FI. Most of these studies conducted in China assessed frailty using the Fried phenotype, while one used FI but did not meet the recommended threshold of 30 deficits and did not include cognitive assessment (16). Our study covers a broader geographical area within China and includes a thorough evaluation of depression and cognitive function, thereby improving its overall comprehensiveness and reliability. (7). Although the association of short sleep duration with increased frailty has been identified in older adult Mexican women, this correlation is not observed in older adult American men or in both genders in Korea (15). In addition to the different frailty assessment tools used, the various covariant may also contribute to the discrepancies. Furthermore, the regional variations in frailty prevalence also suggest the existence of unidentified factors that may influence frailty (15, 28). This study observed an association between short sleep duration and an increased risk of frailty, while the relationship between long sleep duration and frailty remains inconclusive. On one hand, although the p-value for trend is significant and the linear model performed better than the non-linear model, long sleep duration does not exhibit significance in the linear model, especially after adjustment. On the other hand, long sleep duration lost significance in the non-linear model of longitudinal study. This is indicated by the 95% CI for the right half of the curve crossing the zero line. Our finding was supported by several Mendelian randomization studies using genetic data, which demonstrates a negative correlation between the sleep duration and FI (3, 29).

Short sleep duration is associated with many aspects of frailty. Chronic sleep loss is associated with a wide range of adverse health effects, including cardiovascular disease, hypertension, diabetes, stroke, cognitive deficits and depression (3, 30). All of these are constitutions of FI. Insufficient sleep also elevates the risk of developing sarcopenia. Sarcopenia reduces muscle mass and function, contributing to the functional limitations of frailty (3).

A potential explanation for this correlation could be that inadequate sleep duration is associated with increased inflammation markers and hormonal/metabolic disturbances. A NHANES study has demonstrated the mediating role of inflammation in the association between sleep quality and frailty. Sleep deprivation by reducing sleep duration from 8 to 6 h per night for 1 week resulted in elevated levels of IL-6 and TNF-α in a group of healthy young people (31). Besides, a systematic review and meta-analysis demonstrated a correlation between short sleep duration and elevated levels of C-reactive protein (CRP) (32). The elevated levels of these inflammatory molecules may aggravate the preexisting low-grade, chronic, systemic inflammatory state in older adult individuals, particularly those who are frail. In fact, elevated levels of IL-6 and TNF-α have been observed in the circulation of older adults, with frail individuals showing even higher levels after adjusting for age (7, 33, 34). A recent study reveals that CRP not only correlates with higher FI values but also increases the risk of frailty within an 8-year period (35). Elevated levels of inflammatory factors can have a direct or indirect impact on frailty. Elevated levels of IL-6 are linked to a reduction in muscle mass and strength, and can serve as a predictive factor for the development of physical disability in a longitudinal study (33). Furthermore, elevated IL-6 levels are associated with many age-related conditions, like atherosclerosis, arthritis, dementia and functional decline, all of which are components of FI (33, 36). In addition, a cross-sectional study has shown a correlation between sleep duration and pro-oxidant/antioxidant balance (37). The imbalance between reactive oxygen species and antioxidant capacity is a characteristic feature of the aging process and frailty (38, 39).

Decreased sleep duration can lead to negative impacts on hormonal and metabolic processes. Disturbed sleep may reduce growth hormone, insulin-like growth factor-1, and sex hormone secretion, which in turn enhance muscle proteolysis, thus leading to sarcopenia and frailty. The decrease in slow-wave sleep levels is primarily responsible for the decline in growth hormone secretion with age. Short sleep duration also decreases testosterone levels (40). The decrease in growth hormone and testosterone levels leads to reduced nitrogen retention and protein synthesis in muscles, resulting in a decline in muscle mass and function. In terms of catabolism, sleep restriction is linked to increased hypothalamic–pituitary–adrenal activity, leading to elevated cortisol levels. Cortisol is involved in muscle catabolism in individuals affected by aging, sarcopenia, and Cushing syndrome (26). From a metabolic perspective, reduction in sleep duration promotes proteolysis, leading to a decrease in muscle mass rather than adipose tissue loss (26). Insufficient sleep is associated with compromised insulin sensitivity and glucose metabolism (41). Insulin resistance is commonly observed in the older adult and is considered a contributing factor to sarcopenia (42). This is because insulin stimulates muscle anabolism and suppresses proteolysis. Impaired glucose metabolism enables protein to be used as an energy source in muscle tissue. In addition, the aforementioned pro-inflammatory cytokines can also induce proteolysis (3). Studies have shown the inverse relationship between circulating IL-6 levels and insulin-like growth factor 1 (IGF-1), an anabolic hormone secreted in response to growth hormone, in frail older adults instead of non-frail controls. Further investigation is necessary to elucidate the specific role of sleep in the progression of frailty.

The impact of sleep duration on frailty varies in subgroup analysis based on sex, marital status, education level, BMI, and drinking habits in the cross-sectional study. The insignificant interaction effect in the longitudinal study may be attributed to the inadequate sample size in subgroups. Previous studies have found a significant association between inadequate sleep and frailty in women but not in men (17, 43). Despite women’s longer life expectancy than men’s, there is a widely acknowledged higher prevalence of frailty in women (7). Previous research suggests that females have higher levels of inflammatory factors such as IL-6 and CRP, potentially explaining their increased vulnerability to frailty and the predisposing factors. Poor sleep has been associated with elevated CRP levels in women but not in men (17). There are also variations in sleep characteristics between men and women, with women generally exhibiting longer total sleep time and deeper sleep compared to men (43). This suggests that women’s longer biological needs may make a shorter sleep duration more significant for them. There are additional variables that may influence the impact of sleep duration on frailty, including marital status and education level. The variation across different marital statuses may be attributed to the correlation between high levels of loneliness and an elevated risk of frailty (44). The same scenario applies to lower education level (45).

The present study exhibits several strengths. Firstly, the CHARLS dataset used in the current study is a nationally representative survey with a substantial sample size of middle-aged and older adult adults in China. Consequently, it circumvents regional differences, ensuring that the conclusion is nationally representative. The inclusion of middle-aged individuals enhanced the study’s capacity to concentrate on frailty prevention. Secondly, this study investigated both the cross-sectional and longitudinal relationships between sleep duration and frailty, which facilitates the potential inference of a causal relationship. The total sleep duration result is consistent with night sleep duration, thereby strengthening the inference. Nevertheless, given the observational design of this study, further research, including intervention studies, is required to establish a causal relationship. Thirdly, this study adequately accounted for covariates, including variables previously linked to frailty prevalence, such as gender, age, education level and yearly expenditure (46). The study also has some limitations. Firstly, the lack of objective sleep measurements and reliance on self-reports may introduce recall bias, especially in older participants with cognitive decline. Previous studies have indicated that individuals tend to overestimate their sleep duration, often equating it with the total time spent in bed (47). However, given the strong correlation between bedtime and actual sleep duration, it is likely that self-reported long sleep duration is reflective of extended physiological sleep (10). Further research is needed to objectively measure sleep duration using polysomnography or actigraphy in order to reduce potential bias from inaccurate self-reporting. Secondly, while several important confounders have been considered, it is possible that residual confounding factors, such as insomnia, obstructive sleep apnea, restless legs syndrome or other psychiatric symptoms, may still exist. An observational study conducted in a city of China found that poor sleep quality is associated with frailty and pre-frailty in those aged 70 years and older using phenotype criteria (5). The similar finding was also reported in a study in Mexico (13). In another study which used multidimensional frailty criteria, a positive correlation was observed between insomnia and both cognitive frailty and psychological frailty. Nevertheless, the relationship between insomnia and physical frailty or total frailty remains unclear in this study (48). An American study found that obstructive sleep apnea is associated with an increased risk of frailty in men, but this was observed only in women in Mexico (13, 49). In addition to depression, frail individuals showed significantly higher levels of anxiety and stress than robust individuals (50). Another study indicated that only those with stress symptoms, but not anxiety, show a faster decline in physical function (51). More longitudinal studies and intervention studies may be required to adequately address this issue.



Conclusion

This study provides evidence supporting the relationship between short sleep duration and frailty. The findings help identify people who are vulnerable to frailty. More research that uses objective sleep measurements and includes a wider range of diverse populations is necessary to draw a definitive conclusion.

Based on this finding, it is recommended that the government enhance public awareness and educational initiatives for middle-aged and older adult individuals to promote sufficient sleep. Family members of this population or the staff at the nursing home should pay more attention to their sleep duration when taking care of them. It is advisable for nursing homes to establish a standardized sleep schedule. Clinicians should consider the sleep duration of middle-aged and older adult patients during the treatment of various diseases and should intervene with pharmacological agents or other appropriate measures when necessary. These interventions are expected to decrease the prevalence of frailty in the future.
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Background: Insulin resistance (IR) is recognized as a potential modifiable risk factor for cognitive decline, but findings within Asian populations have been inconsistent. Given the high prevalence of dementia and its substantial economic burden in China, large-scale longitudinal studies are essential to elucidate the complex relationship between IR and cognitive function.



Methods: This longitudinal cohort study included 8,734 middle-aged and older adults (median age: 58 years; 53.6% females) from the China Health and Retirement Longitudinal Study (CHARLS), followed from 2011 to 2018. Estimated glucose disposal rate (eGDR) was used to assess IR and was calculated using waist circumference, hypertension status, and HbA1c levels. Participants were categorized into tertiles based on eGDR levels (Tertile 1: lowest; Tertile 3: highest). Cognitive function was calculated as the sum of episodic memory and executive function scores, which was then standardized to a Z-score. Linear mixed-effects models and dose-response analyses were performed to evaluate the association between baseline eGDR and cognitive changes in the total population and stratified by sex.
Results: Higher eGDR levels were significantly associated with slower global cognitive decline (Tertile 3 vs. Tertile 1: β = 0.007; 95% CI: 0.000–0.014; P = 0.047). This association was stronger in females (Tertile 3 vs. Tertile 1: β = 0.011; 95% CI: 0.002–0.021; P = 0.021), while no significant association was observed in males. Dose-response analyses indicated a linear positive relationship between baseline eGDR and global cognitive function in the total population and in females, but not in males. Similar patterns were found for episodic memory and executive function, with significant associations predominantly in females.
Conclusion: Higher eGDR was significantly associated with slower cognitive decline, particularly among women. These findings underscore the potential of eGDR as a marker for identifying and mitigating cognitive decline and highlight the importance of sex-specific strategies to address insulin resistance and promote cognitive health.
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1 Introduction

China, one of the world’s most populous countries, hosts approximately 16.99 million individuals diagnosed with dementia, accounting for 30% of the global dementia population (Wang et al., 2024). The nation is experiencing a rapidly aging population alongside increasing life expectancy, factors anticipated to further elevate the prevalence of dementia. Over the next 3 decades, the economic burden of dementia in China is projected to reach $296.1 billion, surpassing the estimated burdens in the United States ($233.1 billion) and Japan ($175.8 billion), thereby positioning China as the country with the highest economic impact of dementia globally (Chen et al., 2024). In the absence of curative treatments for dementia, identifying modifiable risk factors that could delay or prevent cognitive decline has emerged as a critical public health priority (Reuben et al., 2024).

Insulin resistance (IR) has garnered significant attention for its potential role in cognitive decline (Affuso et al., 2024). Notably, both lifestyle interventions and pharmacological treatments have been shown to effectively improve IR, highlighting its potential as a modifiable target for intervention (Li M. et al., 2022). Mechanistic studies suggest that IR may accelerate cognitive deterioration through pathways involving chronic inflammation, impaired synaptic activity, neurotransmitter dysregulation, and vascular dysfunction (Cannavale et al., 2021; Kellar and Craft, 2020; Suren Garg et al., 2023; Tumminia et al., 2018). Research conducted within Western populations consistently demonstrates significant associations between IR and cognitive decline (Fava et al., 2017; Hooshmand et al., 2019; Neergaard et al., 2017; Sherzai et al., 2018; Smith et al., 2019) However, studies within Asian populations have yielded limited and inconsistent findings (Ji et al., 2024b; Kong et al., 2018; Lee et al., 2019; Ma and Li, 2017; Yu et al., 2023). For instance, a 6-year longitudinal study among community-dwelling older adults in Korea reported that dynamic increases in IR significantly predicted cognitive decline (Kong et al., 2018). In contrast, another study involving middle-aged and older diabetic patients in Korea found no significant association between baseline IR and cognitive decline (Yu et al., 2023). Additionally, research in a Japanese non-diabetic population suggested that IR might be associated with a reduced risk of dementia (Lee et al., 2019). In China, small cross-sectional studies identified a significant association between IR and cognitive decline among individuals with type 1 diabetes (Ji et al., 2024b) and type 2 diabetes (Ma and Li, 2017). However, these studies were limited by their modest sample sizes of approximately 100–200 participants and the absence of longitudinal data (Ji et al., 2024b; Ma and Li, 2017). These discrepancies may reflect variations in population characteristics. Given the distinct genetic, dietary, and environmental factors in China, along with the high prevalence of dementia and its substantial economic burden, it is crucial to conduct large-scale longitudinal studies in this population to better understand the complex relationship between IR and cognitive function and to identify potential risk factors unique to the Chinese context.

Assessing IR in large-scale population studies presents significant methodological challenges. The hyperinsulinemic-euglycemic clamp is considered the gold standard for measuring IR but is often impractical for epidemiological studies due to its high cost and complexity (James et al., 2020). The Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) offers a more feasible alternative; however, it requires fasting insulin measurements, which are frequently unavailable in community-based studies (Tahapary et al., 2022). Recently, the estimated glucose disposal rate (eGDR) has emerged as a reliable surrogate marker for IR (Epstein et al., 2013). eGDR is calculated using HbA1c levels, waist circumference, and hypertension status, and it demonstrates a strong correlation with glucose uptake rates (M-values) measured by the hyperinsulinemic-euglycemic clamp (r = 0.63, P < 0.001) (Mertens et al., 2024). Due to its reliance on routine clinical measures, eGDR is both simple to implement and highly suitable for large-scale epidemiological studies (Meng et al., 2023; Peng et al., 2023; Zhang Y. et al., 2024). A cross-sectional study involving over 100 participants indicated that eGDR is associated with cognitive decline in individuals with type 1 diabetes (Ji et al., 2024b).

This study utilizes data from the China Health and Retirement Longitudinal Study (CHARLS), a nationally representative cohort of middle-aged and older adults in China. CHARLS encompasses both urban and rural residents and is distinguished by its large sample size, long-term follow-up, and comprehensive multidomain data collection (Zhao et al., 2014). This dataset provides a robust platform to investigate the relationship between IR and cognitive decline, reflecting China’s unique socioeconomic, cultural, and epidemiological landscape (Zhao et al., 2014). Although CHARLS does not include direct measures of IR, eGDR serves as a validated surrogate marker, offering a feasible approach to evaluate the role of IR in this population. Moreover, sex differences may significantly influence the association between IR and cognitive decline. Research indicates that women, particularly postmenopausal women, are at higher risk for IR due to hormonal changes (De Paoli et al., 2021), and the patterns of cognitive decline differ markedly between men and women (Bloomberg et al., 2023; Tu et al., 2024). Therefore, the present study aims to analyze the relationship between baseline eGDR and cognitive decline over a seven-year follow-up period to explore IR as a potential modifiable risk factor for cognitive decline in the Chinese population. Additionally, stratified analyses by sex will be conducted to examine potential moderating effects on this association.



2 Materials and methods


2.1 Study design and participants

This study utilized data from the CHARLS, a nationally representative prospective cohort focused on individuals aged ≥ 45 years in China (Zhao et al., 2014). CHARLS employed a multi-stage, stratified probability sampling method, with baseline data collection beginning in 2011 and follow-up assessments conducted every 2–3 years. Data were gathered through face-to-face interviews, laboratory tests, and physical measurements during the 2011 (Wave 1), 2013 (Wave 2), 2015 (Wave 3), and 2018 (Wave 4) waves. Due to disruptions from the COVID-19 pandemic, the 2020 wave included partial data collected via video interviews, which was excluded for consistency. This study analyzed data from the 2011 to 2018 waves.

CHARLS collected blood samples for glycated hemoglobin (HbA1c) at baseline and recorded data on hypertension, waist circumference, and cognitive function during each follow-up wave. Participants were excluded if they were younger than 45 years of age or had missing baseline data for hypertension, HbA1c, or waist circumference. Individuals with a history of dementia, Parkinson’s disease, brain atrophy, or mood/mental disorders at baseline were also excluded. Additionally, participants with incomplete cognitive assessments at baseline or no follow-up data on cognitive measurements were excluded.

The final study sample was derived through a rigorous selection process, as outlined in Figure 1. All participants provided informed consent, and the study protocol was approved by the Biomedical Ethics Committee of Peking University (IRB00001052-11015).


[image: Flowchart detailing participant selection in a study. From 17705 CHARLS participants, 8510 were excluded due to various issues: age, memory-related disorders, mood or mental disorders, missing eGDR data, or incomplete cognitive data. 9195 were enrolled at baseline; 461 were later excluded for missing cognitive data. The final study includes 8734 participants, split into 4056 males and 4678 females.]

FIGURE 1
Flow diagram of participant selection.




2.2 Measurement of eGDR

The primary exposure variable in this study was eGDR, calculated using the following formula:

[image: Equation for estimated Glucose Disposal Rate (eGDR) in milligrams per kilogram per minute equals 21.158 minus 0.09 times waist circumference minus 3.407 times hypertension minus 0.551 times Hemoglobin A1c.]

where WC is waist circumference (in cm), hypertension is coded as 1 for “yes” and 0 for “no,” and HbA1c is expressed as a percentage (Zhang Z. et al., 2024). Waist circumference was measured under standardized conditions, with participants wearing light clothing.
Participants were classified as hypertensive if they had a systolic blood pressure (BP) ≥ 140 mmHg, diastolic BP ≥ 90 mmHg, were taking antihypertensive medications, or self-reported a diagnosis of hypertension. Blood samples were collected after overnight fasting, stored at −20°C, and transported to Beijing for HbA1c analysis using standardized procedures.
In this study, lower eGDR scores were assumed to indicate higher insulin resistance.



2.3 Measurement of cognitive function

Cognitive function was assessed through face-to-face interviews using standardized tools to evaluate episodic memory and executive function (Lin et al., 2022).

Episodic memory was assessed using immediate and delayed recall tasks. Participants were asked to recall 10 Chinese words immediately after hearing them and again after a 5-min delay. The final episodic memory score was calculated as the average of the immediate and delayed recall scores, with a range of 0–10. Executive function was evaluated through tasks measuring orientation, calculation, and visuospatial ability. Orientation involved identifying the current year, month, date, day of the week, and season, with a score range of 0–5. Calculation was assessed by asking participants to subtract 7 from 100 consecutively 5 times, with a score range of 0–5. Visuospatial ability required participants to redraw a displayed figure accurately, with a score range of 0–1. The total executive function score ranged from 0 to 11.

Overall cognitive function was defined as the sum of the episodic memory and executive function scores, yielding a possible range of 0–21. All raw scores were standardized into Z-scores based on baseline means and standard deviations (SDs), with higher Z-scores indicating better cognitive performance.



2.4 Covariates

Potential confounders previously identified as risk factors for cognitive impairment in the Chinese population were included in the analysis (Jia et al., 2020). These factors encompassed demographics, socioeconomic factors, health behaviors, and chronic diseases. Demographic covariates included age and sex (male or female). Socioeconomic factors included area of residence (urban or rural), marital status (married/cohabiting or other), and educational level (elementary school or below, secondary school, or college or above). Health behavior variables included smoking status (non-smokers or smokers), alcohol consumption (non-drinkers or drinkers), and body mass index (BMI). Chronic diseases (yes or no) included dyslipidemia, diabetes, heart disease, and stroke. BMI was calculated as weight (kg) divided by the square of height (m2). The diagnoses of dyslipidemia and diabetes were consistent with previous studies (Luo et al., 2023). Dyslipidemia was defined by: (1) total cholesterol ≥ 240 mg/dL, low-density lipoprotein (LDL) ≥ 160 mg/dL, triglycerides ≥ 200 mg/dL, high-density lipoprotein (HDL) < 40 mg/dL, or (2) current use of lipid-lowering medications, or (3) self-reported physician-diagnosed hyperlipidemia. Diabetes was diagnosed based on: (1) fasting plasma glucose ≥ 126 mg/dL, random plasma glucose ≥ 200 mg/dL, or hemoglobin A1c ≥ 6.5%, or (2) current use of hypoglycemic treatment, or (3) a previous diagnosis of diabetes. The presence of heart disease and stroke was determined based on prior diagnosis or current use of relevant medications. Additionally, C-reactive protein (CRP) and hemoglobin levels were included as covariates in the analysis, reflecting inflammatory status and anemia (e.g., iron-deficiency anemia).



2.5 Statistical analysis

The study population was divided into three groups based on baseline eGDR tertiles. Analyses were conducted for the total population and separately for males and females. Continuous variables were presented as medians with interquartile ranges (IQRs), and differences between groups were evaluated using the Kruskal-Wallis test. Categorical variables were expressed as frequencies and percentages, with intergroup differences assessed using the Chi-square test.

To examine the association between eGDR and cognitive decline, a linear mixed-effects model with random intercepts and slopes was used to assess changes in cognitive function over the follow-up period. The longitudinal relationship was modeled by including an interaction term between eGDR group and follow-up time. Since the mixed-effects model accounts for random missing data, no additional imputation procedures were applied (Li et al., 2021; Li C. et al., 2022). To ensure robustness and consistency, sensitivity analyses were performed by stepwise adjustment of covariates. Model 1 adjusted for baseline age, age2, and sex (not included in sex-stratified analyses). Model 2 further adjusted for educational level, marital status, area of residence, smoking status, alcohol consumption, BMI, and BMI2. Model 3 additionally controlled for CRP, hemoglobin, dyslipidemia, diabetes, heart disease, and stroke. Because modifications to the memory tests (particularly immediate and delayed word recall) were introduced in the 2018 wave of CHARLS, we conducted a sensitivity analysis using an equipercentile equating procedure to convert the 2018 word recall scores to the 2015 scale (Wu Y. et al., 2024). We then re-estimated our main linear mixed-effects models using these equated scores to address potential test-form bias.

The potential dose-response relationship between eGDR and cognitive decline was further explored by including both linear and quadratic terms of eGDR, along with their interaction with time, in the linear mixed-effects model (Model 3). The interaction term eGDR × time was used to estimate the effect of eGDR on the rate of cognitive decline.

All results are reported as β (95% confidence interval), where β represents the effect of a one-unit change in eGDR on the standardized Z-score change in cognitive function. Statistical analyses were conducted using R version 4.4.1,1 with a significance threshold set at P < 0.05.




3 Results


3.1 Baseline characteristics of participants

Baseline characteristics of the total population and sex-specific subgroups stratified by eGDR tertiles are shown in Table 1 and Supplementary Tables S1, S2, respectively. Among the 8,734 participants, the median age was (IQR, 52–65), including 4,056 males (46.4%) and 4,678 females (53.6%).


TABLE 1 Baseline characteristics of participants stratified by eGDR tertiles.

[image: Table displaying participant characteristics across three tertiles of estimated glucose disposal rate (eGDR) with related demographics, health, and cognitive function statistics. Includes various measures like age, smoking status, hypertension, BMI, and cognitive function scores with respective p-values indicating statistical significance. Data are shown as medians or percentages with interquartile ranges.]

Participants in the highest eGDR tertile were generally younger, had lower BMI and CRP, and exhibited a lower prevalence of dyslipidemia, diabetes, heart disease, and stroke compared to those in the lowest tertile.



3.2 Sex differences in eGDR and cognitive function

At baseline, females had significantly lower eGDR values [median: 9.69 (IQR, 7.10–11.00) vs. 9.98 (IQR, 7.34–11.13); P < 0.001] and baseline cognitive function scores [median: 10.0 (IQR, 6.5–13.5) vs. 12.5 (IQR, 9.5–14.5); P < 0.001] compared to males (Supplementary Figure S1). Although both sexes showed a bimodal distribution of eGDR in the overall population, stratification by hypertension status revealed a unimodal distribution in both groups (Supplementary Figure S2), suggesting that the bimodal pattern may be partially influenced by hypertension status. From 2011 to 2018, cognitive function scores declined across all groups, with males consistently displaying the highest scores and females the lowest across all domains—both before and after the equipercentile conversion (Supplementary Figure S3).



3.3 Association between eGDR tertiles and global cognitive decline

Table 2 and Figure 2 show the associations between eGDR tertiles and global cognitive decline over the 7-year follow-up period, adjusted for covariates. In the total population, participants in Tertile 2 (β = 0.008; 95% CI: 0.001–0.015; P = 0.029) and Tertile 3 (β = 0.007; 95% CI: 0.000–0.014; P = 0.047) demonstrated significantly slower rates of global cognitive decline compared to those in Tertile 1.


TABLE 2 Associations between eGDR tertiles and annual change in global cognitive function Z-scores (SD/year) over 7 years of follow-up.

[image: Table showing the regression analysis of estimated glucose disposal rate (eGDR) tertiles on cognitive Z-scores for total population, males, and females. Model 1 shows significance in females for Tertile 2 (β = 0.015, P = 0.001) and Tertile 3 (β = 0.012, P = 0.014). Model 2 and Model 3 reveal similar patterns. Males show no significant associations. Data adjusted for multiple factors including education and health conditions.]


[image: Line graphs illustrating global cognitive Z scores measured over time for three groups based on eGDR values: less than or equal to 7.80 (red), 7.80 to 10.75 (green), and greater than 10.75 (blue). Panel A shows the total population with a p-value of 0.054, Panel B depicts males with a p-value of 0.738, and Panel C illustrates females with a p-value of 0.007. Each graph displays a decline in cognitive scores over time, with variations among groups.]

FIGURE 2
Trajectories of global cognitive Z scores by eGDR tertiles in (A) the total population, (B) males, and (C) females. Linear mixed-effects models with random intercepts and slopes were adjusted for covariates, including age, age2, educational level, marital status, residence, smoking status, drinking status, BMI, BMI2, C-reactive protein, hemoglobin, dyslipidemia, diabetes, heart disease, and stroke. Sex was included as an additional covariate in the total population model. BMI, body mass index; eGDR, estimated glucose disposal rate; SD, standard deviation.


In females, Tertile 2 was significantly associated with slower cognitive decline (β = 0.015; 95% CI: 0.005–0.024; P = 0.003), and this association persisted in Tertile 3 (β = 0.011; 95% CI: 0.002–0.021; P = 0.021). In contrast, no significant associations were observed between eGDR tertiles and cognitive decline in males.

As a sensitivity analysis, we applied an equipercentile equating procedure to the 2018 memory scores. Results remained largely consistent: in the total population, Tertile 2 (β = 0.007; 95% CI: 0.000–0.014; P = 0.036) and Tertile 3 (β = 0.007; 95% CI: 0.001–0.015; P = 0.033) were significantly linked to slower cognitive decline, and in females, Tertile 2 (β = 0.013; 95% CI: 0.004–0.023; P = 0.004) and Tertile 3 (β = 0.011; 95% CI: 0.002–0.020; P = 0.022) continued to show protective effects. No significant associations were detected among males (Supplementary Table S3).



3.4 Association between eGDR tertiles and executive function decline

As shown in Supplementary Figure S4 and Supplementary Table S4, in the total population, Tertile 3 (β = 0.008; 95% CI: 0.001–0.014; P = 0.020) exhibited significantly slower rates of executive function decline compared to those in Tertile 1. The association for Tertile 2 (β = 0.006; 95% CI: 0.000–0.013; P = 0.059) did not reach statistical significance but showed a similar trend.

In females, Tertile 2 was associated with a significantly slower rate of executive function decline (β = 0.012; 95% CI: 0.003–0.021; P = 0.006), and this association remained significant for Tertile 3 (β = 0.010; 95% CI: 0.001–0.019; P = 0.031). No significant associations were observed in males.

As a sensitivity analysis, we applied an equipercentile equating procedure to the 2018 memory scores. Under this approach, Tertile 2 (β = 0.006; 95% CI: 0.000–0.013; P = 0.060) and Tertile 3 (β = 0.008; 95% CI: 0.001–0.014; P = 0.021) in the total population again showed significantly slower decline compared to Tertile 1. In females, Tertile 2 (β = 0.012; 95% CI: 0.003–0.021; P = 0.006) and Tertile 3 (β = 0.010; 95% CI: 0.001–0.018; P = 0.031) remained significant, and no associations were noted in males (Supplementary Table S5).



3.5 Association between eGDR tertiles and episodic memory decline

In females, Tertile 2 was significantly associated with improved episodic memory scores compared to Tertile 1 (β = 0.013; 95% CI: 0.001–0.026; P = 0.040 in Model 1; β = 0.013; 95% CI: 0.000–0.026; P = 0.045 in Model 2). This association remained marginally significant in Model 3 (β = 0.013; 95% CI: 0.000–0.026; p = 0.050). No significant associations were observed in males or the total population (Supplementary Figure S5 and Supplementary Table S6).

As a sensitivity analysis, we applied an equipercentile equating procedure to the 2018 memory scores (Supplementary Table S7). Under this approach, none of the eGDR tertiles were significantly associated with episodic memory changes for the total population or males. Among females, Tertile 2 showed a borderline association (P = 0.096 in Model 3), but did not reach conventional levels of statistical significance.



3.6 Dose-response relationship between baseline eGDR and global cognitive decline

In the total population, higher baseline eGDR levels were significantly associated with slower global cognitive decline. The interaction between eGDR and time was significant (β = 0.002; 95% CI: 0.001–0.003; P = 0.002), indicating that for every 1-unit increase in eGDR, the annual decline in cognitive Z-scores slowed by 0.002 SD. The relationship between eGDR and cognitive decline was linear (P for nonlinearity = 0.609).

In females, a significant interaction between eGDR and time (β = 0.003; 95% CI: 0.001–0.004; P = 0.003) confirmed that higher eGDR levels were associated with slower rates of cognitive decline over time (Figure 3 and Supplementary Table S8). Similarly, the dose-response relationship was linear (P for nonlinearity = 0.301). In males, no significant interaction was observed between eGDR and time (β = 0.001; 95% CI: -0.001–0.003; P = 0.187), suggesting no clear dose-response relationship in this subgroup.
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FIGURE 3
Dose-response curves of eGDR and the rate of global cognitive decline (SD/year) in (A) the total population, (B) males, and (C) females. Mixed linear regression models with random intercepts and slopes were adjusted for covariates, including age, age2, educational level, marital status, residence, smoking status, drinking status, BMI, BMI2, C-reactive protein, hemoglobin, dyslipidemia, diabetes, heart disease, and stroke. Sex was included as a covariate in the total population model. Shaded areas indicate 95% confidence intervals. BMI, body mass index; eGDR, estimated glucose disposal rate; SD, standard deviation.




3.7 Dose-response relationship between baseline eGDR and executive function decline

In the total population, a significant interaction between baseline eGDR and time was observed for executive function decline (β = 0.002; 95% CI: 0.001–0.003; P = 0.001), suggesting that higher eGDR values were associated with a slower rate of decline in executive function over time. This association was consistent across sexes. In males, higher eGDR values were significantly linked to slower declines in executive function (β = 0.002; 95% CI: 0.000–0.004; P = 0.032), while in females, the association was similarly significant (β = 0.002; 95% CI: 0.000–0.004; P = 0.011) (Supplementary Figure S6 and Supplementary Table S9). The dose-response relationship between eGDR and executive function decline appeared to follow a linear pattern (P for nonlinearity > 0.05).



3.8 Dose-response relationship between baseline eGDR and episodic memory decline

In females, a significant interaction between baseline eGDR and time was observed for episodic memory decline (β = 0.002; 95% CI: 0.000–0.005; P = 0.039), indicating that higher eGDR values were associated with a slower rate of decline in episodic memory over time (Supplementary Figure S7 and Supplementary Table S10). This relationship also appeared to be linear (P for nonlinearity = 0.578).

In contrast, no significant interactions were found in males (β = 0.000; 95% CI: -0.003–0.002; P = 0.839) or in the total population (β = 0.001; 95% CI: 0.000–0.003; P = 0.138).



3.9 Other analyses: covariates and their influence on cognitive decline

Supplementary Table S11 presents the associations between covariates and cognitive decline in the total population. Educational level emerged as a significant predictor of cognitive decline, with individuals with elementary school education or below exhibiting the most pronounced decline (standardized β = −0.953; 95% CI: -1.088 to 0.819; P < 0.001), followed by those with secondary school education (standardized β = V0.278; 95% CI: -0.412 to -0.143; P < 0.001). The inclusion of educational level in the model explained an additional 8.9% of the variance in cognitive decline (ΔR2 = 0.089), making it the most influential factor in the model, ahead of sex. After controlling for established risk factors such as age and educational level, sex remained a significant predictor of cognitive decline (standardized β = −0.180; 95% CI: -0.202 to -0.158; P < 0.001), contributing an additional 1.6% to the explained variance (ΔR2 = 0.016). This underscores the independent role of sex in explaining cognitive decline, independent of other established risk factors. Age demonstrated a nonlinear relationship with cognitive decline, with the quadratic term for age showing significant negative effects (standardized β = −0.615; 95% CI: -0.779 to -0.451; P < 0.001), suggesting that the rate of cognitive decline accelerates with increasing age, particularly among older individuals. Higher BMI was positively associated with cognitive performance (standardized β = 0.302; 95% CI: 0.222–0.381; P < 0.001), while its squared term indicated a nonlinear relationship, suggesting diminishing benefits at higher BMI levels (standardized β = −0.221; 95% CI: -0.298 to -0.145; P < 0.001).




4 Discussion

This study is the first large-scale longitudinal investigation to examine the association between eGDR and cognitive decline in middle-aged and older Chinese adults, with a particular focus on sex-specific differences. The findings reveal that higher eGDR levels are significantly associated with a slower rate of cognitive decline, but only in women, while no such association was observed in men. These results suggest that eGDR may exert a stronger protective effect on cognitive function in women, providing novel insights into the sex-specific impacts of IR on cognitive decline.

Although studies in Western populations have consistently shown an association between IR and cognitive decline (Fava et al., 2017; Hooshmand et al., 2019; Neergaard et al., 2017; Sherzai et al., 2018; Smith et al., 2019), evidence from Asian populations remains inconsistent (Ji et al., 2024b; Kong et al., 2018; Lee et al., 2019; Ma and Li, 2017; Yu et al., 2023). As a country that accounts for 30% of the global dementia burden (Wang et al., 2024), China is projected to face the highest economic impact of dementia in the future (Chen et al., 2024), highlighting the urgent need for large-scale longitudinal studies. Furthermore, research on sex differences in the relationship between IR and cognitive decline remains scarce. This study addresses these critical gaps by utilizing the CHARLS cohort, a nationally representative sample of middle-aged and older Chinese adults, thereby enhancing the generalizability of our findings to the broader Chinese population. Our results provide new insights into the role of eGDR as a surrogate marker for IR and its association with cognitive decline, with particular emphasis on sex-specific differences.

Baseline analysis revealed that eGDR levels and cognitive scores were both significantly lower in women than in men, consistent with previous findings on sex-specific differences in metabolic and cognitive characteristics. Postmenopausal women are particularly susceptible to reduced insulin sensitivity due to declining estrogen levels (Ciarambino et al., 2023). Furthermore, studies across regions have shown that cognitive scores in Chinese women remain significantly lower than in men, even after accounting for educational differences (Bloomberg et al., 2023). Moreover, sex continued to show significant additional explanatory power for cognitive decline (ΔR2 = 0.016) after controlling for other established risk factors, including age and educational level, indicating that sex provides an independent contribution to cognitive decline. This finding supports the hypothesis that sex-specific metabolic mechanisms, such as hormonal influences or IR, may influence cognitive function, particularly in women, where IR may accelerate cognitive decline through distinct metabolic pathways. These findings emphasize the importance of sex-stratified analyses to better understand the relationship between eGDR and cognitive decline.

Prior research has highlighted sex differences in the association between IR and cognitive decline. For example, a study of non-diabetic older adults in the United States found that higher TyG index levels were significantly associated with lower cognitive function in women, whereas no such association was observed in men (Wei et al., 2023). Similarly, a nationwide study in Finland reported that higher HOMA-IR levels were associated with poorer verbal fluency in women but not in men (Ekblad et al., 2015). These findings suggest that IR may exert a more pronounced impact on cognitive function in women. Our findings align with these observations, showing that lower eGDR levels may serve as an early predictor of cognitive decline in women, while no such association was observed in men. This highlights the need for sex-specific strategies in addressing the cognitive impacts of IR.

Sex differences in the relationship between IR and cognitive decline are likely influenced by a combination of physiological, metabolic, and social factors. Estrogen has demonstrated neuroprotective effects, likely through mechanisms such as modulation of neurotransmission, enhancement of cerebral blood flow, and promotion of neuronal repair (Genazzani et al., 2007). However, following menopause, women experience a significant decline in estrogen levels, which reduces its neuroprotective impact (Genazzani et al., 2007). As a result, the negative association between eGDR and cognitive decline may be more pronounced in women. Similarly, testosterone also exerts neuroprotective effects, potentially mitigating cognitive decline by slowing neuronal death and promoting neurorepair mechanisms (Bianchi, 2022). Additionally, the loss of testosterone with aging has been linked to an increased risk of dementia (Ahmadpour and Grange-Messent, 2021; Moffat and Resnick, 2007). While androgen levels in men gradually decline with age, this decline typically occurs more slowly, which may mask the relationship between eGDR and cognitive decline in the male population. Moreover, immune response differences between men and women may also contribute (Klein and Flanagan, 2016). Women generally exhibit stronger innate and adaptive immune responses, which can amplify inflammatory pathways and worsen the impact of IR on cognitive function (Klein and Flanagan, 2016; Zhou et al., 2024). In addition, while eGDR serves as a practical, non-invasive marker of insulin sensitivity, it also reflects broader cardiovascular and metabolic risks, as it incorporates waist circumference, hypertension, and HbA1c. Previous studies in China have shown that education level may significantly modify the relationship between cardiometabolic biomarkers and cognitive outcomes (Srikantha et al., 2024; Wu Q. et al., 2024). For example, diabetes was inversely related to average cognitive scores among individuals with less than lower secondary education (Srikantha et al., 2024), while in the highest-educated elderly population, higher cardiometabolic risk was associated with better cognitive function and slower cognitive decline (Wu Q, et al., 2024). These findings underscore the importance of considering social factors, such as education level, when interpreting the relationship between insulin resistance and cognitive decline, particularly in large-scale longitudinal studies. Our baseline data indicate that women have significantly lower levels of education than men; approximately 40% of males have attended secondary school or higher, while only around 20% of females have achieved the same educational level (Supplementary Table S12). This educational disparity may help explain why a significant association between eGDR and cognitive decline was observed in women but not in men.

This study has several limitations. First, although adjustments were made for several covariates, such as age, sex, and education level, unmeasured confounders, including dietary and genetic factors (Dissanayaka et al., 2024; Ji et al., 2024a), may still influence the observed associations. Second, as a longitudinal observational study, causality cannot be established. Nonetheless, the consistency of our findings across multiple analytical models and their alignment with existing mechanistic studies suggest that these associations are unlikely to be entirely due to confounding. Future research should explore genetic predispositions, lifestyle factors, and dietary habits to provide a more comprehensive understanding of the role of IR in cognitive decline.



5 Conclusion

This study identified a significant association between higher eGDR levels and slower cognitive decline among middle-aged and older adults in China, with a more pronounced effect observed in women. These findings suggest that eGDR could serve as a potential marker for assessing the risk of cognitive decline and underscore the importance of further research into sex-specific mechanisms and targeted interventions aimed at improving IR and cognitive health.
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Background: This study evaluates the impact of ultrasound-guided stellate ganglion block (SGB) on early postoperative cognitive dysfunction (POCD) in elderly patients who underwent laparoscopic gastrointestinal (GI) surgery, as well as its potential effect on oxidative stress and inflammatory responses.
Methods: In this randomized controlled trial, 104 elderly patients scheduled for elective laparoscopic GI surgery were randomized to receive ultrasound-guided SGB before general anesthesia (SGB group) or general anesthesia alone (control group). A total of 98 patients completed the study. Cognitive function was assessed using the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) preoperatively, and on postoperative days one and three. The perioperative recordings included mean arterial pressure, heart rate, and the bispectral index. Blood samples were analyzed for interleukin-6 (IL-6), superoxide dismutase (SOD), and malondialdehyde (MDA).
Results: The SGB group had a significantly lower incidence of POCD on postoperative day one (p < 0.05). IL-6 and MDA levels were significantly lower, while SOD levels were higher in the SGB group, when compared to the control group (p < 0.05). MDA levels were notably lower on postoperative day three in the SGB group (p < 0.05). Both groups showed significant changes in IL-6, SOD and MDA levels, when compared to preoperative values. The hemodynamic indicators showed a slight reduction in intraoperative blood pressure and decreased numerical rating scale scores on the first postoperative day without significant differences in other indicators.
Conclusion: Preoperative SGB reduces early POCD in elderly patients who undergo laparoscopic GI surgery, possibly through the inhibition of oxidative stress and inflammatory responses.

Keywords
 stellate ganglion block; gastrointestinal surgery; postoperative cognitive dysfunction; oxidative stress; inflammation


1 Introduction

The global trend of an aging population, combined with advances in medical care, has resulted in a significant increase in the number of elderly individuals undergoing surgical procedures (Gou et al., 2021). This is particularly pronounced in China, where gastrointestinal (GI) diseases are highly prevalent among the elderly population, posing a significant threat to life expectancy and necessitating a corresponding increase in surgical procedures (GBD 2019 Diseases and Injuries Collaborators, 2020; Saur et al., 2021). This trend underscores the critical need for specialized surgical care and customized postoperative management strategies for the elderly demographic. A major concern is postoperative cognitive dysfunction (POCD), which is a commonly observed complication marked by a significant decline in cognitive functions, such as memory, attention, and executive function.

The incidence of POCD varies widely, with reports indicating a prevalence that range within 10–50% following general surgery. Age is considered an independent risk factor for the development of POCD (Kim et al., 2016). For elderly patients who underwent complex or emergency procedures, the incidence was even higher, reaching up to 17–61% (Chen J. et al., 2022). For instance, the incidence of POCD following major non-cardiac surgery in elderly patients was reported to be 25.8% (Zeng et al., 2023). Among elderly patients who underwent colorectal surgery, POCD occurred in 8.2–54% of cases (Mosk et al., 2018). Specifically, in elderly gastric cancer patients who underwent laparoscopic gastrectomy, 27.4% experienced POCD within seven days, postoperatively (Chen J. et al., 2022). This high prevalence underscores the profound impact of POCD on patient recovery, leading to increased risks of prolonged hospitalization, long-term disability, and diminished quality of life (Lin et al., 2020).

Although the prevalence of POCD in elderly surgical patients has been well-documented, its complex and multifactorial etiology remains poorly understood, thereby hindering the development of effective treatments. Factors, such as anesthesia, surgical trauma, inflammation, and underlying neurodegenerative diseases, have been considered to influence POCD (Lin et al., 2020). Despite the substantial impact on patient outcomes and healthcare costs, effective therapeutic strategies for POCD remains lacking. This highlights the urgent need for continued research into its underlying mechanisms, and the exploration of potential interventions to mitigate its effects in elderly surgical populations.

Emerging research has highlighted the critical role of neuroinflammation and oxidative stress in the pathogenesis of POCD. Specifically, microglial activation, the IL-6 trans-signaling pathway, and blood–brain barrier (BBB) disruption have been implicated, highlighting the need for a deeper mechanistic understanding (Skvarc et al., 2018; Lin et al., 2020; Li et al., 2022). Clinical evidence further supports these findings, demonstrating a strong correlation between systemic inflammatory markers, notably IL-6, and the severity of POCD in elderly patients underwent GI surgery (Barreto Chang and Maze, 2022). Furthermore, research has revealed an increase in oxidative markers, such as MDA, and a decrease in antioxidant capacities, including SOD, in patients with POCD (Su et al., 2020), indicating a critical imbalance between oxidative and antioxidative systems. These insights collectively highlight inflammation and oxidative stress as potential therapeutic targets for mitigating POCD (Ho et al., 2020).

Recent studies have suggested that ultrasound-guided stellate ganglion block (SGB), which is a minimally invasive technique that targets the cervical sympathetic nervous system, holds promise for mitigating POCD in elderly patients who undergo GI surgery. Ultrasound-guided SGB has been shown to reduce POCD incidence, possibly by modulating surgical stress responses, and promoting postoperative recovery (Deng X. et al., 2023). In addition, ultrasound-guided SGB has demonstrated the potential to enhance hemodynamic stability, and improve POCD outcomes (Sun et al., 2024). Although the precise mechanisms underlying these effects remain unclear, animal studies have suggested that SGB may exert its protective effects through anti-inflammatory and antioxidant mechanisms (Yu et al., 2023). Furthermore, despite these promising findings, the impact of ultrasound-guided SGB on POCD in elderly patients who underwent GI surgery remains not fully understood, highlighting the need for further research to elucidate its efficacy and underlying mechanisms in this specific patient population.

The present study aims to address this critical knowledge gap by determining the effects of preoperative ultrasound-guided SGB on the incidence and severity of POCD in elderly patients undergoing GI surgery. The investigators hypothesize that SGB can effectively prevent POCD in this population. The present study will contribute to a better understanding of the potential benefits of SGB in preventing POCD, and improving postoperative outcomes in this vulnerable population.



2 Materials and methods


2.1 Study design and participants

The present study was approved by the Ethics Committee of Dalian Medical University (PJ-KS-KY-2023-168[X]), and the trial was registered prior to patient enrollment at China Clinical Trial Center (ChiCTR2300075264, Principal investigator: Ruyue Xue, Date of registration: 31/08/2023). Although preliminary recruitment activities, including pilot testing, began in June 2023, formal enrollment and data collection for the registered trial commenced after registration in August 2023. Furthermore, the present study enrolled 104 patients who were 65 years old or older, and were scheduled for elective laparoscopic GI surgery under general anesthesia at the First Affiliated Hospital of Dalian Medical University, between June and December 2023.


2.1.1 Inclusion criteria

Patients were eligible for inclusion when they were 65 years old or older, had an American Society of Anesthesiologists (ASA) physical status classification of I-III, and underwent laparoscopic GI surgery with an anticipated duration of two hours or greater. The additional inclusion criteria were as follows: body mass index (BMI) of ≤30 kg/m2 (Kitsis et al., 2022), preoperative MoCA score of ≥26, and preoperative MMSE score of >23. All participants provided a written informed consent prior to enrollment.



2.1.2 Exclusion criteria

Patients were excluded when they presented with any of the following: contraindications to SGB; history of neurological or psychiatric disorders, including neurodegenerative diseases; recent use of sedatives, analgesics, anticholinergic drugs, antidepressants, corticosteroids, or other immunosuppressive medications; coagulation disorders; liver or kidney dysfunction (Child-Pugh C class, serum creatinine >125 μmoL/L).



2.1.3 Randomization and blinding

Eligible patients were randomized at a 1:1 ratio to the SGB group or control group using a computer-generated random number generator. Patients in the SGB group received 4 mL of 0.25% ropivacaine via ultrasound-guided SGB, while patients in the control group received an equal volume of normal saline using the same technique.




2.2 Anesthesia monitoring and SGB procedure

Upon entering the operating room, intravenous access was established, and standard anesthetic monitoring, which included electrocardiography (ECG), non-invasive blood pressure (NIBP) monitoring, heart rate (HR) monitoring, pulse oximetry (SpO2), bispectral index (BIS) monitoring, and body temperature (T) monitoring, was initiated.

Patients who were randomized to the SGB group underwent ultrasound-guided SGB prior to the induction of general anesthesia. Briefly, the patient was placed in the supine position with a thin pillow under the right shoulder to facilitate optimal neck exposure. After skin disinfection, a high-frequency linear array transducer (6–13 MHz) was positioned at a 45-degree angle to the patient’s sagittal plane to identify the transverse process of the sixth cervical vertebra (C6) and adjacent anatomical structures under ultrasound guidance. Then, an in-plane approach was used for needle advancement. Since the stellate ganglion is often not clearly visualized, 4 mL of 0.25% ropivacaine was injected into the adjacent longus colli muscle. The successful blockade was confirmed by the development of Horner’s syndrome on the right side, which is characterized by miosis, ptosis, facial anhidrosis, and conjunctival injection.

After the SGB or sham procedure, a right radial artery catheter and right internal jugular vein catheter were placed under ultrasound guidance using local anesthesia for continuous intraoperative hemodynamic monitoring and intravenous medication administration.



2.3 Anesthesia management

General anesthesia was induced with intravenous propofol (1–2 mg/kg), butorphanol (40 μg/kg), and cisatracurium (0.15 mg/kg). After the confirmation of adequate neuromuscular blockade, the trachea was intubated, and the lungs were mechanically ventilated. The mechanical ventilation settings were, as follows: tidal volume of 6–8 mL/kg of predicted body weight, respiratory rate of 12–14 breaths/min, and inspired oxygen concentration of 50%, with an end-tidal carbon dioxide partial pressure target of 35–40 mmHg.

Anesthesia was maintained with a combination of intravenous propofol (2–3 mg/kg/h) and cisatracurium (0.1–0.12 mg/kg/h) infusions, and inhaled sevoflurane (1–2%). Additional doses of intravenous butorphanol were administered as needed, based on the patient’s response, in order to maintain adequate analgesia.

At approximately 30 min prior to the anticipated end of surgery, the cisatracurium infusion was discontinued. Upon surgical completion, the propofol infusion was stopped, and a patient-controlled intravenous analgesia (PCIA) pump was initiated for postoperative pain management. The PCIA solution comprised butorphanol (0.15 mg/kg, total dose) diluted in 100 mL of normal saline. Then, the patients were transferred to the post-anesthesia care unit (PACU).

Tracheal extubation was performed when the standard clinical extubation criteria were met. After extubation, the patients were discharged from the PACU to the surgical ward when they achieved a modified Aldrete score of ≥12, with no individual score of <1.



2.4 Postoperative care and data collection

Postoperative care was managed by a dedicated anesthesiologist. On postoperative days one (T8) and three (T9), the patients underwent comprehensive assessments, which included pain evaluation using the numerical rating scale (NRS) and the documentation of any postoperative nausea and vomiting (PONV) events. Cognitive function was evaluated by a psychiatrist on T8 and T9 using both the MMSE and MoCA. Postoperative cognitive function decline was defined as having a Z-score of ≤ − 1.96 on both the MMSE and MoCA, with scores on both tests ranging from 0 to 30.

The present prospective study meticulously documented several key parameters. The baseline patient demographics were initially recorded. Subsequently, hemodynamic monitoring was implemented, which comprised of the mean arterial pressure (MAP), HR, and BIS. These parameters were systematically recorded at six distinct time points: prior to SGB block placement (T1), preceding anesthetic induction (T2), at the induction of anesthesia (T3), at five minutes post-induction (T4), at the commencement of surgery (T5), and at five minutes following surgical incision (T6).

Total surgical duration was defined as the interval between skin incision and final suture placement. Similarly, the total anesthesia duration spanned from the initiation of general anesthesia to its cessation. Furthermore, the study meticulously monitored the consumption of four anesthetic agents: propofol, cisatracurium, butorphanol, and methoxamine hydrochloride. Lastly, the incidence of postoperative complications, notably pain and PONV, was diligently recorded.



2.5 Oxidative stress and inflammatory markers detection

Peripheral venous blood samples (3 mL) were collected from the non-infusion arm at four distinct time points: one day before surgery (T0), immediately following PACU discharge (T7), on the first postoperative day (T8), and on the third postoperative day (T9). The collected samples were placed in ethylenediaminetetraacetic acid (EDTA)-coated tubes, and centrifuged at 3,000 rpm for 10 min. Then, the supernatant was collected and stored at −80°C until analysis. The serum levels of IL-6, SOD and MDA were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Kexing Biotech, Shanghai, China).



2.6 Sample size calculation

Based on the review of relevant literature and pilot studies, the incidence of POCD in elderly patients with GI tumors, who underwent laparoscopic surgery, was approximately 35% (Chen X. et al., 2022). SGB has been shown to reduce the incidence of POCD to 10.70%. Using a two-sided t-test with a power of 80% and a significance level of 0.05, a sample size of 46 patients per group was determined using the PASS 15.0 software (NCSS, East Kaysville, Utah, USA). Assuming a 10% dropout rate, the required final sample size was 52 patients per group, for a total of 104 patients.



2.7 Statistical analysis

The statistical analysis was conducted using SPSS version 26.0 (IBM Corp, Armonk, NY, USA). Continuous variables were initially assessed for normality. Normally distributed data were presented in mean ± standard deviation (SD), while non-normally distributed data were presented in median (M) and interquartile range (IQR). Categorical variables were presented in frequency (%).

The Mann–Whitney U-test was employed to compare non-normally distributed continuous variables between groups, while Student’s t-test was used for normally distributed continuous variables. Categorical variables were compared using Chi-square test or Fisher’s exact test, as appropriate. Repeated measures analysis of variance (ANOVA) was utilized to compare the data collected within and between groups at multiple time points. In order to access the effects of gender, and dosage of methoxamine and butorphanol on the incidence of POCD, binary logistic regression analysis was performed. The dependent variable was the occurrence of POCD (yes/no), while the independent variables were gender (male/female) and the medication dosages. Gender was included as a categorical variable (male = 0, female = 1), while the dosages of methoxamine and butorphanol were treated as continuous variables. The results were interpreted using odds ratios (ORs), and statistical significance was determined at p < 0.05. All analyses were performed using SPSS. Statistical significance was set as p < 0.05.




3 Results


3.1 Comparison of baseline characteristics and intraoperative data between groups

The present study screened 145 older adult patients, who were scheduled for laparoscopic GI surgery between June 2023 and December 2023. Forty-one patients were excluded. Among these patients, 29 patients did not meet the inclusion criteria, and 12 patients declined to participate. Thus, a total of 104 patients remained for the present study. These patients consented to participate, and provided a signed informed consent form. During the study period, six more patients were excluded: two patients were lost to follow-up, three patients required conversion to open surgery, and one patient experienced major intraoperative bleeding that required transfusion of over three units of red blood cells. Therefore, a total of 98 patients were included in the final analysis. The participant flow diagram is detailed in Figure 1.

[image: Flowchart illustrating a clinical trial's enrollment and analysis process. Panel A outlines participant distribution: 145 assessed, 41 excluded, 104 randomized into control (52) and SGB group (52). Analysis concludes with 47 in control and 51 in SGB group. Panel B shows a timeline of intervention and assessment points: day before surgery (T0), before anesthesia induction (T1, T2), during surgery (T3, T4, T5), post-anesthesia care unit discharge (T6), and subsequent days (T7, T8, T9).]

FIGURE 1
 Study flowchart and event timeline. (A) The clinical trial flowchart illustrates the enrollment, randomization, allocation to the control and SGB groups, interventions, follow-up, and analysis of participants. (B) The event timeline depicts the schedule of interventions and assessments at standardized time points (T0, T1, T2, etc.) throughout the study.


As demonstrated in Supplementary Table S1, no statistically significant differences were found in the baseline characteristics between the two groups (p > 0.05). The characteristics were, as follows: age, gender, BMI, education level, pre-existing comorbidities, lifestyle habits (smoking and drinking), ASA status, type of surgical procedure performed, and the presence or absence of preoperative anemia.

Although the groups were balanced, in terms of baseline characteristics, significant differences in intraoperative management were observed. Specifically, patients in the SG group intraoperatively utilized less butorphanol and more methoxamine, when compared to the control group (p < 0.05, Supplementary Table S1). However, no significant between-group differences were found for other intraoperative factors, including the need for blood transfusion, duration of surgery, and total anesthesia time.



3.2 SGB improves cognitive performance and reduces POCD incidence

The present results revealed that SGB positively impacts postoperative cognitive function, and leads to lower incidence of POCD. Specifically, patients in the SG group had significantly higher MMSE scores at T8, when compared to the control group (p < 0.05, Table 1). Similarly, the SG group outperformed the control group in terms of the MoCA assessment, at both T8 and T9 (p < 0.001–0.05, Table 1), indicating a more sustained cognitive benefit. As determined by the MMSE and MoCA scores, the incidence of POCD on T8 was significantly lower in the SG group, when compared to the control group (p < 0.05, Figure 2).



TABLE 1 Comparison of MMSE and MoCA scores at different time points in the two groups of patients.
[image: Table comparing cognitive test scores between Control and SGB groups at three time points (T0, T8, T9). Tests include MMSE and MoCA, with Z-scores and p-values indicating statistical significance. Notable findings: significant differences in MoCA scores at T8 (p = 0.016) and T9 (p = 0.001) between groups. Analysis used non-parametric tests for intergroup comparisons.]

[image: Line graph showing the incidence of POCD over time for two groups: SG and C. The SG group (red line) remains constant at around 5% from day one (D1) to day three (D3). The C group (blue line) decreases from 15% at D1 to 10% at D3.]

FIGURE 2
 SGB significantly reduces the incidence of POCD in patients. T8, first postoperative day; T9, third postoperative day; POCD, postoperative cognitive dysfunction; ap < 0.05 vs. the control (C) group.




3.3 SGB impacts intraoperative hemodynamics

Significant differences in MAP were observed between the SGB and control groups during the intraoperative period. Specifically, the MAP measurements at time points T2 and T3 were significantly lower in the SG group, when compared to the control group (Figure 3A), indicating the potential hypotensive effect of SGB. This finding was particularly interesting, since the controlled hypotension during surgery may have contributed to the improved postoperative cognitive outcomes. However, no significant differences in HR were identified between the two groups throughout the surgery (Figure 3B).

[image: Line graphs labeled A and B compare two groups, SG and C, over six time points (T1 to T6). Graph A shows mean arterial pressure (MAP) with both groups following a similar trend, slightly decreasing and then returning to baseline. Graph B illustrates heart rate (HR), showing a consistent decline over time for both groups. Legends indicate SG and C group colors. Error bars represent variability.]

FIGURE 3
 Comparison of MAP and HR at different time points between the two groups. (A) Monitored MAP at various time points for both groups. (B) Monitored HR at various time points for both groups. The results were presented in mean ± standard deviation (SD), n = 47–51. ap < 0.05 vs. the control group. T1, before the SGB procedure; T2, before anesthesia induction; T3, immediately after anesthesia initiation; T4, at five minutes after anesthesia; T5, at the start of surgery; T6, at five minutes after the start of surgery; MAP, mean arterial pressure; HR, heart rate.




3.4 SGB reduces postoperative pain scores without impacting BIS or PONV incidence

The present findings revealed that SGB effectively reduced postoperative pain in the short term, without significantly impacting BIS or the incidence of PONV. As detailed in Table 2, patients who received SGB reported significantly lower pain scores on the NRS at T8, when compared to the control group (p < 0.05). However, this analgesic effect was not sustained in the long term, since there were no statistically significant differences in NRS scores between the two groups at T9.



TABLE 2 Comparison of postoperative PONV incidence and NRS scores in the two groups.
[image: Table comparing postoperative nausea and vomiting (PONV) and numeric rating scale (NRS) scores between control (n = 47) and SGB group (n = 51) at time points T8 and T9. For PONV: T8 control group shows 14.90% and SGB group shows 5.90% with p = 0.255; T9 shows 2.10% and 0%, with p = 0.967. For NRS: T8 (1–3), control is 80.80%, SGB 96.10% with p = 0.001; T8 (4–6) control is 8.50%, SGB 0% (significant) with p < 0.05; T9 (1–3) control is 87.30%, SGB 98.00% with p = 0.845; T9 (4–6) both groups are low and similar.]

Importantly, there were no significant between-group differences identified in the incidence of PONV at T8 or T9 (Table 2), indicating that SGB did not appear to increase the risk of postoperative nausea and vomiting. Similarly, the SGB administration did not significantly affect BIS at any of the monitored time points (T1-T6, Supplementary Table S2). This suggests that SGB does not interfere with the depth or induction of anesthesia.



3.5 SGB modulates inflammatory and oxidative stress markers

The present analysis revealed that SGB significantly modulated the inflammatory and oxidative stress markers in the perioperative period. As shown in Figure 4, statistically significant differences in IL-6, SOD, and MDA levels were observed between the SGB and control groups at time points T7 and T8 (p < 0.05). This modulation appeared to be most pronounced earlier in the surgical course, since only the MDA levels remained significantly different between these groups at time point T9 (p < 0.05).

[image: Line graphs comparing the SG group and C group over time for three variables: A) IL-6 levels, B) MDA levels, and C) SOD levels. IL-6 peaks at T8. MDA shows a similar peak at T8. SOD decreases slightly, with noticeable dips in the SG group at T7 and T8. Data points are marked with error bars.]

FIGURE 4
 Comparison of peripheral blood levels of IL-6, SOD, and MDA at different time points between the two groups. (A) Changes in serum IL-6 levels at various time points in both groups. (B) Changes in serum MDA levels at various time points in both groups. (C) Changes in serum SOD levels at various time points in both groups. The results were presented in mean ± standard deviation (SD), n = 47–51. ap < 0.05 vs. the control group. T1, before the SGB procedure; T2, before anesthesia induction; T3, immediately after anesthesia initiation; T4, at five minutes after anesthesia; T5, at the start of surgery; T6, at five minutes after the start of surgery; IL-6, interleukin-6; SOD, superoxide dismutase; MDA, malondialdehyde.


Specifically, compared to the control group, patients in the SGB group presented with significantly lower levels of pro-inflammatory cytokine IL-6 and MDA (a marker of lipid peroxidation) at T7 and T8 (p < 0.05, Figures 4A,B). Conversely, the antioxidant enzyme SOD was significantly elevated in the SGB group, when compared to the control group, at those same time points (p < 0.05, Figure 4C). These findings collectively suggest that SGB effectively reduces both inflammation and oxidative stress in the early perioperative period.




4 Discussion

The present study provides evidence that SGB can effectively reduce the incidence of POCD at the first postoperative day in elderly patients who underwent GI surgery. Patients who received SGB presented with significantly higher MMSE and MoCA scores at one day after surgery, when compared to the control group, indicating improved cognitive function. Furthermore, these patients presented with lower serum levels of IL-6 and MDA, along with elevated SOD levels. This suggests that the neuroprotective effects of SGB may be partly due to its ability to attenuate the inflammatory cascade and oxidative stress during the perioperative period (Figure 4).

The reported incidence of POCD considerably varies, which is likely due to the differences in surgical procedures, anesthesia techniques, and assessment tools employed across studies. A recent systematic review reported a POCD incidence that ranged within 2.20–31.50% at one week to three months after non-cardiac surgery, and a POCD incidence that ranged within 11.80–35.70% after cardiac surgery (Arefayne et al., 2023). The present findings for the control group are consistent with this reported range. Notably, the SGB group in the present study had a POCD incidence of 3.90% on both the first and third postoperative days, while the control group presented with a decline in POCD incidence (from 17.00% at postoperative day one to 10.60% at postoperative day three). This contrast further highlights the potential of SGB to promote positive postoperative cognitive outcomes. Although the present study focused on a Chinese patient population, it is crucial to acknowledge that frailty is a significant risk factor for POCD (Tonelli et al., 2021). Interestingly, Chinese elderly patients tend to present with lower levels of frailty, when compared to their counterparts in other low- and middle-income countries, as well as in the United States (Woo et al., 2015). This difference underscores the urgency of addressing and mitigating POCD risk within the Chinese elderly population.

It was estimated that approximately 50% of elderly individuals undergo surgical procedures (Kotekar et al., 2018), with major abdominal surgery, particularly GI surgery, being the commonplace in this population (Kawaguchi et al., 2021). These procedures are frequently associated with POCD and other complications. The present lack of effective treatment and preventative strategies for POCD highlights the need for a deeper understanding of its underlying mechanisms. The present study builds upon existing research, further illuminating the complexities of POCD in elderly surgical patients.

Although the precise mechanisms underlying POCD remains to be fully elucidated, previous studies have noted oxidative stress and neuroinflammation as key contributors, highlighting its significant roles in the development of POCD in elderly patients (Li et al., 2023; He et al., 2024). Surgical trauma initiates a cascade of inflammatory responses, including the surge in IL-6 and tumor necrosis factor-α (TNF-α). Elevated levels of these inflammatory cytokines are strongly correlated to cognitive decline (Liu et al., 2023). Alterations in oxidative stress markers, such as the increase in MDA and disrupted activity of antioxidant enzymes, including SOD, are also implicated in the pathophysiology of POCD (Lopez et al., 2020).

Furthermore, aging itself is characterized by increased oxidative stress and chronic, low-grade inflammation, which is partly due to the decline of the innate immune system, and the persistent inflammatory state triggered by endogenous ligands (Lin et al., 2020). Surgery and anesthesia can exacerbate these processes, further increasing circulating immune cells and inflammatory cytokines, such as IL-6, compromising the BBB, and promoting the activation of microglia and astrocytes in the central nervous system. This can lead to neuronal damage through oxidative stress and inflammatory responses (Yang and Chen, 2022; Lu et al., 2023).

IL-6 particularly exhibits neurotoxic properties. Elevated postoperative IL-6 levels have been linked to the development of POCD, with the degree of cognitive decline correlating to postoperative plasma IL-6 concentrations (Taylor et al., 2023). The association between IL-6 and cognitive impairment is supported by animal models, wherein elevated IL-6 levels have been linked to poorer cognitive outcomes (Dong et al., 2022).

Oxidative stress frequently occurs alongside mitochondrial dysfunction. The microglia themselves undergo age-related changes in its mitochondria (Agrawal and Jha, 2020; Mossad et al., 2022). Surgery and anesthesia can further tip the scales toward free radical production (e.g., MDA), leading to the imbalance between free radicals and antioxidants (e.g., SOD) (Senoner et al., 2021). This imbalance can result in oxidative damage to the brain, contributing to cognitive impairment. This notion was substantiated by a study that used an aged rat model of tibial fractures. In that study, the researchers observed that rats that exhibited memory impairment presented with hippocampal lipid peroxidation, and reduced antioxidant enzyme activity (Netto et al., 2018).

The present findings align with these previous observations. Elevated levels of IL-6 and MDA, alongside decreased SOD levels, were observed at the conclusion of surgery, and on the first postoperative day. Importantly, these biomarkers did not return to baseline levels, even on the third postoperative day, indicating the persistent state of oxidative stress and inflammation in the early postoperative period. It is highly plausible that these biochemical changes represent the key driver of postoperative cognitive decline.

In the present study, it was observed that the dosage of butorphanol had a significant impact on the risk of POCD. After adjustment, the dosage of butorphanol was positively correlated to the risk of POCD, indicating that higher doses of butorphanol are associated to greater risk of developing POCD. Specifically, in the regression analysis, after adjusting for other potential confounding factors, the OR for butorphanol dosage was greater than 1, suggesting that the dosage of butorphanol may be an important predictor of POCD occurrence (Figure 5).

[image: Forest plot showing odds ratios with 95% confidence intervals for three variables: sex, Butorphanol, and Methoxamine. Sex has an odds ratio of 0.998 (0.942-1.056) with a p-value of 0.935; Butorphanol is 2.321 (1.126-4.785) with a p-value of 0.023; Methoxamine is 0.521 (0.099-2.74) with a p-value of 0.441.]

FIGURE 5
 Logistic regression analysis of the effect of SGB on the incidence of POCD before and after adjusting for gender, and dosages of butorphanol and methoxamine. The odds ratios (ORs) with 95% confidence intervals are presented; p < 0.05 indicates a statistically significant difference.


This finding is consistent with previous researches that revealed that the use of anesthetic and analgesic drugs is closely associated to risk of POCD. Butorphanol, as a potent analgesic, may influence postoperative cognitive function through its direct effects on the nervous system. Although a positive correlation was identified between butorphanol dosage and the occurrence of POCD, further studies are needed to explore the underlying mechanisms, particularly how butorphanol may alter neurotransmitter levels or impact neural networks in the brain, thereby increasing the risk of cognitive dysfunction, even after controlling for other factors, such as type of surgery and anesthesia method.

Numerous studies have substantiated the beneficial effects of SGB. The stellate ganglion is known to regulate pain, inflammation, and immune dysregulation in the upper body, and exerts indirect control over both the brain and gut, despite its distance from these organs (Lipov et al., 2020; Wen et al., 2020; Deng J. J. et al., 2023). Although the efficacy of SGB in preventing POCD has been less extensively studied, recent research has supported its potential in this domain. Emerging evidence suggests that SGB can enhance learning and memory, while effectively mitigating postoperative cognitive decline (Yu et al., 2023). For instance, SGB administration has been shown to increase SOD levels, and decrease MDA levels, effectively inhibiting hippocampal neuronal ferroptosis, and attenuating brain injury (Zhou et al., 2023). In addition, SGB appears to modulate sympathetic nervous system overactivity, temporarily interrupting existing pathological pathways, and guiding the nervous system toward a new equilibrium. This modulation would ultimately contribute to the suppression of inflammatory and oxidative stress responses (Fischer et al., 2022).

The present findings are consistent with existing research, demonstrating that patients who received SGB had significantly lower postoperative IL-6 and MDA levels, along with increased SOD activity. These results suggest that SGB may exert neuroprotective effects by regulating the inflammatory and oxidative stress pathways, potentially via its modulation of the autonomic nervous system. By inhibiting sympathetic nervous system overactivity, SGB may reduce the release of postoperative inflammatory cytokines, and mitigate postoperative stress response, ultimately helping to preserve cognitive function.

Although concerns on the potential complications associated to SGB persist (Rae Olmsted et al., 2020; Wen et al., 2021), the present study did not observe any significant adverse effects, with no statistically significant differences in hemodynamic changes between the two groups. Interestingly, the SGB group required higher doses of methoxamine, but required significantly lower doses of butorphanol tartrate, when compared to the control group. This observation further supports the potential of SGB as a preventative intervention for POCD in elderly patients who undergo GI surgery, potentially leading to improved postoperative recovery, and a reduced need for potent analgesics. Furthermore, although SGB may have a minor impact on blood pressure (Wen et al., 2021), the present findings indicate that this effect is negligible in clinical practice, particularly when weighed against its numerous advantages.

The present study has several limitations that are important to acknowledge. First, the sample size was relatively small and limited to a specific patient population: elderly patients who underwent laparoscopic GI surgery. Therefore, these present findings may not be generalizable to other surgical populations. Second, the present study employed a relatively short follow-up period, restricting the observations to early postoperative cognitive changes. Future research with extended follow-up periods is needed to assess the long-term cognitive outcomes and recovery patterns in this patient population. While this study assessed key pre- and post-operative inflammatory and oxidative stress markers, it did not include intraoperative sampling at specific peri-anesthetic and early surgical time points (T2 ~ T6). Consequently, the immediate perioperative dynamics of these markers remain uncharacterized. Future research with more granular sampling, particularly within the perioperative window, would enable a more comprehensive analysis of real-time changes in inflammatory and oxidative stress. To enhance the robustness and generalizability of these findings, future studies should include larger and more diverse cohorts, which comprise of a broader spectrum of surgical procedures and patient demographics, in order to further validate the efficacy of SGB in preventing postoperative cognitive dysfunction.



5 Conclusion

In conclusion, the present results suggest that SGB may represent a promising prophylactic approach for mitigating POCD in elderly patients who undergo GI surgery. Beyond its potential for reducing postoperative cognitive decline, SGB may contribute to improved overall patient outcomes in this population. These present findings offer compelling evidence that SGB, through its modulation of inflammatory and oxidative stress responses, represents a valuable intervention strategy for preserving cognitive function in elderly surgical patients, and warrants further exploration in clinical practice.
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Background: Cognitive impairment is a growing public health concern, particularly in aging populations. Obesity, as measured by various indices, has been linked to cognitive decline, but the relationship between Body Roundness Index (BRI) and cognitive impairment remains unclear. This study aims to evaluate the association between BRI and cognitive impairment in a rural, low-income, low-education population in China and to determine if BRI can be used as an independent predictor of cognitive decline.
Methods: This cross-sectional study included the participants aged 35–95 years from rural Tianjin, China. The mean age of the study population was 64.35 ± 7.58 years. Data were collected through face-to-face interviews, physical examinations, and laboratory tests. Cognitive function was assessed using the Mini-Mental State Examination (MMSE), and BRI was calculated and grouped into quartiles. Univariate and multivariate logistic regression analyses were performed to examine the relationship between BRI and cognitive impairment. Subgroup analyses were conducted to explore interactions between BRI, age, gender, and hypertension. The dose–response relationship was analyzed using restricted cubic spline models.
Results: Of the participants, 36.5% had cognitive impairment. Multivariate analysis showed that women, individuals aged 65 and over, and those with hypertension had a higher risk of cognitive impairment. Participants in the second quartile of BRI had a 31% lower risk of cognitive impairment compared to the first quartile (OR: 0.69, 95% CI: 0.51–0.94, p = 0.017). Subgroup analysis revealed that BRI was significantly associated with cognitive impairment in individuals under 65, but not in older participants. The dose–response relationship between BRI and MMSE score showed an inverted U-shaped curve, with the weakest association observed around a BRI of 4.49.
Conclusion: Body Roundness Index, in conjunction with age, gender, and hypertension, can serve as a useful predictor of cognitive impairment, particularly in younger populations. Early identification of individuals at risk through BRI may facilitate timely interventions, reducing the burden of cognitive decline on patients and healthcare systems.
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 Body Roundness Index; cognitive impairment; obesity; rural population; cross-sectional study


1 Introduction

Cognitive impairment, including dementia, presents a significant global health challenge, with Alzheimer’s disease (AD) being the most common cause of dementia in individuals aged 65 and older. By 2024, approximately 6.9 million Americans aged 65 and above will have Alzheimer’s disease, a figure projected to rise to 13.8 million by 2060 (Tahami Monfared et al., 2022; Alzheimer’s Association, 2024). In China, the incidence of AD among the elderly reached 600.49 per 100,000 in 2019, with an annual growth rate of 1.12% (Li et al., 2024). Neurological disabilities such as AD and other dementias ranked among the top 10 contributors to disability-adjusted life years (DALYs) in 2021(GBD 2021 Nervous System Disorders Collaborators, 2024). The Global Burden of Disease study reported that in 2021, AD and dementia accounted for 1.3% of all health-related losses, resulting in 11.6 million years lost to disability (YLDs), a 45.7% increase over a decade (GBD 2021 Diseases and Injuries Collaborators, 2024). The economic impact is also staggering; it is estimated that the cost of long-term care for dementia patients aged 65 and over will reach $360 billion by 2024 (Alzheimer’s Association, 2024). Given these alarming trends, identifying and mitigating risk factors for cognitive impairment at an early stage is crucial.

Body Roundness Index is a novel anthropometric measurement that better reflects body fat percentage and visceral adipose tissue (Thomas et al., 2013). It also serves as an alternative marker for insulin resistance (IR) (Feng et al., 2019). Obesity, a global epidemic, is projected to affect nearly half of the world’s adult population by 2030 (Neto et al., 2023). China, in particular, faces the highest prevalence of overweight and obese individuals worldwide (Wang et al., 2021). Research has demonstrated that obesity and its related metabolic disturbances—such as oxidative stress, inflammation, and IR—contribute to neuronal damage, brain atrophy, and subsequent cognitive decline (Neto et al., 2023; Dye et al., 2017; Li et al., 2023). For instance, visceral fat area (VFA) has been negatively associated with delayed memory, language scores, and MMSE scores (Moh et al., 2020; Ozato et al., 2021). Additionally, VFA is linked to cognitive decline in men, while subcutaneous fat area (SFA) correlates with cognitive decline in women (Uchida et al., 2024). Intriguingly, greater fat mass and lean body mass are associated with a reduced risk of cognitive impairment in older women (Noh et al., 2017).

Despite these findings, studies specifically investigating the relationship between BRI and cognitive impairment remain scarce. A cross-sectional study in Taiwan suggested a significant inverse relationship between BRI and MMSE scores in individuals over 60 years (Huang et al., 2022).Similarly, a US population study reported a significant negative correlation between BRI levels and cognitive performance in individuals over 65 years of age (Zhang et al., 2024). However, other studies, including those conducted in rural China and Iran, found no significant association between BRI and dementia or cognitive performance (Wang et al., 2023; Ramezani Kashal et al., 2024). These conflicting results, mostly focused on individuals over 60, highlight the need for further investigation. In this context, our study aims to fill this research gap by exploring the relationship between BRI and cognitive function in a younger, low-education population aged 35–95 in rural China.

The primary objective of this study is to assess the association between BRI and cognitive impairment in a socioeconomically disadvantaged, low-education population in rural China, using a population-based cross-sectional design.



2 Methods


2.1 Study population

The cross-sectional study analyzed data from 2,577 individuals collected from 18 rural areas in Tianjin, China, between 2012 and 2020, all of whom had low income and low educational attainment. The data were obtained through the Tianjin Brain Study, an ongoing, prospective, community-based cohort study. Participants were recruited from the local community, and data collection involved face-to-face interviews and physical examinations conducted by trained researchers at local community healthcare centers.

Participants with a history of cerebrovascular diseases, including cerebral infarction, transient ischemic attack, cerebral hemorrhage, and subarachnoid hemorrhage, were excluded to investigate the relationship between BRI and non-vascular cognitive impairment, minimizing confounding effects from vascular cognitive impairment. Additionally, those lacked height and waist circumference data were excluded.

A total of 2,346 participants were included in the final analysis. The detailed selection process is illustrated in the flow chart (Figure 1). The study adhered to the principles of the Declaration of Helsinki and received approval from the Ethics Committee of Tianjin Medical University General Hospital. All participants provided written informed consent before participating in the study.

[image: Flowchart showing participant selection and exclusion. Initially, 2,577 participants with complete MMSE are considered. 18 lack height data and 21 lack waist data, leaving 2,555. Then, 209 with cerebrovascular disease are excluded, resulting in 2,346 participants in the analysis.]

FIGURE 1
 The flow chart of participants selection.




2.2 Data collection

Demographic and clinical data were gathered through face-to-face interviews conducted by trained researchers. The information collected included participants’ name, gender, age, years of education, and medical histories such as diabetes, hypertension, cerebrovascular disease, and myocardial infarction. Laboratory data, including triglyceride (TG), total cholesterol (TC), fasting blood glucose (FBG), and creatinine levels, were also obtained. Physical measurements were conducted using standardized procedures. Weight was measured with a standard scale, height was recorded with the participant standing upright, and waist circumference (WC) was measured using a soft tape at the midpoint between the iliac crest and the lowest rib. To minimize measurement errors, all measurements were performed by the same researcher.



2.3 Definitions and grouping

Hypertension was defined as systolic blood pressure (SBP) ≥140 mmHg and/or diastolic blood pressure (DBP) ≥90 mmHg, or a self-reported history of hypertension and current use of antihypertensive medication (Mancia et al., 2023). Diabetes was defined according to established criteria: hemoglobin A1c (HbA1c) ≥6.5%, fasting plasma glucose (FPG) ≥126 mg/dL (7.0 mmol/L), or a 2-h plasma glucose level ≥ 200 mg/dL (11.1 mmol/L) during an oral glucose tolerance test (OGTT), or a self-reported history of diabetes or use of hypoglycemic medication (American Diabetes Association Professional Practice Committee, 2024). Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared, and participants were categorized as underweight (<18.5 kg/m2), normal weight (18.5 to <24 kg/m2), overweight (24 to <28 kg/m2), or obese (≥28 kg/m2) (Chen et al., 2023). BRI was calculated using the formula BRI = 364.2–365.5 × √(1 – [WC (cm)/2π]2/[0.5 × height (cm)]2) (Thomas et al., 2013), and participants were classified into quartiles based on BRI values (Q1, Q2, Q3, and Q4).



2.4 Cognitive function assessment

Cognitive function was evaluated using the MMSE, a widely applied tool for assessing cognitive decline (Chun et al., 2021). The MMSE assesses orientation, memory, attention and calculation, recall, and language ability, with scores ranging from 0 to 30. A lower score indicates worse cognitive function. A cohort study conducted in China has shown that MMSE scores are influenced by age, gender, and educational background. The cutoff points for cognitive impairment were set at ≤17 for illiterate participants, ≤20 for participants with 6 or fewer years of education, and ≤24 for participants with more than 6 years of education (Li et al., 2016).



2.5 Statistical analysis

Continuous variables were expressed as means with standard deviations (SD) or as medians with interquartile ranges (IQR) and were compared using Student’s t-test or the Mann–Whitney U-test, depending on the distribution of the data. Categorical variables were presented as frequencies and percentages and were compared using the chi-square test. Multivariate logistic regression analysis was employed to evaluate the association between BRI and other factors related to cognitive impairment. Participants with missing values for any variables included in the multivariate logistic regression analysis were excluded to maintain the validity and reliability of the results. To avoid collinearity, BRI and BRI quartile were included in separate multivariate logistic regression models. β values and their corresponding 95% confidence intervals (CI) were reported for all variables in the multivariate analysis.

Subgroup analyses were performed to further explore these relationships in different populations, based on variables identified in univariate analysis. In the subgroup analysis, multivariate logistic regression models were adjusted for key confounding factors, including age, gender, BMI, hypertension, and other relevant covariates such as diabetes and smoking history. The analysis aimed to explore the association between BRI and cognitive impairment within specific subgroups, controlling for these factors to assess their potential influence. The association between variables and cognitive impairment was expressed as adjusted odds ratios (OR) with 95% confidence intervals (CI). Restricted cubic spline (RCS) curves were used to investigate the dose–response relationship between BRI and cognitive impairment, with the number of spline nodes determined by the Bayesian information criterion (BIC). In the RCS plot, the bold curve represents the estimated regression coefficient, while the shaded area indicates the 95% CI. Statistical significance was defined as p < 0.05. All analyses were performed using SPSS version 27.0.1, and the flow chart and forest plots were created with GraphPad Prism version 10.2.3. R software (v.4.2) was used to generate the RCS curves.




3 Results


3.1 Demographic characteristics

Table 1 includes the total study population (n = 2,346), including participants with missing educational data. Characteristics are presented by gender for a comprehensive overview. A total of 2,346 participants were included in this study, comprising 1,021 males (43.5%) and 1,325 females (56.5%). The mean age of participants was 64.35 ± 7.58 years, with 78% of the population being between 60 and 79 years old. The average values for height, weight, waist circumference, BMI, BRI, and MMSE scores were 160.63 ± 8.01 cm, 65.08 ± 11.40 kg, 88.92 ± 10.18 cm, 25.14 ± 3.63 kg/m2, 4.50 ± 1.32, and 23 (IQR 7), respectively (Table 1).



TABLE 1 Demographic characteristics.
[image: Table compares characteristics between men and women, and overall totals. Categories include age, education, BMI, smoking and drinking history, hypertension, diabetes, cardiovascular history, blood pressure, fasting blood glucose, cholesterol, triglycerides, creatinine, and BRI. Data is detailed with counts, percentages, and statistical values.]



3.2 Associated factors of cognitive impairment in univariate analysis

After excluding 46 individuals due to incomplete education data, 2,300 participants were included in the analysis of cognitive impairment risk. Among them, 840 participants (36.5%) were found to have cognitive impairment. Univariate analysis revealed that several factors, including age, sex, height, weight, waist circumference, BMI, smoking history, drinking history, hypertension, SBP, FBG, creatinine, and BRI quartile, were significantly associated with cognitive impairment (p < 0.05) (Table 2).



TABLE 2 The associated factors of cognitive impairment in the univariate analysis.
[image: Table comparing characteristics of individuals with and without cognitive impairment, listing metrics such as gender, age, BMI, smoking and drinking history, hypertension, diabetes, blood pressure, blood glucose, cholesterol levels, and BRI quartiles. Statistical significance values are shown for each characteristic.]



3.3 Association between BRI and cognitive impairment in multivariate analysis

Tables 3, 4 present the results of the multivariate logistic regression analysis. To address potential collinearity between BRI and BRI quartiles, two separate models were constructed. Model 1 (Table 3) included BRI as a continuous variable, while Model 2 (Table 4) used BRI quartiles. Both models were adjusted for age, gender, BMI, hypertension, and other relevant covariates. The β values, along with 95% confidence intervals (CIs), are reported for each variable.



TABLE 3 The association of BRI and cognitive impairment in the multivariate analysis.
[image: A table presenting a statistical analysis of various health characteristics. Columns include Characteristics, Reference, Beta (β), Odds Ratio (OR) with 95% Confidence Interval (CI), and P-value. Characteristics cover gender, age, BMI, hypertension, diabetes, smoking and drinking history, angina pectoris, myocardial infarction, cholesterol, triglycerides, creatinine, and BRI. Values indicate relationships and significance, with notable findings for women, older age, obesity, hypertension, and myocardial infarction history. Notes specify adjusted factors and exclusions.]



TABLE 4 The association of BRI quartile and cognitive impairment in the multivariate analysis.
[image: Table displaying various health characteristics with corresponding β values, odds ratios (OR), confidence intervals (CI), and p-values. Categories include gender, age, BMI, hypertension, diabetes, smoking, drinking, and medical history. Significant findings have p-values less than 0.05.]


3.3.1 Model 1

After adjusting for multiple confounding variables, the analysis revealed that women had a 1.59 times higher risk of cognitive impairment compared to men (OR: 1.59, 95% CI: 1.12–2.25, p = 0.009). Participants aged 65 and older were found to have a 2.05 times greater risk of cognitive impairment compared to those under 65 (OR: 2.05, 95% CI: 1.69–2.50, p < 0.001). Interestingly, obese individuals had a 36% lower risk of cognitive impairment compared to non-obese participants (OR: 0.64, 95% CI: 0.43–0.94, p = 0.022). Additionally, hypertensive participants had a 1.45 times greater risk of cognitive impairment compared to those without hypertension (OR: 1.45, 95% CI: 1.13–1.85, p = 0.004). However, BRI as a continuous variable did not show a significant association with cognitive impairment (p = 0.509; Table 3).



3.3.2 Model 2

In contrast, when BRI was categorized into quartiles, we found that participants in the second quartile of BRI (3.5897 ≤ BRI < 4.4898) had a 31% lower risk of cognitive impairment compared to those in the first quartile (BRI < 3.5897) (OR: 0.69, 95% CI: 0.51–0.94, p = 0.017). This association suggests that there may be a non-linear relationship between BRI and cognitive impairment, with certain BRI ranges potentially offering protective effects (Table 4).




3.4 Subgroup analysis of BRI and cognitive impairment

Subgroup analysis was conducted for BRI continuous variables with insignificant results of multi-factor logistic regression to further explore their correlation. Subgroup analysis revealed that for participants younger than 65 years old, each unit increase in BRI was associated with a 23% higher risk of cognitive impairment (OR: 1.23, 95% CI: 1.02–1.49, p = 0.034). Furthermore, BRI was found to interact significantly with age, sex, and hypertension (p < 0.05), suggesting these factors jointly influence the risk of cognitive impairment (Table 4 and Figure 2).

[image: Forest plot and table showing subgroups with mean values, standard deviations, adjusted odds ratios (OR) with 95% confidence intervals (CI), and P-values. OR values range from 0.91 to 1.26. Notable subgroup includes those under 65 years with OR 1.23 (1.02–1.49) and P-value 0.034, indicating statistical significance.]

FIGURE 2
 Subgroup Analysis of BRI and Cognitive Impairment.




3.5 Non-linear relationship between BRI and MMSE score

To explore the dose–response relationship between BRI and cognitive function, we analyzed the non-linear relationship between BRI and MMSE score using restricted cubic splines. The analysis revealed an inverse U-shaped relationship between BRI and MMSE score (Figure 3A). After adjusting for gender, age, educational level, and BMI, the negative correlation between BRI and MMSE score increased when BRI exceeded 4.49, while below this threshold, the correlation weakened (p = 0.007; Figure 3B). These results remained significant after further adjustments for smoking, drinking, diabetes, hypertension, myocardial infarction, and angina (p = 0.006; Figure 3C). Additional adjustments for laboratory indices such as TG and TC showed that the weakest negative correlation with MMSE occurred near a BRI of 4.49 (p = 0.004; Figure 3D), confirming the inverted U-shaped relationship. We further stratified by age, and found that BRI and MMSE scores of participants under 65 years old showed a significant inverse U-shaped correlation (p < 0.05) after univariate factor (Figure 4A) and adjustment for all the above factors (Figure 4B), and the curve inflection point of multi-factor correction was 4.56. The univariate inverse U-shaped association was significant (p = 0.043; Figure 4C) in people aged 65 years and older, and the significance disappeared after adjusting for multiple factors (p = 0.082; Figure 4D), and the curve inflection point was 4.29 (Table 5).

[image: Four graphs labeled A, B, C, and D show relationships between BRI and beta values with confidence intervals. A and B display more dramatic curves compared to C and D. All graphs have shaded regions indicating confidence intervals, with statistical significance noted by p-values.]

FIGURE 3
 Nonlinear Relationship Between BRI and MMSE Score.


[image: Four graphs labeled A, B, C, and D display the relationship between BR1 or RR1 and their respective beta (β) values with 95 percent confidence intervals in red shading. Curves show non-linear trends with p-values for overall and non-linear effects. Each graph indicates varying significance levels and data trends, with curves peaking centrally before declining.]

FIGURE 4
 Association of BRI with MMSE scores in the stratified analysis. Panel (A) showed a significant inverse U-shaped correlation (P < 0.001) after univariate analysis under 65 years old. Panel (B) showed that the curve inflection point of multi-factor correction was 4.56 (P = 0.019), after adjustment for all the above factors under 65 years old. Panel (C) showed that the univariate inverse U-shaped association was significant in people aged 65 years and older (P = 0.006). Panel (D) showed the significance disappeared after adjusting for multiple factors (P = 0.082), the curve inflection point was 4.29 in people aged 65 years and older.




TABLE 5 Subgroup analysis of BRI and cognitive impairment.
[image: A table displays the adjusted odds ratio (OR) with 95% confidence intervals (CI) and p-values for different subgroups, including gender, age, smoking history, drinking history, diabetes, and hypertension. Significant p-values (less than 0.05) are noted for age under 65 years old and hypertension in the p for interaction column, both less than 0.001 and 0.024 respectively. The table is utilized for analyzing adjusted factors such as age, body mass index, and health conditions except for the grouping variables.]




4 Discussion

The primary objective of this study was to investigate the relationship between BRI and cognitive impairment in a low-income, low-education population. Given the high prevalence of cognitive impairment, we aimed to explore whether BRI could serve as an independent predictor of cognitive decline. Our study is the first to assess the dose–response relationship between BRI, MMSE scores, and cognitive impairment in a rural Chinese population. The key findings reveal that women, individuals aged 65 and above, and those with hypertension are more likely to experience cognitive decline. Notably, obese participants exhibited a lower risk of cognitive impairment compared to those with normal or underweight status. Furthermore, individuals in the second BRI quartile demonstrated a lower risk of cognitive impairment than those in the first quartile. Although no direct correlation between BRI and cognitive impairment was found overall, BRI was shown to interact significantly with age, gender, and hypertension, jointly influencing cognitive outcomes.

The relationship between BRI, a measure of obesity, and cognitive function remains controversial. Obesity has been linked to cognitive impairment throughout adulthood and is known to increase the risk of dementia in later life (Leigh and Morris, 2020). In the brain, obesity may result in various types of damage, including oxidative stress, inflammation, protein aggregation, mitochondrial dysfunction, hormonal imbalances, IR, blood–brain barrier damage, and disruptions in synaptic plasticity and neurogenesis, all of which can contribute to cognitive decline and neuronal death (Neto et al., 2023). Despite this, most cross-sectional studies have not demonstrated a significant relationship between BRI and cognition. The weight-adjusted waist circumference index (WWI) is linearly related to the occurrence of AD and other dementias, but they found no association between BRI and dementia in rural China (Wang et al., 2023). Similarly, a cross-sectional study from Iran indicated that increased BMI, WC, and waist-to-hip ratio were associated with a reduced risk of cognitive decline, yet no significant correlation was observed between BRI and any cognitive test (Ramezani Kashal et al., 2024). Among non-demented multi-ethnic Asians with type 2 diabetes, while univariate analysis found a significant relationship between BRI and cognition, multivariate analysis revealed no such correlation (Moh et al., 2020). In contrast, a study conducted in a Taiwanese population over 60 years old reported a significant association between BRI and reduced MMSE scores, though it did not directly address the relationship between BRI and cognitive impairment (Huang et al., 2022). Zhang et al. (2024) also reported a significant correlation between BRI level and cognitive performance in people over 65 years of age in the United States, with higher BRI significantly associated with lower Digit Symbol Substitution Test (DSST) scores measuring cognition, and a stronger negative association in men. Our findings align with some aspects of previous research, as we did not observe a direct relationship between BRI and cognitive impairment across the entire sample. However, we did find that participants in the second quartile of BRI had a lower risk of cognitive impairment compared to those in the first quartile, though this effect was not observed in the higher quartiles. Further analysis revealed that BRI interacts significantly with age, gender, and hypertension, highlighting its varying influence on cognitive impairment across different subgroups. Specifically, the correlation between BRI and cognitive decline was stronger in women than in men, and more pronounced in participants younger than 65 years old, while the predictive power of BRI diminished in older individuals. Unlike Zhang et al. (2024), we chose MMSE, a more comprehensive scale for assessing cognitive impairment, rather than DSST, but the results may be different due to the influence of participants’ self-reported education level and the differences in age and region of the study population selected by Zhang’s team.

A key difference between our study and previous research (Huang et al., 2022), is the recognition that the relationship between BRI and MMSE scores is not strictly linear. Using a RCS model, we demonstrated that the association between BRI and cognitive decline is more complex, exhibiting an inverted U-shaped correlation. The weakest relationship between BRI and MMSE scores occurred when BRI was around 4.49, suggesting that both low and high BRI values may have differing impacts on cognitive outcomes. Unlike earlier studies, we included a wider age range. At the same time, the age stratification results still showed an inverted U-shaped curve, and it was obvious in people under 65 years old, which allowed us to identify that BRI may serve as a better predictor of cognitive function among younger individuals.

The relationship between cognitive impairment and the traditional obesity measure was well-established. A cross-sectional study found that being overweight was associated with a reduced risk of cognitive impairment among the elderly in China (Hou et al., 2019). Similarly, as BMI increased, the risk of cognitive decline decreased among elderly individuals in Iran (Ramezani Kashal et al., 2024). Most prospective studies support the view that being underweight is linked to cognitive decline (Ren et al., 2021; Zhang et al., 2022; Wu et al., 2021; Dong et al., 2023), whereas being overweight or obese is often considered protective against cognitive impairment (Zhang et al., 2022; Wu et al., 2021; Dong et al., 2023; Liang et al., 2022). A study highlighted the age-related effects of BMI on cognition, noting that before the age of 65, a higher BMI was associated with lower cognitive ability, but after 65, the relationship reversed, with higher BMI correlating with better cognitive outcomes (Crane et al., 2023). In line with these studies, we found that individuals with cognitive impairment had a lower BMI compared to those without cognitive impairment, and obese individuals had a lower risk of cognitive impairment compared to those with normal or underweight status. These variations may be explained by the complex interplay between BMI, age, and gender. The impact of BMI on cognition appears to shift depending on the demographic characteristics of the study population, which may account for the differing conclusions across studies. Our study is the first to report that the association between BRI and cognition is more significant in middle-aged and young adults, while the relationship is weakened in older adults.

In addition to BMI, the risk of cognitive impairment is also influenced by gender, age, and hypertension. Numerous cross-sectional studies have shown that the prevalence of cognitive impairment is significantly higher in women compared to men, particularly among middle-aged and elderly populations (Miyawaki and Liu, 2019; Roh et al., 2021; Han et al., 2022; Wang et al., 2020). Furthermore, a meta-analysis demonstrated that individuals with hypertension have a notably high prevalence of cognitive impairment (Qin et al., 2021). Cross-sectional studies further support the role of hypertension as a significant risk factor for cognitive impairment (Chen et al., 2022), making it a valuable predictor of cognitive decline in rural populations (Bao et al., 2022). Our findings was similar to these previous studies, as we observed that the risk of cognitive impairment increases with age, and women are more likely to experience cognitive impairment compared to men. Additionally, there is a strong correlation between hypertension and cognitive impairment, with hypertensive individuals facing a greater risk of cognitive decline. Notably, our study is the first to identify that BRI interacts with age, gender, and hypertension, jointly influencing the risk of cognitive impairment. This interaction enhances BRI’s utility as an independent predictor of cognitive decline.

This study has several limitations. First, the sample population was drawn exclusively from rural areas of Tianjin, China, which may limit the generalizability of the findings to urban populations or those in other regions. Future studies should include more diverse populations to validate these results. Second, as a cross-sectional study, we were unable to establish a causal relationship between BRI and cognitive impairment. Longitudinal studies would be necessary to explore the temporal relationship and potential causality. Third, cognitive impairment was assessed using the MMSE, which, while widely used, may not capture all aspects of cognitive function. Incorporating more comprehensive cognitive assessments in future studies could provide a more complete evaluation. Fourth, lifestyle factors such as diet, exercise, and medication history were not considered, which may have influenced the relationship between BRI and cognition. Future research should account for these confounding factors to strengthen the reliability of the findings. Finally, education years were self-reported, which may introduce reporting bias. Using objective data from medical or educational records in future studies could reduce this potential bias.



5 Conclusion

This study highlights the complex relationship between BRI and cognitive impairment, demonstrating that BRI, when considered alongside factors such as age, gender, and hypertension, can provide valuable insights into cognitive risk. The findings suggest that BRI may serve as an independent predictor of cognitive decline, particularly in younger individuals and women, offering clinicians a potential tool for early identification of those at risk. Patients can slow cognitive decline by early detection of cognitive impairment through easy-to-measure indicators such as BRI and timely intervention. Healthcare providers can incorporate BRI into routine assessments to enhance screening practices, especially in high-risk populations. Early intervention and risk stratification based on BRI may reduce the economic burden associated with long-term care for dementia, thereby improving public health outcomes.
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Background: Cognitive impairment is an important cause of disability and death among the elderly. One of the most important risk factors is stroke. Post-stroke cognitive impairment (PSCI) not only diminishes the quality of life for patients but also increases the burden on families and society. But PSCI can be mitigated through early intervention. Cerebral small vessel disease (CSVD) is one of the significant causes of stroke and has garnered considerable attention in PSCI. Therefore, this study aims to identify research priorities and trends in PSCI through bibliometric analysis, and further explore the role played by CSVD in PSCI.
Methods: In this study, we performed a systematic search in the Science Citation Index Expanded (SCI-E) of the Web of Science Core Collection (WoSCC). VOSviewer, CiteSpace and Origin were mainly used to visualize the research focus and trend in PSCI. In addition, we screened the retrieved literature again, and performed keyword analysis on the studies related to CSVD.
Results: A total of 1,943 publications were retrieved in the field of PSCI in this study, with consistent upward trend in annual publications in recent years. Pendlebury was an important leader in PSCI research. Capital Medical University was in the leading position judging from the number of publications. China had the highest number of publications in this field. The journal Stroke had the strongest international influence in this field. Keywords such as “functional connectivity,” “tool,” “systematic review,” and “meta-analysis” have been revealed to have momentous impact on PSCI in recent years. In the further analysis of PSCI and CSVD, “hypertension,” “white matter hyperintensities (WMH),” “cerebral microbleeds (CMBs),” and “cerebral amyloid angiopathy (CAA)” received extensive attention.
Conclusion: The study of PSCI is still in the development stage. This study systematically summarizes the progress and development trend in the field of PSCI, and further explores the relationship between CSVD and PSCI through hypertension and magnetic resonance imaging markers. This study is of great significance for researchers to quickly understand the development of PSCI, but also helps them understand future directions, and provides important insights for the prevention and treatment of PSCI.

Keywords
stroke, cognitive impairment, post-stroke cognitive impairment, cerebral small vessel disease, bibliometrics, visual analytics, VOSviewer, CiteSpace


1 Introduction

Cognitive functions include memory, learning, comprehension, orientation, judgment, calculation, language, visuospatial skills, analysis, and problem-solving. Cognitive impairment refers to varying degrees of cognitive dysfunction due to various causes ranging from mild to severe and manifests as subjective cognitive decline (SCD) (Jessen et al., 2020), mild cognitive impairment (MCI), or dementia (Sachdev et al., 2009; Knopman and Petersen, 2014). Cognitive impairment is a major cause of disability and death in the elderly (Pike et al., 2022). With an aging social population, the number of individuals suffering from cognitive impairment is increasing, placing a heavy burden on families and society (Jia et al., 2018). Thus, improving cognitive impairment is still the focus of current research.

Vascular cognitive impairment (VCI) caused by cerebrovascular diseases, such as stroke, is the second most common type of dementia after Alzheimer's disease (AD) (Wolters and Ikram, 2019). Stroke is an important risk factor for cognitive impairment, and the location, size, severity (Pendlebury and Rothwell, 2009; Rost et al., 2022), and recurrence frequency of cerebral infarction (Pendlebury and Rothwell, 2019) are associated with post-stroke dementia (PSD). Post-stroke cognitive impairment (PSCI) is a clinical syndrome characterized by cognitive deficits that persist for 6 months after a stroke. Cognitive impairment after stroke seriously affects patients' quality of life and survival time, and increases the risk of disability and death (El Husseini et al., 2023).

Most cognitive impairments (especially neurodegenerative cognitive disorders) are insidious in onset, slow in progression, and characterized by progressive worsening (Chinese Expert Consensus Committee on Brain Cognitive Health Management Chinese Journal of Health Management Editorial Committee, 2023). However, cognitive function decline in patients with PSCI often has a delayed onset, during which intervention measures can be implemented to improve cognitive function in stroke survivors (Brainin et al., 2015a). However, even in patients who initially recover from cognitive impairment post-stroke, there is an increased risk of progression to dementia (El Husseini et al., 2023). Therefore, early detection and prevention of PSCI are critical. PSCI has become a popular topic in international stroke research and intervention (Dong et al., 2017).

Lacunar cerebral infarction caused by CSVD accounts for 25–50% of ischemic stroke (Tsai et al., 2013; Georgakis et al., 2023). Furthermore, CSVD is the leading cause of VCI, accounting for 36–67% of vascular dementia (VaD) (Luo et al., 2021), which has a significant impact on society. CSVD is easily ignored; however, with the development of MRI, the diagnostic rate for CSVD has significantly improved. An increasing number of studies have established the central role of CSVD in cognitive impairment (Geriatric Neurology Group of Chinese Society of Geriatrics Clinical Practice Guideline for Cognitive Impairment of Cerebral Small Vessel Disease Writing Group, 2019). Consequently, CSVD has attracted significant attention in the context of PSCI. Therefore, it is necessary to analyze the research status, development trends, and frontier hotspots of PSCI- and CSVD-related fields.

Bibliometrics can comprehensively display the research content of a certain field and predict new trends through statistical and quantitative analyses of scientific data within publications (Lin et al., 2022; Wei et al., 2022). This research method has been widely used in many fields including cancer (Zhang et al., 2020), cardiovascular diseases (Bloomfield et al., 2015), respiratory diseases (Lin et al., 2022), nervous system diseases (Liu et al., 2019; Quispe-Vicuña et al., 2022), and so on. However, although bibliometrics have made some progress in the field of PSCI (Chi et al., 2023; Ou et al., 2023), the association between PSCI and CSVD has not yet been studied. Therefore, the purpose of this paper was to systematically analyze the research in the field of PCSI, further explore the role of CSVD in PSCI, provide a scientific basis for clinical practice, promote early diagnosis and treatment of PSCI, and encourage innovative research in the prevention and treatment of PSCI. At the same time, we sought to identify future research hotspots through bibliometrics, guiding researchers and decision-makers in adjusting future research directions and strategies to promote rapid and efficient development in this field, ultimately improving the quality of life for patients and their families. Additionally, through bibliometrics, we aimed to help junior researchers identify mentors and partners, select appropriate journals, and evaluate corresponding institutions, thereby expanding cooperation and obtaining more accurate academic support and resources.



2 Methods


2.1 Data sources and search strategy

The Web of Science platform is considered one of the most authoritative citation index databases in the world (Wei et al., 2022; Meng et al., 2024). We conducted a systematic search in the SCI-E of the WoSCC database on February 6, 2023. The following retrieval strategy was employed: TS=((Stroke AND “Cognitive dysfunction”) OR “PSCI”). The specific search strategies are recorded in Supplementary material. The literature published between January 1, 2010, and January 31, 2023, was included. After excluding articles written in non-English, we obtained 14,750 original records. After removing the articles not relevant to PSCI and repeated, we finally obtained 1,943 records (Figure 1). Notably, 1,713 research papers were published, while the remaining types of literature included reviews (n = 182), early access (n = 34), meeting abstract (n = 8), and proceedings paper (n = 6).


[image: Flowchart detailing literature search process. Identifies 14,750 records, excludes irrelevant ones to PSCI, leaving 1,973. After removing 30 duplicates, 1,943 records undergo visual analysis. Categorizes into publications, institutions, countries, co-cited references, keywords, authors, and journals.]
FIGURE 1
 The workflow of this study.




2.2 Data analysis

Extracting the original data from the SCI-E database of the WOSCC inevitably leads to duplicate entries. Therefore, we cleaned the author, country, keywords and other information, and finally imported the cleansed data to VOSviewer (version 1.6.19; Leiden University, Netherlands) and CiteSpace (version 6.2. R3; Drexel University, PA, United States) software applications (van Eck and Waltman, 2010; Chen, 2004) for the subsequent bibliometric analysis. The specific removal process is shown in Supplementary material. Additionally, we utilized Tableau Public software to display the geographical distribution of publications across different countries. Furthermore, we collaborated with the Microsoft Charticulator website1 to create a string map illustrating international collaboration between clusters. Ultimately, we imported the co-cited references and keyword data analyzed by CiteSpace (version 5.7. R5) into Mapequation2 to generate an alluvial flow graph.




3 Results

This study analyzed 1,943 publications from 76 countries, involving 2,356 institutions and 9,709 authors, published across 465 journals and citing 53,566 references from 7,233 different journals.


3.1 Annual trends in publication volume

Analyzing the annual publication volume provides insights into the evolution of research focus and trends within a specific field. In this study, we finally obtained 1,943 records. Since this study commenced in February 2023, we included publications up to January 2023. As shown in Figure 2A, the annual number of papers shows an upward trend, with the publication volume in 2022 being 4.95 times that of 2010, indicating a growing academic interest in PSCI research. Excluding 2023, the publication trend can be divided into two phases: the first 6 years experienced stable growth, with 599 papers published, while the following 7 years saw a faster increase, with 1,328 papers published. This upward trend suggests a strong and continuing research interest in PSCI, highlighting the field's significant potential for exploration.


[image: Chart A is a bar graph showing the number of publications from 2010 to 2023 with a line representing the percentage of total publications. Publications peaked at 266 in 2021. Chart B is a line graph displaying the number of publications from various countries, including Australia, Canada, USA, UK, and China, from 2009 to 2024. All countries show similar trends, with total publications spiking to 297 in 2021.]
FIGURE 2
 (A) The annual trend of paper publication quantity in the PSCI field. The literature published between January 1, 2010, and January 31, 2023, was included. (B) Annual trends in the number of publications in all countries and the top five countries in the PSCI field.


We analyzed the number of publications from all countries and highlighted the top five countries during this period (Figure 2B). We found that the annual publication trend in China closely mirrored the global trend, with China consistently leading in publication volume each year. Following China, the USA, the UK, Canada, and Australia also made significant contributions to PSCI research. Among these, the USA exhibited the highest annual publication quantity, although the difference in publication volume between the USA and the other three countries was not substantial. In conclusion, other countries except China may not yet have entered an explosive growth period.



3.2 Analysis of authors and co-cited authors

Through VOSviewer visualization analysis, we found that a total of 9,709 authors contributed to this field during the study period. Additionally, we analyzed the authors' collaboration network using CiteSpace software, yielding important metrics such as publication volume and centrality, which are depicted in a bar chart generated by Origin (Figure 3A). The bar chart shows that Vincent C. T. Mok has the most articles (n = 26), followed by Jing Tao (n = 21), Terence J. Quinn (n = 18), and Adrian Wong (n = 17). Among these, Mok, Quinn, and Bordet had the highest centrality (0.05), although these values were relatively low.


[image: Chart A displays a bar graph showing the count and centrality of different attributes. Networks B and D illustrate interconnected nodes in varying colors, indicating relationships and intensity. Charts C and E depict linear progressions with nodes connected along a path, signifying progression or influence over time. Each visualization uses a color gradient to represent intensity or importance.]
FIGURE 3
 Authors related to the research in PSCI. (A) The publication quantity and centrality of the top 15 authors in the PSCI field. (B) The author's visualization map. The larger the node is, the higher the author 's publication is. The time of publication is reflected by the depth of color. (C) The author 's timezone map related to PSCI. Different annual rings represent different authors; and the time when the node appears is the time when the author first published the article during the study period; the color reflects the corresponding time. With the change of time, the accumulation of publications is expressed by the size of the annual ring. If the author participates in the same article as the previous author, there is a connection between them, but there is no connection between authors who appear together in the same year. (D) Network of co-cited authors based on CiteSpace. When two authors are cited together in the same article, a co-citation relationship is established. Notably, centrality values > 0.1 would be indicated by a purple circle. Nodes with higher centrality may be positioned in the center of large clusters or subnetworks, indicating the interdisciplinary potential of the node and suggesting that the author's research content is multidisciplinary. (E) The timezone map of co-cited authors.


Figure 3B presents the author collaboration map based on CiteSpace, which helps identify core authors and the intensity of collaboration between them. The lines between nodes stand for authors' collaboration. The author timezone map (Figure 3C) illustrates the distribution and changes in authors' contributions over different periods. Among the top 15 authors, the earliest contributors were Mok, Wong, and Chu, who laid the groundwork for PSCI research, while Wang, Xiaoling Liao, and Yuesong Pan began publishing in this field after 2021.

Figure 3D displays the co-cited author network. After adjusting the network, we obtained 752 nodes and 2,338 links. As shown in Figure 3D and Table 1, the top five co-cited authors are Pendlebury (n = 525, 0), Nasreddine (n = 300, 0.04), Folstein (n = 249, 0.03), Nys Gms (n = 234, 0), and Hachinski (n = 220, 0.01). Notably, Pendlebury had the highest number of publications but a centrality of 0, suggesting that this author's research content is relatively specialized in PSCI. In contrast, Cordonnier had the highest centrality score at 0.31, despite contributing a comparatively lower number of publications (31).


TABLE 1 The top 10 co-cited authors with the highest number of publications and centrality in the PSCI field respectively.

[image: Table showing co-cited authors ranked by count and centrality. The top five entries include Pendlebury ST (525 count, 0 centrality, 2010) and Nasreddine ZS (300 count, 0.04 centrality, 2011). The right column lists co-cited authors with the highest centrality, including Cordonnier C (31 count, 0.31 centrality, 2011) and Barker-Collo Sl (22 count, 0.3 centrality, 2010).]

We adjusted the network to visualize the co-cited authors with a minimum of five citations for time-zone graph analysis (Figure 3E), resulting in 880 nodes and 2,150 links. Pendlebury's node demonstrated the widest yellow ring, suggesting that the literature published by this author received significant attention from scholars in PSCI in 2021. Similarly, Nasreddine's node exhibited the widest orange annual ring, indicating that his publications in PSCI in 2022 were highly cited by many researchers. The differing focus of various scholars over time highlights the evolution of research trends in this field.



3.3 Institutional analysis

Within the PSCI field, 2,356 institutions played various roles during the study period. We used Origin software to create a three-dimensional histogram of institutional information (Figure 4A) and CiteSpace to construct an institutional visualization map (Figure 4B). With a g-index of 15, the network included 267 nodes and 1,026 connections. Combined with Table 2 and pictures, we find that the institution with the highest number of publications was Capital Medical University (n = 69), followed by Institut National De La Sante Et De La Recherche (n = 45), Harvard University (n = 41), University of Oxford (n = 41), and University of Toronto (n = 39). Taken together, although the Chinese University of Hong Kong did not have the highest number of publications (n = 34), it had the highest centrality ranking among all institutions (0.63), indicating a strong influence in this field. The next institutions with high centrality were the University of Glasgow (0.49). Overall, most institutions are closely connected and collaborative.


[image: A. 3D bar chart displaying the number of documents produced by various institutions over different years. Bars are color-coded by year. B. Network map of universities with nodes representing institutions and lines indicating collaboration. Node size denotes document count, with more prominent nodes for leading contributors like Capital Medical University. Color gradient indicates the timeline of collaborations.]
FIGURE 4
 Visualization of institutions in PSCI. (A) Top 15 institutions engaged in PSCI and their centrality. Different color histograms represent different institutions. The number of institutional publications is related to the height of the histogram. The distance between the bar chart and the X-axis reflects the centrality of the institution. (B) Network of institutions engaged in PSCI. Each node represents an institution, and a larger node represents more publications. If the average time of publishing PSCI articles is later, the node color is lighter. Nodes with red rings represent institutions with a sudden increase in the number of publications over a period of time. The purple circle indicates that the centrality of the institution is >0.1.



TABLE 2 The top 10 institutions with the highest number of PSCI publications and centrality, respectively.

[image: Table of institutions ranked by documents and centrality. Top institutions: Capital Medical University with 69 documents and 0.11 centrality, Institut National De La Sante Et De La Recherche with 45 documents and 0.11 centrality, Harvard University with 41 documents and 0.24 centrality. Other universities include University of Oxford, University of Toronto, and Chinese University of Hong Kong, highlighting varying document counts and centrality values.]



3.4 Country analysis

During the study period, researchers from 76 countries contributed to the PSCI field. Notably, China had the highest publication output (n = 731, 37.6%) and total citations (n = 8,872); however, the country's average number of citations (12.14) and centrality (0.01) were relatively low. The countries with the next highest publication yields were the USA (n = 305, 15.7%), the UK (n = 198, 10.2%), Canada (n = 109, 5.6%), and Australia (n = 99, 5.1%) (Supplementary Table S1; Figures 5A, B). Among these, Canada had the highest average number of citations (34.09), while the UK had the highest centrality (0.28). Canada has garnered significant attention from scholars, and the UK acts as a vital bridge across various PSCI domains. Upon careful observation of Figure 5A, we see that the color width for China in 2022 is notably wide. Combined with Figure 2B, this indicates that China is highly engaged in PSCI research, suggesting that PSCI has become a key focus in Chinese neurology. It is important to note that for countries such as Canada, Italy, and Russia, the red rings indicate periods of heightened publication activity, drawing significant attention from researchers.


[image: A) Network diagram with circular nodes depicting various connections and their intensity. B) 3D bar graph showing country-wise data with varying heights. C) Network map highlighting connections within a group. D) Similar network map with colored nodes and labels. E) Circular flow chart representing relationships and connections using arcs and colors. F) World map displaying countries in different colors, possibly indicating categories or data variations.]
FIGURE 5
 Bibliometric analysis of countries in the PSCI field. (A) A visual map for CiteSpace network among countries. (B) Shadow image. The Y-axis numbers and Z-axis numbers respectively indicate the number of PSCI documents and citations in the top five countries. (C) Collaboration network of countries based on VOSviewer. (D) Overlay visualization map of countries analysis. (E) A circle diagram evaluates the international collaboration between clusters. A circle diagram evaluates the international collaboration between clusters. The country is arranged in a circle in the form of an arc, and different countries are distinguished by different colors. The arc becomes shorter in the clockwise direction, indicating that the number of national publications is decreasing. The thicker the connection between countries, the stronger the degree of cooperation between the two. (F) National geographic distribution map.


Furthermore, we used VOSviewer software to create Figures 5C, D, which represent the network view and overlay view of international collaboration in PSCI research, respectively. Regarding cooperation between countries, we used the Microsoft Charticulator website to create a chord diagram (Figure 5E), allowing us to observe that the thickest cyan arc lies between China and the USA. This relationship indicates that both countries dominate publication output and have the most frequent cooperative exchanges. Notably, the UK had the most connections, suggesting it has the most collaborative partners. Additionally, among the top five countries, China had the least international cooperation, indicating that China should engage in broader international collaborations to explore new areas within PSCI research (Supplementary Table S1; Figures 5C, E).

Using VOSviewer, we constructed a map color-coded to represent the average year of publication by country (Figure 5D). China, Denmark, Portugal, Lreland, Romania, Switzerland, Nigeria, Norway countries had relatively late research in this field. Additionally, we used Tableau Public software to illustrate the geographical distribution of publications across countries (Figure 5F). Among the top 10 countries, the data show a wide geographical representation: China and Japan are situated in Asia; the USA and Canada represent the Americas; Australia symbolizes Oceania; South Korea leads Africa in publication numbers; and Europe is represented by the UK, Netherlands, France, and Germany.



3.5 Analysis of journals and co-cited journals

Over the study period, 465 journals published articles related to the PSCI field, citing 7,233 journals. Among the top 10 journals, six were classified as Q1, 3 as Q2, and 1 as Q3 (Figure 6A), indicating the significant influence of PSCI research within the medical field. As shown in Supplementary Tables S2, S3, and Figure 6A, Stroke led in both publication volume (n = 94) and citations (n = 4,391), with a high impact factor (IF), establishing its authoritative influence in PSCI research (Q1, IF 2022 = 8.4). Other leading journals included the Journal of Stroke & Cerebrovascular Diseases (n = 74), Frontiers in Neurology (n = 64), Journal of The Neurological Sciences (n = 37), and PLOS One (n = 34). In comparison, the Archives of Physical Medicine and Rehabilitation had a lower publication output but the highest average number of citations (60.6), indicating significant potential. Conversely, the Journal of Stroke & Cerebrovascular Diseases had high publication and citation volumes but lower average citations per publication and a lower IF, suggesting that the journal has room for improvement in research quality.


[image: Panel A shows a bar graph comparing the number of documents and the h-index across various journals. Panel B is a network visualization of cited articles with green, red, and blue clusters. Panel C displays a co-citation network with purple and yellow clusters indicating relatedness. Panel D presents a density map illustrating areas of high citation frequency in red and yellow hues. Panel E is a network flow map connecting various journals with colored arcs. Panel F shows a visualization of interconnections between authors in a network map, with nodes linked by lines to indicate collaboration strength.]
FIGURE 6
 Analysis of journals and co-cited journals of PSCI publications. (A) Top 10 journals published PSCI publications and their IF. Bar graphs with the same color represent journals with the same JCR partition. (B) Network of journals based on VOSviewer. (C) Overlay visualization map of journals analysis. (D) The density map of journals. Red suggests high density, and the number of PSCI studies published in journals is positively connected to the level of density, the size of the words. (E) The journal dual-map overlay showcases the interconnections among various journals in the field of PSCI. (F) A visual map for CiteSpace network among co-cited journals. Co-cited journals refer to pairs of journals cited together by a third journal, forming a co-citation relationship. A high frequency of co-citation indicates that a journal is an essential theoretical foundation for the field's development.


Figures 6B–D illustrate the journal collaboration network, average publication time, and density of journal papers in PSCI research, respectively. Using VOSviewer, we identified 46 journals with 10 or more publications, all of which were part of interconnected networks. Among the top five prolific journals, Frontiers in Neurology stood out with a yellow hue, indicating the most recent average publication time and reflecting its status as a preferred journal for many researchers in recent years.

Using the dual-map overlay function of CiteSpace, Figure 6E displays the thematic distribution of journals. On the left are the citing journals in this field, while on the right are the cited journals. Different labels represent the disciplines covered by these journals. The Z-score is related to citation frequency, and the curved paths represent the citation relationships, indicating that publications in the journals on the left may cite publications from the journals on the right. We identified four main pathways in the figure, ranked in descending order by Z-scores (Supplementary Table S4). This analysis reveals that the most frequently covered subjects by citing journals in PSCI are molecular biology, immunology, neurology, sports, and ophthalmology. In contrast, the most cited subjects include molecular biology, genetics, psychology, education, and social sciences.

Figure 6F presents a co-cited journal visualization map, illustrating journals with significant foundational contributions to PSCI research. After adjusting the g-index (k = 15) and trimming the network, we obtained 482 nodes and 1,928 links. As shown in Table 3 and Figure 6F, Stroke is the most co-cited journal (co-citation = 1,690), followed by Neurology (co-citation = 1,111), Lancet Neurology (co-citation = 889), Journal of Neurology Neurosurgery and Psychiatry (co-citation = 780), and PLoS One (co-citation = 640). Notably, there was overlap between the top 10 most productive journals and the top 10 most co-cited journals, including Stroke, Neurology, PLoS One, and Journal of The Neurological Sciences. In terms of co-cited journal centrality (nodes represented by purple circles), Neuroscience Letters had the highest centrality (0.7), followed by Neurochemistry International (0.62), and Neurology (0.47).


TABLE 3 The top 10 co-cited journals in the field of PSCI in terms of citation frequency and centrality.

[image: Chart displaying data on co-cited journals. Key entries: "Stroke" ranks first with a count of 1690 and an impact factor of 8.4. "Neurology" ranks second with 1111 counts and an impact factor of 10.1. "Neuroscience Letters", a secondary co-cited journal, has 315 counts and an impact factor of 2.5. "Lancet Neurology" shows the highest impact factor of 48. The table includes journal rank, count, centrality, JCR, and impact factor for 2022.]



3.6 Co-cited reference analysis

When two references are cited together by a third publication, they form a co-citation relationship, which plays a crucial role in the success of the third publication. The higher the citation frequency, the more the reference's research content is considered a foundational knowledge source in the field. The higher the centrality, the more the reference is seen as an inspiration, leading to more derivative research. Among the 53,566 co-cited references, 234 were cited at least 20 times (Figures 7A, B). During the study period, the top 10 most co-cited references were cited at least 105 times, accounting for ~3.36% of all co-cited references, indicating their irreplaceable influence (Table 4). Among them, Pendlebury et al.'s article (Pendlebury and Rothwell, 2009), published in Lancet Neurology (Q1; IF = 48), led the way in terms of citations (co-citation = 359). Other highly influential works included Nasreddine et al. (2005) (co-citation = 300), Folstein et al. (1975) (co-citation = 237), Hachinski et al. (2006) (co-citation =176), and Gorelick et al. (2011) (co-citation = 141) all published in Q1 journals and are considered crucial knowledge sources for future research in the field. Among the top 10 co-cited references, except for Sun et al.'s article, which was not indexed by the SCI, the remainder were published in Q1 journals. Among these journals, two were published in Lancet Neurology, three in Stroke (Q1, IF = 8.4), and the remaining four in the Journal of The American Geriatrics Society (Q1, IF = 6.3), Journal of Psychiatric Research (Q1, IF = 4.8), BMC Medicine (Q1, IF = 9.3), and Journal of Neurology Neurosurgery and Psychiatry (Q1, IF = 11.1).


[image: A set of four visualizations: A) A network cluster showing relationships between various nodes in different colors, displaying connectivity. B) A heat map indicating intensity of data points with varying colors. C) A timeline depicting citation bursts over the years with colored pathways highlighting key references. D) A list of the top 25 references with the strongest citation bursts, including years and a bar chart visualization.]
FIGURE 7
 Visualization of co-cited references in PSCI research. (A) Reference co-citation network. Circles are co-cited literature. (B) Co-cited reference density visualization. (C) The alluvial flow graph of co-cited references. Each specific time point corresponds to a continuously evolving network structure. Each network consists of a number of clusters. The corresponding clusters in the adjacent network form a series of alluvial flows of how the same cluster evolves over time. (D) Top 25 references with the strongest citation bursts (sorted by the beginning year of burst). The red time period represents the duration of the outbreak, which can reflect the wide attention of scholars in the PSCI field during a certain period of time. The blue time period is divided into light blue and dark blue, in which light blue indicates the time when the literature does not appear during the study period, and dark blue refers to the cited time when the literature appears except for the outbreak time.



TABLE 4 Top 10 co-cited references in the PSCI field.

[image: Table listing the top ten references related to stroke and cognitive impairment. Columns include rank, author, year, co-cited references, DOI, citations, journal, JCR, and impact factor. Authors range from Pendlebury ST in 2009 with 359 citations to Tatemichi TK in 1994 with 105 citations. Impact factors (2022) are provided, with Lancet Neurology in rank eight and one both having an impact factor of 48. The highest impact factor is 48, while the lowest is 4.8.]

Using CiteSpace 5.7.R5, we generated a series of co-cited reference networks, which were then input into the alluvial generator. After filtering and adjusting the colors, we obtained an alluvial flow graph of the cited references (Figure 7C). The co-cited references with the longest-lasting streams are listed in Table 5, with the works by Brainin et al. (2015b), Demeyere et al. (2015), and Román and Kalaria (2006) demonstrating the longest flow durations, lasting up to 6 years. The longer the stream lasted, the longer the reference was cited, indicating sustained recognition by PSCI researchers. Additionally, 10 studies had streams lasting 5 years, with Hurford et al.'s (2013) reference having the widest stream, suggesting a significant impact on PSCI research frontiers.


TABLE 5 Co-cited references with long duration in the alluvial flow graph.

[image: A table listing 13 articles on cognitive decline and dementia. Columns include Rank, Author, Year, Title, Time of Duration, Journal, JCR, and IF (2022). Rankings range from 1 to 13, with the top article by Brainin M in 2015, published in the International Journal of Stroke. Journals have a JCR rating mostly of Q1, with Impact Factors (IF) varying from 2.2 to 48.]

Figure 7D presents the 25 most co-cited references that received significant attention between 2012 and early 2023. By examining the corresponding burst strengths over different periods, we can identify trends in the research focus, helping discover emerging trends in recent years. The figure shows that the studies by Mijajlović et al., Pendlebury et al., Kwon et al., and Zhang et al. have received significant attention in recent years, primarily focusing on risk factors for PSCI (Pendlebury and Rothwell, 2019), objective diagnostic methods (Zhang and Bi, 2020), prognosis (Kwon et al., 2020), and summary reviews (Mijajlović et al., 2017), providing essential foundations for cutting-edge hotspots. Moreover, we found that Pendlebury et al.'s study (Pendlebury and Rothwell, 2009) was of great significance in the field of PSCI (strength = 31.16). Their findings indicated that stroke itself significantly and directly affects the occurrence of dementia, surpassing the influence of vascular risk factors. Furthermore, an increasing number of scholars are exploring new trends through comprehensive reviews.



3.7 Keyword analysis

We used VOSviewer to analyze the keywords extracted from 1,934 publications, which included 5,698 terms. As shown in Figures 8A, B, and Supplementary Table S5, the keyword “dementia” is the most frequently occurring term (588 occurrences), followed by “Alzheimer's disease” (271 occurrences), “brain ischemia” (248 occurrences), “cognition” (246 occurrences), “memory” (229 occurrences), “rehabilitation” (208 occurrences), and “risk factor” (201 occurrences), among others.
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FIGURE 8
 Bibliometric analysis of keywords in the PSCI field. (A) The keyword co-occurrence map. Nodes with the same color belong to the same cluster. The 178 keywords fell into four clusters based on colors: Cluster 1, 2, 3, and 4 are, respectively, red, green, blue and yellow. The node size denotes the occurrence frequency. And more lines between nodes represent stronger associations between terms (B) The keyword density map. (C) The alluvial flow graph of keywords. (D) Top 25 keywords with the strongest citation bursts.


During the analysis, 178 keywords appeared at least 12 times and were grouped into four main categories (Figure 8A). Each color represents a cluster, with larger node circles indicating higher keyword frequency. As shown in Figure 8A, we conduct a specific analysis based on the clustering from the largest to the smallest. Cluster one (red) focuses on thecc of PSCI and includes the most keywords, with top terms such as “cognition,” “rehabilitation,” “recovery,” “depression,” “quality of life,” “executive function,” “anxiety,” “aphasia,” “neglect,” “treatment,” and “exercise.” Cluster two (green) mainly involves pathogenesis and covers terms such as “brain ischemia,” “memory,” “model,” “hippocampal,” “inflammation,” “protect,” “oxidative stress,” “injury,” and “plasticity.” The top 10 keywords related to the mechanism are shown in Supplementary Table S6. Cluster three (blue) emphasizes PSCI risk factors, including keywords such as “dementia,” “Alzheimer's disease,” “risk factor,” “vascular dementia,” “TIA (transient ischemic attack),” “brain infarction,” “MRI,” “small vessel disease,” “vascular cognitive impairment,” and “age.” The smallest cluster (yellow) primarily relates to assessment and diagnosis, covering terms such as “MMSE,” “MoCA (Montreal Cognitive Assessment),” “validity,” “diagnosis,” “frequency,” “reliability,” “validation,” “neurological disorders,” “neuropsychology,” and “questionnaire.”

To explore the research topics that have captured attention from 2010 to early 2023, we used CiteSpace in conjunction with the alluvial generator to successfully plot the alluvial flow graph of PSCI's academic keywords (Figure 8C). The keywords with the longest-lasting streams are listed in Supplementary Table S7, with “synaptic plasticity,” “statin,” and “oxidative stress” having the longest streams from 2010 to 2022. This suggests that pathogenesis, treatment, and prevention in PSCI have been critical research topics over the past 13 years. Additionally, the assessment and diagnosis of PSCI have also been widely researched.

To better understand the research trends and hot topics in the PSCI field, we utilized CiteSpace's keyword burst analysis function. The results, as shown in Figure 8D, indicate that the emergence of keywords reflects a rapid increase in frequency over a short period, marking them as hot topics of academic interest. The year 2010 saw the highest citation bursts for keywords such as “vascular dementia,” “cerebrovascular disease,” “vascular cognitive impairment,” “poststroke dementia,” and “validity,” indicating an early focus on PSCI's vascular risk factors and assessment. Research then shifted toward mechanisms, with bursts including “delayed neuronal death,” “global cerebral ischemia,” “rats,” “neurological disorder,” “hippocampus,” “neurons,” and “neurogenesis.” In the past 5 years, keywords such as “synaptic plasticity,” “meta-analysis,” “network,” “tool,” “systematic review,” and “functional connectivity” have frequently appeared.



3.8 Analysis of CSVD-related research in PSCI

As shown in Figure 8D, many keywords that appeared around 2010 were related to cerebrovascular diseases. Cerebral infarction caused by CSVD accounts for 25–50% of all strokes, which is relatively higher than that in Western countries (Tsai et al., 2013; Georgakis et al., 2023). CSVD is a crucial pathological basis for cognitive impairment and dementia, significantly increasing the risk of PSD (Lam et al., 2021). We screened the retrieved literature and reanalyzed 56 papers related to CSVD to further explore the focus of CSVD-related studies in PSCI. Using VOSviewer, we analyzed all keywords and identified 23 keywords that appeared at least four times, as shown in Figures 9A–C. As shown in Figures and Table 6, aside from CSVD, “dementia” appears with the highest frequency, followed by “MRI.” MRI is well-known as the most crucial neuroimaging examination method in PSCI (Mijajlović et al., 2017), with typical imaging features including lacunar infarcts, WMHs, CMBs, perivascular spaces, and cerebral atrophy (Du and Xu, 2019; Inoue et al., 2023; Markus and Erik de Leeuw, 2023). Furthermore, imaging marker burdens and severity can reflect cognitive and functional outcomes after stroke (Georgakis et al., 2023). Notably, hypertension is the most important risk factor for non-amyloid CSVD, and primary prevention data have demonstrated that strict control of hypertension may delay cognitive dysfunction (Markus and de Leeuw, 2023). Looking ahead, keyword burst analysis (Figure 9D) suggests that CAA could represent a new research trend in the future.
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FIGURE 9
 Visualization analysis of keywords in CSVD research related to PSCI. (A) Co-occurrence network of keywords based on VOSviewer. (B) Overlay visualization map of keywords analysis. Keywords in yellow occurred later than those in purple. (C) The density map of keywords. The level of density, the size of nodes and words all reflect the co-occurrence frequencies. (D) Top five keywords with the strongest citation bursts.



TABLE 6 The top 20 keywords with the highest frequency in CSVD studies related to PSCI.

[image: Table listing keywords related to cerebrovascular research, ranked by occurrences and average citations. Top keywords are "Cerebral small vessel disease" and "Dementia" with thirty-eight occurrences each. Keywords include MRI, white-matter changes, cognition, and blood pressure. Each keyword shows its rank, occurrences, and average citations. Total twenty keywords ranked.]




4 Discussion


4.1 Basic information

This study conducted a comprehensive bibliometric analysis of the PSCI field from 2010 to early 2023. The research suggests that the annual number of publications is still on the rise as a whole, indicating that the PSCI field has a broad research prospect in the future. Among the co-cited authors, Pendlebury has been cited the most frequently and is a leading figure in the field of PSCI. China not only has the largest number of publications, but also has the largest number of top 10 institutions, which is mainly related to the increasing importance of PSCI in China in recent years. China has close cooperation with the United States, and the United Kingdom has the largest number of cooperative countries. Nevertheless, there is still a need to strengthen international cooperation in order to achieve wider academic exchanges. Stroke is the journal with the largest number of publications and co-citations, and has a high academic level and international influence.



4.2 Focus and frontiers

Two previous bibliometric studies on PSCI visualized relevant data using bibliometric software (Chi et al., 2023; Ou et al., 2023); however, they did not fully discuss a keyword cluster analysis in a comprehensive and systematic manner. In contrast, keyword analysis was at the core of this study. Additionally, we combined the current research hotspots and performed a keyword analysis of CSVD-related articles within the PSCI to thoroughly investigate the significant outcomes between them.


4.2.1 Risk factors for PSCI

Several risk factors are associated with PSCI (Desmond et al., 2000; Walters et al., 2003; Pendlebury and Rothwell, 2009, 2019; Wang et al., 2021; Rost et al., 2022; El Husseini et al., 2023). The key susceptibility factors include degenerative diseases, cerebrovascular diseases, and age, among others (El Husseini et al., 2023). Desmond et al. (2000) found that 16.3% of patients with PSD had dementia before onset. Furthermore, some studies have revealed that there is a significant overlap between PSCI, VCI, and AD in terms of neuropathology and biochemical mechanisms (Gemmell et al., 2012, 2014; Mok et al., 2017). Firbank et al. (2007) found that some characteristic features of AD, such as temporal lobe atrophy and amyloid deposition, are associated with cognitive decline in PSD patients (Mok et al., 2017). These findings highlight the substantial impact of neurodegenerative diseases on the cognitive function of stroke patients.

A history of cerebral infarction is a key predictor of PSCI (Shim, 2014), and stroke-related features are primarily associated with early-onset dementia in stroke patients (Mok et al., 2017). For example, Pendlebury et al. reported that the incidence of dementia after recurrent stroke is approximately three times that after a first-time stroke, with each recurrence leading to a cumulative increase in the incidence of dementia (Pendlebury and Rothwell, 2009). Additionally, the size and location of the infarct foci are significantly associated with PSD (Pendlebury and Rothwell, 2009; Rost et al., 2022). Moreover, CSVD is a major cause of stroke, and one study suggested that the CSVD burden is an important predictor of hemorrhagic PSD (El Husseini et al., 2023). Late-onset stroke dementia, in particular, is primarily associated with CSVD rather than recurrent stroke or AD pathology, and the correlation strengthens as the CSVD burden increases (Mok et al., 2017). Finally, advanced age is also an important risk factor for cognitive decline in stroke patients (Pendlebury and Rothwell, 2009; Brainin et al., 2015a; Wadley et al., 2018; Wang et al., 2021; Rost et al., 2022). A study demonstrated that each 1-year increase in baseline age was associated with 17% higher odds of cognitive impairment per year during follow-up (Rost et al., 2022).



4.2.2 Pathogenesis of PSCI

The specific mechanisms underlying PSCI remain unclear and involve several factors, including cerebrovascular injury, neurodegenerative processes, genetic influences, inflammation, and molecular changes (Li et al., 2022). The primary mechanism of PSCI is the disruption of brain neuroanatomical structures due to cerebrovascular lesions. These lesions can cause brain ischemia, leading to neuronal death or nerve fiber damage, which hinders information transmission within neural networks and ultimately impairs cognitive function (Zuo et al., 2017). This impairment is associated with the location of ischemia. Some studies have indicated that brain ischemia and hypoperfusion can result in a selective reduction in hippocampal volume (Gemmell et al., 2012, 2014), contributing to hippocampal atrophy and cognitive impairments, particularly in memory. Furthermore, when vascular injury coincides with neurodegenerative diseases, hippocampal atrophy is more pronounced, leading to more substantial cognitive decline (Gemmell et al., 2014). In terms of genetics, the ApoEε4 allele is widely recognized as a risk factor for Alzheimer's disease, and some studies suggest a possible connection to PSCI. This association may involve cognitive decline related to its effects on lipid metabolism, atherosclerosis, synaptic plasticity, and neuronal cell function recovery (Zuo et al., 2017).

The molecular mechanisms mainly include damage to the cholinergic transmission pathway, excitotoxicity, and oxidative stress (Zuo et al., 2017; Maida et al., 2020; Li et al., 2022). Neuronal ischemia leads to excessive glutamate release, resulting in excitotoxic cell death. Glutamate receptor activation can also indirectly activate free radicals (Mishra and Hedna, 2013). Moreover, neuronal damage produces reactive oxygen species, depleting antioxidants such as glutathione and reducing the clearance of oxidative free radicals. This depletion contributes to cell death due to oxidative stress (Zuo et al., 2017; Maida et al., 2020). The next step involves the activation of microglia and astrocytes, which release chemokines, cytokines, and NO, inducing leukocyte migration to the ischemic area and attracting other immune cells to the region. This response results in increased neuronal death and ultimately enlarges the infarct size (Mishra and Hedna, 2013). Many studies have demonstrated that elevated concentrations of inflammatory markers, such as C-reactive protein, interleukin (IL), tumor necrosis factor (TNF), interferon (IFN), and complement, lead to poorer cognitive outcomes (Rothenburg et al., 2010; Shim, 2014; Narasimhalu et al., 2015; Sandvig et al., 2023). Overall, increasing research has suggested that reducing inflammation serves as a neuroprotective mechanism in stroke, aiming to improve cerebrovascular injury. Nevertheless, while these findings show promising applications in animal models, further exploration in clinical practice is required (Mishra and Hedna, 2013).

Currently, “functional connectivity” are research hotspots, attracting widespread attention from scholars. In particular, enhancing synaptic plasticity and interhemispheric functional connectivity in the brain can reduce stroke-related damage and improve cognitive function (Naseh et al., 2022; Wang et al., 2022; Yang et al., 2022). Moreover, transcranial direct current stimulation (tDCS) is a promising tool for cognitive rehabilitation, known to improve cognitive impairment by increasing interhemispheric functional connectivity (Yang et al., 2022). Therefore, alterations in functional connectivity play important roles in the pathogenesis and treatment of PSCI, which still require further investigation through animal experiments.



4.2.3 Assessment and diagnosis of PSCI

Cognitive assessment in the acute phase of stroke can predict the occurrence of PSCI. Current guidelines in China recommend cognitive screening for acute-phase patients unless they are unconscious or unresponsive (Wang et al., 2021). Moreover, PSCI is a dynamic process characterized by considerable heterogeneity, with cognitive impairment often becoming prominent 3 months post-stroke, making early and regular assessments of cognitive function over time essential (Wang et al., 2021). Assessments primarily involve neuropsychological evaluations, activities of daily living assessments, and evaluations of psychiatric and behavioral symptoms (Wang et al., 2021). The MMSE and MoCA are currently the most widely studied cognitive screening tools, with the MoCA considered superior to the MMSE (El Husseini et al., 2023). Considering that compared with AD, PSCI has a more significant impact on other cognitive domains other than memory. Therefore, when cognitive impairment is detected during screening, we need to conduct a series of standardized neuropsychological assessments to further help identify cognitive domains that are impaired beyond memory (El Husseini et al., 2023). Additionally, differences in neuropsychological testing tools are inevitable across countries, studies, and clinical settings. Thus, the effectiveness and usability of different screening methods require further validation in various languages while also considering time and cost constraints (Shim, 2014).

In the keyword burst analysis, the term “tool” has shown a sudden rise in frequency in recent years. As research on PSCI continues to develop, there is growing international interest in utilizing screening tools to identify cognitive impairment early, before it affects quality of life. Additionally, predictive models are being created to assess the risk of cognitive impairment worsening in the future (Hbid et al., 2021; Cova et al., 2022), which can facilitate better rehabilitation planning and anticipate long-term post-stroke outcomes. In the future, we can also develop in this direction.



4.2.4 Treatment and rehabilitation of PSCI

According to the keyword co-occurrence analysis, the red cluster primarily highlights the treatment and rehabilitation of PSCI. This is particularly relevant, as stroke survivors with cognitive impairment face higher mortality rates, a poorer quality of life, and familial and social health issues (Wang et al., 2021). This makes the early detection and management of PSCI a critical concern. The consensus indicates that PSCI treatment mainly addresses cognitive function, psychiatric and behavioral symptoms, and activities of daily living (Wang et al., 2021).

As far as cognitive function is concerned, cholinesterase inhibitors have been shown to improve cognitive performance (Birks and Craig, 2006; Barrett et al., 2011; Kim et al., 2020). In terms of post-stroke aphasia, Berthier et al. (2009) pointed out that memantine can reduce the severity of aphasia, particularly when combined with constraint-induced aphasia therapy. Additionally, tDCS has been found to be effective in treating post-stroke aphasia (El Husseini et al., 2023). Furthermore, cognitive strategy training has been shown to be effective in recovering executive function after a stroke, although the exact extent of recovery and the specific mechanisms involved remain to be investigated (Cramer et al., 2023).

Beyond cognitive impairments, psychiatric symptoms are also a major concern for patients with PSCI, with depression being particularly common. Notably, severe psychiatric symptoms can pose safety threats to both the patient and others (Wang et al., 2021), making the treatment of these symptoms crucial. In this context, studies have shown that improving psychiatric symptoms, such as depression and anxiety, can enhance cognitive function (Shim, 2014; Mijajlović et al., 2017), regardless of the drug's mechanism (Haring, 2002). In summary, various prevention, treatment, and rehabilitation methods exist for PSCI, and active intervention can reduce the burden on families as well as alleviate social pressure.



4.2.5 Analysis of CSVD-related research in PSCI

The most common pathological basis of vascular cognitive impairment and dementia is CSVD (Inoue et al., 2023). On MRI, CSVD manifests as WMHs, lacunes, perivascular spaces, CMBs, brain atrophy, and other chronic pathological changes that weaken neurons and diminish synapses' resistance to brain injury, reducing the brain's resilience to vascular damage (Mok et al., 2017). Based on the results of this study's analysis, we will focus on discussing the impact of WMHs and CMBs on cognition.

Both CMBs and WMHs are vascular injury markers that promote cognitive impairment in ischemic stroke patients (Tang et al., 2011). Notably, the total volume and lesion location of WMHs are independently associated with PSCI. For instance, subcortical lacunar infarcts double the risk of PSCI, and when accompanied by severe WMHs, the risk increases 11-fold. Similarly, CMBs are a significant predictor of hemorrhagic PSD (El Husseini et al., 2023). In a multivariate analysis, Gregoire et al. (2013) found that after adjusting for hypertension and WMHs, lobar microbleeds were still associated with impaired executive function in ischemic stroke patients. A long-term longitudinal study revealed that, compared to PSCIND patients with CMBs, the absence of CMBs can predict reversible cognitive recovery, with different CMB locations affecting recoveries in distinct cognitive domains, although the specific mechanisms remain unclear (Tang et al., 2011). Finally, there is a link between WMHs and CMBs. Regardless of the specific location of CMBs, WMHs volume was associated with CMBs, with the strongest correlation observed for deep/infratentorial CMBs (Poels et al., 2010). Importantly, the severity of white matter changes increases with the CAA-related CMB burden (Gregoire et al., 2011).

Based on the results of this study, hypertension is a significant risk factor for PSCI. Hypertension is also the most important risk factor for non-amyloid SVD (Markus and de Leeuw, 2023). Moreover, high blood pressure variability is also a risk factor for PSCI. As shown by Kim et al. (2021), the greater the blood pressure variability, the faster the cognitive decline during follow-up in ischemic stroke patients. The underlying mechanism likely involves hypertension-induced cerebral microvascular dysfunction, leading to WMHs, lacunes, and CMBs, which further impair cognitive function (Uiterwijk et al., 2017). In addition, hypertension may disrupt connections in the temporal lobe, thalamus, and prefrontal cortex, especially in the hippocampus, leading to cognitive decline (Lee et al., 2021).

Many studies have shown that hypertension is associated with WMHs (Haring, 2002). Interestingly, the relationship between hypertension and WMHs may follow a “J” curve, where both low and high blood pressure, increased blood pressure fluctuations, and smaller declines in nocturnal blood pressure are associated with increased WMHs (Mok and Kim, 2015). The main mechanism involves hypertension's impact on deep perforating arteries, leading to atherosclerosis, inducing lipid hyalinosis, and promoting vascular remodeling (Iadecola et al., 2009). This process makes blood vessels prone to hypoperfusion during low blood pressure (Manolio et al., 2003). Hypertension also exacerbates the twisting and bending of these perforating arteries (Low et al., 2019), increasing resistance to blood flow, which predisposes individuals to hypoperfusion and, consequently, to WMHs. Hypoperfusion may result in the selective collapse of key proteins in the paranodal axon-glial junctions, thereby affecting white matter function (Kim et al., 2021). Thus, hypertension can lead to WMHs by causing hypoperfusion, which in turn impairs cognitive function. In addition to these mechanisms, WMH formation is also related to blood–brain barrier disruption, plasma protein infiltration into the vessel wall and surrounding brain parenchyma (Mok and Kim, 2015), and periventricular venous collagen disease (Moody et al., 1995).

Additionally, hypertension is closely related to CMBs. The primary cause of deep microbleeds is damage to the deep perforating arteries, resulting from increased blood flow velocity due to hypertension (Jung et al., 2020). Prolonged hypertension leads to atherosclerosis and lipid hyalinosis in the vasculature of the perforating arteries (Iadecola et al., 2009), which affects the vascular wall structure of small perforating arterioles, reducing vascular elasticity and potentially promoting the formation of microaneurysms. These microaneurysms may ultimately rupture and lead to the development of CMBs (Rosenblum, 2008). The mechanism behind lobar microbleeds is primarily related to CAA (Gregoire et al., 2013). In this case, amyloid-β deposits in the small artery walls cause endothelial and smooth muscle dysfunction, resulting in vessel wall thickening. These vascular changes make the vessels fragile, leading to microaneurysm formation and leakage (Gregoire et al., 2011). Additionally, local blood flow regulation is impaired, increasing the likelihood of small vessel occlusion and resulting in local ischemia (Gregoire et al., 2011). This may explain why WMHs worsen as CMB lesions increase. When the CMBs is mixed-type (both in the cerebral lobe and deep areas), some studies have suggested that the mechanism is mainly attributed to hypertensive vasculopathy (Jung et al., 2020). Moreover, hypertensive vasculopathy and CAA do not occur independently in PSCI. Following hypertensive damage to small cerebral vessels, the clearance of β-amyloid is further reduced, leading to increased deposition of β-amyloid in the vessel walls, which exacerbates cognitive impairment (Ding et al., 2017). Furthermore, CMBs have also been found to increase the risk of PSD independently of the number and type of acute cerebral infarctions. This suggests that CMBs may impair cognitive function through direct damage to surrounding brain tissue (Yatawara et al., 2020). The observation of tissue necrosis in histopathological studies supports this notion (Gregoire et al., 2013). Therefore, the results of this study suggest that blood pressure control plays a crucial role in reducing the incidence of cognitive impairment.

Through this study, we found that CAA-related research still has great potential for development. Stroke can promote CAA and dementia by inducing amyloid β deposition (Goulay et al., 2020; Rost et al., 2022), and the specific neuropathological basis and pathophysiological mechanism remain to be studied. We can predict cognitive decline in patients with hemorrhagic and ischemic stroke by CAA-related specific MRI scores (Pasi et al., 2021; Sagnier et al., 2021), and the specific explanation may require a lot of evidence. In addition, the CSVD overall score may be superior to the CAA-related specific score in predicting PSCI, suggesting that most ICH survivors had some degree of mixed CSVD (Pasi et al., 2021). CAA may aggravate cognitive decline in stroke survivors through the following mechanisms, such as blood-brain barrier damage (Gatti et al., 2020), inflammatory response (Ono and Tsuji, 2020), direct toxic effect of amyloid β (Zott et al., 2019), vascular damage (Gregoire et al., 2011) and so on. But in the future, more studies are needed to further elucidate the neuropathological basis and pathophysiological mechanisms related to the development of PSCI (Rost et al., 2022). In the future, we can further study PSCI and CAA to guide the prevention of stroke and provide information for further research to improve the long-term prognosis of stroke.

Bibliometrics can assist clinical research in various ways. First, through bibliometric methods, we have highlighted key research areas in PSCI, such as risk factors, pathogenesis, evaluation and diagnosis, treatment and rehabilitation. Specifically, hypertension has been identified as a key factor in the formation of WMH and CMBs, further aggravating cognitive dysfunction. These findings suggest that doctors can reduce the incidence of PSCI by controlling blood pressure in treatment decisions, emphasizing early prevention, providing a scientific basis for clinical diagnosis and treatment, and promoting the rapid and comprehensive development of PSCI. Second, bibliometrics helps identify emerging research trends. Future studies should focus on areas such as functional connectivity, and the role of CAA in the mechanisms involved to identify effective ways to improve cognition and achieve better prevention and treatment outcomes, thereby reducing family and social burdens. Moreover, clinicians can explore tools to identify early cognitive impairment in stroke patients across different environments and develop PSCI risk prediction tools for more targeted strategies. Additionally, scholars can conduct comprehensive analyses of the research status of PSCI through various statistical forms to understand the latest trends and avoid redundant research. By integrating advancements in PSCI research into clinical practice, clinicians and researchers can refine research directions and strategies, ultimately enhancing the quality and impact of their findings. Finally, this study identifies the most influential countries, institutions, authors, and journals through visual analysis, which can guide junior researchers in identifying mentors and partners when submitting contributions, selecting appropriate journals and institutions, and seeking suitable national collaborations to make informed decisions on the allocation of funds and resources.




4.3 Limitations and strengths

First, to ensure data quality and completeness, the data in this study were obtained exclusively from the WoSCC database. Although the Web of Science database is widely recognized by bibliometric researchers, it cannot cover all relevant studies in this field, which poses a risk of overlooking research from other databases. Additionally, data selection in this study relied on manual filtering to exclude literature unrelated to PSCI, which may introduce bias or omissions. Furthermore, the search language was limited to English publications, inevitably overlooking studies in other languages. Thus, while our search strategy aimed to cover all possible expressions to ensure comprehensive inclusion, there may still be some omissions. Finally, some recently published high-quality articles may have lower citation counts due to their short publication time, necessitating further bibliometric studies in the future to update data and explore new trends and hotspots in PSCI research.

Despite the aforementioned limitations, this study has several advantages. For instance, it combines PSCI with the emerging research hotspot of CSVD for the first time. The visualization results provide valuable information for global PSCI researchers, helping them identify new research directions and hotspots, thereby promoting rapid and efficient development in this field. Additionally, based on our findings and previous clinical studies, we reaffirm the important role of hypertension in PSCI and further explore the association between hypertension and PSCI through its relationship with typical MRI markers of CSVD. These results underscore the importance of early intervention in PSCI and contribute significantly to the diagnosis, treatment, and prevention of the condition. Finally, based on the results of keyword clustering, we systematically and comprehensively discuss the risk factors, pathogenesis, neuropsychological assessment, treatment, and prevention of PSCI. This facilitates a quick understanding of the development process in this field for researchers, provides a scientific basis for clinical practice regarding PSCI, and promotes the overall advancement of the PSCI field.




5 Conclusion

The field of PSCI has broad prospects. We identified leading countries, institutions, and leading scholars in the field and analyzed journals and representative literature. We highlighted key research areas in PSCI, such as risk factors, pathogenesis, assessment and diagnosis, treatment and rehabilitation. Moreover, hypertension, WMH, and CMBs play an important role in the correlation between CSVD and PSCI, providing a strong scientific foundation for the prevention and treatment of PSCI. Future research is likely to focus more on areas such as functional connectivity, tool, systematic review, meta-analysis, and CAA, indicating potential new directions for investigation.
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Cognitive outcomes after extracranial-intracranial bypass surgery in elderly patients diagnosed with atherosclerotic cerebral steno-occlusive artery disease
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Background: The safety and clinical effectiveness of extracranial–intracranial (EC–IC) bypass surgery in elderly patients with atherosclerotic internal carotid artery and/or middle cerebral artery steno-occlusive (ACMSO) disease remain ambiguous. Here, we analyzed our experience of EC-IC bypass surgery to evaluate its clinical safety and effect on the cognitive function for elderly patients with ACMSO.
Methods: This retrospective study enrolled patients >60 years of age diagnosed with ACMSO who underwent EC–IC bypass surgery at the authors' center between January 2018 and January 2021. Indications for bypass surgery included symptomatic ACMSO defined by cerebral angiography and evidence of relative hypoperfusion in the territories of steno-occlusive arteries based on computed tomography perfusion (CTP) neuroimaging. All patients underwent the Montreal Cognitive Assessment preoperatively and 2 years after bypass surgery. Clinical data, such as the National Institute of Health Stroke Scale and cognitive function scores, and CTP parameters were retrospectively analyzed.
Results: The study cohort ultimately included data from 65 patients (60–68 years of age; median age, 66 years) who underwent 82 bypass surgeries. The patency rate of bridge arteries was 100% on intraoperative fluoroscopy and 95.0% (76/80) according to cerebral angiography at the last follow-up. The perioperative stroke rate was 1.54 % and the mortality rate was 3.08% in the 2nd year of follow-up. Compared with preoperative data, the mismatch volume of CTP was reduced (P < 0.001), and the Montreal Cognitive Assessment score significantly increased (P < 0.001) 2 years after bypass surgery. Forty patients in the cognitive improvement group had a higher educational level (P = 0.020), shorter course of disease (P = 0.041), shorter mean transit time (MTT) (P < 0.001), and shorter time to peak value (P = 0.015) on CTP, as determined by single-factor analysis before bypass, compared with those in the inactive group. Based on multivariate logistic regression analysis, a shorter preoperative MTT was an independent clinical factor for cognitive improvement after bypass (odds ratio 0.452 [95% confidence interval 0.082–0.760]; P = 0.003).
Conclusion: EC–IC bypass surgery was safe and improved cognitive function in elderly patients diagnosed with ACMSO. Reversible cerebral perfusion function is one of the better prognoses, which needs to be confirmed in future study.
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1 Introduction

Atherosclerotic carotid and/or middle cerebral artery (MCA) steno-occlusive (ACMSO) disease is a significant and increasingly common pathology among individuals of advanced age (Li et al., 2022; Cardenas et al., 2012) and plays a dominant role in the etiology of stroke and cognitive decline (Feigin et al., 2022; Sharrief and Grotta, 2019). Despite the lack of benefits of risk of stroke or death demonstrated by the Carotid and Middle Cerebral Artery Occlusion Surgery Study (CMOSS)-a recent pivotal clinical trial (Ma et al., 2023), CMOSS and the subsequent studies also indicated that a subset of patients with less severe hemodynamic insufficiency and/or mild complications insufficiency and may benefit from EC-IC bypass surgery, which requires further investigation (Sun et al., 2024; Oliveira et al., 2024).

Some experts believe that revascularization of the hypoperfused territory is still the most promising treatment strategy (Elder et al., 2024) and extracranial-intracranial (EC–IC) bypass surgery can improve clinical outcomes in patients with ACMSO through reversal of cerebral hemodynamic deficit (Cardenas et al., 2012; Komotar et al., 2009). Our previous studies revealed that asymptomatic patients with cerebral ischemia exhibited deficits in global cognition, memory and executive function (Shen et al., 2023); and also found a significant proportion of patients experienced relief of symptoms, specifically improving cognitive function after EC–IC bypass surgery (Du et al., 2023). As our opinion, the role of EC–IC bypass surgery for cognitive function has been neglected and should be fully evaluated, specifically for elderly patients with ACMSO.

As such, the present study is a retrospective approach through mainly cognitive function assessment and brain computed tomography perfusion (CTP) test before and after EC-IC bypass surgery to investigate the safety and cognitive outcomes of EC–IC bypass for the treatment of ACMSO in elderly patients.



2 Materials and methods


2.1 Clinical data

Data from patients diagnosed with ACMSO between January 2018 and January 2021 were retrospectively collected and reviewed. Eligibility criteria included the following: age, ≥60 years; presence of atherosclerotic severe stenosis and/or occlusion in internal carotid artery (ICA) or the MCA confirmed by digital subtraction angiography (DSA); mild cerebral ischemia symptoms with a National Institute of Health Stroke Scale (NIHSS) score of 1–4 points, and < 2 points on the Modified Rankin Scale (mRS); computed tomography (CT) perfusion (CTP) demonstrated hemodynamic insufficiency in the MCA territory; mild-moderate cognitive impairment before EC–IC bypass surgery; and fully understand the EC–IC bypass procedure and provided informed consent.

The exclusion criteria were as follows: Moyamoya disease features identified on DSA; Previous stenting or other endovascular interventions; atrial fibrillation on preoperative electrocardiography; Posterior circulation ischemia manifestations, including swallowing difficulties, ataxia, and dystonia; intracranial hemorrhage within 3 months or severe cerebral infarction within 1 month; Hypertension, diabetes, hyperlipidemia or other complications were poorly controlled; and loss to follow-up.

During the period of clinical study, the same number patients with similar baseline information who had just received conservative treatment were included in control group. Medical comorbidities, such as hypertension, diabetes mellitus, dyslipidemia, and coronary disease, were recorded after reviewing medical charts.

As our previous clinical research experience, the rates of stroke and death have no significant difference between bypass group and control group. The MoCA score was defined as the primary endpoint, of which the baseline score in control group and bypass group was about 20 points. According to our predictions, the mean score of control group had no change during follow-up, and the mean score of bypass group would increase from 20 points to 23 points and the standard deviation was 3 points during 2 years of follow-up. The formula was as follows: n = [(Zα/2+ Zβ/2)/δσ]; Z: the critical value of the standard normal distribution; δ: The difference between the two groups was 3 points; σ: The standard deviation was 3 points. The test level was bilateral α= 0.05, the power was 80%. It is calculated that the minimum sample size of each group is 17 cases.

All study protocols were approved by the Institutional Review Board of Huadong Hospital (No. 20171205, Shanghai, China) and all individuals provided informed consent before participating in the study.



2.2 Surgical procedures

The surgical technique used for EC–IC bypass surgery was consistent with the authors' previous investigation (Du et al., 2023). A suitable recipient vessel, the cortical segment MCA (diameter ≥0.8 mm), was identified under a microscope. The superficial temporal artery (STA) was passed through the temporal muscle and anastomosed to the MCA. Bypass patency was confirmed intraoperatively using indocyanine green angiography.



2.3 Postoperative evaluation

Postoperative serial CT evaluations were performed on all patients immediately after surgery to rule out bleeding or infarction. If neurological deterioration was found, postoperative magnetic resonance imaging with diffusion-weighted imaging and T2-weighted imaging were performed, if necessary.



2.4 CTP imaging

CTP imaging acquisition and analysis methods were consistent with those used in the authors' earlier study (Du et al., 2023), which were typically performed preoperatively and 2 years after bypass surgery.

Thresholds for perfusion deficit and ischemic core detection were as follows. The threshold for identifying perfusion deficits was based on previously published criteria: Tmax > 6 s (Albers et al., 2018). A relative cerebral blood flow (rCBF) threshold < 30% was applied to quantify the ischemic core within the perfusion deficit area (Campbell et al., 2011). The CTP fitting images were shown on processing software (PerfusionGo V1.0, Shukun, Co. Ltd., China). Mismatch volume was defined as the difference between the perfusion deficit volume and the ischemic core volume. The region of interest measured 1.5 cm3 at the temporal area of MCA perfusion (paraventricular) in CTP fitting images, which was set on the left side of patients who underwent bilateral bypass surgery and the operative side for those who underwent unilateral bypass surgery.



2.5 Neurocognitive function score

All patients underwent neuropsychological tests preoperatively and 2 years after bypass surgery. Cognitive function(s) was assessed using the Chinese version of the MoCA (30 full scores) with 7 subsection items, including visual/executive (trail making, cube copy and clock draw), naming, attention (digit span, number, serial subtraction), language (repetition, fluency), abstraction (train, watch), delayed memory and orientation (day, month, year, week, place, city) (Du et al., 2024). An increase of ≥ 3 points on the MCoA after bypass surgery was defined as improvement and those patients were assigned to the improved group. An improvement of < 3 points or a decline was regarded to be ineffective, and these patients were assigned to the inactive group.

Patients were regularly assessed using the mRS and NIHSS scores at 6 months, and 1 and 2 years after bypass surgery. Cerebral angiography was performed 6 months after bypass surgery to confirm graft patency.



2.6 Statistical analysis

Data analysis was performed using SPSS version 23.0 (IBM Corporation, Armonk, NY, USA). Continuous variables were tested for normality using the Kolmogorov–Smirnov test. Normally distributed data are expressed as mean ± standard deviation, and the independent t-test was used for between-group comparisons. Non-normally distributed data are expressed as median (first quartile, third quartile) and between-group comparisons were performed using the Mann–Whitney U test. Categorical variables are expressed as frequency and were compared using the χ2 test. These variables were also compared between groups using χ2 or Fisher's exact tests. Univariate analysis identified potential risk factors cognitive improvement, which were entered into binary logistic regression analysis (advanced method) to determine the factors influencing post-bypass cognitive improvement. Differences with P < 0.05 were considered to be statistically significant.




3 Results


3.1 Overall characteristics

One hundred fifty patients were enrolled in this study in bypass surgery group, data from 65 patients (median age, 63 years), diagnosed with severe atherosclerotic cerebral steno-occlusive disease of the ICA or MCA, as verified by preoperative DSA, were included in the analysis. ICA occlusion was present in 35 patients and severe stenosis in 5 patients. occlusion and severe stenosis of the horizontal portion was found in 20 and 5 patients, respectively. main cerebral ischemia symptoms among the patients included: transient syncope (n = 34); numbness and/or weakness in the extremities (n = 15); and transient dysphonia (n = 17). Sixty-five elderly patients with similar clinical presentations were included in control group, there were no statistic differences between control group and bypass group in age, symptoms, comorbidity, severity of intracranial vascular stenosis, mRS, NIHSS and MoCA scores.



3.2 CTP imaging

In the bypass group, all patients exhibited abnormal cerebral perfusion and 61 of 65 had bilateral hemispheric impairment before bypass surgery. The unilateral cerebral hemisphere was divided into 5 brain regions: frontal, temporal, parietal, occipital, and basal ganglia, and 10 regions were present in the bilateral hemispheres. According to preoperative CTP imaging results, 2 patients had cerebral hypoperfusion in ≥8 regions, 50 patients had 5–7 hypoperfusion regions, and 13 had 3–4 hypoperfusion regions. Compared with the results before bypass and 2 years after, the mismatch volume significantly decreased from 36.3 ± 10.5 ml3 to 18.0 ± 6.4 ml3 (P < 0.001), as shown in Figure 1. MTT and TTP decreased from 6.7 ± 1.6 s and 4.3 ± 1.0 s to 5.5 ± 1.4 and 2.3 ± 1.1 s, respectively (P < 0.001). However, there were no statistical differences in cerebral blood volume (CBV), CBF and Tmax (Figure 2).


[image: MRI brain images in two rows labeled A and B. Row A depicts sections with highlighted areas in green and yellow, indicating specific regions of interest. Row B shows similar brain sections without highlights, serving as a control or comparison.]
FIGURE 1
 A 67-year-old male with a 2-month history of transient ischemic attacks. (A) Volume of relative cerebral blood flow (CBF) < 30% (yellow) was 15.6 mL3 before bypass and the mismatch area (green) was 41.2 mL3. (B) Eleven months after bypass, the volume of rCBF < 30% (red) and mismatch area (green) reduced to 1.9 mL3 and 3.2 mL3, respectively.



[image: Color-coded brain scan images in a 2x5 grid, labeled A to J. Images show variations in color and intensity across the brain, indicating different data points or activities. Each scan appears to represent differing conditions or states, transitioning from red and yellow to blue and dark blue, suggesting a change in values or readings.]
FIGURE 2
 A 64-year-old patient suffered from dizziness for 5 years, being diagnosed with atherosclerotic arterial occlusion and underwent right EC-IC bypass surgery. CTP fitting images were shown before and 6 months after right EC-IC bypass surgery. (A) Fitting image of cerebral blood volume (CBV) before bypass surgery; (B) Fitting image of CBV after surgery; (C) Fitting image of cerebral blood flow (CBF) before surgery. (D) Fitting image of CBF after surgery; (E) Fitting image of mean transit time (MTT) before surgery; (F) Fitting image of MTT after surgery. Cerebral perfusion improves after surgery shown on red arrow area; (G) Fitting image of time to peak (TTP) before surgery; (H) Fitting image of TTP after surgery; (I) Fitting image of Tmax before surgery; (J) Fitting image of Tmax after bypass surgery.




3.3 EC–IC bypass surgery

Of 65 patients with ACMS enrolled in bypass surgery group, 17 patients with bilateral ACMSO underwent bilateral EC–IC bypass surgeries and 48 patients received unilateral surgery, resulting in 82 bypass surgeries in this cohort. All 82 STA-MCA anastomoses were unobstructed on intraoperative indocyanine green video angiography. Follow-up cerebral angiography revealed that 79 (96.3%) of the bypass grafts had maintained patency from 6 months to 4 years after EC–IC bypass surgery (Figure 3).
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FIGURE 3
 The 64-year-old patient's cerebral digital subtraction angiography (DSA) images. (A) Left vertebral artery is occlusive; (B) Right subclavian artery is severe stenosis (black arrow), and right internal carotid artery is occluded; (C) After 1 year of right EC-IC bypass surgery, Anteroposterior DSA image shows the right superficial temporal artery supplies the ipsilateral areas of the middle cerebral artery and bilateral of anterior cerebral artery through the anastomosis (black arrow); (D) Side position of DSA image shows new blood vessels in brain (black arrow), right internal carotid artery is still occluded (white arrow); (E) Left internal carotid artery is occluded. (F) After 7 months of left EC-IC bypass surgery, side position of DSA shows left superficial temporal artery communicates with the ipsilateral areas of the middle cerebral artery through the anastomosis (black arrow). The left occipital artery branch which supplies the left vertebral artery is protected well (white arrow). (G) Anteroposterior DSA image shows the EC-IC anastomosis is vibrant (black arrow).




3.4 Neurological and cognitive function assessment
 
3.4.1 mRS and NHISS

In surgery group, 32 patients experienced symptom relief during follow-up. mRS scores among the patients before bypass surgery were distributed as follows: 0 points (n = 28, 43.1%); 1 point (n = 34, 52.3%); 2 points (n = 3, 4.6%). The mean NHISS score at the preoperative assessment was 2.32 ± 0.92 and 2.28 ± 1.07 at 2 years after bypass surgery (T = 0.352, P = 0.726). There were also no statistical differences between preoperative score and all time points after bypass surgery. At the final follow-up 2 years after bypass, 41 patients experienced symptom relief, 5 deteriorated, and the remainder experienced no change based on the mRS, NHISS, and inquiries.



3.4.2 Cognitive assessment scale

The control patients' mRS, NIHSS and MoCA assessment scores had no statistical changes during 2 years of follow-up. In surgery group, MoCA scores significantly increased from 20.6 ± 3.0 pre-bypass to 22.8 ± 3.8 at 2 years postoperatively and the abilities at subitems of visual/executive, language, delayed memory improved statistically (Table 1). Except 2 patients in bypass surgery group died during follow-up, rest of 63 patients completed all assessments. Forty-three patients were assigned to the improved group and 20 to the inactive group (Table 2). Single-factor analysis revealed that patients who improved comprised a greater proportion of higher education (senior high school or above, P = 0.020), shorter disease duration (P = 0.041), shorter MTT (P < 0.001), and TTP (P = 0.015). Multivariate logistic regression analysis identified preoperative shorter MTT as an independent clinical factor for cognitive enhancement after bypass (odds ratio 0.452 [95% confidence interval 0.082–0.760]; P = 0.003) (Table 3).


TABLE 1 The MoCA and subitems score of control group and the patients before and after extracranial–intracranial (EC–IC) bypass surgery.

[image: Table showing cognitive assessment scores for control and pre- and post-bypass groups. Total MoCA scores are 20.0, 20.6, and 22.8 respectively, with a significant test value and p-value under 0.001. Subitems include visual/executive, naming, attention, language, abstraction, delayed memory, and orientation, each with individual scores and corresponding p-values, indicating significant differences in visual/executive, language, delayed memory, and orientation. Definitions for acronyms and test references are provided at the bottom.]


TABLE 2 Single-factor analysis of cognitive function status in elderly patients with ACMSO after EC-IC bypass surgery.

[image: A table comparing clinical characteristics and laboratory results across two groups: inactive (n=20) and improved (n=43) participants, with total participants at n=65. The table includes variables such as age, gender, education level, disease course, anterior circulation injuries, main clinical symptoms, vascular injury factors, and various laboratory tests. It provides test values and p-values to indicate statistical significance for each factor. Annotations clarify the test types used, including T value, chi-square value, and z value.]


TABLE 3 Multivariate logistic regression analysis of cognitive improvement in elderly patients with ACMSO after bypass surgery (n = 63).

[image: Table showing statistical analysis results for factors influencing atherosclerotic internal carotid artery stenosis. Variables include high educational level, short disease course, short mean transit time (MTT), and short time to peak (TTP). Columns list partial regression coefficient, standard error, Wald chi-squared value, odds ratio (OR) value, ninety-five percent confidence interval (CI), and P value. The high educational level has a coefficient of negative 1.244, OR of 0.288, and P value of 0.052. Other entries list values for short course of disease, short MTT, and short TTP with corresponding statistics.]




3.5 Adverse events

In bypass series, one (1.54%) patient experienced severe stroke 3 days postoperatively and passed away 1 month after the bypass surgery, while another died of heart failure 13 months after bypass surgery. The total mortality rate was 3.1% in the 2nd year of follow-up, and the other two patients (3.1%) had moderate to serious stroke during follow-up. In control group, two patients had moderate to severe stroke and one patient died because of pulmonary infection, and the morbidity and mortality was 3.1% and 1.5%, respectively, and there was no statistic difference between control group and bypass group in adverse event rates.




4 Discussion

EC–IC bypass surgery has traditionally been the surgical method of choice for treating occlusive diseases affecting the extracranial and intracranial cerebral vessels, aneurysms, carotid-cavernous fistulas, cerebral vasospasms, acute cerebral ischemia, and Moyamoya disease (Reddy et al., 2022). However, whether this surgical intervention can mitigate risks of stroke and improve neurological function, especially for cognition, memory, and intellect in elderly patients with ACMSO remains controversial (Ma et al., 2023; Wessels et al., 2021). In this study, it shows EC–IC bypass surgery is safe treatment for elderly patients with ACMSO, most of them (66.2%) can receive cognitive function improvement after surgery. Furthermore, a shorter preoperative MTT score was an independent clinical factor associated with cognitive enhancement following bypass surgery.


4.1 Safety of EC–IC bypass in the elderly

In this cohort, the incidence of stroke and mortality rates were 3.1% and 1.5%, which was not found to be inferior to medical interventions. As the discouraging result of the CMOSS Randomized Clinical Trial, bypass surgery combined with medical therapy did not significantly change the risk of stroke or death for the patients with symptomatic ACMSO during follow-up of 2 years, compared with simply medical therapy (Ma et al., 2023). Another multicenter, prospective nonrandomized study showed similar clinical outcomes that carotid artery stent placement and carotid endarterectomy procedures did not seem to reduce the risk of stroke at follow-up compared with medical treatment and the two kinds of carotid near-occlusion revascularization were associated with high rates of failure and periprocedural complications (Garcia-Pastor et al., 2022). Risk factors for systemic atherosclerosis have been identified, including age, male sex, family history, smoking, hypertension, hyperlipidemia, a sedentary lifestyle, and a high-fat diet (Qaja et al., 2025). The mechanism underlying cerebral stroke often involves embolization of intracranial vascular plaques with hemodynamic compromise due to stenosis, potentially leading to a persistent detrimental cycle (Choi et al., 2019). Based on our postoperative CTP and DSA results, STA–MCA bypass can establish adequate cerebral perfusion by creating a new circulation pathway from the EC artery to the IC artery (Du et al., 2023). Possible mechanisms include the recovery of CBF perfusion and improvement of metabolic function over time (Turpin et al., 2023). It is noteworthy that patients experiencing focal small cerebral ischemia or mild transient ischemic attacks potentially derive greater benefits from bypass surgery than those with serious stroke (Sebök et al., 2024).

In Sun' recent study, the patients with ACMSO who had higher level of plasmic triglyceride-glucose index were associated with poorer outcomes after EC-IC bypass (Sun et al., 2024). As our long-term clinical practice, strict and scientific management of internal medicine diseases, such as hypertension, diabetes and hyperlipidemia and healthy lifestyle preoperatively for at least 3 months, are helpful for reducing preoperative complications (Reiff et al., 2022). In this cohort, more severe hemodynamic insufficiency or stroke (longer MMT) may mean a higher incidence of postoperative stroke (Ma et al., 2023), which is associated with poor cognitive outcomes, and we suggest that shorter MMT (< 7 s) and without CBV and CBF impairment in ipsilateral brain can be surgical threshold, which should be explored in future study.

In the bypass group of this study, all patients exhibited abnormal cerebral perfusion and 93.8% (61/65) had bilateral hemispheric impairment before bypass surgery and cerebral hemodynamic compromise was confirmed through CTP imaging by drawing a clear outline of the abnormal mismatch volume. Chen et al. also reported that EC–IC bypass surgery can effectively irrigate the ischemic zone (Chen and Tu, 2022). In this study, after 2 years of bypass, the elderly patients' mismatch volume, and values of MTT and TTP all showed significant improvements. As previous reports showed that CTP could serve as an effective tool for diagnosing and assessing changes in cerebral perfusion parameters in patients with severe intracranial steno-occlusive disease, and be helpful in the selection of treatment strategies and the evaluation of prognosis (Qiao et al., 2022). Based on our multivariate logistic regression result, preoperative shorter MTT is an independent benefited factor for cognitive enhancement after bypass. We also suggest CTP can be a sensitive functional imaging tool for testing cerebral microcirculation, and assessing the changes in cerebral perfusion during follow-up for both those patients with bypass and conservative treatments and future studies may focus on identifying those patients with potential benefits or pinpointing a more precise location for anastomosis in hypoperfusion areas (Ding et al., 2025; Klug et al., 2021).



4.2 EC–IC bypass surgery improves cognitive function

Hemodynamic compromise may give rise to classic stroke or transient cerebral ischemia, but may also be less predictable and atypical, such as generalized fatigue, cognitive disorder, limb shaking, headache, and syncope (Qaja et al., 2024). According to our previous study, it was demonstrated that asymptomatic moyamoya adults also suffered from moderate to severe cognitive deficits, especially in memory and executive function (Shen et al., 2023). Successful unilateral EC–IC bypass did not adversely affect postoperative cognitive function (Inoue et al., 2016a) and but also improved some cognitive domains, including verbal memory, visual memory, executive function, attention, and psychomotor speed by correcting cerebral hemodynamics (Li et al., 2018; Doherty et al., 2021). In this cohort, MoCA score in bypass surgery group had significantly increased, especially at subitems of visual/executive function, language, delayed memory. On the one hand, the improvement of cerebral blood perfusion and relief of symptoms associated with cerebral ischemia may be the most important reason; on the other hand, postoperative rehabilitation training and hyperbaric oxygen therapy may also provide positive support in some ways. Possibly, there may be a threshold for hemodynamic impairment that affects the reversibility of cognitive function after an EC–IC bypass. For example, patients with severe hemodynamic impairment and serious stroke may experience substantial neuronal injury or further deterioration and cognitive function may not be reversible even after hemodynamic correction through a successful bypass (Inoue et al., 2016b). However, MoCA as a tool for cognition screen cannot evaluate the cognitive change comprehensively. In the future, a more systematic cognitive assessments should be practiced, specially focusing on executive function, language, memory function, based on the results of this study. Our results of single factor and multi-factor analysis that shorter disease duration, and only shorter MTT and TTP, and without CBV and CBF impairments in CTP test can receive better cognitive improvements after EC–IC bypass surgery, indicating those patients with mild cerebral ischemia can have better prognosis. Li et al. (2018) also showed that patients with a defined compensatory stage of cerebral ischemia with normal CBF, normal or increased CBV, and normal oxygen extraction fraction in the CTP test showed a better prognosis following EI–CI bypass surgery. Horfman found a high coefficient of variation of MTT in 3 weeks was a poor predictive factor for those patients with aneurysmal subarachnoid hemorrhage (Hofmann et al., 2021). In conclusion, the restoration of the hemodynamic state by surgical revascularization could theoretically contribute to postoperative cognitive improvement in elderly patients diagnosed with mid-ACMSO.



4.3 Limitations

The present study had some limitations, the first of which were its retrospective, single-center design, brief follow-up, and small sample size. In the future, prospective randomized controlled trials involving multiple centers are needed to further verify the efficacy of EC–IC bypass in elderly patients with ACMSO and to investigate the underlying mechanisms of cognitive improvement.




5 Conclusion

EC–IC bypass surgery was safe and effective in elderly patients with ACMSO. Increased cerebral perfusion after bypass surgery significantly improved cognitive function. The role of MMT in CTP test before bypass should be further explored in future.
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Background and aims: As the country with the largest and fastest-aging older population worldwide, China has hosted an increasing number of regional investigations into disability among older adults. However, the prevalence of disabilities related to physical function and cognition in southern China remains unknown. This study aimed to assess the prevalence of and associated factors for cognitive and physical function impairment in individuals aged 60 years and older.
Methods: For this population-based cross-sectional study, a total of 5,603 participants were recruited between June 2021 and December 2022 using a multistage, stratified, cluster sampling procedure. Instruments, including a general questionnaire, basic and instrumental activities of daily living, the Chinese version of the Mini-Mental State Examination (MMSE), the Patient Health Questionnaire-9 (PHQ-9), and the Generalized Anxiety Disorder-7 (GAD-7), were used to collect data through a WeChat mini program. Binary and multivariate logistic regression analyses were applied to explore the influencing factors.
Results: The prevalence of physical function and cognitive impairment among older adults was 37.3 and 31.0%, respectively. Multivariate regression analyses revealed that age, family income, education level, place of residence, medication type, annual physical examinations, weekly social activities, support from family or friends, hearing disorders, walking disorders, and depression were all associated with both physical function and cognitive impairment. Moreover, an increased risk of physical function impairment correlated with BMI, region, income source, smoking, and weekly exercise, while cognitive impairment was associated with the number of children, insurance type, coronary heart disease, and anxiety. Physical function (OR: 1.79, 95% CI: 1.49–2.16) and cognitive impairment (OR: 1.83, 95% CI: 1.51–2.21) were mutually influential in our study.
Conclusion: This study showed a high prevalence of various factors related to physical function and cognitive impairment. The results revealed that comprehensive and systematic prevention and control programs for disabilities should be developed to improve the quality of life for older adults.
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1 Introduction

With the growing trend of an aging population, China has gradually come to be regarded as having the largest elderly population worldwide, resulting in a substantial treatment-related economic burden for families and the healthcare system (Qiao et al., 2022; Han et al., 2022). According to the 7th national census in 2020, there were 26,402 million people aged 60 years or older in China, accounting for 18.7% of the total population, which was 5.4% higher than in 2010 (Statistic N B O, 2021). As a populous country experiencing rapid and significant aging, the health status of elderly individuals is concerning (Damluji et al., 2021; Han et al., 2022). Older adults face various physical and mental health issues, leading to lengthy durations of illness and a significant increase in the number of older adults with disabilities. Wang and Li (2020) reported that the estimated proportion of disabled older adults within the total population is rising year by year and is expected to reach 13.7% by 2050. Disability status not only affects the overall quality of life among older adults but also contributes to a greater demand for long-term care and associated costs, ultimately posing a substantial challenge to social care and medical security (Hsieh and Waite, 2019; Liao et al., 2022; Zhang et al., 2022). Therefore, exploring the relationship between disability status and chronic diseases, the mechanisms and risk factors contributing to disability, and the establishment of prevention and treatment systems for disabilities has gradually become an important research topic in gerontology.

Disability status is a fundamental measure for assessing the functional capacity and health level of older adults (Wang and Li, 2020). The World Health Organization (WHO) and the Chinese disability classification standard define disability to encompass physical, visual, hearing, phonological, and cognitive impairment (Abdi et al., 2019).

The functional state used to define physical disability typically consists of activities of daily living (ADL), muscle strength, balance, and gait speed (Rajan et al., 2012). ADL assessment—which includes basic activities of daily living (BADL) and instrumental activities of daily living (IADL)—is regarded as a primary aspect widely used in previous studies (Wang et al., 2023; Rajan et al., 2012) to determine physical function or self-care ability among older adults due to its relatively simple and convenient nature.

BADLs refer to basic self-care activities, such as eating and dressing, that fulfill essential physiological requirements, while IADLs include more complex tasks that arise later and typically have a shorter duration than BADLs (Gold, 2012; Cornelis et al., 2019).

Cognitive impairment leading to dementia is a serious global public health concern, influenced by the growing number of older adults and recognized as a vital indicator for assessing disability (Inocian and Patalagsa, 2016). Mild cognitive impairment (MCI) represents an intermediate stage between normal cognition and dementia, and a growing body of research focused on risk management and interventions has focused on these individuals to prevent dementia (Tangalos and Petersen, 2018; Campbell et al., 2013). In the past 3 years, several studies have been conducted on the current circumstances of older adults with MCI or dementia, with estimated prevalence ranging from 1.2 to 23.2% (Xue et al., 2022; Teh et al., 2021; Liu et al., 2021; Vlachos et al., 2020) and nearly 15% in China (Deng et al., 2021; Jia et al., 2020).

Previous population-based regional studies investigated factors related to physical or cognitive function, such as age (Xue et al., 2022; Chen et al., 2018; Choi et al., 2019), education level (Xue et al., 2022; Jia et al., 2020; Goswami et al., 2019; Ravi et al., 2022), place of residence (Deng et al., 2021; Cheng et al., 2023; Chuang et al., 2021), illness state (Xue et al., 2022; Liu et al., 2021; Jia et al., 2020; Fuller-Thomson et al., 2022; Deckers et al., 2017), and mental problems (Freire et al., 2017; Desai et al., 2021; Kang et al., 2017). However, due to subjective characteristics or measuring approaches, there are still some controversies regarding the factors influencing disability. Moreover, these factors consistently change with social development, lifestyle, and regional environment.

China has the largest population of disabled and semi-disabled older adults in the world due to the increasing rate of deep aging. It is particularly important to explore and establish a long-term care service model and to conduct health function assessments for older adults with disabilities, from family and community settings to professional institutions, in order to promote long-term care services. There is a significant developmental gap between urban and rural areas in China, leading to major discrepancies in functional status among older adults in various institutions, including hospitals, communities, and nursing homes for the elderly. Surveys that capture regional characteristics regarding functional status and related factors among older adults are crucial to meeting diverse service needs. Although an increasing number of regional surveys targeting the prevalence of and factors influencing older adults with disabilities have been conducted nationwide in recent years, little is known about the prevalence of disability in the southern region. Furthermore, the definition of disability in most studies has been based on only a single aspect.

In view of the aforementioned variable factors related to disability and aiming to develop a more comprehensive understanding of the concept, we conducted a large cross-sectional study involving adults aged 60 years or older from approximately six cities in Guangdong Province, China. The aim was to explore the prevalence, associations, and influencing factors of disability related to physical function and cognitive impairment in older adults.

The present study’s hypotheses are as follows: First, there is a high incidence of physical or cognitive impairment in southern China. Second, both physical and cognitive impairments are associated with several factors, including sociodemographic, disease-related, behavior-related, and psychological factors. Finally, there is a significant relationship between physical and cognitive impairments.



2 Methods


2.1 Study design

We conducted a population-based observational cross-sectional study using a multistage, stratified, cluster-sampling procedure from June 2021 to December 2022.



2.2 Participants

The selection of study sites was divided into three stages. First, we selected 1–2 representative cities from the northern, southern, western, and eastern regions of Guangdong Province. Second, we chose 2–3 well-known or representative tertiary hospitals and one secondary hospital in the geriatric field. Given the significant discrepancy in functional states among hospitalized and non-hospitalized older adults, we included only those subjects who regularly attended outpatient follow-ups or utilized daily healthcare services. Third, we selected one community healthcare center and 60–70 families based on the community resident health files. Finally, we included 5,603 adults aged 60 years or older from 15 tertiary hospitals, six secondary hospitals, six community healthcare centers, and 350 families across six cities (Guangzhou, Shenzhen, Zhuhai, Foshan, Maoming, and Qingyuan). The inclusion criteria for participants were as follows: (1) aged≥60 years, (2) able to communicate normally without barriers, and (3) having provided informed consent for voluntary participation in this study. The exclusion criteria included: (1) having mental disorders or a history of mental disorders (e.g., depression and schizophrenia), (2) a diagnosis of dementia, (3) any acute diseases (e.g., myocardial infarction, and stroke), and (4) any conditions leading to limb movement disorders (e.g., trauma, surgery, and musculoskeletal diseases).



2.3 Measurements


2.3.1 General questionnaire

This questionnaire was developed by researchers based on related previous studies (Qiao et al., 2022; Chen et al., 2018; Ding et al., 2015; Qin et al., 2022; Ramadass et al., 2018), and research content and was reviewed by two experts, Cui and Chen, prior to the pilot study. The evaluation of general information consisted of four main domains: (1) Demographic characteristics: age, sex, BMI, number of children, and more; (2) Behavioral habits: smoking, drinking, annual physical examinations, weekly social activities, and weekly exercise; (3) Family or social support: assistance from family or care from friends; and (4) Disease-related characteristics: cardiovascular or cerebrovascular diseases, hypertension, coronary heart disease, diabetes, type of medication, hearing disorders, vision disorders, and walking impairments. Participants were asked to indicate whether hearing, vision, or walking had an impact on the daily life of older adults, with three options: no effect, less effect, and obvious effect. The responses of “less effect” or “obvious effect” were deemed indicators of functional impairment in hearing, vision, or walking.



2.3.2 Physical function impairment measurement

This was evaluated using an assessment of activities of daily living (ADLs). ADLs are defined as the essential activities required for daily life, reflecting the fundamental functions of individuals in medical institutions, communities, and families (Cornelis et al., 2019; De Vriendt et al., 2021). The assessment of ADLs is divided into basic activities of daily living (BADLs) and instrumental activities of daily living (IADLs). BADLs pertain to the critical movements and self-care tasks performed in hospitals or at home, which include eight items: eating, bathing, combing, dressing, controlling urination, managing excretion, walking, and ascending and descending stairs (Cornelis et al., 2019). IADLs refer to more complex activities than BADLs, such as those necessitating advanced skills and the use of tools performed within communities. These activities include seven items: shopping, cycling or riding, cooking, doing housework, washing clothes, making phone calls, and taking medication (De Vriendt et al., 2021; Bruderer-Hofstetter et al., 2022).

Each category is assessed on three levels: no assistance, partial assistance, and full assistance. Responses indicating anything other than “no assistance” for each category suggest functional impairment, which is considered a disability.



2.3.3 Cognitive impairment measurement

Cognitive impairment was evaluated using the Chinese version of the Mini-Mental State Examination (MMSE), which has received authorization for its use (Wang and Zhang, 1989). This scale consists of 30 items across four dimensions: orientation, memory, attention and calculation, recall, and language. The sensitivity of this assessment for screening cognitive impairment reached up to 92.5% (Bo et al., 2018). This is the most common and widely used assessment worldwide, designed by Folstein in 1975 (Cockrell and Folstein, 1988). Each correct answer earns one point, while an incorrect or unclear response earns no points. The maximum score on the scale is 30 points, with lower scores indicating more severe cognitive impairment. The cutoff points for cognitive impairment were calculated based on education level: ≤19 points for illiterate individuals, ≤22 points for those with a primary school education, and ≤ 26 points for individuals with a secondary school education or above.



2.3.4 Depressive symptoms

These symptoms were assessed using the Patient Health Questionnaire-9 (PHQ-9). This questionnaire was used to assess the frequency of nine conditions over the past 2 weeks: displeasure, appetite changes, fatigue, feelings of worthlessness, guilt, decreased concentration, slow movements, restlessness, and suicidal tendencies (Kroenke et al., 2001). Each item is rated on a 4-point Likert scale, with total scores ranging from 0 to 27. Depressive symptoms are categorized into four levels: mild (5–9), moderate (10–14), moderate–severe (15–19), and severe (20–27).



2.3.5 Anxiety

This was measured using the Generalized Anxiety Disorder-7 (GAD-7) questionnaire. This tool assessed the frequency of seven conditions over the 2 weeks: tension, uncontrollable worries, excessive worries, an inability to relax, akathisia, irritability, and foreboding (Löwe et al., 2008). Each question is evaluated on a 4-point Likert scale, with total scores ranging from 0 to 21. Depressive symptoms are categorized into four levels: mild (5–9), moderate (10–13), moderate–severe (14–18), and severe (19–21).




2.4 Ethics declarations

All procedures conducted in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee, the 1964 Helsinki Declaration and its later amendments, or comparable ethical standards. The ethics committee of Guangdong Province People’s Hospital (KY-Z-2021-690-01). Informed consent was obtained from all individual participants.



2.5 Data collection procedures

Data collection was conducted using the WeChat mini program called “Jingyice platform for the functional assessment of older adults.” First, we contacted the relevant leaders of selected hospitals and communities to obtain permission for the investigation. Specialized interviewers assigned to each hospital and community were responsible for collecting information in their specific research areas.

A door-to-door survey of families was conducted by interviewers from the respective communities. To ensure a uniform investigation process, online training on questionnaire interpretation and methods was organized, along with a preliminary survey held prior to the formal survey. Interviewers followed standardized instructions to present the study’s objectives and content and engaged in one-on-one, face-to-face dialogue to gather information after obtaining informed consent. Inquiries about family members or caregivers were allowed if participants were unable to communicate directly with interviewers due to speech or hearing disorders. Each data point was securely stored in a file accessible only to authorized personnel.



2.6 Statistical analysis

SPSS software version 26.0 was used to analyze the data. Descriptive statistics were employed to identify the distribution of the included factors. Means and standard deviations were used to describe continuous variables, while absolute values and percentages were used to express categorical variables. Independent-sample t-tests and chi-square tests were conducted to compare sex differences across each continuous and categorical variable, respectively. Univariate analysis was conducted through bivariate logistic regression to determine whether independent variables, including demographic characteristics, behavioral habits, social support, and disease-related factors, were associated with physical function impairment and cognitive impairment, with estimated odds ratios and 95% confidence intervals provided.

Multivariate logistic regression analysis was conducted to identify the influencing factors, treating the aforementioned variables as independent variables and physical-function impairment or cognitive impairment as dependent variables. A two-sided p-value < 0.05 was considered to indicate statistical significance.




3 Results


3.1 General characteristics

A total of 5,603 adults aged 60 years and older were enrolled in this survey, of whom 2,675 (47.4%) were men and 2,946 (52.6%) were women. The average age of the participants was 71.38 ± 7.65 old. The majority of the older adults lived in Guangdong Province during the survey, including 3,356 (59.9%) subjects living in Guangzhou or Shenzhen and 2,100 (37.5%) participants living in other cities within Guangdong.

The largest proportion of participants in this survey came from the rural population, which accounted for 41.5% of the total. Different levels of anxiety and depression symptoms were observed in 28.2 and 20.5% of subjects, respectively. A total of 2,089 participants aged 60 years or older exhibited a decline in physical function as measured via BADLs and IADLs, with a prevalence of 37.3%. Cognitive impairment, evaluated using the MMSE, was found in 1,378 participants aged 60 years or older, with a prevalence of 31.0%.

There was a significant difference between the sexes, including factors such as age, number of children, religion, living arrangements with children, monthly family income, source of income, education level, marital status, type of insurance, hypertension, coronary heart disease, alcohol consumption, smoking, care from family or friends, vision, walking ability, physical function impairment, and cognitive impairment. The general characteristics of the participants and the prevalence of disability are shown in Table 1.



TABLE 1 General characteristics of the included participants (n = 5,603).
[image: A comprehensive data table presents various demographic and health variables with their subgroups, showing mean, standard deviation, sample size (n), and percentage. Categories include sex, age, BMI, children quantity, region, religion, living arrangements, income, education, marital status, residence, insurance type, health conditions such as cardiovascular diseases and diabetes, lifestyle habits like drinking, smoking, and physical activity, familial support, and conditions like anxiety, depression, hearing, vision, and cognitive impairments. Data is mostly expressed in numbers and percentages, providing a detailed statistical overview.]



3.2 Influencing factors associated with physical function impairment

As shown in Table 2, variables extracted through univariate analysis with statistical significance were included to establish a multivariate logistic regression. The results indicated that older age (OR: 1.06, 95% CI: 1.05, 1.07) and a higher BMI (OR: 1.03, 95% CI: 1.01, 1.05) were associated with an increased risk of physical function impairment. Older adults living in other cities in Guangdong, receiving income from children, being illiterate, and residing in large cities faced a higher risk of physical function impairment. A family monthly income between 2000 and 4,000¥ (OR: 1.40, 95% CI: 1.13, 1.72) or between 4,000 and 6,000¥ (OR: 1.51, 95% CI: 1.18, 1.92) was linked to an increased risk of physical function impairment. Regarding behavioral habits, older adults who had never smoked, had not received an annual physical examination in the past 10 years, and did not participate in weekly social activities were more likely to experience physical function impairment. In terms of family or social support, older adults not cared for by family or friends were at a greater risk of physical function impairment. For disease-related characteristics, taking multiple types of medication, having hearing disorders (OR: 1.24, 95% CI: 1.09, 1.43), and having impaired walking ability (OR: 6.35, 95% CI: 5.39, 7.45) were also correlated with a higher risk of physical function impairment. For psychological factors, older adults suffering from mild (OR: 1.58, 95% CI: 1.52, 2.00), moderate (OR: 3.46, 95% CI: 2.13, 5.61), or moderate–severe (OR: 3.94, 95% CI: 1.70, 9.12) depression showed an increasing risk of physical function impairment. The multivariate logistic regression analysis of risk factors for physical impairment among adults aged 60 years or older is presented in Table 3 and Figure 1.



TABLE 2 Univariate analysis of influencing factors for physical function or cognitive impairment (n = 5,603).
[image: A comprehensive table detailing various variables and subgroups related to disability and cognitive impairment. It includes categories like sex, age, BMI, region, religion, family income, education level, marital status, place of residence, insurance type, health conditions, medication usage, lifestyle habits, social activities, family support, and more. Statistics include counts, percentages, and odds ratios with confidence intervals, highlighting statistically significant values in bold. The table is intended for a detailed analysis of factors associated with disability and cognitive impairment.]



TABLE 3 Multivariate logistic regression analysis of influencing factors for physical function impairment (n = 5,603).
[image: Table displaying factors influencing a study outcome, including age, body mass index (BMI), quantity of children, and more. Each factor is listed with coefficients, adjusted odds ratios (OR) with 95% confidence intervals (CI), and p-values. Significant variables are bolded, such as age with an adjusted OR of 1.06 and p-value <0.001. Other notable factors include family income, education level, medication type, smoking, physical activity, and cognitive impairment. Annotations indicate reference groups for some categories.]

[image: Forest plot illustrating odds ratios for various factors affecting a study group compared to a reference group. Factors include age, BMI, region, family income, source of income, education level, place of residence, type of medicine, smoking, physical examinations, social activities, exercise, care from family or friends, hearing, depression, and cognitive impairment. Confidence intervals are shown for each factor. Note that factors related to walking and severe depression are excluded due to axis limitations. Odds ratio scale ranges from zero to four.]

FIGURE 1
 Odds ratios (OR) and 95% confidence intervals (95% CI) for factors that are statistically significant in relation to physical function impairment.




3.3 Influencing factors associated with cognitive impairment

The results of the multivariate logistic regression analysis of risk factors for cognitive impairment are shown in Table 4 and Figure 2. For demographic characteristics, older age was associated with a higher risk of cognitive impairment (OR: 1.02 95% CI: 1.01–1.03), as was having fewer children. Education level also played a significant role, with a higher risk observed among those with primary school (OR: 1.75, 95%CI: 1.40–2.22), junior high school (OR: 11.59, 95% CI: 8.96–15.00), senior high school (OR: 8.71, 95% CI: 6.57–11.56), or college education (OR: 7.14, 95%CI: 4.70–10.86). Additionally, older adults with a family income of <2000¥ and those relying on rural medical services had a higher risk of cognitive impairment. Living in small or middle-sized cities (OR: 1.49, 95%CI: 1.19–1.87) or large cities (OR: 1.68, 95% CI: 1.38–2.05) was related to an increased risk compared to those living in villages.



TABLE 4 Multivariate logistic regression analysis of influencing factors for cognitive impairment (n = 5,603).
[image: Table of influencing factors with corresponding β (SE), Adjusted OR (95% CI), and p-values. Significant factors, indicated in bold, include age, family income, education level, urban medical service, residence in cities, types of medications, physical examinations, social activity levels, care from family, hearing, depression, and physical function impairment. Significant levels are p < 0.05 and p < 0.01.]

[image: Forest plot illustrating odds ratios for various factors affecting a study group. Factors include family income, education level, type of insurance, place of residence, type of medicine, annual physical exams, social activities, and conditions like coronary heart disease, anxiety, depression, and physical function impairment. Data points and confidence intervals are visually represented along a horizontal axis ranging from 0.0 to 4.0.]

FIGURE 2
 Odds ratios (OR) and 95% confidence intervals (95% CI) for factors that are statistically significant regarding cognitive impairment.


Regarding behavior habits, older adults who had undergone annual physical examinations over the last decade (OR: 1.23, 95%CI: 1.05–1.44) and those who did not participate in weekly social activities were more likely to develop cognitive impairment. In terms of family or social support, older adults who were not cared for by family or friends were at a higher risk of cognitive impairment. Several health conditions were also found to be significantly associated with cognitive impairment, such as coronary heart disease (OR: 1.26, 95% CI: 1.03–1.55), hearing disorders (OR: 1.24 95% CI: 1.05–1.47), and impaired walking ability (OR: 1.67, 95% CI: 1.30–2.02). Furthermore, older adults who did not take any medication were more likely to experience cognitive impairment than those taking two or more types of medication. Regarding psychological factors, the results revealed that risk factors significantly associated with cognitive impairment were severe anxiety (OR: 3.16, 95% CI: 1.02–9.81) and depression. Moreover, as shown in Tables 3, 4, we found that physical function impairment (OR: 1.79, 95%CI: 1.49–2.16) and cognitive impairment (OR: 1.83, 95% CI: 1.51–2.21) were independent risk factors for each other among older adults.




4 Discussion

We found that physical function impairment existed in nearly one-third of subjects in the total population, with a prevalence of 37.3%. This result was similar to the data from Vásquez et al. (2022), who studied 3,050 older adults in the Hispanic Established Populations for Epidemiologic Study, and Farías-Antúnez et al. (2018), who investigated 1,451 older adults in Brazil. However, this rate of disability was significantly lower than that reported in a nationwide population-based longitudinal survey of healthy aging, which randomly selected participants from 22 provinces in China (Hou et al., 2019).

The prevalence of disability in the above study was more than half of the total number of individuals in both urban and rural areas. This is likely because the average age of the older adults included in our survey was generally younger. Moreover, several native regional studies close to Guangdong Province have reached similar results. For example, one population-based study (Chen et al., 2018) conducted in Guangxi Province involving 2,300 adults aged 60 years or older indicated that the disability rates, measured with ADL and IADL, were 43.4 and 42.4%, respectively.

A similar conclusion was reached in another study conducted in the northeastern rural areas of India that involved a community-based population (Medhi et al., 2021). The likely reason is that the urban and rural distribution in our study was almost balanced, whereas a higher proportion of participants in the aforementioned studies resided in rural areas.

The discrepancy in the evaluation criteria for BADL or IADL in the two studies may also lead to inconsistent results. To make the results more accurate and representative, future multicenter, large-scale epidemiological investigations should focus on uniform distributions of age and region during sampling and consistency of measurement methods.

The overall cognitive impairment rate in our study was 31%. This result supports the proportion of surveys conducted for representative older adults from Brazil (34.0%) (Brigola et al., 2020). However, many population-based cross-sectional studies carried out in different countries, such as Spain (Lara et al., 2016), Italy (Caffò et al., 2022), Mexico (Givan et al., 2022), Japan (Saw et al., 2020), and Korea (Lee et al., 2022), all showed a lower cognitive impairment rate. Nationwide data from China, based on samples of 46,011 (Jia et al., 2020), 21,732 (Qi et al., 2021), and 3,768 (Qin et al., 2022) in 2018, also showed prevalence rates of 15.0, 17.8, and 22.4%, respectively, which were significantly lower than those of our study. A similar result was observed in other epidemiological studies in eastern (Ding et al., 2015) and northern China (Jiang et al., 2021; Zhang et al., 2019).

Qin et al. (2022) also analyzed regional prevalence and found that the rate of cognitive impairment among older adults in the southwest region was 29.9%, the highest among all regions. These data are closely aligned with our results. The differences by country or region may be related to complex factors such as race, lifestyle, economic level, and medical practices. All findings suggest that southern China should be a major focus for preventing and controlling cognitive impairment or dementia. Further studies should emphasize developing interventions and management systems that consider regional characteristics.

The results of our study’s multivariate logistic regression analysis indicated that age, family income, education level, type of medication, physical examination, social activities, support from family or friends, hearing ability, walking, and depression were all associated with both physical function and cognitive impairment. There was broad consensus linking older age to disability, whether in terms of body or cognition (Chen et al., 2018; Goswami et al., 2019; Ramadass et al., 2018).

We also confirmed this view in previous studies. The possible reason may be that older adults often experience several irreversible declines in organic functions and degenerative changes, such as Alzheimer’s disease, as they age, which can directly impair self-care and daily living abilities. High family income was recognized as a significant protective factor against cognitive impairment in our study, aligning with most published research on (Danielewicz et al., 2019; Philibert et al., 2013) the relationship between socioeconomic status or income and the incidence of disability. This phenomenon may be explained by the fact that older adults with low family incomes often lack sufficient financial resources and social support to cope with increased healthcare burdens, have less access to medical services for chronic disease management, and experience restricted interaction with their social networks, which contributes to the development of functional disorders (Bowling and Stafford, 2007; Zeng et al., 2010; Vaughan et al., 2016). There was a significant difference in the prevalence of physical and cognitive impairments among older adults with varying education levels. A higher level of education was linked to a reduced risk of physical function impairment, while the opposite was observed for cognitive impairment.

Previous studies (Goswami et al., 2019; Ravi et al., 2022) tended to support the viewpoint that education level is a protective factor, as individuals with more education have greater access to resources and knowledge for health-related services, enhancing their ability to manage diseases. However, in our study, more educated older adults exhibited a higher risk of cognitive impairment, which is inconsistent with the majority of studies (Xue et al., 2022; Liu et al., 2021; Wang et al., 2020) investigating the relationship between cultural features and disability.

However, the findings of Godinho et al. (2022) are consistent with our findings, which may be explained by complex neuropathologic theories and structural and functional changes in brain features due to aging. Further research into mechanistic exploration is needed to better interpret this relationship.

Our study found a positive association between medication use and physical function impairment, which aligns with previous findings (Chen et al., 2018; Medhi et al., 2021). Unfortunately, the opposite result was observed regarding cognitive aspects. One possible reason could be that older adults taking multiple types of medication may have various chronic diseases, leading them to seek medical assistance more frequently; thus, they might detect and manage the risk and early stages of cognition-related issues sooner.

Although the habit of undergoing regular physical examinations is beneficial for health promotion, the results of our study indicated that having an annual physical examination for the past 10 years was associated with a higher risk of cognitive impairment. We clarified that this phenomenon differed from conventional findings, as older adults who usually participate in physical examinations may have more health issues, which can lead to an increased risk of negative emotions or mental health problems, thereby accelerating cognitive decline (Freire et al., 2017; Desai et al., 2021).

The findings in our study also indicated that the effect of spiritual level support on disability, whether physical or cognitive, was more significant than that of material support, which highlighted the potential value of disability interventions based on psychological theories.

Over the last few years, some researchers have conducted large-scale population-based observational studies (Fuller-Thomson et al., 2022; Borges et al., 2021)and a longitudinal study (He et al., 2023) that explored the relationship between sensory disorders and cognitive impairment, which indicated that hearing disorders are an independent influencing factor on cognitive impairment. Our findings also align with this result. The reason for the observed correlation between sensory function and cognitive impairment may relate to potential mechanisms based on several hypotheses regarding internal effects, such as sensory deprivation (Lin et al., 2014; Nixon et al., 2019)and resource allocation (Nixon et al., 2019), or external effects, such as social disengagement (Fuller-Thomson et al., 2022). Unfortunately, there is no evidence to determine whether the relationship between sensory disorders and cognitive impairment is causal, nor to clarify the exact mechanisms, which require further longitudinal studies with large sample sizes or basic research for confirmation.

However, it may be necessary to pay particular attention to older adults with age-related sensory disorders, identify them, and provide early interventions to mitigate cognitive decline. Our study also suggested that elderly adults with walking disorders had a higher risk of impairments in physical and cognitive function. One systematic review (Binotto et al., 2018) included 49 studies that considered gait speed as a predictor of physical frailty and health indicators, showing a potential correlation between walking problems and disability that is consistent with our study.

The results of our study showed a significant association between psychological factors, such as anxiety and depression, and cognitive impairment. There is a broad consensus that psychological distress is an independent predictor of cognitive health (Freire et al., 2017; Desai et al., 2021). Therefore, investigating coping strategies for stress and developing intervention networks based on the social-psychological aspects of cognitive health among older adults may gradually become a key direction for future studies. Interestingly, we also found that depression was a contributing factor to physical function impairment. While this finding aligns with numerous previous studies (Kang et al., 2017; Taş et al., 2007), the connection between these two variables remains debatable (Duba et al., 2012) and merits further discussion.

In addition to the factors mentioned above, the opposite result obtained in our study, that smoking was a protective factor against disability, was unusual compared to most studies addressing the negative effects of unhealthy lifestyles on diseases (Ravi et al., 2022; Ramadass et al., 2018; Medhi et al., 2021). This may be explained by the complex relationship between praxeology or psychology and diseases, but further studies are needed to investigate the validity of this result.

Interestingly, our study’s additional findings demonstrated that older adults with physical function impairment faced an increased risk of cognitive impairment; conversely, cognitive impairment also accelerated the progression of physical disability. Most published studies (Kiiti et al., 2019; Chong et al., 2015; Boyle et al., 2010; Shimada et al., 2013) suggest a strong link between physical and cognitive impairment, indicating that the association is bidirectional. Longitudinal studies (Chong et al., 2015; Boyle et al., 2010) have confirmed that physical function impairment or frailty is a predictor of cognitive decline among people with mild cognitive impairment and is associated with a higher risk of dementia.

Cognitive impairment is a potentially modifiable risk factor for physical disability in aging, impacting self-care and mobility. Therefore, interventions designed to slow or manage the progression of physical function impairment may be crucial in preventing cognitive impairment or dementia; conversely, the reverse strategy is also possible.

Our findings suggest that comprehensive interventions be implemented for screening and preventing disability to support healthy aging in China. The implications for public health policy and the medical system include the following: First, governments and healthcare administrations should pay more attention to regional discrepancies in disability, improve screening measures for older adults, and provide social security and healthcare services that meet health requirements. Second, healthcare managers must conduct early assessments and monitor functional status, developing intervention strategies for various functional impairments based on the characteristics of older adults, with the aim of delaying the disabling process. Finally, interventions related to physical and cognitive training for older adults should encompass the entire continuum of disease management and offer more accessible platforms and opportunities for family involvement, as this may effectively promote the reasonable allocation of medical resources.

To the best of our knowledge, this was the first large-scale population-based cross-sectional survey on the incidence of physical and cognitive impairment among older adults in the southern region of China. We collected comprehensive information on older adults via a digital platform, analyzed the prevalence of physical and cognitive impairment, and investigated the factors influencing disability. However, this study has certain limitations. First, as a cross-sectional study, it cannot verify the causal association between the included factors and physical function or cognitive impairment. Second, physical function can be classified in ways other than by BADL or IADL, such as muscle strength, balance, and gait speed, but we did not perform other measurements beyond the method of questionnaires due to restrictions on instruments and the population base. Third, the MMSE is merely a cognitive screening tool and cannot clarify the diagnosis of cognitive impairment and its subtypes. Further studies need to use more nuanced measures to assess cognitive function across various domains, thereby verifying the conclusions of the present study. Finally, some results of this study might be biased because older adults with hearing or vision loss cannot complete the survey themselves and require assistance from caregivers or family members, which may introduce subjective opinions from proxy respondents affecting the data. Participants’ ability to recall past information may also lead to inaccurate results.



5 Conclusion

The findings from this population-based cross-sectional study in Guangdong Province demonstrated a high incidence rate of disability in terms of physical dysfunction and cognitive impairment. Numerous influencing factors related to age, family income, education level, type of medication, physical examination, social activities, support from family or friends, hearing or walking disorders, and depression were linked to declines in physical or cognitive function. Physical dysfunction was significantly correlated with cognitive impairment among older adults.
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Objective: Although sensory impairment has been identified as a risk factor for cognitive decline, little is known about the underlying mechanisms that connect dual sensory impairment to cognitive ability. This research used a moderated chain-mediated model to investigate the underlying mechanisms behind the association between dual sensory impairment and cognitive ability.
Methods: 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 via convenience sampling. Data on demographic characteristics, self-reported hearing and vision loss, and Self-Rating Anxiety Scale (SAS), 15-item Geriatric Depression Scale (GAD-15), Frailty Scale (FRAIL), and Mini-Mental State Examination (MMSE) scores were collected. A moderated chain mediator was used to analyze the underlying mechanisms and pathways of the relationships among anxiety, depression, and cognitive ability in individuals with dual sensory impairment, as well as the moderating role of frailty in this connection.
Results: A total of 7,021 older adults were included, 3,598 (51.25%) of whom were male, with a mean age of 72.01 ± 7.17 years. Dual sensory impairment had a significant direct effect on cognitive ability, with an effect size of −3.134, followed by anxiety and depression, which not only independently mediated the relationship between dual sensory impairment and cognitive ability but also jointly had a chain mediation effect, with mediation effect sizes of −0.766 and −0.182, respectively, and a chain mediation effect size of −0.257. In addition, the interaction effect of dual sensory impairment and frailty was significantly predictive of cognitive ability (effect value = −0.575, p < 0.001).
Conclusion: The mechanisms of action between dual sensory impairment, anxiety, depression, cognitive performance, and frailty are shown in this study. This finding also implies that therapies for psychological issues, frailty, and sensory functioning in older adults can preserve their cognitive ability.
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1 Introduction

The phenomenon of the global population aging is becoming increasingly serious. The World Health Organization statistics indicate that more than 2 billion people will be older than 60 years, accounting for 21.1% of the world’s population, and the number of people with dementia worldwide is expected to reach 152 million by 2050 (1). Age is the greatest risk factor for cognitive impairment (2). Studies have shown an increased risk of cognitive impairment in older adults, often involving declines in one or more cognitive domains that eventually lead to severe cognitive impairment and even dementia (3–5). Cognitive impairment in older adults may reduce the ability to perform instrumental activities of daily living, the ability to cope with chronic diseases and self-care ability (6, 7); affect quality of life; and is associated with depression, cardiovascular events, and mortality (8, 9). Dementia is incurable and has a high mortality rate (10); therefore, identifying modifiable risk factors associated with cognitive decline is important.

With increasing age or disease, the incidence of visual impairment, hearing impairment and dual sensory impairment (both visual impairment and hearing impairment) in older adults gradually increases, which increases the cognitive load of visual and hearing information processing and impairs appropriate cognitive processing (11), seriously affecting their health and quality of life (12, 13). Although studies (11, 14, 15) have confirmed the relationship between dual sensory impairment and cognitive ability, few studies have investigated the mechanism of action between them.

Anxiety and depression are the most common and ignored psychological health problems in older adults, and they are related to cognitive decline in this population (16). Pardhan et al. (17) reported that the proportions of people with dual sensory impairment and anxiety and depression symptoms were 19.7% and 29%, respectively, which were 2–3 times greater than those of people without sensory impairment. Consistent with a previous study, the results of another study (18) also showed that older adults with dual sensory impairment had a greater risk of anxiety and depression. Thus, do anxiety and depression mediate the relationship between dual sensory impairment and cognitive ability in older adults?

The number of frail older adults is gradually increasing. Frailty is a clinical syndrome characterized by declining resistance to disease due to a decline in body function and physiological reserve function (19). Tan et al. (20) suggested that sensory impairments are potential markers of frailty, as they share some common risk factors, such as cognitive impairment, depression, physical dysfunction and disability. Second, frailty and cognitive decline are prevalent in older adults, and most studies have reported a correlation between frailty and cognitive decline (21–23). Since frailty is reversible (24), improvements in frailty may ease the development of anxiety and cognitive decline in older adults. Therefore, this study explored the moderating role of frailty in the relationship between dual sensory impairment and cognitive ability.

Moderated chain mediation analysis can delicately dissect and verify the strength and direction of the relationships between variables, revealing interaction mechanisms. In this study, we used this method to explore the relationships between dual sensory impairment, anxiety, depression, frailty and overall cognitive ability. This also further demonstrates how advanced statistical techniques can guide innovation and progress in public health research. In summary, through cross-sectional investigations and research, this study explores and examines the interaction mechanism and pathways of dual sensory impairment, anxiety, depression, frailty and cognitive ability through the moderated chain mediation and proposes the following hypotheses (Figure 1):

[image: Diagram illustrating the relationships among dual sensory impairment, anxiety, depression, frailty, and cognitive ability. Arrows indicate direct influences from dual sensory impairment to anxiety, depression, and cognitive ability. Anxiety affects depression, which also impacts cognitive ability. Frailty influences dual sensory impairment.]

FIGURE 1
 Hypothetical model for this study.



Hypothesis 1: Dual sensory impairment can directly affect cognitive ability.
Hypothesis 2: Anxiety and depression mediate the relationships between dual sensory impairment and cognitive ability. Additionally, dual sensory impairment can indirectly reduce cognitive ability through the chain mediation of anxiety and depression.
Hypothesis 3: Frailty moderates the relationship between dual sensory impairment and cognitive ability.





2 Methods


2.1 Participants

A convenience sampling method was used in this study, and data were collected from seven medical institutions, three communities, and five nursing homes in Zunyi city, Guizhou Province, from October 2022 to September 2023. The inclusion criteria for the participants were as follows: (1) ≥60 years of age, (2) no previous history of serious mental illness, clear consciousness, with normal communication ability, and (3) voluntary participation in this study after providing informed consent. The exclusion criteria were as follows: (1) had an acute or critical illness (including shock, respiratory failure, acute heart failure, acute myocardial infarction, or stroke) or were unable to cooperate with the investigators; and (2) had acute onset of a chronic disease or terminal disease. This study was reviewed by the Ethics Review Committee of the Affiliated Hospital of Zunyi Medical University (KLL2022-814) and 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 ability is the study’s primary variable, research has shown that China’s rate of cognitive decline is approximately 28.6% (25). The study’s sample size is at least 1,962 instances, calculated by the formula’s 95% confidence interval (CI):

[image: Formula for sample size, N, is given as \( N = \frac{Z^2 P (1-P)}{\delta^2} \). With values \( Z = 1.96 \), \( P = 0.286 \), and \( \delta = 0.02 \), the calculated result is approximately 1962.]



2.3 Demographic questionnaire

A demographic questionnaire was designed and used to collect data on the participants’ individual characteristics and health information, including sex, age, marital status, education level, living style, and residence type.



2.4 Self-reported sensory function

The participants were asked two questions to assess their vision and hearing. Question 1 was “Are you affected by poor vision when you engage in daily activities such as reading or watching TV?” The response options were set to “yes” and “no,” and participants who answered “yes” were considered to have vision difficulties. Question 2 was “Can you hear someone in the room speaking in a normal voice?” The response options were set to “yes” or “no,” and participants who answered “no” were considered to have hearing difficulties. The participants who reported both vision and hearing difficulties were described as having “dual sensory impairment.”



2.5 Self-Rating Anxiety Scale

Zung’s Self-Rating Anxiety Scale (SAS) (26), with a total of 20 items, was used in this study to determine the anxiety status of the participants. The response options were “never or occasionally,” “rarely,” “often,” and “always.” The total anxiety score was the sum of the scores of all the items multiplied by 1.25, and a score greater than 50 points indicated anxiety. The Cronbach’s α of this scale, which was used by Chinese scholars for older adults in nursing institutions, was 0.777 (27). The Cronbach’s α in this study was 0.837.



2.6 Short Form of the Geriatric Depression Scale

The Short Form of the Geriatric Depression Scale (GDS-15), which was developed by Sheikh et al. (28) and contains 15 items, was used to assess depression symptoms in older adult participants. The response options were “yes” and “no,” and the scores were “1” and “0,” respectively. The total score ranges from 0 to 15, and a score of 5 or more indicates depression (29, 30). The higher the score was, the greater the degree of depression. This scale has been shown to have good reliability and validity for the older adults in China (31). In this study, the Cronbach’s α was 0.715.



2.7 Mini-Mental State Examination

The Mini-Mental State Examination (MMSE) was used to evaluate the participants’ cognitive abilities. It was created by Folstein et al. (32), and modified by Zhang et al. (33) according to Chinese culture. Eight domains of cognitive ability—orientation, immediate memory, attention and calculation, delayed recall, and language—are evaluated through a total of 30 questions. Each right response earns one point, and the final score goes from 0 to 30, where higher scores denote superior cognitive ability. The MMSE has good reliability and validity and is suitable for Chinese older adult (34). In this study, the Cronbach’s α was 0.916.



2.8 FRAIL

The scale was proposed by Morely et al. (35) in 2008 by the International Society for Geriatric Nutrition and adapted for the Chinese population in 2018 by Wei-Yin et al. (36). It is a tool suitable for the clinical screening of older adult patients and consists of five main items: fatigue, increase in resistance/reduced endurance, decrease in free mobility, disease conditions, and weight loss. Each item is scored out of 1, with “yes” being scored out of 1 and “no” being scored out of 0. The total score ranges from 0 to 5, with a score of greater than or equal to 3 being considered frail. The Cronbach’s α for this study was 0.713.



2.9 Data collection

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. All the evaluators were uniformly trained and qualified. The evaluator and the manager of the research site explained the purpose of the study to the participants in advance and obtained participant consent. Before the assessment, the purpose and precautions of the study were explained to the participants. After the participant provided consent and signed the informed consent form, the assessor asked the participants questions in a “face-to-face” manner in accordance with the unified guidance language and completed the questionnaire with the participants’ answers. The completed questionnaires will be checked on site to ensure completeness, accuracy and consistency.



2.10 Statistical analysis

SPSS 29.0 (IBM Inc., Armonk, NY, United States) was used for the data analysis. The quantitative data are expressed as the means ± standard deviations, and the qualitative data are expressed as percentages. The Kolmogorov–Smirnov test was used to determine whether the major variables were normally distributed. Spearman’s correlation was used to assess the correlations between dual sensory impairment and anxiety, depression, cognitive ability and frailty. The significance level was set at p < 0.05 (two-tailed). Mplus 8.3 (Los Angeles, CA, United States) was used to calculate the mediation parameters for the total, direct, and indirect effects and the moderating effects of frailty. The bootstrap sample number was set to 5,000, and a 95% confidence interval was used; if it did not contain 0, it indicated statistical significance.




3 Results


3.1 Description of demographic characteristics, the presence of dual sensory impairment, anxiety, depression, cognitive ability, and frailty

A total of 7,189 questionnaires were collected during the investigation, and after 168 invalid questionnaires were excluded, 7,021 older adults were ultimately included in this study, for an effective recovery rate of 97.66%. Among them, 4,122 participants (58.7%) were recruited from medical institutions, while 2,899 participants (41.3%) were recruited from communities and nursing homes. The descriptive analysis revealed that the average age of the participants in this study was 72.01 ± 7.17 years. There were 3,598 males (51.25%) and 3,265 (46.50%) older adult people with an education level below primary school as shown in Table 1.



TABLE 1 General demographic characteristics; the presence of dual sensory impairment; and anxiety, depression, and cognition scores (N = 7,021 people).
[image: Table presenting demographic and health data with variables: age, sex, education level, marital status, living style, residence type, dual sensory impairment, anxiety, depression, cognitive ability, and frailty. Ages average 72.01 years. Percentages include male (51.25%), female (48.75%), below primary school education (46.50%), married (87.35%), living with others (93.48%), village residents (55.86%), no dual sensory impairment (92.92%), anxiety (39.3%), depression (27.4%), and frailty (15.4%). Mean and standard deviations are listed for age, anxiety, depression, cognitive ability, and frailty. Statistical significance is indicated by p < 0.001.]



3.2 Correlation analysis among major variables

The matrix of correlation coefficients of the main variables of this study is shown in Table 2. Cognitive ability was significantly negatively correlated with dual sensory impairment, anxiety, depression, and frailty, followed by a significant positive correlation between dual sensory impairment and anxiety, depression, and frailty, in addition to a significant positive correlation between anxiety, depression, and frailty.



TABLE 2 Association of dual sensory impairment with anxiety, depression, cognitive ability, and frailty (N = 7,021).
[image: Correlation matrix table displaying relationships between dual sensory impairment, anxiety, depression, cognitive ability, and frailty. Notable correlations include anxiety and depression (0.457**), dual sensory impairment and depression (0.162**), and frailty with depression (0.396**). Negative correlations include cognitive ability with depression (-0.245**) and frailty (-0.261**). All correlations marked with ** are significant at p < 0.001.]



3.3 Mediation of anxiety and depression

Mplus 8.3 (Los Angeles, CA, United States) was used to test the chain mediation effect. The results (see Table 3) revealed that dual sensory impairment significantly negatively predicted cognitive ability (β = −4.339, p < 0.001). After adding the mediator variable, dual sensory impairment still significantly negatively predicted cognitive ability (β = −3.134, p < 0.001). Moreover, dual sensory impairment was a significant positive predictor of anxiety and depression (β = 2.033, p < 0.001; β = 2.605, p < 0.001). Additionally, anxiety was a significant positive predictor of depression (β = 2.033, p < 0.001; β = 2.605, p < 0.001). had a significant positive predictive effect (β = 1.813, p < 0.001). These results suggest that anxiety and depression have significant single and chain mediating effects on the relationship between dual sensory impairment and cognitive ability, and hypothesis 2 is valid. Moreover, the direct effect of dual sensory impairment on cognitive ability as well as the mediating effects of anxiety and depression have bootstrap 95% confidence intervals of 0, suggesting that dual sensory impairment directly predicts cognitive ability through the independent mediating effects of anxiety and depression as well as a common chain of mediating effects to achieve prediction. The direct (−3.134) and mediating (−1.205) effects accounted for 72.23% and 27.77% of the total effect (−4.339), respectively.



TABLE 3 Results of the mediation analysis of anxiety and depression.
[image: Effect values and statistics for a mediation analysis are shown in a table. Total effect is -4.339 with 100% relative effect. Direct effect is -3.134 with 72.23%. Indirect effect is -1.205 with 27.77%. Ind1 is -0.766 with 17.65%, Ind2 is -0.182 with 4.19%, and Ind3 is -0.257 with 5.92%. Confidence intervals (LLCI, ULCI) and errors are listed. Significance indicated by **p < 0.001.]



3.4 Moderating effect of frailty

When frailty was included as a moderating variable in the model, the interaction term between dual sensory impairment and frailty was significant in predicting cognitive ability (β = −0.575, p < 0.001), suggesting that frailty has a moderating effect on the direct prediction of cognitive ability (Figure 2). Using plus or minus one standard deviation to categorize older adults into high and low groups to clarify trends in the moderating effect of frailty, the results indicated that for older adults with high levels of frailty (M + 1 SD), dual sensory impairment was a significant negative predictor of cognitive ability (β = −3.080, p < 0.001). For older adults with low levels of frailty (M − 1 SD), dual sensory impairment also significantly negatively predicted cognitive ability, but with a smaller effect (β = −1.561, p < 0.001). These findings suggest that the predictive effect of dual sensory impairment on cognitive ability changes with increasing levels of frailty (Table 4).

[image: Diagram illustrating the relationships among dual sensory impairment, anxiety, depression, frailty, and cognitive ability. Arrows indicate directions of influence with labeled path coefficients and standard errors. Dual sensory impairment affects anxiety (\(\beta = 1.212\), SE = 0.134), depression (\(\beta = 0.047\), SE = 0.007), frailty (\(\beta = -1.793\), SE = 0.442), and directly influences cognitive ability (\(\beta = 0.291\), SE = 0.484). Anxiety affects depression (\(\beta = 0.131\), SE = 0.003) and cognitive ability (\(\beta = 0.257\), SE = 0.013). Depression impacts cognitive ability (\(\beta = 0.047\), SE = 0.007), and frailty also influences cognitive ability (\(\beta = -0.685\), SE = 0.065) as well as when interacting with dual sensory impairment (\(\beta = 0.575\), SE = 0.183).]

FIGURE 2
 Path diagram for a moderated chain mediation model. **p < 0.01 (two-tailed), a1, b1, c1, c2, and c3 all indicate β weights; SE, Standard error.




TABLE 4 Direct effects of different frailty levels.
[image: Table displaying effect values and confidence intervals for different levels of frailty. High-level frailty has an effect value of -1.561 with a boot SE of 0.500, LLCI -2.571, and ULCI -0.627. Moderate frailty shows an effect value of -2.321 with a boot SE of 0.336, LLCI -3.011, and ULCI -1.676. Low-level frailty has an effect value of -3.080 with a boot SE of 0.307, LLCI and ULCI both -3.686. Confidence intervals are at 95%, and significance is indicated by p < 0.001.]




4 Discussion

The study used moderated chain mediators to investigate the mechanisms and path sizes of anxiety and depression in the association between dual sensory impairment and cognitive ability and the moderating role of frailty in the association between dual sensory impairment and cognitive ability. Both sensory impairment, anxiety, depression, and frailty seriously affect the quality of life of older adults, and their impact on cognitive ability in the context of population aging is of concern. The results suggest that cognitive ability in older adults with dual sensory impairment is significantly predicted by both single mediation of anxiety and/or depression and chain mediation of anxiety and depression. Second, different levels of frailty moderated the direct predictive effect of dual sensory impairment on cognitive ability. Therefore, it is important to improve sensory function and frailty in older adults to curb their negative emotions and thus effectively slow cognitive decline.


4.1 Dual sensory impairment significantly negatively predicts cognitive ability

This study revealed that dual sensory impairment have significant direct negative predictive ability for cognitive ability in older adults, which is consistent with the results of previous studies (14, 15). Vision and hearing account for approximately 93% of age-related cognitive variation (37). The decrease in dual sensory function further complicates the relationship between vision and cognition and between hearing and cognition (14). Older adults with hearing and vision impairment require more cognitive resources to support hearing and vision functions, resulting in increased cognitive load, which results in fewer cognitive resources allocated to higher-order memory processes and accelerates cognitive decline (38). Regarding the biological mechanism, first, the “sensory deprivation” hypothesis suggests that long-term reduced auditory neuronal input due to hearing impairment leads to neuronal atrophy and cognitive decline (39). Additionally, the relationship between cognition and vision may be the reason that they share a common pathophysiological mechanism, and both involve hyperphosphorylated tau protein and amyloid-β protein, which are considered neurotoxic substances (40).



4.2 Anxiety and depression mediate the relationship between dual sensory impairment and cognitive ability

This study showed that anxiety and depression partially mediated the relationships between dual sensory impairment and cognitive ability. That is, older adults with dual sensory impairment are more likely to develop anxiety and/or depression, further affecting their cognitive ability. The limitations imposed by sensory impairment restrict social interactions and familial engagement for older individuals. Regular communication plays a crucial role in preventing depression in older adults (41). Lam et al. (42) further posited that interpersonal interaction reduces feelings of loneliness and enhances social participation among older adults, thereby positively influencing their mental well-being. Nevertheless, older adults with dual sensory impairment face certain constraints in this regard and are more likely to experience a sense of helplessness that naturally impacts their psychological state. Nyberg et al. (43) demonstrated that anxiety was significantly associated with impaired cognitive function, particularly in the domains of attention and executive functioning. Specifically, anxiety was found to negatively affect complex attention and processing speed, thereby disrupting cognitive processes. Moreover, anxiety was shown to lead to slower processing speed, which in turn exacerbated anxiety symptoms and further impaired cognitive function (44). On the other hand, anxiety can have a direct effect on the brain through the hypothalamic–pituitary axis, leading to cognitive decline. In addition, an increase in anxiety can exacerbate the effect of Aβ on cognitive decline in patients with preclinical dementia, resulting in rapid decreases in overall cognition, verbal memory, language and executive function (45). The structural and functional damage caused by depression in the brain is closely related to memory learning and executive functions (46); for example, a reduction in hippocampal volume in older adult depressed patients was associated with cognitive decline (47).



4.3 Anxiety and depression play a chain mediating role in the effects of dual sensory impairment on cognitive ability in older adult individuals

Our results show that anxiety and depression have a chain mediating effect on the relationship between dual sensory impairment and cognitive ability, and the chain mediating effect accounts for 5.92% of the total effect. In other words, older adults with dual sensory impairment are more likely to suffer anxiety, which further induces depression, thereby negatively affecting their cognitive ability. Anxiety and depression are prevalent among older adults and have multifaceted negative effects on their cognitive abilities. Parra-Díaz et al. (48) found that anxiety and depression symptoms were significantly associated with impaired attention, which may manifest as difficulties in concentrating, completing tasks, or maintaining conversations. Additionally, these symptoms can affect the functioning of the prefrontal cortex, thereby impacting decision-making, planning, and working memory. Anxiety and depression not only affect memory and attention but also have negative impacts on executive function, language ability, and calculation skills. These effects are likely related to underlying neurobiological mechanisms, such as changes in brain structure and imbalances in neurotransmitters (49). The interdependence between anxiety and depression has long been proposed and described. Anxiety and depression are highly comorbid, with an estimated incidence of as high as 60% or more (50); moreover, they have similar psychological and biological mechanisms, such as dysfunction in the serotonergic system (51). Additionally, a previous study showed that anxiety was accompanied by depressive symptoms and may be a precursor syndrome expected in the development of some forms of depression (52). Anxiety and depression are common influencing factors in physical, psychological and social aspects. For example, sleep disorders, physical health conditions and perceived pressure have a great impact on anxiety and depression, and social contact with family and friends also has an effect on anxiety and depression (53). Finally, individuals with symptoms of anxiety and depression often exhibit avoidant tendencies or are overwhelmed by emotional experiences, which further leads to depressed emotional states and increased worry, creating a vicious cycle (54). These factors may explain the interdependent relationship between depression and anxiety. Attention should be given to the deterioration of hearing and vision status and mental health problems in older adults, and targeted preventive measures should be taken to delay cognitive decline.



4.4 Moderating role of frailty

The study included frailty as a moderating variable in the model and revealed that although dual sensory impairment can directly affect cognitive performance, this effect may vary depending on the degree of frailty. The occurrence of frailty in older adults leads to a decline in physiological reserve capacity and an increase in vulnerability, while the decline in physical function further exacerbates frailty, creating a vicious cycle. Sensory impairment can increase the risk of functional disability in older adults, such as difficulties in performing activities of daily living (ADL) or instrumental activities of daily living (IADLs) (55). This, in turn, restricts physical activity levels and affects muscle mass, muscle strength, and function (56). Additionally, sensory impairment increases the risk of frailty, cognitive impairment, anxiety, and depression (57, 58). Furthermore, multiple studies have confirmed the association between frailty and cognitive function, suggesting that the link between frailty and cognitive decline may be mediated through inflammatory pathways. A study by Li et al. (59) revealed that inflammatory cell scores, such as white blood cell (WBC) counts, neutrophil (NE) counts, and neutrophil-to-lymphocyte ratios (NLRs), were significantly greater in the cognitively impaired group than in the normal group. Next, systemic inflammatory indices and cognitive decline were positively correlated. The frail state was also found to have significantly increased levels of the proinflammatory cytokines TNF-α and CRP, according to studies by Lai et al. (60) and Hammani et al. (61). These mediators may activate microglia in the brain, causing a malignant inflammatory cycle that damages crucial neurons and impairs cognitive ability. Therefore, frailty moderates the link between dual sensory impairment and cognitive ability, and therapies for frailty can moderate the effects of dual sensory impairment on cognitive ability.

This study leveraged a large sample to elucidate the mechanisms and pathways linking dual sensory impairment, anxiety, depression, cognitive function, and frailty. However, several limitations should be noted. First, this study is cross-sectional and cannot elucidate the causal relationships between dual sensory impairment, anxiety, depression, cognitive decline, and frailty. These relationships could be confirmed through prospective longitudinal studies. Second, the participants in this study were recruited from medical institutions, communities, and nursing homes, without analysis of cognitive function across different backgrounds of older adults. Future research should explore the physiological, psychological, and social dimensions of cognitive function in older adults from varied contexts. Lastly, this study focused only on the relationships between frailty, dual sensory impairment, anxiety, depression, and overall cognitive function, without including specific cognitive domains in the analysis. Future research could further investigate these domains and incorporate objective indicators, such as laboratory biochemical markers, as well as a broader range of modifiable risk factors, such as social and physiological factors, to expand the scope of potential clinical cognitive interventions.




5 Conclusion

In conclusion, the relationships between dual sensory impairment and cognitive ability are mediated by anxiety and depression, whereas frailty plays a moderating role in this relationship. In other words, mental health issues such as anxiety and/or depression are more common in older adults with multiple sensory impairments, and severe anxiety and/or depression can worsen cognitive loss. According to previous studies, preventing and preserving cognitive abilities in older adults requires improving early sensory and psychological assessments, frailty therapies, and customized interventions, such as the use of hearing aids and reading glasses, to reduce the degree of sensory impairment in older adults and reduce the occurrence of mental health problems, which are highly important for the prevention and protection of cognitive ability in older adults.
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Introduction: The conjunction of physical frailty and cognitive impairment without dementia is described as Cognitive Frailty (CF). Indications that CF is potentially reversible have led to proposals that risk factors, symptoms or mechanisms of CF would be appropriate targets for interventions for prevention, delay or reversal. However, no study has brought experts together across sectors to determine targets, content or mode of interventions, and most resources on interventions are from the perspective of academic or clinical researchers only. This international Delphi consensus study brings together experts from academic and clinical research, lay people with lived experience of CF, informal carers, and professional care practitioners/clinicians.
Methods: Three rounds of Delphi study were held to discern which factors and statements were agreed upon by the whole sample and which generated different views in those with differing expertise. A scoping review and Round 1 (29 participants) were used to gather initial statements. In Round 2, 58 people responded to statements and open text items, comprising 7 lab-based researchers, 27 researchers working with people, 14 people with lived experience or informal family carers, and 10 professional carers/clinicians. Percent agreement and qualitative responses were analyzed to provide a final set of statements which were checked by 38 respondents in Round 3.
Results: Analysis of Round 2 quantitative data provided 74 statements on which there was at least 70% agreement and qualitative data produced a further 24 statements. These were combined to provide 90 statements for Round 3. There was Consensus for 89 of the statements. A few differences between the groups were observed at both stages.
Discussion and conclusion: The consensus for statements associated with CF interventions provides a useful first step in defining health promotion activities and interventions. Given the prevalence and potential disability caused by CF in older populations, the consensus statements represent expert opinion that is inter-sectoral and will inform public health policies to support implementation of evidence-based prevention and intervention plans. This study is an important step toward changing current approaches, by including all stakeholders from the outset. Outcomes can be used to feed into co-creation of interventions for cognitive frailty.

Keywords
 cognitive frailty (CF); intervention; Delphi study; expert consensus; multidisciplinary; multi-sectoral


Introduction

Cognitive frailty (CF) is a condition defined as an age-related conjunction of physical frailty and cognitive impairment without dementia (Kelaiditi et al., 2013). Research on CF is growing, indicating, for example, that distinguishing the cognitive impairments and any neuropathological changes shown in CF from neurodegeneration associated with early dementia is essential (Bunce et al., 2019; Façal et al., 2019). This is important because CF is described as a state in which there is an increased risk for eventual dementia and loss of independent function, but also because it has been described as reversible, or potentially reversible (Ruan et al., 2020; Ruan et al., 2015). In the current absence of a cure for dementia, increasing prevention efforts is essential. That CF is a potentially reversible syndrome has led to the proposal that addressing risk factors, symptoms or mechanisms of either cognitive impairment or physical frailty, or importantly, the mechanisms associated with the link between the two, would be appropriate targets for intervention to prevent, delay or reverse it (see also Holland et al., 2024). Importantly, this highlights CF not just as a problem that may grow with increasing older populations, but as an important opportunity for healthy aging. However, despite the development of our understanding, CF remains poorly addressed as a target for intervention and perhaps poorly understood amongst the range of people with different kinds of expertise and experience in this area.

Physical frailty has been defined as (i) a physical phenotype (Fried et al., 2001) in which a frail state is the presence of three or more of five characteristics of physical weakness (slow gait speed, self-reported exhaustion, muscle weakness, low physical activity and unintended weight loss); and (ii) by an accumulation of deficits approach, or frailty index (Rockwood and Mitnitski, 2007). Both definitions relate to a recognized syndrome characterized as a state of increased vulnerability to adverse health outcomes when exposed to a stressor (Clegg et al., 2013). Underlying biological changes influence homeostatic mechanisms and absence of physiological resilience, including muscle wasting, metabolic deficits, cardiovascular disease, inflammatory symptoms and oxidative stress. The presence of both cognitive impairment and physical frailty may exacerbate vulnerability to adverse health outcomes, underscoring the need for integrated interventions targeting the unique mechanisms of cognitive frailty,

Cognitive Impairment No Dementia (CIND), the level of cognitive impairment at the focus of CF, has been defined in various ways, but the 2013 consensus exercise (Kelaiditi et al., 2013) suggested a Clinical Dementia Rating (CDR) of 0.5 (equivalent to “very mild” observed impairment). Other literature has emphasized an equivalence with the Mild Cognitive Impairment (MCI) range on global tests of cognition such as the Mini Mental State Exam (MMSE; Folstein et al., 1975) or Montreal Cognitive Assessment (MOCA, Nasreddine et al., 2005), or a combination of tests of specific cognitive domains such as verbal memory or executive function (e.g., see Façal et al. (2019) for a review) and others have emphasized subjective cognitive decline, particularly for a reversible level of CF (Ruan et al., 2015). Nevertheless, the key defining feature of CF, is that the cognitive impairment is in conjunction with physical frailty.

Development of interventions for physical frailty (e.g., Apostolo et al., 2018) and interventions for mild cognitive decline (e.g., Levy et al., 2022) have received significant attention. To date and to our knowledge, there are no agreed pathways for intervention for CF. Several reviews have been published examining interventions for CF, focusing on different mixes of intervention targets: physical exercise interventions (Li et al., 2022); a mixture of cognitive training, nutrition education, behavioral intervention, mind–body intervention, psychosocial support, and virtual reality but all with a component of physical activity (Tam et al., 2022); physical activity, nutrition or multidomain interventions (Zheng et al., 2022); nutrition only, with a focus on anti-oxidants (Gomez-Gomez and Zapico, 2019); and multidimensional and potentially personalized interventions (Sugimoto et al., 2022). However, no study has sought cross-disciplinary expertise to discuss the potential for interventions or brought together expertise and opinions on what might work in terms of targeted outcomes and structures of interventions. Importantly, published resources on interventions are primarily from the perspective of academic or clinical researchers, and lack the perspective of those with lived experience, e.g., informal carers and people with CF.

The objective of this study was to conduct an international Delphi consensus study bringing together experts from a range of academic and clinical research backgrounds, while also ensuring the involvement of experts by experience: lay people with lived experience of CF themselves; informal (family) carers; and professional health and social care practitioners. Hsu and Sandford (2007) defined a Delphi consensus as “a group communication process which aims to achieve a convergence of opinion on a specific real-world issue.” Delbecq et al. (1975) described the different potential objectives of a Delphi process which include: exploring or exposing underlying assumptions or information that may lead to different judgments; seeking information that may generate consensus amongst participants; and finding linkages between different judgments in a topic that spans a range of disciplines. Delphi techniques are considered to provide the lowest level of evidence for making causal inferences, i.e., subordinate to meta-analyses and intervention studies (Liu, 2022) but are appropriate particularly for consumer review in guideline development and in relation to complex issues where knowledge is uncertain (Linstone and Turoff, 2002). Importantly, the process is iterative in which a series of questionnaires can be used so that each member can contribute independently, and anonymously, and each round is a controlled feedback process of the information gained in the previous round, reducing the possibility of bias or undue influence of some experts, especially where there is a perceived power imbalance.

Methodological sources suggest that a mix of experts provides clearer face validity for any consensus achieved (e.g., Nair et al., 2011), particularly where the motivation of end users may be a key component of potential outcomes – the interventions in this case. This mix of experts was chosen to ensure that consensus on what might work in terms of scientific evidence was combined with what might work for people who may be the recipients, beneficiaries and those who may deliver the interventions.

The use of ‘experts’ is fundamental to the reliability of the outcome and rigour is associated with selection of the experts (Baker et al., 2006). Nevertheless, it was also recognized that understanding in some areas, notably biological, pharmacological, medical and neuroscience mechanisms, may be less well-developed within the range of experts included. Therefore, in addition to seeking overall consensus across the participants as in a traditional Delphi study, we also aimed to determine whether there were any significant differences between the different groups of participants.

Thus, the aims of this Delphi study were to:

	i. Develop consensus among experts across disciplines and sectors, including people with lived experience, in relation to understanding of cognitive frailty and appropriate interventions for it.
	ii. Examine differences in consensus between groups with different disciplinary backgrounds and lived experience.



Methods

The process included three rounds to achieve expert consensus on sub-components of interventions, as follows:

	• Understanding of what CF is, whether it is preventable, could be delayed, or could be reversible;
	• possible mechanisms or approaches for interventions, and target foci for interventions;
	• any restrictions on for whom interventions for CF may or may not be relevant;
	• screening for CF;
	• factors that may affect the feasibility or likelihood of adherence to interventions, including effects of infrastructure, accessibility or personal circumstances on feasibility of interventions;
	• potential targeted primary and secondary outcomes;
	• factors in the design of interventions that may influence effectiveness;
	• and any other design factors.

Following an initial literature search activity as part of a scoping review, (Holland et al., 2024), three Delphi rounds were held. Ethical approval was granted in advance by Lancaster University Faculty of Health and Medicine Ethical Committee (REF FHM-2022-1092-RECR-1) and updated using amendments as the survey was developed for each round (FHM-2023-1092-SA-1).


Round 1

The first round was completed as an event at an online Cognitive Frailty Interdisciplinary Network (CFIN) conference in September, 2023. Open questions based on the scoping work (Holland et al., 2024) were presented on a shared electronic notepad (“Padlet”) which participants discussed in small groups and contributed text answers within their groups. Twenty-nine experts who had mostly presented their own work in the area of cognitive frailty at the conference, including experts in psychology, neuropsychology, sociology, basic lab based biological sciences and physiology took part in the exercise, alongside two lay members of the network external advisory group (people with lived experience or with professional or informal carer expertise). All those who wanted to participate were given a participant information sheet and consent form which ensured they were aware that responses would be anonymous, but contact details would be separately retained to invite them to the second round.



Round 2

The second round consisted of an on-line survey based on responses to Round 1 distilled into a set of 127 items suitable for rating as agree/disagree, or ranking, according to the question, plus open text boxes. The items were converted into a questionnaire which was developed as an online Qualtrics questionnaire and reviewed by the chair of the advisory group. The list of items can be seen in the Supplementary Materials 1. Agree/disagree items were to be answered using a 5-point Likert scale, from strongly agree to strongly disagree. Ranked items consisted of a series of elements to be ranked in order of importance. The set of items included all contributions from Round 1 with none excluded at this stage.

To extend the participant group of experts the following actions were taken:

	i. All members of CFIN who had not taken part in Round 1 were invited;
	ii. Further published experts were invited;
	iii. Members of the VOICE1 network of older citizens were invited specifically to increase the numbers of people with lived experience of CF themselves or experience of caring for people with CF.

Fifty-eight participants took part in Round 2, with 46 completing all questions. Partial responses were included in the analysis and numbers responding to each item are given in the analysis below. All interested individuals were provided with participant information sheets and consent forms via email. Participants were then sent the link to the questionnaire and asked to complete it online. At the end of the questionnaire, participants were asked to provide contact details so they could be involved in a further round and/or in writing or editing this report.



Analysis for Round 2

Based on a previous Delphi process in this area (Sezgin et al., 2022) and on recommendations from Nair et al. (2011) an agreement level of 70% was applied to agree/disagree questions. That is, responses rated “somewhat agree” or “strongly agree,” or, strongly disagree” or “somewhat disagree” by ≥70% of participants were accepted unless there was a sizeable opposite proportion, i.e., “strongly disagree” and “somewhat disagree” or “strongly agree” and “somewhat agree” by more than 15%. Participants who responded that any question was outside of their expertise were excluded from the percentage calculations for that item. For ranking questions, mean ranks for each item were calculated and a median overall mean rank or above was determined as demonstrating consensus. Friedman’s non-parametric test for ranked data was applied to test the null hypothesis of no difference in mean ranks across the items (that is, the hypothesis of no consensus on higher and lower ranks of items).

Following analyses of respondents as a whole, respondents were separated into groups in terms of their different types of work or association to CF based on their own descriptions of their expertise or interest in CF: laboratory-based researchers; researchers who worked directly with older people with CF or data relating to them; health and social care practitioners who worked with people with CF; and people with lived experience either as informal (usually family) carers or people self-declaring as experiencing CF themselves. Grouping participants by expertise allowed for an analysis of consensus differences based on professional or personal perspectives, providing insights into how lived experiences and disciplinary backgrounds influence cognitive frailty intervention priorities. Independent samples Kruskal-Wallis tests were used to examine whether there were any differences in the distribution of ranks for each intervention between the groups, with Bonferroni adjustments made for multiple comparisons.

Qualitative responses (open text boxes) were subjected to thematic analysis (Brady, 2015) that identified additional priorities, gaps in understanding and additional issues of importance (Shang, 2023) and put them into the format of further statements. This enabled a ‘sense check’ for the development of further statements, with qualitative outcomes synthesized with the quantitative item outcomes and formulated into a number of statements that could be incorporated into appropriate sections of Round 3 of the survey.



Round 3

All statements that had achieved consensus or had been added from the qualitative analysis were formatted into items that could be answered using the strongly agree to strongly disagree scale outlined above (that is, previously highly ranked items were re-formatted into agree-disagree statements). This was emailed to all participants from Round 2 who had agreed to be contacted again.

For the third round, the group of experts were again divided into four groups as in Round 2, but with people asked to indicate the group themselves as opposed to the researchers allocating based on participant descriptions. In addition, country, perspective (e.g., academic researcher), education, role, discipline, was also requested while still allowing the respondent to remain anonymous.



Analysis plan for Round 3

The same ≥70% agreement and ≤15% disagreement criteria for consensus were applied, excluding those who noted the question was outside their expertise. Analyses were conducted with the whole sample, as well as with respondents grouped by expertise.




Results

Initial contributions to the Padlet in Round 1 were synthesized into items for the questionnaire in Round 2.


Round 2


Participants

Fifty-eight people completed the survey in Round 2. The first question asked about their experience with CF. Several identified themselves in more than one category (e.g., having cared for a family member with CF but also experiencing it themselves; being a healthcare professional (clinician) and a researcher; being a researcher but also caring for a family member). Figure 1 shows all these self-identifications and so the total frequency is greater than the number of people. The most frequent types of experience identified were as researchers and as unpaid, or family, carers. One respondent said they had no experience or expertise of any nature with CF and were excluded from the analysis.

[image: Bar chart depicting the frequency of different experiences of cognitive frailty. Unpaid carers have the highest frequency at twenty, followed by lived experience at sixteen. Academic gerontologists and those with no experience are the least frequent, both under five. Other categories, such as researchers, health economists, and healthcare professionals, vary between two and seven.]

FIGURE 1
 Frequency of categories of self-identified expertise (Figure preparation was conducted using GraphPad Prism 10 (GraphPad Software 2365 Northside Dr. Suite 560 San Diego, CA 92108)).



Overall consensus regarding the statements

Statements were examined in relation to the level of agreement observed, with 58 respondents answering most questions. Percentages are for agreement unless otherwise stated, and based on 58 respondents except where stated (missing responses or where participants did not answer a particular item because they did not perceive they had the expertise for that item). There were 7 Academic lab scientists/biologists, 27 Academics who worked with people, 14 people with lived experience and carers, and 10 professional carers (Clinicians/social care). Items where consensus was achieved according to our criteria are highlighted in bold in their respective results table. Extracted qualitative statements are appended in each table as relating to the items in relation to which they had been given.



Section 1: understanding and thinking about cognitive frailty

In the statements in Table 1, there was only clear agreement only for items 1.1 and 1.5. Participants agreed that “Many researchers and clinicians are not clear what is meant by cognitive frailty” and that “Negative attitudes toward aging are what needs changing.” For Item 1.2, “Cognitive frailty is just a part of the aging process,” there was more disagreement than agreement, but no consensus by our criteria.



TABLE 1 Understanding and thinking about cognitive frailty: percentage agreement.
[image: Table showing survey results on cognitive frailty among four groups: academic lab scientists/biologists, academics working with people, those with lived experience and unpaid carers, and professional carers. Key findings include: 84% overall uncertainty about cognitive frailty, 62% disagreeing that cognitive frailty is part of aging, and varying views on cognitive frailty as experiential. The groups differ on whether aging is a social construct. Consensus items are bolded. Qualitative statement notes that normal aging may contribute to cognitive frailty, but it is unhelpful to see it as expected in aging.]

There was one further question in this section: “Item1.7: Is it a help or a hindrance to normalize cognitive frailty as an expected part of aging?” Of 58 responses, 58.62% responded that it was a hindrance. That is, there was no overall agreement.

Table 1 also shows the percentage agreement (or disagreement) with the statements as they varied within the different expertise groups. Although there was agreement on some issues, important differences emerged in relation to the statement on cognitive frailty being a physiological condition, with biologists and clinicians agreeing that it was, but other groups showing less consensus. Biologists also disagreed that aging was a social construct, whereas other groups, to some extent, agreed that it was. Academic researchers working with older people disagreed that CF is just part of the aging process, with other groups showing no consensus. Finally, there was a broad agreement amongst researchers working with people, and professional carers (such as clinicians) that it was a hindrance to normalize CF as an expected part of aging, while there was no consensus in other groups. This was further illustrated by the statement from the qualitative data, that Whilst normal aging may contribute to cognitive frailty, it is unhelpful to assume that cognitive frailty is an expected part of aging.



Section 2: preventability of cognitive frailty

There was clear overall consensus on all the items in Section 2, see Table 2.



TABLE 2 Preventability, delay and reversibility of cognitive frailty (52–55 responses).
[image: A table compares opinions on cognitive frailty across four groups: Academic lab scientists/biologists, Academics working with people, People with lived experience and unpaid carers, and Professional carers (clinicians, social care). It includes percentages of agreement for statements regarding prevention, delay, and reversibility of cognitive frailty. The table also highlights key factors and qualitative statements about interventions. Items achieving consensus are bolded. Overall agreement percentages are provided in a final column.]

When these data were considered in terms of the four expertise groups, there were similar levels of agreement, except for academic laboratory scientists who did not show the required 70% consensus on items 2.5 (consensus was 66.67%) or 2.7. For 2.7, over 80% of respondents in all other groups agreed that all three factors (Psychosocial, Socioeconomic environment, Biomedical factors) were equally important in the prevention of CF, whereas only 57.14% of the laboratory scientists (biologists) endorsed that statement.



Section 3: whether cognitive frailty could be delayed

As can be seen in Table 2, all statements achieved >70% agreement except items 3.3 “Delaying cognitive frailty depends on genetics” (notably 13.46% of respondents did not feel they had the expertise to answer), and 3.5 “The risk factors for cognitive frailty act individually” where 42% of respondents disagreed with this statement and 37% agreed with it, showing differing opinions. The two kinds of academic researchers agreed that delaying CF depends on genetics (Item 3.3), whereas people with lived experience and unpaid carers, and professional carers/clinicians, showed no consensus on this topic. The qualitative statements emphasized that interventions and lifestyle factors influence the likelihood of becoming cognitively frail, but also acknowledged the role of genetic factors and suggested a range of approaches for intervention, namely psychosocial, socioeconomic, environmental and biomedical.



Section 4: whether cognitive frailty is reversible

As can be seen in Table 2, three of the six statements showed consensus. Items 4.5 “Reversibility has a threshold in terms of severity of the cognitive frailty” and 4.6 “Reversibility may be possible but only for a period” showed differing opinions. Item 4.1 “Cognitive frailty can be reversed” showed >70% agreement, but also 16% disagreement*, and so by our criteria, is not accepted as showing consensus. It is worth noting that this was an area where a number of people felt they did not have the expertise to respond to the statement, notably items 4.3 to 4.6. Of those who did not say that and so were included in the analysis, people with lived experience and carers showed the lowest consensus, notably for Item 4.1. It is also worth noting that the highest consensus was among lab-based scientists/biologists (who are among those who would be expected to have access to empirical evidence to back up this statement), and professional carers, who may see reversal of cognitive frailty in practice. The qualitative statements focused on potential mechanisms, such as cellular inflammation, social isolation and the consequent loss of participation in community, and air pollution. Finally, one comment suggested that reversal of CF is associated with positive attitudes and expectations of aging and consequent resilience to age related stress.



Section 5: intervention approaches and mechanisms

This section focused on the possible mechanisms of interventions for cognitive frailty.

There was strong agreement for all items except 5.13, where 20.4% of the respondents said the question on intervening with biological mechanisms was outside of their expertise, and 22.45% said they neither agreed nor disagreed. This suggests biological interventions are relatively unknown to participants. Even so, more people agreed than disagreed overall. Inspection of the percentage agreement for the different groups showed that only the academic laboratory-based researchers showed consensus for this item. The professional carers/clinicians group also showed no consensus for items 5.1, 5.2 and 5.16, although all other groups did. Results can be seen in Table 3. The statements extracted from the qualitative data gave suggestions for interventions or their implementation, or information on those currently being trialed, recommending sustained engagement with the target population or individual and on community facilities. A final statement emphasized the importance of addressing ageism by positive-age-belief interventions which could influence the progression of CF.



TABLE 3 Approaches to interventions for cognitive frailty, Section 5 (50 responded to Questions 5.1 to 5.12, and 49 answered 5.13 to 5.16).
[image: Table listing consensus percentages on various statements related to intervention strategies across different groups: academic lab scientists, academics working with people, people with lived experience and unpaid carers, and professional carers. The table includes multiple statements on translational studies, personalization of interventions, focus on quality of life, and importance of the individual versus biological mechanisms. Percentages show varying levels of agreement, with overall percentages included. Bold highlights indicate consensus achievement. Additional qualitative statements at the bottom discuss lifestyle interventions and cognitive frailty.]



Section 6: intervention targets

This section focused on designing interventions for cognitive frailty. Participants were asked to rank eleven proposed intervention targets with 1 being the most important and 11 the least. Forty-six people responded to this question.

Using Friedman’s non-parametric test for ranked data, there was a significant difference in the overall ranking between items [Chi-squared = 138.07 (df = 10), p < 0.001]. That is, there was agreement in the ranked order of the intervention factors across respondents, although there was still some variance. Physical activity + diet + probiotics was ranked the most important, followed by “Targeting isolation and loneliness/inclusive environments“, “Strength related exercise, not just cardiovascular,” and “Whole patient is important, e.g., caring for other morbidities such as arthritis.” Addressing menopausal effects on muscle was ranked as the least useful, as seen in Table 4.



TABLE 4 Mean Ranking for Intervention targets in Section 6.
[image: A table titled "Intervention Characteristic" compares various interventions across four groups: Academic lab scientist/biologist, Academic working with people, People with lived experience and unpaid carers, and Professional carers. Mean rank and standard deviation are also shown. Key interventions include physical activity, targeting loneliness, strength exercise, social engagement, mental health, and addressing oxidative stress. The mean rankings indicate varying levels of consensus on the importance of each intervention. Bold values indicate consensus. Below, qualitative statements suggest that addressing dysregulation and person-centered approaches are vital for improvements in cognitive frailty.]

In terms of a decision on which statements achieved consensus as important, we used a cut-off of the rank below the median (5.08). An independent samples Kruskal-Wallis test examined whether there were any differences in the distribution of ranks for each intervention across the groups. There were no overall effects (p > 0.05). In individual pairwise comparisons, using Bonferroni adjustment for multiple comparisons, again, there were no significant differences.

The qualitative statements in this section were diverse in terms of suggested intervention targets, ranging from biomedical therapeutics to person centered assessment and rehabilitation and wellbeing interventions based on inclusivity and health, particularly for more socially deprived groups. Further statements endorsed outcomes such as improved mobility and cognition and reduced frailty score or reversal to non-cognitive frailty profile but also suggested social or economic independence, relative to cultural values and perception of elders at community level.



Section 7: possible restrictions on for whom interventions for cognitive frailty might be suitable

As seen in Table 5, only one item, 7.2 “Agency and involvement of the person is vital in agreeing on the intervention” achieved consensus. Item 7.6 “Lifestyle interventions are difficult to implement if individuals have limited social support” gained more than 70% agreement, but also 18.75% disagreement, with more disagreement in the academic lab scientist group. Only the Professional carers/clinicians showed consensus on item 7.1 referring to possible restrictions for whom interventions might be suitable, and this group joined those with lived experience in showing consensus over the difficulty of implementing lifestyle interventions if people have mobility issues.



TABLE 5 Factors that may affect for whom interventions are suitable (Section 7), on factors related to screening (Section 8) (N = 48 for Section 7, N = 48 for Items 8.1 and 8.2 and 47 for item 8.3).
[image: Table showing factors affecting suitability and screening for cognitive frailty. Columns compare agreement levels across groups: academic lab scientists/biologists, academics working with people, people with lived experience and unpaid carers, professional carers, and overall percentage. Key themes include the involvement of individuals, challenges with lifestyle interventions, the importance of screening, and identifying high-risk individuals at midlife. Bold percentages indicate consensus. Descriptive notes below the table highlight the complexity of risk factors, strategies for reducing cognitive frailty, and the need to integrate broader social determinants of health in screening.]



Section 8: screening for cognitive frailty

As seen in Table 5, there was consensus for the items 8.1 “Screening for cognitive frailty is essential” and 8.2 “High risk people should be identified at midlife.” For item 8.3, the more complex statement around confounding factors, 8 people responded that it was outside of their expertise and 23.4% neither agreed nor disagreed. Within the expertise groups, academics working with people did show consensus agreement. The extracted qualitative statements provide some more detail to the positive consensus on the importance of screening, in terms of suggesting that early screening biomarkers could be identified, as well as suggesting that multi-factorial screening and a broader understanding of social and environmental determinants of health should be incorporated into screening and future cohort studies.



Section 9: feasibility of interventions for cognitive frailty

Item 9.1 asked respondents to rank eight factors that may affect the feasibility or likelihood of adherence for people in relation to interventions for CF, with 1 being the most important.

The Friedman’s test showed a significant overall difference in the ranking between the items [Chi-Squared = 139.53 (df = 7), p < 0.001], confirming agreement across respondents in the ranked order of the intervention factors that may restrict or affect the feasibility or likelihood of adherence, e.g., including accessibility, affordability, acceptability, and health literacy, although there was still some variance. As illustrated in Table 6, accessibility was ranked the most important, and ethnicity as the least important. In terms of a decision on which statements were achieving consensus as important, a cut-off of a rank below the median (4.68) was used.



TABLE 6 Ranking of factors affecting feasibility of interventions (N = 48, Sections 9.1, 9.3, and 9.5).
[image: Table showing percentages of agreement across different groups on three outcomes. For "Economic benefits," agreement ranges from 71.43% to 95.24%, with an overall agreement of 85.10%. For "Societal and community capital," agreement ranges from 80.00% to 95.00%, with an overall agreement of 91.30%. For "Mortality/survival time is not a useful outcome," agreement ranges from 66.67% to 83.33%, with an overall agreement of 71.7%. Bold highlights consensus items.]

Using the independent samples Kruskal-Wallis test, the distribution of ranks for each intervention across the groups was examined. There were no overall effects (p > 0.05). In individual pairwise comparisons between the groups, there were also no significant differences.

Question 9.3 asked participants to rank structural factors that may affect feasibility of interventions, where 1 means the most important. Forty-seven respondents completed the ranking, illustrated in Table 6:

Friedman’s test showed a significant overall difference in the ranking between the items [Chi-Squared = 45.76 (df = 8), p < 0.001]. That is, there was agreement in the ranked order of the structural factors that may restrict or affect the feasibility of involvement for respondents, although there was still some variance. Affordability or free access to classes or leisure centers was ranked as the most important, and cycle lanes, safe walking and running paths as least important. In terms of a decision on which statements achieved consensus as being important, the median cut-off was 4.60.

The extracted statements from the qualitative data (see Table 6) emphasized the need for personalized but multifactorial interventions, and the important role of co-design, scalability and transfer to different health economies.

The Kruskal-Wallis test to examine the distribution of ranks for each item across the groups found no overall effects (p > 0.05). In individual pairwise comparisons, there were no significant differences between the different groups of experts.

Item 9.5 asked participants to nine rank factors related to personal circumstances that may affect feasibility, with 1 being the most important. Friedman’s test showed a significant overall difference in the ranking between the items [Chi-Squared = 54.45 (df = 8), p < 0.001] demonstrating that there was agreement in the ranked order of the personal circumstance factors that may affect the individual feasibility of interventions, as illustrated in Table 6. Affordability was the most important personal factor, and personal energy levels seen as the least important. In terms of a decision on which statements achieved consensus as important, the median cut-off was 5.04.

The independent samples Kruskal-Wallis test showed no overall effects (p > 0.05) illustrating that the distribution of ranks for each intervention did not differ by group. In individual pairwise comparisons, again there were no significant differences between expert groups. The statements from the qualitive data (e.g., from questions 9.2 and 9.4, see Table 6) suggested that preventive strategies are likely to include environmental and inclusive community strategies, as well as focusing on personally focused strategies.



Section 10: primary and secondary outcomes of interventions for frailty


Primary outcomes

Primary outcomes. Using Friedman’s non-parametric test for ranked data, a significant overall difference in the ranking between the items was found (Chi-Squared = 23.30, df = 4, p < 0.001) demonstrating that there was agreement in the ranked order of the primary outcomes respondents considered appropriate to indicate the success of interventions for CF. Improvement in cognition was seen as the most important outcome, and an increase in physical strength as the least important (Table 7). In terms of a decision on which statements achieved consensus as important, a median cut-off of 2.98 was used.



TABLE 7 Section 10, Ranking of primary and secondary outcomes N = 48.
[image: Table ranking factors affecting the feasibility of interventions based on input from various groups: academic lab scientists, academics working with people, lived experience carers, and professional carers. Factors include accessibility, affordability, health literacy, and others, with rankings indicating significance. Further sections provide rankings for structural factors like access to classes and personal circumstances. Items achieving consensus are bolded. Qualitative statements focus on personalized interventions for cognitive frailty and strategies for environmental improvements. The rankings are on a numerical scale with the mean rank and standard deviation provided.]

The Kruskal-Wallis test examined the distribution of ranks for each outcome across the groups. There were no significant effects for any outcome except for “Revert to a non-cognitive frailty profile,” 8.29 (df = 3), p < 0.05. The individual group comparisons were not significant once the Bonferroni adjustment was applied.



Secondary outcomes

Secondary outcomes. Friedman’s test showed a significant difference (Chi-Squared = 137.30, df = 9, p < 0.001) between the ranks. That is, there was agreement in the ranked order of the secondary outcomes that respondents thought would be appropriate to indicate success of interventions for cognitive frailty. “Extended or improved independence” was ranked as the most appropriate outcome, and whether “Appropriate social support was in place” as the least appropriate (Table 7). Reduced health and social care needs were also ranked as less important. In terms of a decision on which statements were achieving consensus as important, a cut-off rank below the median, 5.48, was used.

The independent samples Kruskal-Wallis test showed significant differences in the distribution of the ranks across the groups only for the outcomes of “happiness and mental health” [test statistic (df = 3) = 8.90, p < 0.05], and of “Appropriate social support is in place,” [test statistic (df = 3) = 13.09, p < 0.01]. The group of people with lived experience and carers ranked Happiness and Mental health as a more important outcome than did other groups, with the differences with the group of academic lab researchers being significant, padj < 0.05. For the outcome “Appropriate social care is in place,” the group of academics working with people judged this to be more important than did other groups, with the difference from the professional carer/clinician group being significant, padj = 0.01.

Participants were then asked what they thought were the main societal outcomes of interventions on cognitive frailty. As shown in Table 8, there was >70% agreement for Economic benefits and Social and Community Capital. Although agreement for “Mortality/survival time is not a useful outcome” was >70%, disagreement was also >15%. Specifically, academics working with people, and people with lived experience showed lower agreement with that statement.



TABLE 8 Section 10, agreement/disagreement on potential outcomes of interventions for society (N = 48).
[image: Table showing rankings of primary and secondary outcomes by different groups: Academic Lab scientists/biologists, Academics working with people, People with lived experience and unpaid carers, and Professional carers. Each group ranks outcomes such as improved cognition, mobility, quality of life, and physical strength. Mean ranks and standard deviations are provided. Notably, physical strength ranks highest among primary outcomes, while appropriate social support ranks highest among secondary. Items meeting criteria are bolded.]




Section 11: effectiveness of interventions for cognitive frailty (i.e., do they work in real life?)

There was more than 70% agreement for both Questions 11.1 and 11.2, see Table 9.



TABLE 9 Section 11, agreement/disagreement on elements of effectiveness of interventions N = 47.
[image: Table showing elements of effectiveness with percentages of agreement across different groups. For item 11.1, agreement is 80% for lab scientists, 76.19% for academics with people, 100% for carers, and 90% for professional carers, totaling 83.72%. For item 11.2, agreement is 100% for lab scientists, 95.45% for academics, 91.67% for carers, and 100% for professional carers, totaling 93.48%. Bold indicates consensus.]

Question 11.3 asked respondents to rank seven factors in relation to their importance in determining the effectiveness of an intervention.

Friedman’s test showed a significant difference in the ranks (Chi-Squared = 76.18, df = 6, p < 0.001). “Effectiveness in the real world” was ranked as the most important, and “ability to sustain the interventions for the amount of time they were needed” was seen as the least important. Three items tied for second rank (Table 10). As this included the median cut-off (3.41), the cut-off of a rank including and above the median was implemented.



TABLE 10 Section 11, Ranking of factors influencing effectiveness of interventions N = 48.
[image: Table showing rankings of different factors by four participant groups: academic lab scientists, academics working with people, people with lived experience, and professional carers. Factors include effectiveness, affordability, acceptability, inclusion of patient voices, appropriateness, staff commitment, and sustainability. Mean ranks and standard deviations are provided. Items with consensus are bolded.]

The independent samples Kruskal-Wallis test showed differences in the distribution of ranks for each intervention across the groups only for the characteristics of “Effectiveness (How it works in the real world)” [Test statistic (df = 3) = 9.18, p < 0.05] and “Including the patient/older person voice at all stages including design” [Test statistic (df = 3) = 7.84, p < 0.05]. Individual group comparisons were not statistically significant in adjusted comparisons.



Section 12

This section explored intervention design strategies, beginning by asking participants to respond to a set of intervention strategies as to whether they could increase the likelihood of success. There was strong agreement for all items and little variance between expertise groups, see Table 11.



TABLE 11 Section 12, Percentage agreement/disagreement with potential intervention design strategies and on overall intervention approaches.
[image: A table presents potential intervention design strategies and overall intervention approaches with agreement percentages from different groups: academic lab scientists/biologists, academics working with people, people with lived experience and unpaid carers, and professional carers. Strategies include measuring effects regularly, revising strategies, engaging participants, and ensuring maintenance components. Approaches suggest single or multiple interventions targeting cognitive frailty. Consensus items are in bold, with overall agreement percentages listed.]

Respondents were then asked for their agreement or disagreement with overall intervention approaches, with 47 responding to this section. There was agreement of >70% on two of the intervention approaches, see Table 11.





Results of Round 3

There were 38 respondents to Round 3 with only 4 people identifying as academic Lab Scientists and 4 people as Professional carers. Percentages for these subgroups should be treated with caution. There were 21 academics working with older people and 12 people with lived experience/carers. Given high levels of consensus in these analyses, tables are only presented to illustrate where there was variability in consensus across groups or for where there was no consensus. Four respondents were classified into more than one group, hence the total of 38.


Section 1: understanding of CF

There was strong overall consensus for these statements. Our analysis of the separate expertise groups showed that there was no consensus for Items 1.1 and 1.2 for the people with lived experience and unpaid carer group, see Table 12.



TABLE 12 Round 3, Sections 1, 2 and 5, percent agreement on items where there was not uniform consensus across groups, (n = 41).
[image: Table showing survey results on cognitive frailty. It covers understanding, prevention, risk factors, and interventions. Participants include scientists, academics, carers, and those with lived experience. Percentages indicate levels of agreement. Key points show varied understanding and agreement on cognitive frailty and its management across different groups.]



Section 2: whether CF can be prevented, reversed, or onset delayed

There was clear overall consensus for every item in this section. However, there was no consensus amongst Professional carers/clinicians regarding Item 2.5 on the rarity of examinations of reversal of CF in the literature, where there was only 50% agreement, see Table 12.

There was overall consensus and also consensus within each of the groups for the following sections:

	• Section 3, Screening for CF;
	• Section 4. Possible mechanisms for interventions to address CF.



Section 5: acknowledged risk factors for cognitive frailty that could be targets for interventions

There was overall agreement as well as agreement within groups for all items in this section, except Item 5.4 regarding air pollution, where there was no consensus within the group of people with lived experience and carers (only 43% agreement), see Table 12.



Section 6: developing interventions for the management of cognitive frailty

All statements showed consensus except for 6.1 “We do not know the best timing (e.g., in terms of severity of cognitive frailty or age of person) for interventions to enable reversal” where there was no consensus by our 70% criterion for any subgroup except the academic lab-scientists (mean agreement was 67.38%), see Table 12.

	For the remaining sections, all items achieved consensus for all statements overall and within groups. These sections are listed as follows:

	• Section 7: Important targets for interventions for cognitive frailty to focus on,
	• Section 8: Possible restrictions on for whom interventions for cognitive frailty might be suitable,
	• Section 9: Factors that may restrict or affect the feasibility or likelihood of adhering to interventions for cognitive frailty,
	• Section 10: Attention to the impact of inequalities and person variables on the feasibility of different types of interventions
	• Section 11: Primary outcomes of interventions for Cognitive Frailty that we should target,
	• Section 12: Secondary outcomes of interventions we should target,
	• Section 13: Outcomes of interventions on cognitive frailty for society,
	• Section 14: Importance in determining the effectiveness of an intervention,
	• Section 15: Intervention design strategies to increase the likelihood of success,
	• Section16: Further factors in intervention design.

In summary, there was consensus on 89 out of 90 statements overall, with only four items showing a subgroup without consensus. In the only item that did not show overall consensus “We do not know the best timing (e.g., in terms of severity of CF or age of person) for interventions to enable reversal,” there was also a lack of consensus with the statement for three of the four subgroups, with only academic lab scientists showing consensus agreement with the item.





Discussion

With 9% of the over 60s population estimated to be living with cognitive frailty (Qiu et al., 2022), cognitive frailty is a critical global concern associated with aging. Given the increasing number of older people globally, an increased number of people living with CF is likely, as is the associated risk of disability resulting from this co-existence of physical and cognitive impairments. CF is a potentially preventable risk state for later life consequences such as dementia and increased need for health and social care support and an important target to reduce the gap between healthy lifespan and actual lifespan, that is, healthy aging. It is also a pressing concern given the wide variation in healthcare utilization and opportunities to access and use clinical and rehabilitation services to identify and treat frailty and cognitive decline. An increased awareness of the importance of prevention and building resilience is needed to support mid-life populations to promote or maintain healthy aging in their communities.

This Delphi consensus study set out to explore and develop consensus around interventions for CF among experts across disciplines and sectors, including people with lived experience of CF, and those providing care. Views of those in carer roles, unpaid or as part of their employment, were important to include, in relation to their understanding of CF and interventions for it, recognizing sub-clinical functional effects of CF. Given that previous resources and reviews on interventions for CF had largely been from the point of view of applied health researchers or clinicians, this study represents a first attempt to obtain agreement across a broader spectrum of involved experts on critical factors for interventions. The study brought in a broader mix to include the perspectives of people who may be involved in the decisions about which interventions to operationalize with specific patients or population groups, the potential end users and those who care for them, as well as basic laboratory scientists whose perspectives may not often be considered in relation to operationalization or methods of health interventions and who are not often involved in such operationalization or design. These results emphasize the need for tailored interventions that consider both individual and structural determinants of cognitive frailty. The study’s interdisciplinary consensus approach suggests potential for broader collaboration in future frailty intervention frameworks, incorporating biological, social, and policy-driven perspectives.

Delphi studies by their design are iterative. Out of the original 127 items presented to participants in Round 2, there was consensus on 74, and although fuller consensus was achieved in the final round (Round 3), information can also be gathered from some of the items where consensus was not achieved in Round 2. Little consensus was observed in the section on understanding of the concept of CF. Notably, there was a lack of consensus on whether it was a help or a hindrance to normalize CF as an expected part of aging. For some, there is therefore a belief that CF could be a normal part of aging. While physiological changes that occur with increasing age are clearly a risk factor for CF, our own work and that of others (see Holland et al., 2024 for a review) have identified risk factors that may worsen, and in contrast, factors that reduce, the rate at which age-related biological changes occur. Examples are factors that impact on immune system aging such as stress or diet, or impacts of healthy lifestyle on cardiovascular health. Increasing understanding that some age-related conditions can be prevented, delayed or reversed is a crucial step toward countering beliefs about inevitability. That is, although reviewed evidence shows increase in likelihood of CF with increasing age, evidence also describes it as a distinct, non-universal and mainly pre-clinical condition associated with these risk factors. Nevertheless, given that the respondent group included people with lived experience, we also need to acknowledge that some people were in a situation where accepting the impacts of aging was an important part of their own coping and resilience.

There was, however, consensus on “Negative attitudes toward aging are what need changing” suggesting that experts reflected on the negative stereotypes associated with old age (including ageism) and considered that CF might be seen as a low priority for interventions. This a known problem with significant ‘self-stigma’ and wider societal stigma associating any changes in old age with commonly held beliefs that cognitive decline and frailty are inevitable conditions of older age (Preville et al., 2015). Linking to the statement on normalizing CF as a normal part of aging being seen as a hindrance, this may be because of the negative attitudes toward aging in general and the consequences this has, i.e., not prioritizing intervention for CF. Given the accurate identification by the World Health Organisation of ageism as one of the four key pillars of the Decade of Healthy Aging (World Heath Organisation, 2021), it is essential to challenge even “compassionate ageism” which incorporates stereotypical assumptions that frame mindsets, behaviors and clinical interventions, almost making frailty and cognitive decline a self-fulfilling prophecy. Providing strong evidence to support a more positive aging agenda is crucial and so emphasis on preventative interventions is critical.

The laboratory-based scientists’ level of consensus diverged from views of those with lived experience and clinicians on some topics, highlighting that the biological science associated with frailty and brain health at a mechanistic level needs to be factored into the consideration of interventions. The interaction between the potential for biological mechanisms and lifestyle, environment or policy interventions is explored further in our scoping reviews (Fowler Davis et al., 2024a; Fowler Davis et al., 2024b; Hodgson et al., 2024; Holland et al., 2024), and this Delphi study suggests that understanding and knowledge exchange across the disciplines could enhance potential theory-based design of interventions. Likewise, the high consensus associated with “Many researchers and clinicians are not clear what is meant by cognitive frailty” suggests that more needs to be done to explain and differentiate CF from purely brain related ill-health including dementias, while still accepting that people with different expertise will bring different perspectives to the mix.

Ranked items showed that respondents clearly differentiated between items such as intervention targets, factors affecting feasibility of interventions including structural factors, the impact of personal circumstances, and primary and secondary outcomes, as well as factors that may influence intervention effectiveness, such as accessibility, affordability, acceptability and addressing health literacy.

There was broad agreement on intervention design strategies. However, there was no consensus on simpler interventions–looking for a single intervention that works for most people, or a single target mechanism, and instead there was consensus on inclusive, combined and personalized interventions, e.g., that may involve a multidisciplinary team, underlining the understanding that a broad view of the factors influencing CF will link to a broad view of interventions.

Consensus shown for screening, bespoke assessment and specialist care needs to be carefully considered against the current demand for memory services. Development of early biomarkers and early screening for people at high risk were suggested strategies. Alternative methods to enable self-monitoring and self-management may be indicated, for example, with digital tools and online assessments, perhaps using Artificial Intelligence facilities.

Differences between the groups of experts were examined and a notable finding was that there were fewer differences than one might expect. However, it is important to note some of the places where there were differences; for example, in Round 3, there was no consensus among respondents with lived experience and carers in terms of items “Many researchers and clinicians are not clear what is meant by cognitive frailty” and “Whilst normal aging may contribute to CF, it is unhelpful to assume that cognitive frailty is an expected part of aging.” The lack of consensus on the latter statement can be attributed to the conflict between knowledge that certain deficits increase in likelihood with increasing age, versus knowledge that age, per se, does not cause them, rather, that a range of mechanisms that are subject to a range of risk factors and environmental influences affect the variability observed within the older population. A further difference where this group did not show consensus, but the others did, was the item referring to the impact of air pollution on brain health, especially for those with pre-existing vulnerability, leading to cognitive frailty. This is also evidenced in the literature (e.g., Power et al., 2016; Hodgson et al., 2024), but may well be an example of more recent evidence that is relatively well-known amongst researchers but not yet in the public domain.

Other differences between expert groups showed that the Lab scientists (who were all biologists), showed differential consensus on specific items in Round 2. For example, “The role of the individual is important, rather than just a focus on biological or environmental mechanisms” showed no consensus for the Lab scientists but consensus for the other groups, and “Intervening on more direct biological mechanisms may be quicker” showed consensus for the academic lab-scientists but not for any other group. Bringing together researchers and other experts who emphasize the individual person together with biologists who put more emphasis on the underlying biological mechanism in development of interventions is an important exercise as we seek to put all our expertise together to solve the challenges of aging and have impact beyond what we can at present; this is illustrated by these differences and is a strength of this approach.

The influence of people’s differing experiences was reflected well in Section 7 on “Possible restrictions on for whom interventions for cognitive frailty might be suitable.” This suggests the importance of discussing the difficulties groups experience when implementing interventions at the point of design, including acknowledging the different roles the different groups play in implementation and reception of interventions.

Finally, there was no consensus overall that CF can be reversed, with experts by experience showing the highest disagreement with this concept, although there was consensus for the other groups. Given that there is evidence (although limited as yet for reversibility in the literature; e.g., Ruan et al., 2020), this suggests that more work is needed to engage people with lived experience to promote this possibility, given that if there is little expectation of improvement once CF is present, motivation for intervention may be lower. However, further investigation is needed to understand this group’s perspective, ensuring people are distinguishing between dementia and the cognitive decline associated with CF. The consensus on the statement that few intervention studies directly address the reversibility question seems to tally with literature searches and suggests that this is an area where further research is needed. Many interventions have shown reductions in frailty and cognitive impairment (for a recent review, see Ji et al., 2025), but studies on reversibility are not absent, e.g., Huang et al. (2025) demonstrated reversal from Reversible CF (RCF) to non-cognitively frail (non-CF) and from potentially reversible CF (PRCF) status to both RCF and non-CF status in multi-domain interventions. Although statistically significant, the proportion of participants reversing was still small and further research is needed to determine why some people show reversing and others do not. A further study again using a multi-domain intervention (WE-RISE ™), found that after 12 weeks, 74% of the intervention group were no longer assessed as having cognitive frailty whereas only 10.7% of the control group were no longer cognitively frail (Murukesu et al., 2024). Further research in different populations with carefully identified RCF and PRCF groupings would undoubtedly improve the understanding of the likelihood of reversal across the expert groups. Nevertheless, there is clear evidence that reversal to a non-CF state can result from intervention.


A way forward

Although it should be emphasized that this study is based on expert consensus, rather than direct testing of interventions, many of the academic experts did refer to supporting evidence in the open text boxes. One way to consider next steps to developing interventions is suggested by Wight et al. (2016), who suggest six steps for quality intervention development (6SQuID). The first few steps align with our progress in this consensus development and the evidence syntheses that preceded it, as we have sought to (1) define and understand the problem and its causes; (2) identify which causal or contextual factors are modifiable including which have the greatest scope for change and who would benefit most; and (3) deciding on the mechanisms of change. The latter three steps of Wight et al. provide suggestions as to what is next which should be considered in further development following this consensus stage: (4) clarifying how interventions will be delivered; (5) testing and adapting the intervention; and (6) collecting sufficient evidence of effectiveness to proceed to a rigorous evaluation.

	1. Define and understand the problem and its causes

The primary outcomes of any planned intervention need to address the outcomes identified via the consensus such as cognition and mobility, ensuring understanding of definitions of CF (and so inclusion in interventions). Secondarily, older adults with CF will experience a need for improved independence, quality of life and wellbeing. These broad interventions should be affordable, timely and meaningful (meet personal attitudes and beliefs. About the effectiveness of an intervention). Mobility, affordability, access to screening methods and physically accessible environments and healthy foods were all deemed significant to the cause and effects of CF.

	1. Identify which causal or contextual factors are modifiable including which have the greatest scope for change and who would benefit most

There was a strong consensus that CF can be prevented, delayed or reduced, given knowledge on risk factors. Biological mechanisms could be targeted alongside social and psychological factors that involve long-term changes to lifestyle, and these may include environmental exposure. In this respect policy changes are needed to influence psychosocial/socioeconomic factors that disproportionally place some older adults at risk of CF.

Delaying CF was viewed as dependent on personal behavior but also on genetic factors. Risk factors may be individual but also interact in complex ways so require multiple interventions. Early assessment/screening of older people would help identify factors for earlier interventions, rather than only identifying a problem when the individual encounters health care practitioners.

Overall, there is a belief among some respondents that CF might not be reversible (and the best timing for interventions to enable reversal is not known, possibly because there is limited evidence for reversal in the literature), but it could be improved, although evidence on reversibility is building. Interdisciplinary working to test interventions in different models and systems (including cell culture and animal models from invertebrate to vertebrate) will help to improve likelihood that pre-clinical studies are clinically relevant.

Experts agreed that effectiveness (how it works in the real world), affordability and acceptability (for example, in terms of time commitment), were important and that interventions should be planned together with the affected person. Intervention acceptability would be based on the early measurement of effect with the option to revise and adjust interventions and to ensure that a maintenance component is included.

	1. Deciding on the mechanisms of change.

Interventions need to be personally relevant (e.g., acceptable in different cultures) and personalized. Biological or environmental mechanisms may vary, and so intervention goals should target lifestyles to protect individuals from decline. Healthy behaviors including physical activity might be helpful but a focus on multi-domain intervention and common mechanisms such as psychosocial and socioeconomic factors should be emphasized. For those with urgent needs, a fast-acting personalized intervention should be considered but long-term lifestyle modification may also be suitable for different people. Physical activity with diet and probiotics, targeting isolation and loneliness, and strength-related exercise, are all important although with recognition that other morbidities such as arthritis will influence individual ability to complete those. There was consensus that agency and involvement of the person in agreement on choice of interventions was vital. There was also agreement that screening was essential, particularly that high-risk people should first be screened at midlife.

The implication of the consensus was that a multi-modal, co-produced health promotion approach will be needed, and that guidance should be used to address how to develop screening and assessment interventions alongside treatment (O'Cathain et al., 2019). This is consistent with several trials that demonstrate the effectiveness of multi-domain interventions often delivered as complex interventions for cognitive and physical frailty (Ng et al., 2015; Dedeyne et al., 2017) and for reversion of CF status (Murukesu et al., 2024).

The reversibility of CF is an extremely important differentiating factor for investment in interventions and an outcome measure suggesting treatment effectiveness will be critical for any future trial and research programs. Respondents agreed that improved cognition, improved mobility and reversal to a non-cognitive frailty profile would be the important outcomes to show effectiveness.

The dominant narrative within the section on “Approaches to interventions for cognitive frailty” suggests that most experts share values around person-centered care and assessment of wellbeing, widely agreeing upon these as critically important. However, this presents a significant challenge to researchers, given that the predicted incidence of CF may be as high as 9% of the older population (Qiu et al., 2022) and a population health approach is needed for both treatment and prevention. Although the role of person-centered or culturally specified interventions was agreed upon as necessary (“one size does not fit all”), there is a need for theory-driven, generalizable approaches that can enhance efficiency, cost-effectiveness, and scalability of existing implementation approaches (Schleider and Beidas, 2022) for CF. Scalable but contextualized interventions seem the way forward.



Limitations and strengths

Self-selection of experts is a strength of this study, particularly the inclusion of those with lived experience. However, self-selection across a range of disciplines in the CF network is a novel approach, that necessitated a disaggregation of the responses of separate groups, to examine any differences. The number of respondents in total was seen as comparable to other previous Delphi studies (e.g., Sezgin et al., 2022, had 21 experts), although the small number in some groups in Round 3 (notably laboratory scientists and professional carers/clinicians) is a limitation. The participant group was diverse in terms of geographical spread, including experts from UK, Europe, North and South America, and Asia. From our examinations of the diversity within the CF Interdisciplinary network (CFIN) in which this study was based, we know that we have good diversity of ethnicities. However, despite significant Chinese representation of CF expertise in the literature, we did not have any respondents for that country, and so this could be a limitation. Nevertheless, the approach provides broader face validity to the consensus achieved (e.g., see Nair et al., 2011). We intend that such common shared understanding can underline the roles of all these groups in development of interventions or population-level policy changes to impact the mitigation of CF and healthcare utilization, with an emphasis on prevention of disability, and associated need for care support.

Given the focus on interventions, there was no exploration of understanding of the aetiology of CF, and causes of CF were not included in the Delphi. Understanding of mechanisms will be needed to suggest how interventions would target and potentially reverse the progress of the syndrome. Nevertheless, a strength of this study is the clear consensus on lifestyle and behavioral interventions concurring with various previous reviews indicating that the syndrome is affected by personal behavior change. Our previous scoping reviews of mechanisms also suggest that behavior change may be one important factor that links underlying mechanisms to both healthy aging and also outcome CF (although there are other linking variables as well, including depression and anxiety, Holland et al., 2024) and environmental issues (Fowler Davis et al., 2024a; Fowler Davis et al., 2024b; Hodgson et al., 2024).

The lack of consensus on biologically based interventions also suggested that our experts were more interested in developing broad lifestyle intervention than a single biologically based drug therapy. None-the-less, given the dominance of pharmacological solutions and therapeutic methods, there may be existing or newer pharmacological or nutritional interventions worthy of further investigation for managing brain health, for example Vitamin D as a neuron therapeutic for reducing inflammation (Murukesu and Manucha, 2024).

We did not collect demographic information such as age and ethnicity, although we know that the CFIN network on which this study was based is relatively diverse. However, future work could usefully explore how cultural factors influence both the acceptability and effectiveness of CF interventions.

The value of the input of people with different expertise is demonstrated by this study> Although many of the proposed recommendations were based on existing evidence as well as the consensus achieved in this study, they still require validation through experimental studies.




Conclusion

The consensus achieved in this study associated with CF interventions needs to be considered as a first step in defining health promotion activities and interventions. The consensus provides a foundation for policy-guided, preventive approaches. Given the prevalence and resultant potential disability in older adult populations, the consensus statements are important and represent expert opinion that is inter-sectoral. Research in this direction will further inform public health policies to implement evidence-based research findings to the development of prevention plans (Kelaiditi et al., 2013). However, given what we know about the length of the gap between what academic researchers know and actual implementation in healthcare or policy changes (Morris et al., 2011), or adoption by patients, a new way of planning and promoting the need for prevention and intervention in this area is needed. This study takes a crucial step toward changing current siloed approaches, including all stakeholders from the outset. Interdisciplinary involvement of the broad groups identified here needs further development in future work.
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Footnotes

1   VOICE is a community of public, patients and carers. Embedded in the UK National Innovation Centre for Ageing at Newcastle University, it supports public and patient involvement and engagement (PPIE) in research.
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Background: Understanding the association of older adults’ cognitive ability with performance of instrumental activities of daily living (IADL) is critical to identifying their community health care support needs. We compared differences in performance-based IADL assessment scores among older adults according to their cognitive ability as measured by the Montreal Cognitive Assessment (MoCA).



Methods: Using data from a larger study we performed a cross-sectional analysis of 259 community-dwelling adults aged 55–93 years. Participants were categorized into one of three groups based on their MoCA score: mildly impaired (19–22), borderline (23–25), or unimpaired (26–30). The Performance Assessment of Self-care Skills Checkbook Balancing and Shopping Task (PCST) and the Weekly Calendar Planning Activity 17-item version (WCPA-17) were used to assess IADL. A MANCOVA analyzed the effect of MoCA group on the performance-based IADL assessments while controlling for education.
Results: The MANCOVA was statistically significant, F(4, 508) = 16.445, p < 0.001; Wilks’ λ = 0.784; ηp2 = 0.115. Follow-up univariate ANCOVAs showed that PCST Total Cues adjusted mean score [F(2, 255) = 20.006, p < 0.001; ηp2 = 0.136] and WCPA-17 Accuracy adjusted mean scores [F(2, 255) = 23.216, p < 0.001; ηp2 = 0.154] were significantly different among MoCA groups, with medium-large effect sizes.
Conclusion: The tripartite group categorization of the MoCA largely parallels ability on two independent performance-based IADL assessments, a subset of individuals borderline or unimpaired on the MoCA had difficulties with complex IADL identified by performance-based IADL assessments indicating comprehensive evaluations of older adults would benefit from including both types of assessments.
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Introduction

Medication management, shopping, meal preparation, and financial management are all instrumental activities of daily living (IADL) necessary for independent community living (Lawton and Brody, 1969). These everyday activities require the integration of executive functions, motor skills, and a range of other cognitive abilities that may all become less efficient with increasing age (Lezak, 1982; Royall et al., 2007; Tucker-Drob, 2011). Community living skills have been hypothesized to be supported by multiple domains of cognitive abilities, as a result, reliable assessment of the cognitive capacity to perform IADL in older adults has proved difficult (Giovannetti et al., 2023). However, IADL metrics have been shown to be predictive of cognitive decline, further loss of IADL independence, increased risk of hospital admission, and increased risk of 30 days readmission after hospital discharge (Lau et al., 2015; Brown et al., 2019; Schiltz et al., 2020; Cloutier et al., 2021) all of which underline the importance of accurate assessment of the cognitive skills essential for IADL performance. Thus, understanding that cognitive ability is associated with IADL performance is of particular importance to healthcare practitioners who work with patients to promote successful aging, quality of life, and community independence.

Functional cognitive assessment is an approach to standardized IADL measurement that uses performance-based testing within the context of simulated real-life activities (Giles et al., 2020). Functional cognition is a multidimensional construct theorized to be associated with successful performance of IADL and independent community living (Wesson and Giles, 2019) and examines how a person marshals all their abilities during goal directed functional activities. Functional cognitive assessments are designed to challenge the cognitive functions needed for managing everyday life and provide clinically relevant information that can be used to inform intervention selection (Barco et al., 2019). These assessments examine how an individual approaches different functional tasks by allowing the use of compensatory strategies. Observation of test performance provides clinical insight into an individual’s functional-cognitive performance capacity in everyday life (Bar-Haim Erez and Katz, 2018). For example, the Performance Assessment of Self-care Skills (PASS; Rogers et al., 2016) and the Executive Function Performance Test (EFPT; Baum et al., 2008) which are sensitive to mild cognitive impairment (MCI; Rodakowski et al., 2014) summarize the number and type of cues needed to complete simulated daily living tasks; the Weekly Calendar Planning Activity (WCPA; Toglia, 2015) profiles overall accuracy of scheduling appointments into a weekly calendar. The performance outcomes provide clinicians with a different conceptualization and more distinct information over and above that which is provided by cognitive screening and assessment. Such information includes the individual’s capacity to plan, self-initiate, sequence and terminate a complex activity, and may also assess the test takers self-awareness of their performance in real time. Clinicians rely on functional cognitive assessment to accurately predict everyday function, safety, and to provide clinical recommendations and intervention as indicated (American Occupational and Therapy Association, 2021).

Although some individuals with mild cognitive impairment may have difficulty performing complex everyday tasks, the associated decline in activity performance is poorly characterized by available systems of measurement (Cloutier et al., 2021; Corbo and Casagrande, 2022). Despite this major limitation, increased difficulty with everyday activity performance and inabilities to compensate can have direct implications for an individual’s safety and community independence and can lead to further emotional and functional decline (De Vriendt et al., 2012). Unimpaired performance of IADLs was initially a prerequisite for the diagnosis of mild neurocognitive disorder, however, current evidence suggests that unrecognized deficits in complex IADL, also termed “preclinical” disability, may presage the need for ongoing monitoring and support (Lindbergh et al., 2016; Fieo and Stern, 2018; Lee et al., 2019). Functional cognitive assessments could facilitate early detection of these functional difficulties with complex IADL and can indicate avenues to increase intervention and support (Jekel et al., 2015; Cloutier et al., 2021). A growing population of older adults are predicted to experience cognitive decline rendering functional cognitive assessments critical to understanding the complex interplay between cognition and everyday life competencies (Prince et al., 2013). Thus, there is a need to examine how subtle differences in cognitive abilities operationalize to functional cognitive assessment outcomes to further understand the link between these two types of assessment and their relationship to illness progression.

The main objective of this paper is to compare functional cognitive performance among community-dwelling older adults according to their cognitive ability using an extensively validated cognitive screening measure, the Montreal Cognitive Assessment (MOCA; Nasreddine et al., 2005). The MoCA is the most widely used screening test of cognition by occupational therapy practitioners who are frequently called upon to make recommendations regarding an individual’s need for community support (Manee et al., 2020). Screening tests typically include a cut-off value used to group individuals into categories of “unimpaired” or “impaired” which are then used to make further decisions regarding assessment. The original criterion for impairment on the MoCA (cut-off of 26) resulted in high rates of false-positive classifications in multiple studies (Luis et al., 2009; Rossetti et al., 2011; Davis et al., 2015; Elkana et al., 2020). Although there is no consensus regarding an optimal cutoff score, a meta-analysis of MoCA validation studies using strict criteria to define MCI found that a MoCA cut-off of 23 provided more accurate classification across a variety of demographic parameters (Carson et al., 2018). To further minimize misclassification and potential loss of information from a binary classification approach, a number of researchers recommend the inclusion of a transitional or “indecisive” area (individuals neither definitively unimpaired nor impaired) by using two separate cut-off points (Brenkel et al., 2017; Thomann et al., 2020; Yang et al., 2021; Völter et al., 2023). Following this multiple cut-off approach on the MoCA, we categorized individuals with MoCA scores of 19–22 as mildly impaired, those with scores between 23 and 25 as borderline impaired, and those with scores of 26 or above as unimpaired. Individuals scoring below 19 on the MoCA were considered as evidencing greater than mild impairments and were not included in this study. We hypothesized that performance on the functional cognitive assessments would have a linear relationship with scores on the MoCA and further would be related to the sensitive tripartite grouping of MoCA scores with higher scores on the MoCA reflecting greater independence on the functional cognitive assessments. Further we hypothesized that the MoCA groups would correspond with significantly different scores on each functional cognitive assessment.



Materials and methods


Research design

This cross-sectional study uses data gathered as part of the Menu Task validation study (Al-Heizan et al., 2020; Marks et al., 2020, 2021a,2021b).



Participants and recruitment

Data collected for the primary study and analyzed here were obtained from a convenience sample of 287 community-dwelling adults recruited in Madison, Wisconsin, and the surrounding area. We retained 259 participants for this analysis removing those who did not complete either the PCST or WCPA-17 and those with MoCA scores below 19. Inclusion criteria were age 55 years or older, living independently in the community (i.e., not in assisted living, skilled nursing facility, or other institutionalized settings, and who reported that they were independent in community-living skills), willingness and ability to read and write in English, and vision, hearing, and motor skills adequate for testing.

The study was approved by the University of Wisconsin – Madison Institutional Review Board. All participants provided written informed consent prior to participation, and the study protocol complied with the Declaration of Helsinki.



Measures


Cognition screening test


Montreal Cognitive Assessment (MoCA)

The MoCA (Nasreddine et al., 2005) is a multi-component cognitive screening test that takes approximately 10 min to administer. The test evaluates seven domains of cognition including visuospatial/executive function, naming, memory, attention, language, abstraction, delayed recall and orientation. Possible total scores range from 0 to 30 with higher scores indicating better performance and with a one-point adjustment for individuals with ≤ 12 years of education.





Performance-based functional cognition measures


Performance Assessment of Self-care Skills (PASS) Checkbook Balancing and Shopping task (PCST)

The PASS (Rogers et al., 2016) includes 26 subtests that measure activities of daily living (ADL) and IADL skills and is intended to assist clinicians in planning interventions. Of the available subtests 14 are described as having a cognitive emphasis (C-IADL). The PASS Checkbook Balancing and Shopping tasks (PCST) were used for this study as together these two subtests have been found to be as sensitive in discriminating between individuals with MCI and healthy older adults as the combined 14 C-IADL subtests (Rodakowski et al., 2014). The Checkbook Balancing task requires test-takers to pay bills by writing checks and correctly balance a checkbook ledger. The Shopping task requires test-takers to identify and select grocery items, handle money, and use discount coupons to make purchases. The PASS uses a cueing hierarchy that includes nine distinct levels in which increasingly directive cues are provided by the test administrator until the test taker correctly completes the task. Providing three cues at a specific level of assistance is indicative of the need to provide a higher level cue, though the test administrator is to use clinical judgment to ultimately determine when a higher level cue is needed. PCST scores are based on the combined number of cues required for independence and adequacy (quality) on each task (i.e., Total Cues), with lower numbers indicating better performance. PCST Total Cues scores start at 0 (no cues needed), and there is no predefined maximum although the number of cues is constrained by task completion. The PCST can be administered in approximately 15–20 min (Rogers et al., 2016).



17-item Weekly Calendar Planning Activity (WCPA-17)

The WCPA is a performance-based assessment that examines how deficits in functional cognition affect a person’s ability to perform the complex activity of entering appointments into a weekly calendar (Toglia, 2015). The test administrator outlines the rules and requirements of the test and offers an opportunity to ask clarifying questions. The test-taker is instructed that no further verbal interaction is permitted. No cueing or assistance is provided by the test administrator during the test; however, the test-taker must ignore questions that attempt to distract them from the task. The 17-item version (WCPA-17) used for this study requires scheduling 17 randomly ordered appointments into a 1 week calendar while minimizing errors (e.g., repetition errors, location errors, time errors) managing potential scheduling conflicts, and adhering to five pre-specified rules. Multiple scores are derived from the WCPA-17, including Accuracy (the number of appointments entered without errors), Rules, Appointments Entered, Strategies, Planning time, Total time, and Efficiency (number of accurate appointments/time). Higher scores on Accuracy, Appointments Entered, Strategies, and Rules indicate better performance. A lower Efficiency score indicates better performance. The WCPA-17 is widely used with older adults for whom normative values have been published (Toglia, 2015). Accuracy score was used to represent the WCPA-17 because it is the primary indicator of overall task competency. The Accuracy score sums the number of entered appointments without errors. Scores on the WCPA-17 range from 0 to 17. The WCPA-17 can be administered in approximately 15–30 min (Toglia, 2015).




Study procedures

Testing occurred per participant convenience at community settings or at the Occupational Therapy Department at the University of Wisconsin – Madison. Testing was completed by trained occupational therapy graduate students who met participants in office-like distraction-free environments. Locations included reserved study rooms in libraries, private offices in community centers, private spaces in retirement communities. Demographic information including age, sex, race, education (in years), and the number of self-reported chronic health conditions were collected from participants. All data were collected in one study visit which lasted 70–90 min in which participants were offered breaks. Participants received remuneration of $25 in cash.



Analysis

Descriptive statistics were computed for continuous variables and frequency distributions for categorical variables. All variables were inspected for normality to guide analysis. Total sample mean values were used to replace three values of isolated, missing demographic information. The number of chronic health conditions and the PCST Total Cues score were log transformed to reduce right skew. The transformations resulted in normal distributions for the variables.

Demographic variables were examined to assess whether linear relationships existed between them and PCST Total Cues scores and WCPA-17 Accuracy scores. When a correlation of 0.30 or higher (Portney, 2020) was present the influence of such demographic variables was controlled for in the subsequent analyses.

To examine the relationship between the MoCA score (as a continuous variable, 19–30) and performance on the PCST Total Cues scores and WCPA-17 Accuracy scores, we performed two separate linear regression analyses.

In order to meet the main objective of this study, each participant was assigned to one of three groups based on their performance on the MoCA. The first group was comprised of individuals with MoCA scores categorized as mildly impaired (scores 19–22). The second group was comprised of individuals with MoCA scores categorized as borderline (scores 23–25). The third group was comprised of individuals with MoCA scores categorized as unimpaired (scores 26–30).

One-way analyses of variance (ANOVA) and chi-squared analyses were used to examine differences in demographic characteristics among the three MoCA groups.

A multivariate analysis of covariance (MANCOVA) was conducted to analyze the effect of cognitive ability defined by MoCA group (independent variable) on measures of functional cognitive performance (dependent variables). Follow-up ANCOVAs and post hoc tests were performed.

Bonferroni corrections were used for multiple comparisons with p-values set at 0.008 to indicate significance (0.05/6 = 0.008). Estimates of effect sizes were quantified via partial eta squared to determine the magnitude of significant group differences and were interpreted as: 0.01 = small, 0.06 = medium, and 0.14 = large (Cohen, 1988). SPSS version 27 was used for all analyses (IBM Corp., Armonk, NY).




Results

The mean age of participants was 69.5 (SD = 8.0) years, and the sample was predominantly female (74.9%) and White (83.8%). On average, the participants were college educated, with a mean 15.7 (SD = 3.3) years of education. The sample was relatively healthy with a mean number of self-reported chronic health conditions of 1.0 (SD = 1.1; see Table 1). An educational correction was added to the MoCA score for 23.2% of the sample who had 12 or fewer years of education. The overall MoCA mean score was 24.8 (SD = 2.9; see Table 1).


TABLE 1 Demographic characteristics and scores on study measures.
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Of the demographic variables, only education had correlations above 0.30 with the PCST Total Cues score and WCPA-17 Accuracy score. Two separate linear regression analyses were performed controlling for education. The overall model predicting PCST Total Cues scores that included MoCA scores and education (years) as continuous independent variables was statistically significant [F(2, 256) = 36.25, p < 0.001, adjusted R2 = 0.22]. The overall model predicting WCPA-17 Accuracy scores that included MoCA scores and education (years) as continuous independent variables was also statistically significant [F(2, 256) = 57.73, p < 0.001, adjusted R2 = 0.31].

A one-way MANCOVA was performed to determine the effect of MoCA group status (mildly impaired, borderline, and unimpaired) on the two functional cognitive performance assessments, PCST Total Cues and WCPA-17 Accuracy, while controlling for education. The overall MANCOVA was statistically significant, F(4, 508) = 16.445, p < 0.001; Wilks’ λ = 0.784; ηp2 = 0.115. Follow-up univariate ANCOVAs showed that PCST Total Cues adjusted mean score [F(2, 255) = 20.006, p < 0.001; ηp2 = 0.136] and WCPA-17 Accuracy adjusted mean score [F(2, 255) = 23.216, p < 0.001; ηp2 = 0.154] were statistically significantly different between the MoCA groups. Both the PCST Total Cues scores and the WCPA-17 Accuracy scores indicated lower performance for the MoCA mildly impaired group, intermediate performance for the MoCA borderline group, and the highest performance for the MoCA unimpaired group (See Table 2). Figure 1 shows a boxplot summary of the distribution of the functional cognitive assessment scores for each MoCA group.


TABLE 2 Adjusted means for PCST Total Cues and WCPA-17 Accuracy for each MoCA group.
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FIGURE 1
(A) Boxplot summary of the distribution of PCST Total Cues scores by MoCA group, (B) Boxplot summary of the distribution of WCPA-17 Accuracy scores by MoCA group. °Mild outlier. *Extreme outlier.


Bonferroni post hoc tests revealed that for PCST Total Cues adjusted mean scores, the MoCA mildly impaired group required significantly more PCST Total Cues (worse performance) than the MoCA borderline group (p = 0.004) or the MoCA unimpaired group (p < 0.001). Similarly, the MoCA borderline group required significantly more PCST Total Cues than the MoCA unimpaired group (p = 0.003). For WCPA-17 Accuracy adjusted mean scores, post hoc comparisons revealed that the MoCA mildly impaired group made more scheduling errors than the MoCA borderline group (p < 0.001) or the MoCA unimpaired group (p < 0.001). The adjusted mean differences for WCPA-17 Accuracy between the MoCA borderline group and the MoCA unimpaired group were in the expected direction but were not significant (p = 0.259).



Discussion

The primary purpose of this study was to examine whether functional cognitive performance among community-dwelling older adults would differ according to their cognitive ability, represented by the tripartite grouping of the MoCA neurocognitive screening test. As hypothesized, the results show that performance on both functional cognitive assessments were significantly different based on MoCA group categorization, with better performance on the MoCA reflecting greater independence in IADL as indicated by performance on the functional cognitive measures, with medium-large effect sizes. Despite scoring in the borderline to unimpaired range on the MoCA, a subset of individuals may have difficulties with complex IADL, suggesting that the absence of impairment on the MoCA does not obviate the need for functional cognitive assessment when an individual is reporting difficulties or there are other indications of impaired performance in daily life skills (Toglia et al., 2017; Rosenblum et al., 2020; Jaywant et al., 2021). However, individuals in the MoCA borderline group scored on average, closer to the MoCA unimpaired group. We found that individuals who were assigned to the MoCA impaired group were significantly more likely to demonstrate greater difficulties with the PCST and WCPA-17. The MoCA impaired group had the fewest years of education. Nonetheless, the linear regression and MANCOVA analyses remained significant after controlling for education.

Difficulties with cognitively complex IADL are regularly present in MCI (Jekel et al., 2015; Cloutier et al., 2021). Subtle changes in the ability to perform complex IADL tasks may serve as an early warning sign and indicate need for intervention or ongoing monitoring and support to slow loss of independence (Jekel et al., 2015; Makino et al., 2020). Our findings suggest that PCST and WCPA-17 performance are reflective of subtly impaired cognitive abilities. We found significant differences in functional cognitive performance between mildly impaired and borderline and unimpaired groups on the MoCA. These results are consistent with other studies that demonstrate subtle difficulties in IADL performance (e.g., increased errors, reduced efficiency) in individuals with MCI compared to healthy adults (Giovannetti et al., 2008; Martin et al., 2019; Schmitter-Edgecombe et al., 2021). Functional cognitive assessments provide additional information regarding how an individual goes about performing complex daily activities and indicates where performance may break down. Information about how individuals’ self-correct performance after a cue on the PCST, or their ability to self-monitor and accurately schedule conflicting appointments on the WCPA-17, can guide appropriate clinical interventions. Functional cognitive assessments such as the PCST and WCPA-17 are valuable tools for the detection of cognitively mediated breakdowns in IADL function.

Our results provide evidence that a subset of individuals who score in the borderline or unimpaired range on the MoCA have functional cognitive difficulties. Both the PCST and the WCPA-17 take the form of simulated real-world activities but have distinct performance requirements. Nonetheless, these assessments appear to perform similarly in capturing subtle decrements in functional cognitive abilities not fully identified by the MoCA. As previously noted, traditional neurocognitive screening and diagnostic tests are at best, modest predictors of everyday function (Royall et al., 2007; McAlister et al., 2016; Marcotte et al., 2022). Other studies failed to find a one-to-one correspondence between neurocognitive and functional cognitive assessments (Toglia et al., 2017). The self-awareness and use of strategies assessed by functional cognitive assessments more accurately reflect the skills critical to competent everyday function. These skills are not evaluated by the MoCA or other neurocognitive screening tests (Dawson and Marcotte, 2017; Baum et al., 2023). The MoCA was never intended to assess independent community living skills that require the interplay of multiple cognitive domains. Functional cognitive assessments complement the information provided by the MoCA and other neurocognitive screening tests by requiring individuals to draw from multiple competencies during test performance resulting in outcomes that are more likely to parallel performance in daily life (American Occupational and Therapy Association, 2021). For these reasons, functional cognitive assessments contribute information distinct from cognitive screening tools such as the MoCA and therefore aid in the evaluation of real-life abilities.

This study is not without limitations. Most participants in this study were highly educated, female, and the study population was limited in racial/ethnic diversity and from one geographic region within the United States. We had an insufficient number of participants who were Black or reported other racial identities to examine subgroup differences. We did not screen for the potential impact of psychosocial factors such as depression or social isolation, which can influence independent living skills (Guo et al., 2021; Lyu et al., 2024). Additionally, social determinants of health such as income, housing, and employment status were not measured in this study but may affect the generalizability of these findings and account for some of the unexplained variance in the current analysis. Functional cognitive assessments are relatively new and the impact of these factors on test results are poorly understood. As the potential effects of psychological factors and social determinants of health have become more clearly defined in large population-based samples, we recognize that going forward it will be important to include measures of psychological and social factors into smaller studies such as ours (DeMarco et al., 2025; Ow et al., 2025). The MoCA was used to categorize cognitive ability, though more comprehensive neurocognitive testing would provide greater confidence regarding an individual’s overall cognitive status. Additional studies are needed to replicate these results in larger more diverse samples and continue to examine the relationships between cognitive and functional cognitive assessments.

Assessments that capture the everyday cognitive skills necessary to manage the complexities of real-life provide valuable information to clinicians who address everyday function of older adults. Our results found that scores on the PCST and WCPA-17 assessments are reflective of subtle differences in the cognitive abilities of older adults. The PCST and WCPA-17 directly assess functions important to everyday activity completion, though additional research is needed to determine how the scores might predict actual everyday performance in an individual’s own environment. Results suggest that relying on neurocognitive screening tests alone may not lead to a fully accurate evaluation of the capacity of older adults to successfully perform complex IADL activities. Administration of functional cognitive assessments, including the PCST, WCPA-17, or other performance-based tests (Baum et al., 2008; Wolf et al., 2017; Al-Heizan et al., 2022), present the opportunity to obtain multiple sources of information and detect more subtle differences in actual functioning (Gilmore-Bykovskyi et al., 2025).
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Non-parametric tests were used for intergroup comparisons, repeated measures analysis of
variance was used for intragroup comparisons, and median (M) and interquartile range
(IQR) were used for representation. T, at one day before surgery; T8, at the first day after
surgery; T9, at the third day after surgery; MMSE, Mini-Mental State Examination; MoCA,
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Qualitative data was presented in frequency (percentage). PONV, postoperative nausea and
vomiting; NRS, numeric rating scale; < 0,05 vs. the control group.
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Tertile 3 0.003 (—0.007, 0.518 0.003 (—0.007, 0.531 0.002 (—0.008, 0.652
0.014) 0.014) 0.013)
Test for trend 0.562 0.596 0.489
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Tertile 2 0.015 (0.006, 0.025) 0.001 0.015 (0.005, 0.024) 0.002 0.015 (0.005, 0.024) 0.003
Tertile 3 0.012 (0.002, 0.021) 0.014 0.011 (0.002, 0.021) 0.019 0.011 (0.002, 0.021) 0.021
Test for trend 0.005 0.008 0.009

Data were analyzed using linear mixed-effects regression models. The B values (95% CI) represent the annual change in cognitive Z-scores (SD/year) associated with eGDR, relative to the
reference group (Tertile 1). eGDR, Estimated glucose disposal rate; B, Regression coefficient; CI, Confidence interval. Model 1: Adjusted for baseline age, age?, and sex (not included in sex-
stratified analyses). Model 2: Further adjusted for educational level, marital status, residence, smoking status, drinking status, BMI, and BMI2. Model 3: Additionally adjusted for C-reactive
protein, hemoglobin, dyslipidemia, diabetes, heart disease, and stroke.
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(1) The adjusted factors are age,sex, BMJ, hypertension, diabetes, smoking history; drinking history, angina pectoris and myocardial infarction history; TG, TCand creatinine. (2) The missing
values annotated in Table 2 were excluded from the multifactor analysis.
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The adjusted factors are age, sex, BMI, hypertension, diabetes, smoking history, drinking history, angina pectoris and myocardial infarction history, TG, TC and creatinine. Al subgroups are
adjusted for all factors except the grouping variables.
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<65 years old 522(51.1)
265 years old 499 (489)
Years of education, years* 6.13(294)

Education Group, n (%)*

Tliterate 60(6.0)
Primary school 529(533)
Junior school 330(33.2)
igh school and above 74(7.5)
Height, cm 16687 (6.14)
Weight, kg 69.06 (11.33)
‘Waist circumference, cm 89.21(10.24)
BMI, kg/m® 2472(347)

BMI grouping, n (%)

Normal or underweight 447 (43.8)
Overweight 392(38.4)
Obesity 182(17.8)

Smoking history, n (%)

Never smoking 265 (26.0)
Current smoking 509 (49.9)
Ever smoking 247(242)

Drinking history, n (%)

Never drinking 372(36.4)
Current drinking 535 (52.4)
Ever drinking 114(112)

Hypertension, n (%)

No 254(24.9)
Yes. 767 (75.1)
Diabetes, n (%)
No 874 (85.6)
Yes. 147 (14.4)

History of angina pectoris, n (%)
No 996 (97.6)
Yes. 25(24)

History of myocardial infarction, n (%)

No 1,018 (99.7)
Yes 3003)
Systolic blood pressure SBP, mmHg* 14861 (22.77)
Diastolic pressure DBE, mmHg* §7.38 (1159)
Fasting blood glucose FBG, mmol/L* 562(1.53)
Total cholesterol TC, mmol/L* 444 (1.08)
Triglyceride TG, mmol/L* 158 (1.28)
Creatinine, pmol/L* 7765 (27.74)
MMSE, M (IQR) 25(6)
BRI 409 (1.16)
Quarter of BRI
Q 351 (34.4)
@ 2833(27.7)
@ 245 (24.0)
Qi 142(139)

Woman
1,325 (56.5)

63.86 (7.58)

766 (57.8)
559 (42.2)
3.65(3.54)

456 (34.9)
561(429)
231(17.7)
59(4.5)
155.83 (5.61)
62,02 (10.48)
88.69 (10.13)

25.46(3.72)

480 (36.2)
545 (41.1)

300 (22.6)

1,246 (94.0)
55(4.2)
24(1.8)

1,279 (96.5)
30(23)
16(1.2)

294(222)

1,031 (77.8)

1,052 (79.4)

273 (20.6)

1,299 (98.0)

26(2.0)

1,321 (99.7)
4(03)
148.70 (23.36)
8477 (11.94)
580 (1.73)
479 (1.13)
177 (1.06)
59.07 (11.80)
21(8)

482(1.34)

235(17.7)
305 (23.0)
340 (25.7)

445 (33.6)

Total
2,346 (100.0)

64.35 (7.58)

1,288 (549)
1,058 (45.1)

472 (3.52)

516 (22.4)
1,090 (47.4)
561 (24.4)
133(538)
160.63 (8.01)
65.08 (11.40)
88.92(10.18)

2514 (3.63)

927 (39.5)
937 (39.9)

482 (20.5)

1511 (64.4)
564 (24.0)
271(11.6)

1,651 (70.4)
565 (24.1)

130(5.5)

548 (23.4)

1798 (76.6)

1926 (82.1)

420 (17.9)

2,295 (97.8)

51(2.2)

2339 (99.7)
7(03)
14866 (23.10)
85.90 (11.86)
572 (1.65)
4.64(1.12)
1.69 (1.16)
67.00(22.19)
230)

450 (1.32)

586 (25.0)
588 (25.1)
585 (24.9)

587 (25.0)

Table includes the total study population (1 = 2,346), including participants with missing educational data. * indicates missing values, in which 46 cases are missing in education years and
education groups, 14 cases are missing in FBG, 10 cases are missing in TG and 11 cases are missing in TC. There were 18 cases of SBP deletion, 19 cases of DBP deletion and 336 cases of
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Gender, n (%)
Man
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Age, years old
Age group, n (%)
<65 years old
265 years old
Height, cm
Weight, kg
Waist circumference, cm
BMI, kg/m?
BMI grouping, n (%)
Normal or underweight
Overweight
Obesity
Smoking history, 1 (%)
Never smoking
Current smoking
Ever smoking
Drinking history, 7 (%)
Never drinking
Current drinking
Ever drinking
Hypertension, 1 (%)
No
Yes
Diabetes, 7 (%)
No
Yes
History of angina pectoris, (%)
No
Yes
History of myocardial infarction, 1 (%)
No
Yes
Systolic blood pressure SBP, mmHg*
Diastolic pressure DBE, mmHg*
Fasting blood glucose FBG, mmol/L*
Total cholesterol TC, mmol/L*
Triglyceride TG, mmol/L*
Creatinine, pmol/L*
BRI
Quarter of BRI
Q
Q
@
Qi

* indicates missing values,including FBG missing in 14 cases, TG missing in 10 cases and TC missingin 11 cases. There were 18 cases of SBP deletion, 19 cases of DBP deltion and 336 cases

of creatinine deletion.
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Characteristics Reference B OR (95%Cl)
Gender Man

Woman 0.464 159 (1.12-2.25) 0.009
Age, years old <65 years old

265 years old 0719 205 (1.69-250) <0001
BMI grouping Normal or underweight

Overweight ~0.199 0,82 (0.63-1.06) 0135

Obesity ~0.455 0.64(0.43-094) 0022
Hypertension No

Yes 0.368 145 (1.13-1.85) 0.004
Diabetes No

Yes 0,095 110 (0.86-1.42) 0459
Smoking history Never smoking

Current smoking ~0251 0.78 (055-1.11) 0164

Ever smoking ~0250 0.78 (052-1.17) 0230
Drinking history Never drinking

Current drinking 0011 101 (0.72-1.42) 0948

Ever drinking 0.126 113 (0.70-1.85) 0611
History of angina pecto No

Yes 0.102 111 (0.59-2.10) 0754
History of myocardial infarction No

Yes 0.634 1.89 (0.34-10.38) 0.466
Total cholesterol TC, mmol/L. ~0.019 0.98 (0.89-1.08) 0700
Triglyceride TG, mmol/L ~0.012 0.99(0.90-1.08) 0797
Creatinine, pmol/L. ~0.003 1,00 (0.99-1.00) 0334
BRI 0,039 1.04(093-1.17) 0509

(1) The adjusted factors are age,sex, BMJ, hypertension, diabetes, smoking history; drinking history, angina pectoris and myocardial infarction history; TG, TCand creatinine. (2) The missing
values annotated in Table 2 were excluded from the multifactor analysis.
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0.99[0.98-0.99)

0.99(0.99-0.99)
0.98(0.98-0.99)

0.99[0.99-0.99)
0.98[0.98-0.99)

0.99(0.98-0.99]
0.98(0.97-0.99]

0.98(0.97-0.99)
0.99(0.99-0.99)
0.99(0.99-1.00]

0.98(0.98-0.99)
0.99(0.98-1.00]

0.99(0.98-1.00)
0.99(0.98-1.00]
0.99(0.98-1.00]

0.99(0.98-1.00)
0.99(0.98-0.99)
0.98(0.98-0.99)

0.99(0.98-0.99)
0.980.98-0.99)

1.00 [0.99-1.00]
0.98 [0.98-0.99]

Pinterscion

<0.001

0.016

0.002

<0.001

0.197

0.369

0.049

0.241

<0.001

5 OR (95% CI)

Overall 0.99(0.99-0.99]
Sex

Male 0.99(0.99-1.00]

Female 0.98(0.98-0.99)
Age

<60 0.99[0.99-0.99)

260 0.99(0.98-0.99]
Marrital

Married 0.99(0.99-0.99)

Others 0.98(0.97-0.99)
Education

literate 0.98(0.98-0.99)

Middle school o below
High school or above

0.99[0.99-0.99)
0.99(0.99-1.00]

Residence
Rural 0.99[0.99-0.99]
Urban 0.99[0.99-1.00]

Yearly expenditure

Low 0.99[0.99-1.00]

Medium 0.99(0.98-0.99]
High 0.99(0.98-0.99)
BMI
Underweight 1.00 (0.99-1.01]
Normal weight 0.99[0.99-0.99)
Overweight or obesity 0.99(0.98-0.99]
Smoking
Yes 0.99(0.99-0.99)
No 0.99(0.99-0.99)
Drinking
Yes 1.00 [0.99-1.00]
No 0.99(0.98-0.99]

Pinarsction

0.029

0.079

0.005

0.030

0.485

0.257

0.035

0.714

<0.001





OPS/images/fpubh-12-1493533/fpubh-12-1493533-g005.jpg
A

Overall
Sex
Male
Female
Age
<60
260
Marrital
Married
Others
Education
lliterate
Middle school or below
High school or above
Residence
Rural
Urban
Yearly expenditure
Low
Medium
High
BMI
Underweight
Normal weight
Overweight or obesity
Smoking
Yes
No
Drinking
Yes
No

OR (95% CI)
0.99[0.99-1.00]

1,00 [0.99-1.00]
0.99[0.98-0.99]

0.99[0.98, 0.99]
1.00[0.99, 1.01]

0.99[0.99-1.00]
1.00 (0.98-1.02]

0.99(0.98-1.00]
0.99[0.98-1.00]
1.00 (0.99-1.01]

0.99[0.98-1.00]
0.99[0.98-1.00]

0.99[0.98-1.00]
0.98[0.98-0.99]
0.99[0.99-1.00]

0.98[0.96-1.00]
0.99[0.99-1.00]
0.99[0.98-1.00]

1,00 (0.99-1.01]
0.99[0.98-0.99]

0.99(0.98-1.00]
0.99(0.98-1.00]

Pinorscion

0.040

0.100

0.307

0.586

0671

0.102

0.389

0.016

0.779

B

Overall
Sex
Male
Female
Age
<60
260
Marrital
Married
Others
Education
literate
Middle school or below
High school or above
Residence
Rural
Urban
Yearly expenditure
Low
Medium
High
BMI
Underweight
Normal weight
Overweight or obesity
Smoking
Yes
No
Drinking
Yes
No

LJFLJ“ALJ

LIALLLIU}

OR (95% CI)
0.99[0.99-1.00]

1.00 [0.99-1.00]
0.99[0.98-1.00]

0.99[0.98-0.99]
1.00[0.99-1.01)

0.99(0.99-1.00]
1.00 [0.981.02]

0.99[0.98-1.00]
0.99[0.99-1.00]
1.00[0.98-1.01]

0.99 [0.99-1.00]
0.99[0.98-1.00]

1.00[0.99-1.00]
0.99[0.98-0.99]
1.00[0.99-1.00]

0.98(0.97-1.00]
0.99[0.99-1.00]
0.99[0.99-1.00]

1.00[0.99-1.01)
0.99[0.98-0.99]

0.99(0.98-1.00]
0.99[0.99-1.00]

Pineracion

0.071

0.140

0318

0.704

0698

0.240

0712

0.012

0.667





OPS/images/fpubh-12-1493533/crossmark.jpg
©

2

i

|





OPS/images/fpubh-12-1493533/fpubh-12-1493533-g001.jpg
Atotal of 17,708 paricipants
in CHARLS 2011

Exclude: paritcipants < 45

Atotal of 17,708 paricipants
in CHARLS 2011

Exclude: paritcipants < 45

17,314 paricipants
aged 245

Exclude: participants without
night/total sleep duration

17,314 paricipants

aged 245

Exclude: participants without
nighttotal sleep duration
information

information
15,752 participants (night) 15,752 participants (night)
15,725 participants (total) 15,725 participants (total)
Exclude: participants
without Fl information
13,854 participants (night) 6,237 participants (night)

13,836 participants (total)

Exclude: participants without
other covariates information

Exclude: participants without
frailty in 2011 and with
complete Fl data in 2018

6,231 participants (total)

—

Exclude: participants without
other covariates information

10,258 participants (night)
10,250 participants (total)

Cross-sectional sample
form 2011

4,770 participants (night)
4,768 participants (total)

Longitudinal analytical sample






OPS/images/fpubh-12-1493533/fpubh-12-1493533-g002.jpg
OR (95% CI)

75

S

25

P-overall < 0.0001
P-non-iinear < 0.0001

OR (95% CI)

-

°

P-overall < 0.0001
P-non-iinear < 0,0001

25

50 75

Night sleep duration

100

125

5

10

Total sleep duration





OPS/images/fpubh-12-1493533/fpubh-12-1493533-g003.jpg
OR (85% CI)

P-overall < 0.0001
P-non-linear < 0.0361

OR (85% Cl)

P-overall < 0.0001
P-non-linear < 0,0006

25

50 75 100 125

Night sleep duration

5 10

Total sleep duration





OPS/images/fnagi-16-1491120/fnagi-16-1491120-g003.jpg
Subgroup
Overall

Crude

Adjusted

‘Gender group

Female

Male

Age group

<60

Marital Status

Married

Unmaried

BMI group

<askgmz

=25gim2

MCI at baseline

Yes

No.

Frailty at baseline

Yes

Variable

mild pain
moderate pain
severe pain
mild pain
moderate pain

severe pain

mid pain
moderate pain
severe pain
mid pain
moderate pain

severe pain

mid pain
moderate pain
severe pain
mid pain
moderate pain

severe pain

mid pain
moderate pain
severe pain
mid pain
moderate pain

severe pain

mid pan
moderate pain
severe pain
i pain
moderae pain

severe pain

mid pain
moderate pain
severe pain
mid pain
moderate pain

severe pain

mid pain
moderae pain
severe pain
mid pain
moderae pain

severe pain

Total

m
w75
EY
m
w75
EY

150

o

22

100

135

136

149

152

199

100

185

381

188
215
an

100

"

Event (%) OR (95%C))

20(9)
3503
59(15.2)
20(9)
3503
59(15.2)

150107)
w2
90194
sen
200
008

)
e

P
028
e

25 (16.4)

769
5163
8 19)
a0m)
408
39

o2
)
38169
a8
Hen

2011

69
7162
350109)
)
s(2)

2(383)

56
264
9019
stan
1202)

20(18)

587(351~0.8)
6.1(4.029.25)

1063 (7.42-15.21)
315 (1,68~

.92)
203 (1.44-362)
514 (3.12-8.48)

0868

324 (1.59-6.64)
223(12-4.14)

604 (3.6-105)

285 072-113)

166(031-881)

20109103

048
462(1.96~1094)

302 (1:38-851)

798 4.12-15.48)

203(077-531)

119 (049-289)

303 (136-6.75)

0.495

32016-637)

-
-
-
—_—
-
-
—.-—
—.—
—.—
—
—
———
——
——
—.—
-
——
——
—.—
221(1.19-4.11) ——
as2@7783) —.—
385071-2075) ——
182(031-108) ——
1315 (325~63.14) ——
0691
299(1.45-6.19) o
192(094-392) —.—
583(323-1054) —-—
as2(1.151627) —
218(081-589) —a—
352(1.36-9.11) ——
0.606
2841.26-647) —.—
28 (144-5.40) [
535(288-9.95) —.—
392(152+11.65) ——
084025357 Mt
442 1721130) pom

359(18+7.16) —.—
212(1.08-4.18) —.—

585 (3:311035) —_—
088(019-508
074(0228) —

118 (033-4.17) —
——T
025 1020 40 80160320
Effect(95%C1)






OPS/images/fnagi-16-1491120/fnagi-16-1491120-t001.jpg
Variables Non-pain Pain (n = 4,540) p-value

(1=97%5) " \id(n=1166) Moderate (n=1651) Severe (n =1723)
Gender, n (%) <0.001
Female 4624 (47.5) 682 (58.5) 1,032 (62.5) 1072 (623)
Male 5,113 (52.5) 484 (41.5) 618 (37.5) 650 (37.7)
Age,M£5D 591498 592493 596493 603496 <0001
Marital, n (%) <0.001
Married 8,604 (88.3) 1,010 (86.6) 1411 (85.5) 1478 (85.8)
Unmarried 1,141 (11.7) 156 (13.4) 240 14.5) 215(14.2)
Education, n (%) <0001
literate 2307 (237) 339 (29.1) 526(31.9) 647 (37.6)
Primary school 3667 (37.6) 526 (45.1) 706 (42.8) 751 (43.6)
Middle/high school 3437 (35.3) 288 (24.7) 400 (24.2) 315(18.3)
Junior college or above 329 (34) 13011 19(1.2) 10(0.6)
Ever/current drink, n (%) <0001
No 6330 (65) 793 (68) 1,198 (72.6) 1,258 (73)
Yes 3415 (35) 373(32) 453 (27.4) 465 (27)
Ever/current smoke, n (%) <0001
No 5,692 (58.4) 727 (62.3) 1,095 (66.3) L111(64.5)
Yes 4,052 (41.6) 439 (37.7) 556 (33.7) 612(35.5)
Insurance, n (%) 0016
No 589 (6) 98 (8.4) 112(68) 110(6.4)
Yes 9,156 (94) 1,068 (91.6) 1,539.(93.2) 1613 (93.6)
Poor sleep quality, n (%) <0001
Mostorall of the time 1337 (137) 297 (25.5) 492(299) 628(36.7)
Occasionally or a moderate amount of 1215 (125) 212(182) 361 (21.9) 348 (20.3)
the time
Rarely or none of the time 5562 (57.2) 455 (39.1) 500 (30.3) 490 (28.6)
Some or a lttle of the time 1617 (16.6) 199 (17.1) 295(17.9) 247 (14.4)
Life-satisfy, n (%) <0.001
Poor 1,038 (10.7) 112(96) 224(136) 327 19)
Fair 6,568 (67.4) 821 (70.4) 1,198 (72.6) 1,127 (65.4)
Good 2139 (21.9) 233 20) 229(139) 269(15.6)
CESD, M £ 5D 66453 101262 121465 138268 <0.001
BMI, M SD 2538 233438 24438 23439 0172
‘Waist circumference, M  SD 8164123 8134129 8384128 8394129 0.065
Nighttime sleep duration, M + SD 66417 62£20 59420 57+22 <0001
cognition, M £ SD 109443 99442 96442 86443 <0001
Frailty, n (%) <0001
No 8,806 (90.4) 897 (76.9) 1,047 (63.4) 904 (52.5)
Yes 939(9.6) 269 (23.1) 604 (36.6) 819(47.5)
MCI n (%) <0.001
No 8322 (854) 946 (81.1) 1,302 (78.9) 1,202 (69.8)
Yes 1423 (146) 220 (18.9) 349 (21.1) 521(302)
Frailty + MCI, n (%) <0.001
No 9,521 (97.7) 1,091 (93.6) 1,482 (89.8) 1421 (825)
Yes 224(23) 75 (6.4) 169 (10.2) 302 (17.5)
FI, median (IQR) 20(1.0,40) 40(20,60) 50(30,80) 60(40,90) <0001

BMI, body mass index; CESD, Center for Epidemiologic Studies Depression; M+ SD, mean + standard deviation; MCI, Mild Cognitive Impairment; FI, Frailty Indes,
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Model

Modell Model2 Model3 Model4
OR(95%CI)  p-value OR(95%CI) P-value OR(95%Cl) P-value OR(95%Cl) P-value
Non-pain 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Mild 292(223~382) <0.001 269 (205~ 3.53) <0.001 294(217~397) <0.001 253 (1.81~3.53) <0.001
Moderate 4.85 (394~ 5.96) <0001 424(3.44~524) <0.001 416 (325~ 5.33) <0.001 278 (21~ 3.68) <0.001
Severe 9.03 (753 ~ 10.83) <0.001 8.03 (667~ 9.67) <0.001 808 (651~ 10.02) <0.001 4,68 (3,63~ 6.03) <0.001

Model 1: No adjustment; Model 2: Adjusted for age, gender, and marital status; Model 3: Model 2 + BMI, waist, education, ever/current smoke, ever/current alcohol, insurance; Model 4: Model
3 + Nighttime sleep duration, poor sleep quality life-satisfy and CESD score.
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Model

Modell Model2 Model3 Model4
OR (95% CI) P-value OR(95%Cl) P-value OR(95%Cl)  P-value OR(95%CI) P-value
Non-pain 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Mild 587 (351 ~9.8) <0.001 5.03 (298 ~8.5) <0.001 457 (257~ 8.14) <0.001 3.15(1.68 ~ 5.92) <0.001
Moderate 6.1(4.02~9.25) <0001 429(278 ~661) <0.001 3.87(2.39 ~6.26) <0.001 203 (114~ 362) 0016
Severe 1063 (7.42 ~ 15.21) <0.001 897 (619~ 13) <0.001 89 (5.84 ~13.55) <0.001 5.14(3.12~8.48) <0.001

Model 1: No adjustment; Model 2: Adjusted for age, gender, and marital status; Model 3: Model 2 + BMI, waist, education, ever/current smoke, ever/current alcohol, insurance; Model 4: Model
3 + Nighttime sleep duration, poor sleep quality life-satisfy and CESD score.
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Tertile 2

eGDR (mg/kg/min) <7.80 7.80-10.75 >10.75

N 2,912 2912 2,910

Sex, 1 (%) 1,284 (44.1) 1,315 (45.2) 1,457 (50.1) <0.001
Age (years) 60 [54, 67] 58 [51, 64] 57 [51, 63] <0.001
Married or cohabiting, # (%) 2,519 (86.5) 2,586 (88.8) 2,616 (89.9) <0.001
Educational, n (%) * 0.005
Elementary school or below 2,082 (71.5) 1,989 (68.3) 2,055 (70.6)

Secondary school 783 (26.9) 895 (30.7) 816 (28.1)

College and above 47 (1.6) 28 (1.0) 38(1.3)

Rural, 11 (%) 1,753 (60.2) 1,904 (65.4) 2,102 (72.2) <0.001
Smoking, 7 (%) * 1,057 (36.3) 1,109 (38.1) 1,256 (43.2) <0.001
Drinking, (%) 657 (22.6) 747 (25.7) 793 (27.3) <0.001
Hypertension, 1 (%) 2,876 (98.8) 718 (24.7) 10 (0.3) <0.001
Dyslipidemia, n (%) * 1,615 (55.6) 1,268 (43.6) 826 (28.4) <0.001
Diabetes, 1 (%) 668 (22.9) 447 (15.4) 187 (6.4) <0.001
Heart disease, n (%) * 501 (17.3) 285 (9.8) 221 (7.6) <0.001
Stroke, 1 (%)* 101 (3.5) 38(1.3) 23(0.8) <0.001
BMI (kg/mz) L 25.28 [23.08, 27.81] 23.97 [21.63, 26.22] 20.99 [19.49, 22.51] <0.001
Waist (cm) 91.00 [86.00, 97.50] $8.00 [81.00, 93.00] 77.50 [73.40, 81.00] <0.001
HBAIc (%) 5.20 [4.90, 5.60] 5.20 [4.90, 5.50] 5.00 [4.80, 5.30] <0.001
CRP (mg/L) * 1.37 [0.73, 2.73] 1.03 [0.58, 2.09] 0.75[0.44, 1.58] <0.001
Hemoglobin (g/dL)? 14.50 [13.30, 15.80] 14.30 [13.10, 15.60] 14.00 [12.80, 15.20] <0.001
eGDR (mg/kg/min) 6.64 [5.99, 7.20] 9.82 [8.74,10.36] 11.39 [11.06, 11.78] <0.001
Cognitive function 11.50 [8.00, 14.00] 11.50 [8.00, 14.00] 11.00 [7.50, 14.00] 0.161

Data are shown as medians [interquartile ranges] or numbers (percentages). eGDR, estimated glucose disposal rate; BMI, body mass index; HbAlc, hemoglobin Alc; CRP, C-reactive protein.
“There were 1, 1, 17, 18, 38, 51, 118, and 175 participants who missed the measurement of educational, smoking, stroke, dyslipidemia, heart disease, BMI, CRP, and hemoglobin
measurements, respectively.
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eGDR(mg/kg/min) = 21.158 — (0.09 x WC)-
(3.407 x hypertension) — (0.551 x HbAlc),
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17705 CHARLS established in 2011

—>

8510 Participants excluded:
393 Age < 45 or missing age data at baseline
454 With Memory-related disorders
282 With Mood or mental disorders
7292 Missing data on eGDR calculation components
89 Incomplete baseline cognitive data

Y

9195 Participants enrolled at baseline

—>

461 Excluded due to missing cognitive data in all
follow-ups

Y

8734 Participants included in this study

4056 Males 4678 Females
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Overall Short sleep Normal sleep Long sleep

duration duration duration

n 4770 1,181 3,251 338

Sex (%) Male 2,295 (48.1) 522 (44.2) 1611 (49.6) 162 (47.9) 0.007
Female 2475 (51.9) 659 (55.8) 1,640 (50.4) 176 (52.1)

Age mean (SD) 56.1(76) 57.5(77) 556(7.5) 55.5(7.8) <0.001

) <60 3,294 (69.1) 747 (63.3) 2311 (711) 236(69.8) <0.001
260 1,476 (30.9) 434(367) 940 (28.9) 102(302)

Education level (%) Tliterate 925 (194) 291(24.6) 553 (17.0) 81(24.0) <0.001
Middle school or below 3,154 (6.1) 786 (66.6) 2,149 (66.1) 219(64.8)
High school or above: 691 (14.5) 104 (8.8) 549 (16.9) 38(11.2)

Marital status (%) Ma 4426 928) 1,076 (91.1) 3,035 (93.4) 315(932) 0.036
Others 344(72) 105 (8.9) 216 (66) 23(68)

Residence status (%) Rural 3,845 (80.6) 1,009 (85.4) 2,549 (78.4) 287 (84.9) <0.001
Urban 925 (19.4) 172(146) 702 (21.6) 51(15.1)

Yearly expenditure (%) Low 1351 (28.3) 352(29.8) 886 (27.3) 113 (33.4) 0.01
Medium 1,745 (36.6) 440 (37.3) 1,177 (36.2) 128 (37.9)
High 1,674 (35.1) 389 (32.9) 1,188 (36.5) 97(28.7)

BMI (%) Underweight 230 (4.8) 92(7.8) 121(37) 17(5.0) <0.001
Normal weight 2,462 (51.6) 639 (54.1) 1,649 (50.7) 174 (51.5)
Overweight or obesity 2078 (43.6) 450 (38.1) 1,481 (45.6) 147 (43.5)

Waist (mean (SD)) 5.5 (10.0) 845 (100) 85.9(10.0) 85.6(9.5) <0.001

Smoking (%) Yes 1,874 (39.3) 447 (37.8) 1,299 (40.0) 128 (37.9) 0383
No 2,896 (60.7) 734 (62.2) 1,952 (60.0) 210(621)

Drinking (%) Yes 1,688 (35.4) 386 (32.7) 1,194 (36.7) 108 (32.0) 0.018
No 3,082 (64.6) 795 (67.3) 2,057 (63.3) 230(68.0)

FI (mean (SD)) 124 (89) 14.6 (94) 116(8.6) 116 (3.4) <0.001

Frailty (%) Frailty 464(9.7) 166 (14.1) 269 (8.3) 29(86) <0.001
Pre-frailty 2,054 (43.1) 576 (48.8) 1351 (41.6) 127 (37.6)

Robust 2252(47.2) 439 (37.2) 1631 (50.2) 182 (53.8)
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Model 1

Frailty

Model 2

Frailty

Model 3

Frailty

Night sleep duration
Normal

Short

Long

p for trend

Total sleep duration
Normal

Short

Long

p for trend

~1.04 0.05)***
Ref
465 (0.19)4+*
144 (032) #**
p<0.001
~0.83 (0.04)%*
Ref
494 (0217
042(0.22)

p<0.001

0.98 (0.98, 0.98]***
Ref

1.09 [1.07, 1.10]*#**

1.03 [1.01, 1.05]#**

<0001

099 [0.98,0.99]**
Ref

110 [1.08, L11]***

1.02[1.00, 1.03]*

p<0.001

~081 (0.04)%%
Ref
350 (0.18)***
0,63 (030)*
<0001
~0.63 (0.04)***
Ref
366 (0.20)+*
0.10(0.20)
p<0.001

0.99 [0.98, 0.99]+%
Ref
1,06 [1.05, 107+
1.02[1.00,1.04]
P <0001
099 [0.99,099] %+
Ref
1.07 (106, 1.08)+*
101 [1.00, 1.02]

p<0.001

~0.83 (0.04)+%
Ref
359 (0.18)+*
0.67(030)*
<0001
~0.66 (0.04)*
Ref
3740207
0.01(0.20)
p<0.001

0.99(0.98, 0.99]#**
Ref
1.06 [1.05, 1.08]#**
1.02 (100, 1.04]
<0001
099 0.99,0.99]**
Ref
1.07 [1.06, 1.08]***
1.01[0.99, 1.02)
p<0.001

Model 1 was crude modiel. Model 2 was adjusted for age, gender, education level, location and marital status. Model 3 was adjusted for age, gender, education level,location, marital status,
BMI, waist, smoking status and drinking status. The p-value for the rend was computed over a range spanning from short to long sleep duration. n = night sleep duration number or (/) total
sleep duration number. The data are presented as f (SE) or OR [95% CI]. FI, frailty index. *p < 0.05, **p < 0.01, **%p < 0.001.
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Model 1

Frailty

Model 2

Frailty

Model 3

Frailty

Night sleep duration
Normal
Short
Long
p for trend
Total sleep duration
Normal
Short
Long

p for trend

~0.75 (0.07)%**
Ref
3.00 (030)**
~0.03 (0.50)
Pp<0.001
~0.62(0.07)**
Ref
2.91(033)%**
~053(0.32)
Pp<0.001

0.9 [0.98, 0.99]
Ref
106 [1.04, 1.08]*+*
100 (097, 1.04]
P <0001
099 (0.99,0.99]
Ref
1.05 [1.03, 1.08]
0.99(097,1.01]
Pp<0.001

~0.57 (0.07)%+*
Ref
222(029)***
~0.22(048)
P <0001
~0.43 (0.06)***
Ref
203 (032) ***
~036 (0.31)
p<0.001

0.9 [0.99, 1.00]
Ref
104 [1.02, 1.06]*+*
100 0.97, 1.03]
P <0001
099 (0.99, 100}
Ref
104 (101, 1.06)*
099 (0.97,1.01]
pe0.01

~0.59 (0.07)%**
Ref
234 (029)***
~0.22(0.48)
P <0001
=047 (0.06)***
Ref
221 (032)%**
—0.43 (0.30)
p<0.001

0.9 [0.99, 1.00] %
Ref
105 [1.03, 1.07]*#*
1.00 (097, 1.03]
p<0.001
0.99(0.99, 1.00]*+*
Ref
1.04 [1.02, 1.06]***
099 (0.97, 1.01]
p<0.001

Model 1 was crude modiel. Model 2 was adjusted for age, gender, education level, location and marital status. Model 3 was adjusted for age, gender, education level,location, marital status,
BMI, waist, smoking status and drinking status. The p-value for the rend was computed over a range spanning from short to long sleep duration. n = night sleep duration number or (/) total
slecp duration number. The data are presented as 3 (SE) or OR [95% CI]. FI, frailty index. * p < 0.05, #* p < 0.01, ** p < 0.001
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Overall Short sleep Normal sleep Long sleep

duration duration duration

n 10,258 299 6,456 803

Sex (%) Male 4,999 (48.7) 1,312(43.7) 3,314 (51.3) 373 (46.5) <0.001
Female 5,259 (51.3) 1,687 (56.3) 3,142 (48.7) 430(53.5)

Age (mean (SD)) 59.1(93) 609 (9.4) 582(9.1) 598 (10.1) <0001

(%) <60 5,738 (55.9) 1,427 (47.6) 3,872 (60.0) 439 (54.7) <0.001
260 4,520 (44.1) 1,572 (52.4) 2,584 (40.0) 364 (45.3)

Education level (%) Tlliterate 2,706 (26.4) 997 (33.2) 1,440 (22.3) 269 (33.5) <0.001
Middle school or below 6376(622) 1,810 (60.4) 4096 (63.4) 470(58.5)
High school or above 1176 (11.5) 192(6.4) 920 (14.3) 64(3.0)

Marital status (%) Married 9,053 (88.3) 2,527 (84.3) 5,838 (90.4) 688 (85.7) <0.001
Others 1,205 (11.7) 472157) 618 (96) 115 (143)

Residence status (%) Rural 8,255 (80.5) 2,536 (84.6) 5,019 (77.7) 700 (87.2) <0.001
Urban 2,003 (19.5) 463 (15.4) 1437 (22.3) 103 (12.8)

Yearly expenditure Low 3,388 (33.0) 1,058 (35.3) 2,021 (31.3) 309 (38.5) <0.001

%) Medium 3,567 (34.8) 1,066 (35.5) 2,228 (34.5) 273 (34.0)
High 3,303 (32.2) 875(29.2) 2207 (34.2) 221(27.5)

BMI (%) Underweight 703 (6.9) 280(9.3) 351(54) 72(9.0) <0.001
Normal weight 5389 (52.5) 1,647 (549) 3305 (51.2) 437 (54.4)
Overweight or obesity 4,166 (40.6) 1,072(35.7) 2,800 (43.4) 294 (36.6)

Waist (mean (SD)) 85.3(10.3) 84.3(10.3) 85.8(10.3) 84.7(10.1) <0.001

Smoking (%) Yes 4,197 (40.9) 1,158 (38.6) 2,734 (42.3) 305 (38.0) <0.001
No 6,061 (59.1) 1,841 (61.4) 3,722(57.7) 498 (62.0)

Drinking (%) Yes 3,383 (33.0) 893(29.8) 2,251 (34.9) 239(29.8) <0.001
No 6,875 (67.0) 2,106(70.2) 4,205 (65.1) 564 (70.2)

FI (mean (SD)) 109(8.8) 14.1(9.7) 95(7.9) 10.9.(9.2) <0001

Frailty (%) Frailty 814 (7.9) 405 (13.5) 340(53) 69 (8.6) <0.001
Pre-frailty 3,837 (37.4) 1,411 (47.0) 2,141(33.2) 285(35.5)

Robust 5,607 (54.7) 1,183 (39.4) 3,975 (61.6) 449 (55.9)





OPS/images/fnagi-17-1525626/fnagi-17-1525626-g009.gif
Top 5 Keywords with the Strongest Citation Bursts

Koywords
sl domentn

Vsl cogine mpsinment
ating e

popuiton

St ngiopethy

Yoar
21
02
20
2013

Suengin
T6e
146
13
18

Begin
212
2
2
208
2021

g
]
201
07
20

20m1- 202

|





OPS/images/fnagi-17-1525626/fnagi-17-1525626-g008.gif
Top 25 Kepords vt th Suonges itaion Sursts






OPS/images/fnagi-17-1525626/fnagi-17-1525626-g007.gif





OPS/images/fnagi-17-1525626/fnagi-17-1525626-g006.gif





OPS/images/fnagi-17-1525626/fnagi-17-1525626-g005.gif
H
i

SREELEEERRE






OPS/images/fnagi-17-1525626/fnagi-17-1525626-g004.gif





OPS/images/fnagi-17-1525626/fnagi-17-1525626-g003.gif





OPS/images/fnagi-17-1525626/fnagi-17-1525626-g002.gif
(% )uogyqnd w101 o %,

T

jand o soquiny.

Years

wopwaqnd jo 1pquiny

S

B

e

Years





OPS/images/fnagi-17-1525626/fnagi-17-1525626-g001.gif
Ui g o e o
a0 SCLE o b WoSCC

1

1750 s

Vi 1983 it

i
e
s
1
[rrr——
S
s

ot ] | [commriomes ] [emors

s | | [irons
P ToummhaiCo
ey it joumas






OPS/images/fnagi-17-1525626/fnagi-17-1525626-t001.jpg
Centrality

1 Pendlebury ST 2010 525 0 Cordonnier C 2011 31 0.31
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3 Folstein MF 2010 249 0.03 Allan Lm 2012 54 0.26
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Influencing factors

Age

Sex

Living with children

Family income per month, ¥
<2000
2000-4,000
4,000-6,000
26,000

Source of income
Acquiring from children
Retirement income
Labor income

Education level

Tliteracy
Primary school and below
Junior high school
Senior high school
College and above

‘Type of insurance
Rural medical service
Urban medical service

Other medical service

Place of re:
Villages
Counties or towns
Small or middle-sized cities
Large-sized cities

Cardiovascular or cerebrovascular

diseases
Hypertension
Coronary heart disease
Diabetes
“Type of medication
None
1
2
3
>4

Annual physical examination for the last

10 years
Weekly social activities, days
Never
13
a6
Every day
Weekly exercise, days
Never
13
46
Every day
Support from family
Care from family or friends
Hearing
Vision
Walking
Anxiety
None
Mild
Moderate
Moderate-severe
Severe
Depression
None
Mild
Moderate
Moderate-severe
Severe
Physical function impairment

OR = odds ratio, 95% C1 = 95% confidence interval.
*p<0.05, *#p <001

p (SE)
0.02(0.01)
0.10 (0.07)
~0.06 (0.08)

as ref
—0.24(0.10)
—0.65(0.12)

—0.73 (0.12)

asref
—0.08 (0.09)

=001 (0.14)

as ref
0.56 (0.12)
245(0.13)
217(0.14)

1.99 (0.21)

as ref
—0.21(0.09)

~0.14(0.15)

as ref
0.09 (0.11)
0.41(0.12)

0.53 (0.10)
0.19(0.13)

0.06 (0.10)
023 (0.11)

0.13(0.10)

as ref
0.01(0.12)

—0.45 (0.13)

—0.48 (0.15)

—0.58 (0.15)

0.21(0.08)

as ref
~0.28 (0.09)
~0.27(0.19)

—0.32 (0.10)

as ref
0.12(0.10)
0.32(0.18)
0.14(0.10)
0.1 (0.08)
—0.36 (0.10)
0.21(0.08)
0.16 (0.08)
0.51(0.09)

as ref
-006(0.11)
-024(0.23)
0.57 (0:30)
1.16 (0.58)

as ref
0.56 (0.12)
0.93 (0.19)
1.34(0.28)
1.81 (0.48)

0.58 (0.09)

The staistically significant variables are highlighted as bold values.

Adjusted OR (95%Cl)
1.02 (1.01-1.03)
111 (0.96-1.28)

0.94 (0.80-1.10)

0.78 (0.64-0.96)
0.52 (0.41-0.67)
0.48 (0.38-0.61)

0.92(0.76-1.11)

100 (0.76-1.30)

1.75 (1.39-2.20)
1161 (8.97-15.03)
8.72(657-1157)

733 (4.82-11.14)

0.81(0.68-0.97)

0.87 (0.65-1.17)

110 (0.88-1.37)
1,50 (1.20-1.89)

1.71(1.40-2.08)
121(093-157)

107 (0.87-1.30)
1.26 (1.02-1.55)

114 (093-1.39)

101 (0.80-1.27)
0.64 (0.49-0.82)
0.62 (0.46-0.83)

0.56 (0.42-0.76)

1.24(1.06-1.45)

0.76 (0.63-0.91)
0.7 (0.53-1.10)

0.73 (0.60-0.89)

113 (093-1.38)
138 (0.96-1.98)
115 (095-1.41)
0.90 (0.77-1.05)
0.70 (0.57-0.85)
1.24 (1.05-1.46)
117 (0.99-1.36)

1.67 (1.38-2.02)

0.94(0.76-1.17)
0.79(0.51-1.23)
176 (098-3.17)

3.17(1.02-9.83)

175 (1.39-2.19)
2.54(1.75-3.68)
3.80 (2.18-6.64)
6.08(2.38-15.57)

1.79 (1.49-2.16)

p value
0.001%
0159

0458

0.016%
<0.001+

<0.001+

0381

0975

<0.001++
<0.001+*
<0.001+*

<0.001++

0.023%

0358

0414
<0.001+*
<0.001+*

0156

0538
0.029%

0200

0967
0.001%*
0.0027%

<0.001+*

0.007%%

0.003%%
0152

0.002%%

0228
0078
0157
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<0.001++

0.011%
0052

<0.001+*
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Influencing factors

Age

BMI

Quantity of children

Sex

Region
Other cities in Guangdong
Guangzhou or Shenzhen
Other provinces or cities

Living with children

Fan

ly income per month, ¥
<2000
2000-4,000
4,000-6,000
>6,000

Source of income
Acquiring from children
Retirement income
Labor income

Education level
Tlliteracy
Primary school and below
Junior high school
Senior high school
College and above

Marital status

Place of residence
Villages
Counties or towns
Small or middle-sized cities
Large-sized cities

Cardiovascular or cerebrovascular

diseases
Hypertension
Coronary heart disease
Diabetes
‘Type of medication
None
1
2
3
>4
Drinking
Never
Occasional
Always
Smoking
Never
Occasional
Always

Annual physical examination for the last

10 years

Every day
Weekly exercise, days
Never
1-3
46
Every day
Care from family or friends
Hearing
Vision
Walking
Anxiety
None
Mild
Moderate
Moderate-severe
Severe
Depression
None
Mild
Moderate
Moderate-severe
Severe
Cognitive impairment

OR = odds ratio, 95% CI = 95% confidence interval.
BMI = body mass index.
P <005, *p <001

B (SE)
0.06 (0.01)
0.03 (0.01)
0.01(0.03)

0.07(0.09)

as ref
—031(0.12)
~0.39 (0.24)

0.06 (0.09)

as ref
032(0.11)
039 (0.13)

0.09(0.13)

as ref
—0.41(0.10)
0.03(0.15)

as ref
—0.33(0.10)
—0.72(0.13)
—0.76 (0.15)
—0.51(0.24)
0.04(0.10)

as ref
0.10(0.12)
0.23(012)

0.30(0.15)
—0.16 (0.14)

0.21(0.11)
0.09 (0.11)

0.02(0.11)

asref
034 (0.13)
0.60 (0.14)
0.66 (0.16)
0.96 (0.16)

as ref
021 (0.14)

~0.03(0.14)

as ref
007 (0.13)

—027 (0.13)

—0.27 (0.08)

as ref
—0.30(0.10)
~0.01 (0.20)

—0.53 (0.11)

as ref

0.9 (0.10)
-0.12(0.19)
—0.47 (0.10)
—0.34(0.10)
0.23(0.08)

0.11(0.08)

1.84(0.08)

as ref
021 (0.11)
0.38(0.27)
~0.31(0.42)

091 (1.27)

asref
0.47 (0.12)
1.24(0.25)
1.33(0.43)
1.49 (1.02)

0.61(0.10)

ically significant variables are highlighted as bold values.

Adjusted OR (95%Cl)
206 (1.05, 1.07)
103 (1.01,1.05)
101097,1.07)

1.08(0.90, 1.29)

073 (0.57,0.93)
0.68 (0.40, 1.07)

1.06(0.90, 1.26)

1.38 (112, 1.70)
1.48 (1.16, 1.90)

110 (0.86, 1.40)

0.66 (0.5, 0.81)

1.03(0.77,138)

072 (059, 0.88)
0.49 (0.37, 0.63)
0.47 (035, 0.63)
0.60(0.38, 0.97)

1.04(0.85,1.27)

1.11(0.89, 1.39)
1.26(0.99, 1.60)

1.36 (1.01, 1.81)
0.85(0.64,1.13)

1.23 (099, 1.53)
1.09 (0.8, 1.36)

1.02(0.82,1.26)

1.41(1.10, 1.81)
1.82 (1.40,2.37)
1.93 (1.41,2.62)

2.62(1.92,3.57)

1.24(0.95, 1.63)

097 (0.74,1.26)

1.07(0.84,1.37)

0.76(0.60, 0.98)

0.76(0.65, 0.90)

074 (0.62, 0.90)
0.99(0.67, 1.45)

059 (0.48,0.73)

0.83(0.67,1.01)
0.89(0.61,1.29)
0.62(0.51,0.76)
0.71 (0.59,0.87)
126 (1.07, 1.49)
111(095,131)

629 (5.34,7.41)

1.23(0.99, 1.54)
1.46 (0.86, 2.50)
0.74(0.32,1.68)

2.48(0.21,29.81)

1.59 (1.26,2.01)
3.46 (2.13,5.62)
379 (1.64,8.74)
446 (0.60, 33.01)

1.83 (1.51,2.21)

p value
<0.001%*
0.015%
0.646

0.408

0.011%
0.097

0.488

0.003%%
0.002%%

0.467

<0.001+*

0850

0.001%%
<0.001++
<0.001++

0.036%

0705

0369
0056

0.040%
0275

0059
0424
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0.008%*
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<0.001+

<0.001+*

0117
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0585
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0.001%%
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0.001%%
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0144

<0.001+*





OPS/images/fnagi-17-1534824/fnagi-17-1534824-t002.jpg
Variables and subgroups  No disability Disability OR (95%CI)  No cognitive Cognitive OR (95%ClI)
(n = 3,514) (n =2089) Impairment  Impairment

(n = 4,225) (n=1,378)

Male 1728 (49.2) 929 (44.5) 121 (1.08, 1.35)* 1955 (463) 702 (50.9) 0.83 (0.73,0.94)**
Female 1786 (50.8) 1,160 (55.5) 2270(537) 676 (49.1)
Age, years old [Mean (Std)] 69.20 (6.10) 7505(853)  LI2(LIL 113 7097 (7.25) 72,64 (3.64) 103 (1,02, 1.04)**
BMI kg/m’ [Mean (Std)] 2292 (3.50) 2325 (3.75) 1.02(1.00, 1.03)* 2299(3.63) 2303 (3.47) 1.00(0.99,1.02)
Quantity of children [Mean (5td)] 280 (1.31) 3.24(157) 1.24 (119, 1.29)%* 299 (142) 291(1.48) 0,96 (092,1.01)
Region
Other cities in Guangdong 1935 (55.1) 1421(680) | 0.56(0.50,0.63)* 2,552 (60.4) 804 (58.4) 1.03 (093, 1.16)
Guangzhou or Shenzhen 1,486 (423) 614(29.4) 1,551 (36.7) 519.(39.8)
Other provinces or cities 93(26) 54(26) 122(29) 25(18)
Religion
Yes 273(7.8) 175 (8.4) 1.09.(089,1.32) 344 (8.1) 104 (7.6) 092073, 1.16)
No 3,241(92.2) 1914 (91.6) 3,881 (91.9) 1,274 (92.4)

Living with children
Yes 2,609 (74.3) 1,482 (70.9) 0.85 (0.75, 0.96)** 3,129 (74.1) 962 (69.8) 0.81 (0.71,0.93)**
No 905 (25.7) 607 (29.1) 1,096 (25.9) 416 (302)

Family income per month, ¥

<2000 672(19.1) 436 (20.9) 0.88 (0.84,0.93)** 815 (19.3) 293 (21.3) 0.91 (0.86,0.96)**
2000-4,000 1,203 (342) 802 (38.4) 1,481 (35.1) 524 (38.0)
4,000-6,000 721 (20.5) 445 (21.3) 893 21.1) 273 (19.8)
56,000 918 (26.2) 406 (19.4) 1,036 (245) 288 (20.9)

Source of income

Acquiring from children 2327(66.2) 1,568 (75.1) 0.55 (0.48, 0.63)"* 2,990 (70.8) 905 (65.7) 118 (107, 1.30)**
Retirement income. 957 (27.2) 355 (16.9) 950 (22.5) 362(26.3)
Labor income 230 (66) 166 (8.00) 285(6.7) 111(8.0)

Tliteracy 534(15.2) 581(27.8) 0.59(0.51,0.68)* 955 (22.6) 160 (11.6) 1,59 (150, 1.68)*
Primary school and below 1,440 (409) 916 (43.9) 1981 (46.9) 375(27.2)
Junior high school 807 (229) 318(152) 637(151) 488 (35.4)
Senior high school 604 (17.2) 207(9.9) 524 (12.4) 287(209)
College and above 129(3.8) 67(3.2) 128 (3.0) 68(4.9)
Marital status
With partner 3,043 (86.6) 1534(734) | 2.34(2.04,2.68)* 3,443 (815) 1,134 (823) 095 (081, 1.11)
No partner 471(134) 555(26.6) 782(18.5) 244(17.7)

Place of residence

Villages 1,390 (39.6) 936 (44.8) 0.86 (0.82, 0.89)"* 1827 (432) 499(36.2) 1L13.(1.07, 118)**
Counties or towns 489 (13.9) 366 (17.5) 658(15.6) 197 (143)
Small or middle-sized cities 459 (13.1) 318(15.2) 542(128) 235(17.1)
Large cities 1,176 (33.5) 469 (22.5) 1,198 (28.4) 447 (32.4)
“Type of insurance
Rural medical service 2164 (61.6) 1,288 (61.7) 099 (091,1.09) 2,691(637) 761 (55.2) 1.28 (116, 1.41)**
Urban medical service 1,115 (31.7) 665 (31.8) 1,266 (29.9) 514 (37.3)
Free medical service 235(67) 136 (65) 268 (6:4) 103 (7.5)

Cardiovascular or cerebrovascular diseases
Yes 1786 (50.8) 1484(710) | 237 (2.12,2.66)* 2,363 (55.9) 907 (65.8) 152 (134, 1.72)%*
No 1728 (49.2) 605 (29.00) 1862 (44.1) 471(342)

Hypertension

Yes 1,222 (34.8) 1,101 (52.7) 2.09(1.87,2.33)** 1,686 (39.9) 637 (46.2) 1.30 (1.15, 1.46)**
No 2,292(65.2) 988 (47.3) 2,539 (60.1) 741(53.8)

Coronary heart disease
Yes 447 (12.7) 515(24.7) 2.25(1.95,2.58)** 660 (15.6) 302(21.9) 1.52(1.30, 1.77)**
No 3,067 (87.3) 1,574 (75.3) 3,565 (84.4) 1,076 (78.1)

Diabetes
Yes 552(15.7) 508 (24.3) 1.72 (1.51, 1.97)** 757 (17.9) 303 (22.0) 129 (11

No 2,962 (84.3) 1581 (75.7) 3,468 (82.1) 1,075 (78.0)

Type of medication

None 1677 (47.7) 478(229) 154 (147, 1.60)** 1709 (40.4) 446 (324) 113 (108, 1.18)"
1 688 (19.6) 389 (18.6) 782(185) 295 (21.4)
2 599 (17.1) 194(23.7) 836 (19.80) 257(18.7)
3 282(80) 303 (14.3) 420(99) 165 (11.9)
>4 268(7.6) 425(203) 478(11.2) 215(15.6)
Drinking
Never 2774 (789) 1676(80.2)  0.85(0.78,0.93)* 3,346(792) 1,104 (80.1) 0.94(0.86,1.04)
Occasional 288 (82) 259 (124) 406(96) 141(10.2)
Always 452(129) 154(7.4) 473(112) 133(97)
Smoking
Never 2475 (704) 1505(720) 084078, 0.91)* 2,992(708) 988 (71.7) 095 (0.87,1.03)
Occasional 398(11.3) 362(17.3) 561(133) 199 (14.4)
Always 641(182) 222(107) 672(159) 191(13.9)

Annual physical examination for the last 10 years
Yes 1734 (49.4) 743 (35.6) 0.57 (0.51,0.63)** 1832(43.4) 645 (46.8) 1.15 (1.02, 1.30)*
No 1780 (50.6) 1,346 (64.4) 2,393 (56.6) 733(53.2)

Weekly social activitis, days

Never 1,143 (325) LI70(561) | 0.64(0.61,0.67)* 1,626 (38.5) 687 (49.9) 0.81(0.77,0.86)*
1-3 1,006 (28.6) 525 (25.1) 1,179 (27.9) 352(25.5)
46 146 (42) 82(3.9) 168 (4.0) 60(44)
Every day 1,219 (347) 312(149) 1,252 (29.6) 279(20.2)

Weekly exercise, days

Never 870 (24.8) 1,072(51.3) 0.61(0.59,0.64)** 1,421 (33.6) 521(378) 0.93 (0.88,0.97)**
1-3 861(24.5) 489 (23.4) 1,019 24.1) 331(24.0)
16 159 (45) 84(4.0) 176 (42) 67(4.9)
Every day 1,624 (46.2) 444 (21.3) 1,609 (38.1) 459 (33.3)

Support from family
Yes 1933 (55.0) 1,109 (53.1) 0.93(0.83, 1.03) 2,364 (55.9) 678(49.2) 0.76 (0.68, 0.86)**
No 1,581 (45.00) 980 (46.9) 1861 (44.1) 700 (50.8)

Care from family or friends

Yes 3035 (86.4) 1535(735)  0.44/(0.38,0.50)* 3,529 (83.5) 1,041 (755) 0.61(0.53,071)*
No 479(13.6) 554(26.5) 696 (16.5) 337 (24.5)
Anxiety
None 2922(83.1) 1136(544)  2.88(2.61,3.19)* 3.216(762) 842 (61.1) 173 (160, 1.88)"
526 (14.9) 719 (34.4) 859(203) 386 (28.0)
Moderate $02) 119(57) 103 (24) 59 (4.3)
Moderate-severe 21(06) 79(3.8) 39(09) 61(44)
Severe 2(02) 36(1.7) 8(02) 30(22)
Depression
None 3,066 (87.3) L139(545) 351 (3.16,3.90)** 3371(79.8) 834(60.5) 186 (172, 2.01)**
Mild 387 (11.0) 623(29.8) 674(15.9) 336 (24.4)
Moderate 4302 175 (84) 120(28) 98(7.1)
Moderate-severe 15 (0.4) 100 (4.8) 46 (1.1) 69 (5.0)
Severe 300 52(23) 14(0.4) 41(0)
Hearing
Normal 2816 (80.1) 1082(518) | 3.76(3.33,4.23)* 3,053 (723) 845 (61.3) 1.64 (145, 1.87)"*
Abnormal 698 (19.9) 1,007 (48.2) 1,172(27.7) 533 (38.7)
Vision
Normal 2593 (73.8) 1035(49.0) | 292(2.61,3.28)* 2,855 (67.6) 763 (55.4) 168 (1.48, 1.90)**
Abnormal 921 (262) 1,064 (50.9) 1,370 (32.4) 615 (44.6)
Walking
Normal 3,109 (88.5) 681(326) 15.87 (13.82, 3071 (72.7) 719(52.2) 2.44(2.15,2.77)**
18.22)%*
Abnormal 405(11.5) 1,408 (67.4) 1,154 (27.3) 659 (47.8)
Cognitive impairment
Yes 654 (18.6) 724 (34.7) 2.32(2.05,2.63)*
No 2,860 (81.4) 1,365 (65.3)
Physical function impairment
Yes 1,365 (32.3) 724 (525) 2.32(2.05,2.63)**
No 2,860 (67.7) 654 (47.5)

Data are shown by n and % except for age, BMI, and quantities of children.
OR = odds ratio, 95% CI = 95% confidence interval

BMI = body mass index.

<005, *p <001

The statistically significant variables are highlighted as bold values.
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Variables and subgroups Mean

Sex
Male 2657 474
Female 2946 526
Age, years old [Mean ($td)] 7138(7.65)
BMI, kg/m? [Mean (Std)] 23.01(3.59)
Quantity of children [Mean (5td)] 297(1.43)
Region
Other cities in Guangdong 3356 599
Guangzhou or Shenzhen 2,100 375
Other provinces or cities 147 26
Religion
Yes 448 80
No 5155 920

Living with children
Yes 4,091 730
No 1512 270

Family income per month, ¥

<2000 1,108 198
2000-4,000 2005 358
4,000-6,000 1,166 208
6,000 1324 26

Source of income

Acquiring from children 3,895 695
Retirement income 1312 24
Labor income 396 7.1

Education level

Tliteracy LIS 199
Primary school and below 2356 420
Junior high school 1125 201
Senior high school 811 145
College and above 19 35

Marital status
With partner 4577 817
No partner 1026 183

Place of residence

Villages 2326 s
Counties or towns 855 153
Small or middle-sized cities ki 139
Large-sized cities 1,645 294

Type of insurance

Rural medical service 3452 616
Urban medical service 1780 318
Free medical service 371 66

Cardiovascular or cerebrovascular diseases
Yes 3270 584
No 2333 416
Hypertension
Yes 2323 415
No 3,280 585

Coronary heart disease

Yes 962 172
No 4,641 828
Diabetes
Yes. 1,060 189
No 4543 L1

“Type of medication

None 2155 385
1 1077 192
2 1,09 195
3 585 104
>4 693 124
Drinking
Never 4450 794
Occasional 547 98
Always 606 108
Smoking
Never 3,980 710
Occasional 760 136
Always 863 154

Annual physical examination for the last 10 years
Yes 3,126 5538
No 2477 442

‘WeeKly social activities, days

Never 2,313 03
1-3 1,531 273
4-6 228 41
Every day 1531 273

Weekly exercise, days

Never 1942 347
1-3 1,350 241
4-6 243 43
Every day 2068 369

Support from family
Yes 3,042 543
No 2,561 457

Care from family or friends

Yes 4570 816
No 1,033 184
Anxiety
None 4,058 724
Mild 1,245 22
Moderate 162 29
Moderate-severe 100 18
Severe 38 07
Depression
None 4025 750
Mild 1,010 180
Moderate 28 39
Moderate-severe 115 21
Severe 55 10
Hearing
Normal 1705 304
Abnormal 3,898 696
n
Normal 3618 646
Abnormal 1985 354
Walking
Normal 379 676
Abnormal 1813 324

Physical function impairment
Yes 2089 373
No 3514 627
Cogitive impairment
Yes 1378 246
No 4225 754

Data are shown by  and % except for age, BMI, and number of children
BMI = body mass index.
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al regre ANDARD a OR va 95% a
oe e erro
High educational level —1.244 3763 3.763 0.288 0.082-1.013 0.052
Short course of disease —0.058 3.256 3.256 0.944 0.082-1.005 0.071
Short MTT —0.794 8.972 8.972 0.452 0.082-0.760 0.003
Short TTP —0.602 3.242 3.242 0.548 0.082-1.055 0.072

ACMSO, Atherosclerotic internal carotid artery and/or middle cerebral artery steno-occlusive; MTT, Mean transit time; TTP, Time to peak.
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e ota 6 a e group proved group e alue alue

0 4

Age 63 (61,65) 64.5 (62, 66.8) 63 (61, 65) —0.435¢ 0.663

Male (1, %) 29 13 (52.0%) 26 (60.5%) 1.038" 0.298

low education level 36 10 (40%) 26 (60.5%) 3.891° 0.041

Course of disease 7(3,13.5) 9.5(7.3,17.3) 6(3,12.5) —2.326° 0.020

Anterior circulation injured

Bilateral impaired 25 11 (44.0%) 14 (32.5%) 0.526° 0.468

Dominant hemisphere impaired 37 16 (64.0%) 21 (48.8%) 0.830° 0.362

Posterior circulation injured 13 4(16.0%) 9 (22.5%) 0.406° 0.524

Main clinical symptoms

Transient syncope 44 12 2

Numbness and weakness in extremities 17 6 15

Speech disorder 3 2 2

Vascular injury related factors
Hypertension 21 6(24.0%) 15 (34.9%) 1.282° 0.258
Diabetes 16 8(32.0%) 8(20.9%) 1.194° 0275
Hyperlipidemia 23 8 (32%) 15 (34.8%) 0264 0.625
Smoking 9 4(16.0%) 5 (11.6%) 0.158" 0.691
Drinking alcohol 14 6(24.0%) 8 (18.6%) 0.146" 0.703

Laboratory examination
Red blood cell count (10'/L) 46094 444079 47410 —0.118° 0.268
White blood cell count (10°/L) 9.5(7.9,11.1) 9.4(7.3,10.8) 9.5(8.2,11.3) —7.151¢ 0.475
Neutrophil count (10°/L) 72+£2.13 6.7£20 75+22 0.842° 0.1308
Serum albumin (10°/L) 434 £53 43345 43.5£58 0.002* 0.984
Blood platelet count (10°/L) 208.9 (133.6,280.4) 179.2 (1215, 276.2) 210.9 (147.3, 286.1) —0.395¢ 0.338
D-dimer (mg/L) 1711 19+ 1.1 1.6 1.01 —0.799 0.427

CTP test
CBF 333+£7.2 353465 320£75 1.806° 0.072
CBV 2.10(1.78,2.29) 211 (1.73,2.34) 2.09(1.75,2.33) —0.525 0.591
MTT 67%16 76+ 19 62+12 3.742° <0.001
TTP 43410 47409 4111 2.498° 0.015
Tmax 5.2(3.34,7.40) 5.3(4.3,6.4) 45(3.2,7.7) —0.829 0.406

T value; ®x? value; <Z value. EC-IC, Extracranial-intracranial; ACMSO, Atherosclerotic internal carotid artery and/or middle cerebral artery steno-occlusive; CBE, cerebral blood flow; CBV,
cerebral blood volume; MTT, Mean transit time; TTP, Time to peak.
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Item (score) Control Pre-bypass Post-bypass Test value

(n = 65) (n =63) (n=63)

Total MoCA (30) 20.034 20.6+3.0 228438 —14.084* <0.001
Subitems

Visual/executive (5) 3(24) 4(3.4) 4(5.4) —4.433° <0.001
Naming (3) 2(22) 2(22) 2(22) —0.577" 0.564

Attention (6) 4(34) 4(24) 4(3.5) —133° 0.184

Language (3) 2(22) 2(22) 3(23) —4.419° <0.001
Abstraction (2) 2(22) 2(22) 2(22) —1.414° 0.157

Delayed memory (5) 2(1.3) 2(22) 3(23) —2.521° 0.012

Orientation (6) 5(5.6) 5(4.6) 6(5.6) —3.741° <0001

ACMSO, Atherosclerotic internal carotid artery and/or middle cerebral artery steno-occlusive; MoCA, Montreal Cognitive Assessment; EC-IC, extracranial-intracranial. The Mann-Whitney
U test was compared to assessment scores before and after EC-IC bypass surgery. T value; Z value.
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Keywords Occurrences Average Rank Keywords Occurrences Average

citations citations

1 Cerebral small vessel disease 38 20.79 11 Blood pressure 10 37.7
2 Dementia 38 15.34 12 Age 7 23.29
3 MRI 22 17.64 13 Scale 7 23

4 ‘White-matter changes 17 2376 14 Outcome 7 1.86
5 Risk factor 16 245 15 Association 6 1517
6 Cognition 15 14.6 16 Vascular dementia 5 458
7 Microbleeds 13 22.54 17 Clinical determinants 5 43

8 Atrophy 12 11.67 18 Progression 5 402
9 Decline 11 1673 19 Alzheimer’s disease 5 274
10 Prevalence 11 14.73 20 Cardiovascular events 4 3225
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Time of Journal

duration

1 Brainin M 2015 Prevention of poststroke cognitive decline: 6 International Journal of Q1 6.7
ASPIS-a multicenter, randomized, observer-blind, Stroke
parallel group clinical trial to evaluate multiple

lifestyle interventions-study design and baseline

characteristics

2 Roman GC 2006 | Vascular determinants of cholinergic deficits in 6 Neurobiology of Aging Q2 42
Alzheimer disease and vascular dementia

3 Demeyere N 2015 | The Oxford Cognitive Screen (OCS): validation of 6 Psychological Q1 36
a stroke-specific short cognitive screening tool Assessment

4 Gottesman RE | 2010 | Predictors and assessment of cognitive 5 Lancet Neurology Q1 48

dysfunction resulting from ischaemic stroke

5 Biffi A 2016 | Risk Factors Associated with Early vs Delayed 5 Jama Neurology QL 29
Dementia After Intracerebral Hemorrhage

6 Thara M 2010 | Quantification of myelin loss in frontal lobe white 5 Acta Neuropathologica Q1 127
‘matter in vascular dementia, Alzheimer’s disease,
and dementia with Lewy bodies

7 Duering M 2012 Incident subcortical infarcts induce focal thinning 5 Neurology Q1 10.1
in connected cortical regions

8 Lemolo F 2009 | Pathophysiology of vascular dementia 5 Immunity & Ageing Q1 7.9
9 BlackburnDJ | 2013 | Cognitive screening in the acute stroke setting 5 Age and Ageing Ql 67
10 Hurford R 2013 Domain-specific trends in cognitive impairment 5 Journal of Neurology Q1 6

after acute ischaemic stroke

11 Haug T 2007 | Cognitive outcome after aneurysmal subarachnoid 5 Neurosurgery Ql 48
hemorrhage: time course of recovery and
relationship to clinical, radiological, and
‘management parameters

12 O’Sullivan M 2009 Hippocampal volume is an independent predictor 5 Neurobiology of Aging Q2 42
of cognitive performance in CADASIL

13 McEwen SE 2010 There’s a real plan here, and I am responsible for 5 Disability and Q1 22
that plan’: participant experiences with a novel Rehabilitation

cognitive-based treatment approach for adults
living with chronic stroke
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Co-cited references Citations =~ Journal

1 Pendlebury, ST 2009 Prevalence, incidence, and factors 10.1016/s1474- 359 Lancet Neurology Q1 48.0
associated with pre.stroke and 4422(09)70236-4
post-stroke dementia: a systematic
reviewand meta-analysis

2 Nasreddine ZS 2005 The Montreal Cognitive Assessment, 10.1111/j.1532-5415 300 Journal of The Q1 6.3
MoCA: a brief screening tool for .2005.53221.x American
mild cognitive impairment Geriatrics Society

3 Folstein MF 1975 “Mini-mental state”. A practical 10.1016/0022-3956 237 Journal of Q1 4.8
method for grading the cognitive (75)90026-6 Psychiatric
state of patients for the clinician Research

4 Hachinski V 2006 National Institute of Neurological 10.1161/01.5tr.0000 176 Stroke Q1 8.4
Disorders and Stroke-Canadian 237236.88823.47
Stroke Network vascular cognitive
impairment harmonization
standards

5 Gorelick PB 2011 Vascular contributions to cognitive 10.1161/str.0b013¢ 141 Stroke Q1 8.4
impairment and dementia: a 3182299496
statement for healthcare
professionals from the american
heart association/american stroke
association

6 Mijajlovié MD 2017 Post-stroke dementia—a 10.1186/s12916-0 127 BMC Medicine Q1 9.3
comprehensive review 17-0779-7

7 Sun JH 2014 Post-stroke cognitive impairment: 10.3978/j.issn.2305- 123 Ann Transl Med - -
epidemiology, mechanisms and 5839.2014.08.05
‘management

8 LeysD 2005 Poststroke dementia 10.1016/51474-4422 120 Lancet Neurology Q1 48

(05)70221-0

9 Adams HP Jr 1993 Classification of subtype of acute 10.1161/01.str.24.1.35 113 Stroke Q1 8.4
ischemic stroke. Definitions for use
ina multicenter clinical trial.
TOAST. Trial of Org 10172 in Acute
Stroke Treatment

10 Tatemichi Tk 1994 Cognitive impairment after stroke: 10.1136/jnnp.57.2.202 105 Journal of Q1 11.1
frequency, patterns, and relationship Neurology
to functional abilities Neurosurgery and

Psychiatry
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Co-cited journal Count Centrality JCR IF Co-cited Journal Count Centrality JCR 3
(2022) (2022)
1 Stroke 1,690 0.06 Ql 8.4 Neuroscience Letters 315 0.7 Q3 25
2 Neurology L1111 0.47 Ql 10.1 Neurochemistry 153 0.62 Q1 42
International
3 Lancet Neurology 889 0.05 Q1 48 Neurology L1111 0.47 Q1 10.1
4 Journal of Neurology 780 047 Q1 11.1 Journal Of Neurology 780 0.47 Q1 11.1
Neurosurgery and Neurosurgery and
Psychiatry Psychiatry
5 PLos ONE 640 0 Q1 37 Archives of Neurology 362 0.43 = =
6 Journal of The 629 0.1 Ql 4.4 Cerebrovascular 551 0.26 Q3 29
Neurological Sciences Diseases
7 Journal of The American 603 0.2 Q1 6.3 Disability and 201 0.26 Q1 22
Geriatrics Society Rehabilitation
8 Cerebrovascular 551 0.26 Q3 2.9 Clinical and 12 0.26 Q2 29
Diseases Experimental
Pharmacology and
Physiology
9 Brain 515 0.16 Q1 153 Behavioural Brain 281 0.25 Q2 27
Research
10 Lancet 505 0.13 Q1 168.9 Human Brain Mapping 135 0.24 Ql 4.8
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Rank Institutions Documents Centrality Institutions Documents Centrality

1 Capital Medical University 69 o011 Chinese University of Hong Kong 34 0.63

2 Institut National De La Sante Et De 15 011 University of Glasgow 24 0.49
La Recherche

3 Harvard University 41 024 Shandong First Medical University 3 0.46

& Shandong

4 University of Oxford 41 0.08 Fudan University 28 039

5 University of Toronto 39 001 University College London 5 037

6 Chinese University of Hong Kong 34 0.63 Karolinska Institutet 7 034

7 Fujian University of Traditional 33 0 Harvard University 41 024
Chinese Medicine

8 Hallym University 32 0.1 CHU Lille 2 0.23

9 Udice-French Research 29 0.14 US Department of Veterans Affairs 18 023
Universities

10 Soochow University—China 29 0 National University of Singapore 27 022
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Variable DSST<40 CERAD-WL<17 CERAD-DR<5 AF<14

OR95% CI p-value OR95% CI p-value OR95% CI p-value OR 95% CI p-value

Fraily Index 108(107.1.10) <0001 110(1.08.1.13) <0001 1.04(1.03,1.05) <0001 1.05.(104,1.07) <0001
Age (year) 111 (109.1.13) <0001 104103105 <0001 112(.09.114) <0001 1.08(1.06,1.09) <0001
Gender
Female
Male 117 090.1.52) 023 147 (117,189 0002 142 (111,1.83) oou 0900.69.117) 0402

Race/Hispanic or

Mexican American

Non-Hispanic Black 100 0:70,1.44) 0993 0.76(0.49,1.20) 0241 087 (057.132) 049 187(132265) <0001
Non-Hispanic White 021(0.16028) <0001 052(0.33080) 0005 0.66/(0.44,0.98) 0013 053(037.075) <0001
Other Hispanic 135 082222) 023 124(0.85,L81) 0251 101 (068,1.50) 0952 149 (100220) 0052
Other Race 022(013,038) <0001 0.67(0.39,0.15) 0143 051(029.089) 0022 1.29.0.74.2.26) 0366

Marital status

Married
Never married 146084253 0173 128(077212) 0334 081 (045,1.46) 0481 142(082246) 0201
Others 193.(156240) <0001 156124197 <0001 127(098.1.65) 0075 146(110,1.93) 0018
Education

<l grade

High school graduate 037025054 <0001 065 0460.93) 0019 091(0.65.1.26) 0558 0800.57,0.11) 0183
Some callege or A degree 0.1800.13.0.26) <0001 0.38(025057) <0001 045(0320.62) <0001 038(0.31,0.46) <0001
College graduate or above 0.10(007.015) <0001 027017042) <0001 0.44(0290.69) <0001 025(0.18034) <0001

Ratio of family income to

poverty
<

12 0550:43,069) <0001 066(0:51,086) <000 104(079,137) 0794 061045083) <0001
25 015010020 <000 028(022037) <000 046(033.065) <0001 031 020048) <0001

Atleast 12 alcohol drinks/1 yr
No
Yes 047 0:40055) <0001 061 050075) <0001 071057.089) 0004 054(0.460.65) <0001

Smoked at least 100 cigarettes in
life

No
Yes 124 (099,1.56) 0063 0.89(0.73,1.08) 0233 081 (0.64,1.02) 0071 098 (081,1.19) 0861
Hypertension

No

Yes 207(158.270) <0001 1.44(109.191) 0017 140 (1.10,1.80) <0001 1.59(1.25202) <0001
Diabetes

Pre-diabetes

Diabetes 227(123447) oon 1.73(0.963.10) 007 093 (053,163) 07 197 0944.11) 0076
No 1.03(0:60,1.79) 0918, 124(0.722.12) 0422 078 046,1.33) 0352 1.24(0.68.2.25) 0476

Daily low-dose aspirin use

No
Yes 117(093,1.47) 0185 112(0.95..32) 0174 120 096,151) 0114 1.23(0.96,.59) 0105
Physical activity

No

Yes 083 (059,118 0293 0.91(0.59,1.40) 065 098 (0.59,1.60) 0923 074(051,1.06) 0.107

AF, the animal fluency; CERAD-DR, the consortium to establish a registry for Alzheimer's disease delayed recall; CERAD-WL, the consortium to establish a registry for Alzheimers discase
word learning; DSST, digit symbol substitution test. 95% CI, 95% confidence interval; OR: odds ratio; p<(0.05 was considered statistically significant.
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Cognitive test Frailty Index T1 2 T3

DSST<40 (%) OR(95%Cl) p-value OR(95%CI) p-value OR(95%CI) p-value OR(95%Cl) p-value

Crude model 1.08 (1.07,1.10) <0001 2.34(1.78,3.08) <0.001 637 (4.55,8.92) <0.001
Model 1 1.08 (1.06,1.09) <0001 Ref 187 (1.44,2.44) <0.001 5.36(3.89,7.39) <0.001
Model 2 1.07 (1.05,1.08) <0001 166 (1.21,226) 0.005 3.87(251,5.95) <0.001

CERAD-WL<17 (%)

Crude model 1.04 (1.03,1.05) <0001 192(151,245) <0.001 2.58(2.01,3.30) <0.001
Model 1 1.03 (1.02,.04) <0.001 Ref 156 (1.21,2.02) 0.001 1.94(1.53,2.47) <0.001
Model 2 1.02 (1.01,1.04) <0001 1.53(1.08.2.16) 0.028 1.62(1.18.2.23) 0019

CERAD-DR<5 (%)

Crude model 1.04(1.03,1.05) <0.001 154(1.19,199) 0.002 2,69 (1.88,3.85) <0.001
Model 1 1.03(1.02,1.04) <0.001 Ref 112(0.93,1.54) 0.14 1.96 (1.37,2.81) <0.001
Model 2 1.03(1.02,1.04) <0.001 124(0.93,1.67) 013 1.91(1.24,2.95) 0016
AF<14(%)

Crude model 1.05 (1.04,1.07) <0.001 149 (106,2.11) 0.022 3.04(2094.42) <0.001
Model 1 1.04 (1.03,1.06) <0.001 Ref 120 (0.82,1.75) 0323 234(1.56,3.50) <0.001
Model 2 1.04 (1.03,1.06) 0.004 115(0.75,1.75) 0.02 2.04(1.263.32) 0015

AF, the animal luency; CERAD-DR, the consortium to establish a registry for Alzheimer’ disease delayed recall; CERAD-WL, the consortium to establish a registry for Alzheimer’ disease
word learning; DSST, digit symbol substitution test. Crude model, no covariates were adjusted. Model 1, age, gender, and race were adjusted. Model 2, age, sex, race, atio of family income to
poverty; education, hypertension, diabetes, daly low-dose aspirin use, smoked a least 100 cigarettes in lfe, at least 12 alcohol drinks/1yr, and physical activity were adjusted. 95% CI, 95%
confidence interval; OR: odds ratio; p< 0.0 was considered statistically significant.
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Data from the NHANES database 2011-
2014
N=19931
] Exclude participants under the age of 60
N=16299
A 4
N = 3632
> Exclude participants who lack data on other
covariates N = 744
A 4
N = 2888
Exclude participants:
(1) lack body fat percentage data N = 164
» (2)did not take a cognitive function test or failed to
complete four cognitive tests N = 279
A

Research population
N=2574
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Variable Overall rtile 1 Tertile 2 p value
Frailty Index 0.17 (0.00) 008 (0.01) 0.16(0.03) 031(0.02) <0.001
Age (year) 69.09(020) 6734 (0.27) 69.69(0.25) 7099 (0.46) <0.001
DSST<40 (%) 212 1015 2094 4185 <0.001
CERAD-WL <17 (%) 2142 1403 2385 296 <0.001
CERAD-DR<5 (%) 2137 1478 2108 3178 <0.001
AF<14(%) 2077 1391 19.43 3294 <0.001
Gender (%) 001
Female 5391 5134 5207 60.19

Male 46.09 4866 479 3981

Race/Hispanic origin (%) 0,005
Mexican American 314 273 277 123

Non-Hispanic Black 799 578 9.08 997

Non-Hispanic White 8053 8301 7921 7845

Other Hispanic 346 32 357 369

Other Race 488 528 536 366

Marital status (%) <0.001
Married 6201 6829 6335 5074

Never married 433 415 41 489

Others 3366 2756 3255 4437

Education (%) <0.001
<11® grade 1562 979 1435 2614

High school graduate 2044 1843 2057 2334

Some college or AA degree 3173 3144 3405 292

College graduate or above 3221 1033 3103 2132

Ratio of family income to poverty (%) <0.001
<1 897 48 957 1455

12 257 174 2159 3549

25 67.47 7779 6884 4996

Atleast 12 alcohol drinks/1yr (%) 0011
No 2685 2 942 9.4

Yes 7315 77 7058 7057

Smoked at least 100 cigarettes in life (%) 0013
No 49.09 5448 4677 4385

Yes 5091 4552 5323 5615

Hypertension (%) <0.001
No 4075 6276 3115 1947

Yes 5925 37.24 6885 8053

Diabetes (%) <0.001
Pre-diabetes 42 304 457 565

Diabetes 19.58 378 259 3854

No 76.18 9318 7184 5582

Daily low-dose aspirin use (%) <0.001
No 1625 5582 4226 3677

Yes 5375 4418 57.74 6323

Physical activity (%) 0232
No 779 933 672 681

Yes 9221 90.67 9328 9319

Mean (SD) for continuous variables: p values were calculated usinga weighted t test. % is a categorical variable: the p-value is calculated using a weighted chi-square test
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When was the last time you visited a

Education level

Variable adjusted for specialist doctor?

After adj. Change After adj. Change
Baseline (Before adjustment) 2019 0.435
Age 1864 0155 0220 0215
Gender 2006 0013 0383 ~0052
Mental health score: 1803 0216 0223 —0212
Have you experienced any pain in the past 4 weeks? 1391 ~0628 9.187 +8752

Baseline (Before adjustment): these ae the initial values before adjusting for any specific confounding variables; “Afier Adj” refers to the odds rato after adjusting for the confounding variable;
“Change” represents the difference between the odds ratios before and after adjustment.
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Academic lab  Academic People with lived Professional % agree/

scientist/ working with  experience and  carers (clinicians, disagree
biologist people unpaid carers social care)

Potential Intervention design strategies.
12.1 Measure effects regularly, not just at 100.00 100.00 100.00 80.00 95.7%
the end (to know if they work or not or

when they start or stop working)

122 Be ready to revise strategy and adjust it 100.00 95.45 100.00 80.00 95.7%
12.3 Engage participants and seck feedback 100.00 100.00 100.00 90.00 97.9%
from them regularly

12.4 Ensure a maintenance component is 100.00 100.00 100.00 90.00 97.7%

included after the main intervention
Overall intervention approaches
12.6 We look for a single intervention that 50.00 63.64 45.00 50.00 53.3%

works for most and that has multiple benefits

(reduces cognitive frailty by various means)

12.7 We go for a single target (an identified 33.00 59.09 63.63 40.00 53.74%
mechanism of cognitive frailty) and tackle it

using a variety of interventions

12.8 We go for something trickier but 66.67 8182 8182 7000 77.8%
perhaps more inclusive: aiming for several

accessible combined interventions that

synergize (not everyone will be able to

engage in all of them, but will be able to

engage in a couple that work for them)

Interventions will be designed like

‘packages’that are semi-tailored

129 We go for a fully personalized 50.00 8636 6667 80.00 783%

intervention that taps into all that is
possible (supported by a decisional
flowchart, or by a multidisciplinary team
for instance)

ltems where consensus was achieved according to our criteria are highlighted in bold.
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Factor Academic Academic People with Professional Mean

lab scientist/  working with  lived experience carers rank
biologist people (n = 23) and unpaid (clinicians, social
(n=7) carers (n = 13) care) (n = 6)

Effectiveness (how it works in the real 286 187 315 300 249 165
world)

Affordability and time commitment 300 370 323 317 341 157
Acceptability 400 300 354 400 341 157
Including the patient/older person voice 229 413 338 200 a1 2:

atall stages including design

Appropriateness (e.g. in culture) 571 448 477 459 474 158
Level of commitment from staff and older 500 513 469 533 502 152
participants.

Sustaining them for the amount of time 514 570 523 6.00 553 193

they are needed for

ltems where consensus was achieved according to our criteria are highlighted in bold.
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Elements of effectiveness

Overall %
agree/disagree

11.1 Larger sample size means more
sources of variance/confounders can
be assessed

11.2 Determining which group of
people with which characteristics may

beneit from which type of

tervention is important

Academic Academic People with lived Professional
Lab scientist/ working experience and carers (clinicians,
biologist with people unpaid carers social care)
80.00 76.19 100.00 90.00
100.00 95.45 9167 100.00

ltems where consensus was achieved according to our criteria are highlighted in bold.

83.72%

93.48%





OPS/images/fnagi-17-1541048/fnagi-17-1541048-t008.jpg
Outcome Academic Academic People with Professional Mean S|
Lab working lived experience carers rank

scientist/  with people and unpaid (clinicians,
biologist carers social care)

Ranking of primary outcomes N = 48

Improved cognition 171 248 169 250 216 107
Improved mobility 329 309 254 300 296 110
Reduced frailty score 229 291 346 300 298 128
Reverted to non-cogitive frailty profile 357 291 423 200 324 181
Physical strength 414 361 3.08 450 365 132

Ranking of secondary outcomes N = 49

Extended or improved independence (e.g., assessed by 257 300 285 350 208 | 187
Activities of Daily Living)

Quality of Life 27 374 385 333 358 252
Happiness/mental health 571 374 285 517 397 211
Wellbeing (e.g, including purpose in life and life 457 513 5.00 450 494 | 317
satisfaction)

Achieving maximum potential ability 543 565 531 450 539 274
Minimizing adverse health outcomes 629 539 5.54 517 556 226
Remaining productive in their careers, personal interests 486 643 554 600 592 240

o family roles

Reduced social care needs 743 7.04 7.78 733 735 193
Reduced healthcare needs 7.57 7.87 754 567 748 284
Appropriate social support in place 7.86 691 8.69 950 784 187

ltems where consensus was achieved according to our criteria are highlighted in bold.
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Intervention Academic Academic People with Professional Mean
characteristic lab scientist/ ~ working with  lived experience carers (clinicians, rank

biologist people (n = 23) and unpaid social care)
(n=6) carers (n = 13) (n =6)

Section 9.1 Ranking of factors affecting feasibility of interventions (N = 48)

Accessibility 217 230 192 200 214 107
Affordability 250 296 331 217 289 212
Acceptability 333 339 331 483 352 175
Health Literacy 317 452 500 350 435 238
Accessibility of Information and 550 509 469 483 501 188
Consent

Culture 517 531 517 533 533 143
Geography 717 574 585 650 604 191
Ethnicity 7.00 665 662 683 672 117

Section 9.3 Ranking of structural factors that may affect feasibility of interventions (N = 47)

Affordable/free access to classes or 283 352 431 380 368 176
leisure centers

Access to cognitive frailty screening 483 474 338 440 436 323
Physically accessible environments 533 409 377 680 446 240
Accessible healthy foods 33 452 508 440 451 218
Socially accessible environments 517 491 431 320 460 252
Transport to activity venues 650 470 508 340 489 233
Access to clinically supported 483 604 523 620 569 271

interventions where indicated

Support to use technologically based 633 648 569 700 630 184
interventions

Cycle lanes, safe walking and running 583 600 800 580 651 269
paths

Section 9.5 Ranking of factors relating to personal circumstances that may affect interventions, N = 47
Affordability 3.67 348 385 3.60 3.63 224

Time factors, e.g, related to 317 417 300 560 387 231

occupation or care responsibilities

Personal attitudes and beliefs (e.g., 433 3.96 331 4.60 3.89 259
about the effectiveness of an

intervention)

Mobility 683 165 400 500 480 228
Understanding/health literacy 433 5.13 6.00 3.00 5.04 2.66
Own health beliefs 4.67 5.14 6.69 4.00 538 294
Personal goals 533 570 651 480 579 238
Family and Friends influences 6.33 6.04 5.54 7.00 6.04 198
Energy Levels 633 670 6.08 7.40 6.55 217

Qualitative statements for Section 9 There is @ preference for fully personalized interventions that address mult-factorial causes of cognitive frailty (supported by a decisional
Sflowchart, or by a multdisciplinary team for instance).
Co-design of cognitive frailty interventions is indicated for the purpose of identifying barriers to acceptability, accessibility and
affordability whilst recognizing the need for scalability and transferability to different health economics.
Preventative strategies are likely to involve environmental improvements (i, reducing air pollution) and inclusive community planning

(i, active aging strategcs)

ltems where consensus was achieved according to our criteria are highlighted in bold.
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biologist social care)
7.1 There would be restrictions on who 5000 6190 3846 7778 523%
interventions for cognitive frailty might be suitable
for
7.2 Agency and involvement of the person is 100.00 100.00 9286 100.00 95.9%

vital in agreeing on the intervention
7.3 Lifestyle interventions are difficult to 6667 6364 7143 7000 61.6%
implement if individuals have mobility issues

7.4 Lifestyle interventions are difficult to 50.00 4545 42.86 60.00 45.8%

implement if individuals have dietary restrictions

7.5 Lifestyle interventions are difficult to 3334 5454 50.00 50.00 47.9%
implement if individuals have distinct cultural

practices

76 Lifestyle interventions are difficult to 6667 727 7857 80.00 75%
implement if individuals have limited social

support

8.1 Screening for cognitive frailty is essential 8333 8636 7857 90.00 85.1%
8.2 High risk people should be identified at 8333 9091 7143 90.00 85.1%
midlife

83 Screeningas part of interventions: 6667 7143 5714 50.00 65%

Confounding factors can impact the outcomes of
interventions - screening for some of these may
help to remove their influence intrials, but this
then potentially excludes many people and could

become highly restrictive
Qualitative statements from open text boxesin  Risk factors for cognitive frailly interact in complex ways but earlier screening bio markers can be identified.
Section 8 Effctive strategies for reducing cognitive frailty at population level (e large sample size/recruitment) suggest the need for

cohort studies with muli-factorial screening.
Traditional screening methods for cognitive frailty may need to be enhanced with broader understanding social

determinants of health, i, access to community assets, and other environmental factors.

ltems where consensus was achieved according to our criteria are highlighted in bold.
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Intervention Academic lab Academic People with Professional Mean rank

characteristic scientist/ working with lived carers Overall
biologist people experience and  (clinicians, social
unpaid carers care)
Physical activity + diet + probiotics 140 352 331 280 317 259
Targeting isolation and loneliness/ 560 416 315 320 394 254

inclusive environments.

Strength related exercise, not just 400 4356 523 600 483 301
ascular

‘Whole patient is important, e.g., 600 492 400 640 494 318

caring for other morbidities such as

arthritis

Increasing social engagement 580 540 423 500 508 244

Mental wellbeing and mental health 7.60 552 500 620 567 279

interventions as appropriate

Occupational factors, intellectual 7.80 7.00 600 7.80 690 254
stimulation
‘Treatment and prevention focused 7.20 672 892 5.60 725 289

on vascular factors

Addressing oxidative stress 820 7.24 862 5.80 7.56 2.50
Drug based interventions for 5.20 844 8.15 820 8.00 258
inflammaging

Addressing menopausal effects on 7.20 852 9.38 9.00 867 251
muscle

Qualitative Statements from open | Therapeutics must be developed to address dysregulation across multiple cellular processes including genetic alterations, nutrient and
text boxes in Section 6 lipid metabolism, and pro-inflammatory proteins

Person centered assessment and rehabilitation interventions may enable functional improvement related to cognitive frailty.
Wellbeing interventions for older people, based on inclusivity and health promotion are likely to improve population level outcomes,
particularly for more socially deprived groups.

Preferred metrics by which to measure improvements/reversal of cognitive fraily include improved mobility and cognition and reduced
Jrailty score or reversal to non-cognitive frailty profile

Other outcomes may include social or economic independence, relative to cultural values and perception of elders at community level.

ltems where consensus was achieved according to our criteria are highlighted in bold.
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Academic Lab ~ Academic  People with lived ~Professional Overall %

scientist/ working with  experience and carers agree/disagree
biologist people unpaid carers (clinicians,
social care)
5.1 Translational pre-clinical studies are 100.00 8571 80.00 6667 81%
important
5.2 Interdisciplinary working to test 100.00 7826 8333 60.00 787%

interventions in different models and systems
(including cell culture and animal models

from invertebrate to vertebrate) will help to

improve likelihood that they are clinically

relevant

5.3 One size does not fitall - interventions 10000 95.83 8571 80.00 92%

need to be personally relevant (e.g.,

acceptable in different cultures)

5.4 One size does not fit all-interventions. 100.00 100 8571 90.00 94%

need to be personalized to needs (e.g. to

address specific health needs of the person, as

opposed to general for the population)

5.5 Quality of life should be a focus: 100.00 100.00 100.00 100.00 100%
improving this could have an impact on

decline in function (e.g, engaging in

activities, reducing loneliness).

5.6 The role of the individual is important, 6667 95.83 10000 90.00 918%
rather than just a focus on biological or

environmental mechanisms

5.7 Intervention targets may be different 10000 9167 8333 80.00 89.6%
depending on whether you are targeting

prevention, delay or reversal

5.8 For prevention, lifestyles should 8334 95.83 9231 90.00 9L8%
be targeted

5.9 The main effective target would be health 8334 86.96 9286 70.00 85.7%

behaviors including physical activity
5.10 Understanding the mechanisms should 83.34 100.00 90.00 90.00 93.5%
lead to a focus on multi-domain intervention
(a mechanism could be defined as how a risk

factor might have its effect)

5.111f we consider that all aspects (biological, 6667 9130 9286 90.00 875
psychosocial, socioeconomic, lifestyle, aging,
etc.) are important, then looking for common

‘mechanisms across them may inform changes

that we can make to prevent or treat cogni
frailty

5.12 Biological mechanisms that are affected 100.00 86.96 81.82 87.50 86.4%
by health behaviors, psychosocial and

socioeconomic factors should be a focus,

5.13 Intervening on more direct biological 8333 55.00 5556 37.50 564%
‘mechanisms may be quicker

5.14 For some people there may be a need for 100.00 90.91 76.92 80.00 87.2%

a fast-acting intervention

5.15 For others, a longer-term intervention 100.00 100.00 76.92 90.00 91.3%
might be useful (e.g. long term lifestyle

modification)

5.16 Short burst versus longer-term 10000 9091 7000 6667 8.7%

interventions may be suitable for different
people, but also for addressing different

mechanisms

Qualitative statements from open text boxes  Lifstyle interventions (improved nutrition and physical activity) are currently being trialed and may enable reversal of

in Section 5 cognitive frailty.
Lifestyle interventions depend on effective implementation and sustained engagement with the target population or individual
and on community facilites

‘Exposure to ageis s mitigated by positive-age-belif interventions and may influence the incidence of ogitive fraily.

ltems where consensus was achieved according to our criteria are highlighted in bold.
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Academic Academic People with lived Professional Overall %

lab scientist/ working experience and carers (clinicians, —agree/disagree
biologist with people unpaid carers social care)
2.1 Cognitive firailty can be prevented 100 100 9286 100 98.2%
2.2 Evidence suggests that cogitive 100 100 9286 90.00 96.4%

frailty may be delayed or reduced, but
we do not know yet the extent to which

can be prevented
2.3 We know some of the risk factors or 8571 9630 9286 90.00 92.73%
predictors for cognitive frailty so that

means it can be addressed

2.4 We know some of the biological 100 77.78 77.78 100.00 88.4%
‘mechanisms that underlic cognitive

frailty so they could be targeted to

prevent cognitive frailty

2.5 Social and psychological factors 66.67 87.50 7143 90.00 81.5%
that may act as risk factors would

involve long term changes and may

be harder to change
26 Policy changes are needed to 833 9259 8000 8889 91.5%
influence psychosociall socioeconomic

factors

2.7 What is the most important factor 14.29 0.00 7.14 0.00 3.51%

when it comes to the prevention of

Cognitive Frailty?

Psychosocial factors. 000 741 7.14 2000 10.53%
Socioeconomic environment 28.57 370 0.00 0.00 7.02%
Biomedical factors 57.14 88.89 8571 80.00 78.95%

All 3 are equally important

3.1 Cognitive frailty can be delayed 10000 10000 10000 10000 100%
3.2 Delaying cognitive frailty depends 8355 88.00 7857 70.00 82.7%
on behavior

3.3 Delaying cognitive frailty depends on 83.33 7273 2543 50.00 57.8%
genetics.

3.4 Delaying cognitive frailty depends 833 92.00 9231 8000 902%

on identifying risk factors early, when

K factors or symptoms are first seen

ina person

3.5 The risk factors for cognitive frailty 1667 4100 3077 10,00 37%
actindividually

3.6The

factors for cognitive frailty 85.71 9130 66.67 85.60 86.4%

interact in complex ways

3.7 There are key factors that would 5714 8650 5000 8889 787%
have significant effects on other factors

if we could target interventions on

them

3.8 Cognitive frailty is often not 100.00 7826 7143 90.00 813%

identified until someone has a serious

illness/injury and comes into contact
with health care practitioners
3.9 Early assessment/screening of older 100.00 96.00 100.00 90.00 95.8%
people would help identify factors for
earlier intervention
Qualitative statements from the open 1 s likely that with preventative interventions cognitive frailty can be delayed or reduced.
text boxes in Section 3 Lifestyle factors, diet and exercise, and hereditary factors including genomic profile (i.c., APOE £4) may influence the likelihood of
becoming cognitively frail
Psychosocial, socioeconomic, environmental and biomedical methods are potential interventions to reduce or reverse cognitive fraily.
4.1 Cognitive frailty can be reversed 833 75.00 5385 80.00 72%%
4.2 Cogpitive frailty might not 100.00 7917 9167 80.00 87.8%
be reversible, but it could be improved.
4.3 Examination of reversal of cognitive 100.00 7273 57.14 87.50 74.4%
frailty in the literature is very rare
4.4 We do not know the best timing 100.00 65.22 4444 70.00 721%

(g in terms of severity of cognitive

frailty or age of person) for

erventions to enable reversal

45 Reversibility has a threshold in terms 6000 773 1000 8000 68.4%
of severity of the cognitive frailty
4.6 Reversibility may be possible but only 80.00 7143 4444 50.00 56.1%

for a period

Qualitative Statements from open text ~ Cellular inflammation may be a biolagical mechanism associated with cognitivefraily.
boxes in Section 4 Social isolation and the consequent loss of participation in community may exacerbate cognitive frailly.

Air pollution affects brain health especially for those with pre-existing vulnerability leading to cognitive fraily.

Reversal of cognitive frailty is associated with positive atttudes and expectations of aging and the consequent resilience to age related.

stress.

Items where consensus was achieved according to our crteria are highlighted in bold.
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Variables

Mental health
No symptoms of depression
Mild symptoms of depression
Moderate depressive episode
Moderately severe depressive episode
Severe depressive episode
Total (N)

Missing values

Social support

Poor social support
Moderate social support
Strong social support

Total (N)

Missing values

How is your overall health?
Very good

Good

Fair (neither good nor bad)
Poor

Very poor

Total (N)

Missing values

No difficulty

91.90%
7.10%
0.50%
0.40%
0.10%

2,523

87.30%
1250%
0.30%

2,480

4.20%
36.10%
41.00%
15.90%
2.80%

2,527

Do you have difficulty with memory or concentratiol

diffcaties_ diffcutnes Unable
62.60% 25.20% 15.40%
27.60% 38.60% 15.40%
7.20% 20.50% 15.40%
170% 12.60% 38.50%
0.90% 3.10% 15.40%
884 127 13
196
83.30% 70.40% 76.90%
1650% 28.00% 23.10%
0.20% 160% 0.00%
860 125 13
265
0.70% 0.00% 0.00%
1490% 7.50% 0.00%
45.00% 2110% 0.00%
31.20% 49.60% 30.80%
8.20% 21.80% 69.20%
888 133 13
182

Do you have any long-term illness or long-term health problem (...lasting or expected to last at least 6months)?

Yes
No

Total (N)

ing values

73.10%
26.90%

2576

84.60% 89.80% 95.00%
15.40% 10.20% 5.00%
935 186 40

6

Due to a health problem. Are you limited in performing activities that other people usually do?

Severely limited
Limited. but not severely
Not limited at all

Total (N)

Missing values

1250%
33.30%
54.30%

2573

Have you been limited for at least the past six months?

Yes
No
Total (N)

Missing values

76.50%
23.50%

1,175

28.20% 70.40% 100.00%
45.60% 22.00% 0.00%
26.30% 7.50% 0.00%
937 186 40
7
87.20% 94.80% 100.00%
1280% 5.20% 0.00%
690 172 0
1,666

In the past 12 months. Have you been hospitalized (stayed in the hospital overnight or longer)?

Yes
No
Total (N)

Missing values

11.10%
88.90%

2,576

1860% 25.30% 15.00%
81.40% 74.70% 85.00%
936 186 0

5

‘Thinking about all these occasions when you were admitted to the hospital. How many total nights did you spend in the hospital?

Up to one month
Over one month
Total (N)

Missing values

90.70%
9.30%

279

90.3% 93.0% 80.0%
9.70% 7.00% 200%
165 43 5
3251

In the past 12 months. Have you been admitted to the hospital as a day patient?

Yes
No

Total (N)

ing values

When did you personally last visit/consult a general practitioner

Less than 12months ago
More than 12 mounts ago
Never

Total (N)

sing values

When did you personally last visit a specialist?

Less than 12months ago
More than 12 mounts ago
Never

Total (N)

Missing values

8.90%
91.10%

2,576

81.60%
17.90%
0.50%

2,556

53.00%
4130%
5.70%

2,544

Have you experienced any pain in the past four weeks?

None
Very mild
Mild
Moderate
Severe
Very severe
Total (N)

Missing values

52.80%
15.50%
1230%
13.10%
4.80%

1.60%

2528

9.30% 22.80% 1250%
90.40% 77.20% 87.50%
933 184 0

10
84.80% 81.60% 65.00%
15.10% 17.30% 35.00%
0.10% 1.10% 0.00%
928 185 0
34
60.50% 63.00% 55.00%
37.00% 32.00% 45.00%
2.50% 5.00% 0.00%
908 181 0
70
27.80% 18.00% 23.10%
15.10% 11.30% 0.00%
19.40% 12.80% 7.70%
24.00% 30.80% 23.10%
10.80% 22.60% 30.80%
2.90% 450% 15.40%
888 133 13
181

In the past four weeks. How much has pain interfered with your normal work (including both work outside the home and housework)?

Notalot
Alitee
Moderately
Quite a bit
Very much
Total (N)

Missing values

1290%
4130%
24.60%
14.90%
6.30%

1,193

8.00% 3.70% 0.00%
26.70% 17.60% 0.00%
34.90% 30.60% 0.00%
20.60% 24.10% 40.00%
9.80% 24.10% 60.00%
641 108 10
1791

Total (N)

3,547

3478

3,561

3737

3736

2077

3738

492

3733

3,709

3,673

3,562

1952

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.806

<0.001

0.008

<0.001

<0.001

<0.001
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\ELELIES Univariate model Multivariate model

OR (95%Cl) OR (95%Cl)
Age 1105(1.093-1.117) <0.001 1.069(1.045-1.094) <0.001
Education level
No formal education 1 1
Incomplete primary school 0.394(0.283-0.547) <0.001 0.709(0.387-1.299) 0266
Primary school 0.248(0.181-0.339) <0.001 0.827(0.454-1.507) 0535
Secondary schaol 0.135(0.099-0.184) <0.001 0.435(0.229-0.827) <0.05
Higher or vocational school 0.116(0.081-0.166) <0.001 0.577(0.280-1.189) 0.136
Master's or doctorate 0.023(0.005-0.097) <0.001 0.149(0.024-0.911) <0.05

When was the last time you visited a specialist doctor?

Less than 12months ago 1 1
More than 12 mounts ago 1.295(1.119-1.499) <0.005 1.728(1.223-2441) <0.05
Never 0.559(0.375-0.833) <0005 0.706(0.290-1.722) 0.445

Have you experienced any pain in the past four weeks? (very mild pain vs. I have not had any)

None 1 1
Very mild 1.857(1.476-2.335) <0001 1.852(1.180-2.906) <0.05

Mild 2.986(2.391-3.730) <0001 1.374(0.872-2.163) 0170
Moderate 3.783(3.071-4.660) <0001 1.578(1.019-2.445) 0051
Severe 5.235(3.958-6.924) <0001 1.204(0.677-2.144) 0527
Very severe 4.141(2:575-6.662) <0001 1930(0.678-5.424) 0212
Mental health score 1.377(1.338-1.417) <0001 1.272(1.202-1.346) <0001

I-Reference category.
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Do you have difficulty with memory or concentration?

Variables No difficulty ‘g/l'f‘f:‘c’;‘l'trl‘:s’ \(’jvl"ffr‘cmffec’; Unable Total (N)
Gender
Male 47.8% 39.1% 39.8% 225%
<0.001
Female 52.2% 60.9% 60.2% 77.5%
“Total (N) 2,577 937 186 40 3,740
Missing values 3
Age group
65-69 43.4% 22.6% 13.4% 5.0%
70-74 27.4% 23.8% 14.0% 12.5%
75-79 15.6% 20.4% 20.4% 27.5%
<0001
50-84 907% 201% 20% 300%
85-89 3.0% 10.4% 22.6% 17.5%
90+ 0.9% 2.8% 7.5% 7.5%
“Total (N) 2,577 937 186 40 3,740
sing values 3
Marital status
Single 23% 1.6% 2.2% 2.5%
Married/common law 62.9% 48.9% 45.7% 22.5%
<0.001
Widiwed 30.8% 46.4% 51.6% 72.5%
Divorced 3.9% 3.1% 0.5% 2.5%
“Total (N) 2,574 937 184 40 3735
Missing values 8
Place of residence
City 54.9% 51.5% 53.2% 70.0%
0.066
Another pleace 45.1% 48.5% 46.8% 30.0%
“Total (N) 2,577 937 186 40 3,740
Missing values 3
Education level
No formal education 27% 10.4% 22.7% 25.0%
Incomplete primary school 12.0% 20.9% 27.6% 27.5%
Primary school 24.1% 28.8% 24.3% 32.5%
<000
Secondary school 43.8% 29.8% 21.1% 15.0%
Higher or vocational school 15.8% 9.8% 43% 0.0%
Master’s or doctorate 1.6% 0.2% 0.0% 0.0%
“Total (N) 2,577 936 185 40 3,738
Missing values 5
‘Wealth index
1-Poorest 17.6% 25.1% 27.4% 17.5%
2- Poor 20.0% 25.9% 24.2% 30.0%
3- Middle class 22.7% 20.4% 23.1% 225% <0.001
4- Rich 21.5% 15.9% 16.7% 17.5%
5- Wealthiest 18.2% 12.7% 8.6% 12.5%
“Total (N) 2,577 937 186 40 3,740

Missing values 3





OPS/images/fnagi-17-1679406/crossmark.jpg
©

|





OPS/images/fnagi-17-1541048/fnagi-17-1541048-t001.jpg
Academic Academic People with Professional Overall

lab working  lived experience carers agreement/
scientist/ with people and unpaid (clinicians, disagreement,
biologist carers social care) n =58
1.1 Many researchers and clinicians are not clear 100 9231 60.00 80.00 8%
what is meant by cognitive frailty
1.2 Cognitive fraily is just a part of the Aging process 4286 84,60 (disagree) 5340 3000 62% (disagree)
1.3 Cognitive fraily is a physiological condition 100 37.00 50.00 80.00 55.7%
1.4 Cognitive frailty is experiential/subjective 7143 (disagree) 46.15 6154 30.00 43.4%
1.5 Negative attitudes toward aging are what need 7143 8077 8571 80.00 80%
changing
1.6 “Aging” s a social construct 85.72 (disagree) 46.15 50.00 7000 49.1%
1.7 15 ita help/hindrance to normalize cognitive 57% help/43% 3% 50% help/50% 30% help/70% 41% help/59%
frailty as an expected part of aging? hindrance  help/67%hindrance hindrance hindrance hindrance

Qualitative statements from the open text boxesin  Whilst normal aging may contribute to cognitive frailty, it is unhelpfu to assume that cognitive railty is an expected
Section 1 part of aging.

ltems where consensus was achieved according to our criteria are highlighted i bold.
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Boot SE

High-level frailty | ~1561%* 0.500 -2571 ~0627
Moderate frailty —2321%% 0336 -3011 ~1.676
Low-level frailty ~3.080% 0307 ~3.686 ~3.686

**p <0.001. LLCL, Lower Limit 95% Confidence interval; ULCI, Upper Limit 95%
Confidence interval
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LLCI ULCI  Relative

effect

value
Total effect —4339% 0314 -4967  —3740 100%
Directeflect  —3134%% 0303 -3735 2553 7223%
Indirecteffect | —1205** 0105 —1418  ~1000 27.77%
Indl ~0766* 0087 | 0912 ~0599 17.65%
Ind2 ~0182% | 0034 -0259 0123 419%
Ind3 ~0257% 0035 -0332 0195 592%

#*p < 0.001. Boot SE, bootstrap standard error; LLCI, Lower Limit 95% Confidence intervals
ULCI, Upper Limit 95% Confidence interval. Ind1 = Dual sensory impairment — Anxiety
— Cognitive ability.
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Dual sensory

impairment

Anxiety Depression

Cognitive ability

Frailty

Dual sensory

impairment
Anxiety
Depression
Cognitive ability
Frailty

*#p <0001

0.145%%

0.162°%

~0.168%*

0176+

1

0.457%% 1
~0.207%% ~0245%+
0.390%% 0.396%+

~0.261%*
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Variable

Age (years)

Sex

Education level

Marital status

Living style

Residence type

Dual sensory
impairment
Anxiety
Depression
Cognitive ability
Frailty

“p<0001.

Male
Female
Below primary
school
Primary
Junior high
school and
above
Married
Single
Lives with

others

ives alone

Village
Urban
No

Yes

n (%)

3,598 (51.25)

3,423 (48.75)
3,265 (46.50)

1587 (2260)

2,169 (30.90)

6,133 (87.35)

888 (12.65)
6,563 (93.48)

458 (6.52)
3,922 (55.86)
3,099 (44.14)
6,524 (92.92)

497 (7.08)
2761 (393)

1,927 (27.4)

1,078 (15.4%)

M+ SD

72014717

4699+ 1017
382+274
22904626

0924132
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Sen P
Ica 0.614 0.634 0578 007
IDG 0.611 0561 0.667 0076
IEC 0.556 0902 0267 0375
IHATA 0.591 0341 0.889 0.145
1Sube 0.602 0366 0.867 0.105
CA 0.625 0463 0.537 0.045
DG 0.641 0585 0733 0.025
rEC 0.562 0.683 0317 0326
HATA 0.556 0.439 0561 0371
rSubc 0.607 0585 0415 0.088

The sensitivity and specificity refer to the sensitivity and specificity at the optimal cut-off point obtained by maximizing the Youden’s index. ROC, receiver operating characteristic; AUC,
area under the receiver-operating characteristic curve; CN, cognitively normal; MCI, mild cognitive impairment; CA, cornu ammonis; DG, dentate gyrus; EC, entorhinal cortex; HATA,

hippocampal-amygdaloid transition area; Subc, subiculums 1, left; r, right. Bold represents P < 0.05.
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P- interaction

Overall 4

Women —_—

Overall

Women

Overall 4
Women - ——

3.0 20 0 00 1.0
Model coefficient (95% confidence interval)
a. Stratification by sex

P-interaction

50-59
60-69

>70 —_—

50-59 -
60-69

=70

50-59 -
60-69

=70 4

T T T
3.0 20 1.0 0.0 1.0
Model coefficient (95% confidence interval)

b. Stratification by age group
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Total

sample
(N =9,562)

Death (%) 974(10.2)

Age (mean, SD) 622(7.9)

Cognitive function (mean, SD)

Wave 1 109 (4.0)
Wave 2 116 (3.6)
Wave 3 102 (44)
Wave 4 106 (4.3)

Sex (%)

Men 4713 (49.3)
Women 4849 (50.7)

Marital status (%)

Married/partnered 8,199 (85.7)
Unmarried/divorced/
Sidoved 1,363 (14.3)

Socioeconomic disadvantage (%)

Low education 7,016 (73.4)
Rising in rural areas 6,033 (63.1)
Health conditions (%)
Hypertension 2507 (26.2)
Diabetes 645(67)
Dyslipidaemia 955 (10.0)
Heart disease 1,248 (13.1)
Stroke 240(25)
Probable depression® 2752 (28.8)
Lifestyle (%)
Current smoking 3,059 (320)
Current drink 3,135 (32.8)

Unfavourable sleep
5,549 (58.0)

duration”
BMI (kg/m?, %)
<240 5912 (61.8)
240-27.9 2657 (27.8)
2280 993 (10.4)
SD:

CE

10212,

50-59
(N = 4,456)

185 (4.2)

55.5(2.7)

116 (3.8)
120 (3.4)
110 (4.1)

110 (42)

2,123 (47.6)

2,333 (524)

4,147 (93.1)

309 (6.9)

2,844 (63.8)
2,820 (63.3)

926(20.8)
260 (5.8)
452(10.1)
446 (10.0)
75(1.7)

1,192 (26.8)

1,467 (329)

1,560 (35.0)

2,413 (542)

2,600 (58.3)
1,334 (299)

522(11.7)

Age (years)

60-69
(N =3,444)

352(10.2)

64.4(29)

11.0(39)
116 (3.5)
10.1(43)

105 (42)

1749 (50.8)

1,695 (49.2)

2,957 (85.9)

487 (14.1)

2,721 (79.0)
2210 (64.2)

1,045 (30.3)
283(8.2)
385 (11.2)
508 (14.8)
109(32)
1,038 (30.1)

1119 (325)

1,114 (323)

2046 (59.4)

2,101 (61.0)
991 (28.8)

352(10.2)

Sleep duration <6 or > 10h/night for age 50-64, <6 or>9h/night for age > 5.

(N =1,662)
437 (26.3)

75.4 (4.4)

89(42)
100 (3.9)
7.7(45)

8.6(4.6)

841 (50.6)

821 (49.4)

1,094 (65.9)

567 (34.1)

1,451 (87.3)
1,003 (60.3)

536 (32.3)
102(6.1)
118 (7.1)

294(17.7)
56 (3.4)

522 (31.4)

473 (285)

461 (27.7)

1,090 (65.6)

1,211 (72.9)
332(20.0)

119(7.2)

Men
(N =4,713)

619(13.1)

623 (7.8)

119(35)
122(32)
113(37)

114 (38)

4,238 (89.9)

475 (10.1)

3,023 (64.1)
3,032 (64.3)

1113 (236)
259(5.5)
402 (8.5)
530 (11.2)
12326)
1,042 (22.1)

2,730(57.9)

2570 (54.5)

2,605 (55.3)

3,231 (68.6)
1,153 (24.5)

329(7.0)

Sex

Women
(N =4,849)

355(7.3)

620 (8.0)

99(4.3)
109 (3.8)
9.0(46)

9.8(4.7)

3,961 (81.7)

888 (18.3)

3,993 (82.3)
3,001 (61.9)

1,394 (287)
386.(8.0)
553 (11.4)
718 (14.8)
17 24)

1710(35.3)

329 (638)
565 (11.7)

2,944 (60.7)

2,681 (55.3)
1,504 (31.0)

664(13.7)

Place of residence

Urban
(N =3,529)

335(9.5)

623 (8.0)

121 (38)
126 (34)
114 (41

119 (4.0)

1,681 (47.6)

1848 (52.4)

3,026 (85.7)

503 (14.3)

2,148 (60.9)

1,066 (30.2)
354 (10.0)
498 (14.1)
606 (17.2)
9427)

782(22.2)

1,008 (28.6)

1,106 (31.3)

1980 (56.1)

1840 (52.1)
1,186 (33.6)

503 (143)

andard deviation; BMI: body mass index. Age, sex, marital status, socioeconomic disadvantage, health conditions, lfestyle and BMI were assessed at Wavel

Rural
(N =6,033)

639 (10.6)

62.1(7.8)

102 (4.0)
110 (36)
9.5(43)

99(43)

3,032(50.3)

3,001 (49.7)

5,173 (85.7)

860 (14.3)

4,368 (80.7)

1441 (239)
291(48)
457 (7.6)
642(10.6)
146 (24)

1970 (32.7)

2051 (34.0)

2029 (33.6)

3,569 (59.2)

4,072 (67.5)
1,471 (244)

490 (8.1)
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MCI (n = 52)

Demographics

Age 732£7.1 73.0£7.4 734£69 0.045 0.791
Female, N (%) 81(75.7) 43 (82.7) 38 (69.1) 2.688 0.101
Illiteracy (<1 years of education), N 29(27.1) 17 (32.7) 12 (21.8) 1.608 0.448
(%)

Primary school (1-6 years of 33(30.8) 15 (28.8) 18 (32.7)

education), N (%)

Secondary school and above (>6 years 45 (42.1) 20 (38.5) 25 (45.5)

of education), N (%)

BMI [normal, N (%)] 51(47.7) 25 (48.1) 26 (47.3) 4.587 0.101
BMI (overweight, N (%)] 35(32.7) 13 (25.0) 22 (40.0)

BMI (obesity, N (%)] 21(19.6) 14 (26.9) 7(12.7)

Others

APOE ¢4 carrie, N (%) 4(37) 1(1.9) 3(55) - 0618
TIV (mm?) 1,378.60 % 140.40 1,348.06 % 134.36 1,396.11 % 128.99 1215 0228

CN, cognitively normal; MCI, mild cognitive impairment; BMI, body mass index; TIV; total Intracranial volume.
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Hippocampal Hemisphere MCI CN group Cluster T/F value P-value MNI coordinates

subregion group (n = 45) size (FWE-cor) (mm)

(n=41) (voxels)
ca Left 035 £ 0.05 038 £ 0.05 39 3.47 0.037 28 —a1 -5
DG 0.41 £ 0.06 0.4 £ 0.05 14 316 0.045 -29 —40 —4
IEC 0.43 £ 0.06 0.45 £ 0.05 186 2.04 0310 —18 -7 -27
IHATA 034 0.06 037 £0.05 23 249 0.049 -17 —17 -23
1Sube 037 £0.04 039 £0.03 13 328 0.044 -22 -33 ~11
CA Right 038 0.05 0.40 £ 0.05 93 371 0032 26 —40 -3
DG 0.41 £ 0.06 0.44 £ 0.05 261 3.66 0.030 27 —40 -3
EC 0.42 £ 0.06 0.43 £ 0.07 NA. 0.64 0.520 NA. NA. NA.
tHATA 028 0.05 029 £ 0.05 2 131 0264 17 -10 -20
rSube 037 £ 0.04 0.39 £ 0.04 28 3.55 0.042 23 —37 -6
IHIP Left 3404056 3.64 %046 NA. 7.22 0.009 NA. NA. NA.
HIP Right 3274 0.60 3.50 4+ 0.49 NA. 7.195 0.009 NA. NA. NA.
TIV 1,348.06 1,396.11 0.007 0934

13436 128.99

CA, cornu ammonis; DG, dentate gyrus; EC, entorhinal cortex; HATA, hippocampal-amygdaloid transition area; Subc, subiculums HIP, hippocampus; TIV, Total Intracranial Volume; N.A.
not applicable; MNI, Montreal Neurological Institute; x, y, and z correspond to the coordinates of the peak-activated voxel.
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Outcome MoCA mildly MoCA borderline MoCA unimpaired F(2, 255)

impaired (n = 63) (n=82) (n =114)
M,g; (SE), 95% CI M,g; (SE), 95% CI M,g; (SE), 95% CI - - -
PCST Total Cues 13.7 (0.8), 12.05-15.34 8.4 (0.7), 7.0-9.82 5.7 (0.6), 4.44-6.86 20.006 <0.001 0.136
WCPA-17 Accuracy 8.4 (0.5), 7.52-9.29 114 (0.4), 10.62-12.12 12.2(0.3), 11.59-12.89 23216 < 0.001 0.154

Estimates of effect sizes were quantified via partial eta square to determine the magnitude of significant group differences and were interpreted as: 0.01 = small, 0.06 = medium, and 0.14 = large

(Co }). MoCA, Montreal Cognitive Assessment, possible range 0-30; PCST, Performance Assessment of Self-care Skills Checkbook Balancing and Shopping Task, possible range 0+;
WCPA 17 Weekly Calendar Planning Activity 17-item version, possible range 0-17.
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Variable Full sample MoCA MoCA borderline MoCA mildly
N =259 unimpaired (n = 82) impaired (n = 63)
(n = 114)
M (SD) M (SD) M (SD) M (SD)

Age 69.5 (8.0) 67.7 (6.4) 71.4 (9.1) 70.3 (8.4) 0.003

Chronic health conditions 1.0 (1.1) 0.9 (1.1) 1.0 (1.1) 1.1(11) 0271

Education 157 (3.3) 167 (3.3) 15.6 (3.4) 14.0 (23) < 0.001

n (%) n (%) n (%) n (%)

Sex 0371
Female 194 (74.9) 90 (79.0) 60(73.2) 44.(69.8) -
Male 65 (25.1) 24 (21.1) 22(26.8) 19 (30.2) =

Race? S
White 217 (83.8) 102 (89.5) 72 (87.8) 43 (68.3) =
Black 29 (11.2) 6(53) 7(8.5) 16 (25.4) -
Other 13 (5.0) 6(53) 3(3.7) 4(6.4) -

MoCA 24.8 (2.9) = = = =

PCST Total Cues 8.5 (7.5) = - - _

WCPA-17 Accuracy 110 (4.1) - — - -

Insufficient group representation to run x 2 as either full or collapsed factor variable. MoCA, Montreal Cognitive Assessment, possible range 0-30; PCST, Performance Assessment of Self-care

Skills Checkbook Balancing and Shopping Task, possible range 0+; WCPA-17, Weekly Calendar Planning Activity 17-item version, possible range 0-17.
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1. Understanding the concept of Academic lab  Academic People with Professional Overall %
cognitive frailty: scientist/ working with lived carers agree/disagree

biologist people experience and (clinicians,
(n=4) (n=21) unpaid carers social care)
(n=12) (n=4)

Understanding the concept of cognitive frailty
1.1 Many researchers and clinicians are not clear 100% 91% 2% 100% 76%
what is meant by cognitive frailty

1.2 Whilst normal aging may contribute to 100% 100% 58% 100% 87%
cognitive frailty, it is unhelpful to assume that

cognitive frailty is an expected part of aging

1.3 With positive attitudes and anti-discriminatory 100% 91% 75% 75% 86%
practices, resilience may improve, meaning that

cognitive frailty is not inevitable

Whether CF can be prevented, reversed, or onset delayed

25 Examination of reversal of cognitive frailty in 100% 76% 83% 50% 81%
the literature i very rare

Risk factors for cognitive frailty that could be targets for intervention

5.4 Air pollution affects brain health especially for

those with pre-existing vulnerability leading to

cognitive frailty

Developing interventions for the management of cognitive frailty

6.1 We do not know the best timing (e.g, in terms 100% 67% 63% 50% 67.38%
of severity of cognitive frailty or age of person) for

interventions to enable reversal
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Participants at baseline in 2011
(n=17705)

A A

1.Age < 45 or missing age information (n=368)
2Missing data for Cognitive Scores or Frailty Index
Items (n=2838)
3.Missing data for pain (n=12)
4Memory-related diseases (n=202)

Participants at baseline in 2011
screend for cross-sectional analysis
(n=14285)

A A

1.Missing data for Cognitive Scores or Frailty Index
Items in 2015 (n=6347)
3.Cognitive Frailty at2011(n=227)
2Mismatched pain data at 2011,2015 and newly
memory-related diseases (n=2207)

Participants from 2011 to 2015
screened for longitudinal analysis
(n=5504)
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Subgroup Variable Total Event(%) OR (95%CI) P for interaction

Overall
Crude mild pain 1166 75(6.4)  2.92(2.23~382) ———
moderate pain 1651 169 (10.2) 4.85 (3.94~5.96) <
severepain 1723 302(17.5) 9.03 (7.53-10.83) -
Adjusted  mild pain 1166 75(6.4)  2.53 (1.81~3.53) e
moderate pain 1651 169 (10.2) 2.78 (2.1~3.68) =
severepain 1723 302(17.5) 4.68 (3.63~6.03) —~
Gender group 0.146
Female mild pain 682  59(87)  2.38(1.63~348) ——
moderate pain 1032 131(12.7) 237 (1.71~3.26) e
severe pain 1072 238(22.2) 4.47 (3.35~5.97) ——
Male mild pain 484 16(33)  28(1.36~5.79) e
moderate pain 618 38(6.1) 438 (248~7.73) ——
severe pain 650  64(98)  513(3.01~8.74) ————i
Age group 0.382
<60 mild pain 647  23(36)  173(0.96~3.41) i
moderate pain 875 61(7) 223 (1.41~3.52) ——
severe pain 878  126(144) 393 (261~5.93) e
260 mild pain 519 52(10) 3.1 (2.05~4.7) ——i
moderate pain 776 108 (13.9)  3.22 (2.25~4.61) ——i
severe pain 845  176(208) 4.8 (3.52~6.77) ——
Marital Status 0.415
Married mild pain 1010 58 (5.7) 2.58 (1.77~3.75) ——
moderate pain 1411 123(87) 246 (1.78~3.4) ——i
severe pain 1478 244 (165) 4.6(3.46~6.13) —e—i
Unmaried mild pain 156 17(10.9) 2.4 (1.13~5.09) e
moderate pain 240 46(19.2)  4.14 (2.32~7.38) —_——
severe pain 245  58(237)  4.69 (2.68~8.22) ——
BMI group 0.482
<25kgim2 mild pain 710 41(58)  232(153~351) ]
moderate pain 978 96 (9.8) 3.05 (2.2~4.24) i
severe pain 1037 180 (17.4)  5.05(3.74~6.82) ——i
225kg/m2 mild pain 311 26(84)  29(162+52) ——
moderate pain 444 35(7.9)  2.18(1.26~3.77) e
severe pain 43 71(16) 3.89 (2.4~6.28) e
L e

10 20 4.0 80
Effect(95%Cl)
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Confusion Matrix Confusion Matrix Confusion Matrix

A: Multy-Layer Perceptron B: Graph Convolutional Network C: Graph Attention Network
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Input features

Exploits graph structure
Hidden layers
Neurons/units per layer
Activation function
Dropout rate

Output ayer

Additional features

MLP

Node Features (11)
No

2 Dense layers
16,8

RelU

01

3 Neurons

GCN

Node Features (1)

Yes (nodes & edges)

2 Graph convolutional layers

16 (layer 1)

RelU

0.1

3 units (final convolutional layer)

Graph structure aggregation

GA
Node Features (1)

Yes (nodes & edges)

2 Graph attention layers

16 per attention head (layer 1), 8 attention heads
ELU

02

3 units (final attention layer)

Graph structure aggregation & attention mechanism
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Separate model Joint model

B/HR (95% Cl) p/HR (95% ClI)
Longitudinal process
Age 0,045 (~0.161,0.251) 0.668 0072 (~0.121,0.198) 0471
Agesquared ~0.453 (0516, ~0.390) <0001+ 0484 (0530, ~0.425) <0.001%+*
Women 1,665 (1827, ~1.504) <0001+ 1,669 (~1.830, ~1511) <0.001%+*
Unmarried/divorced/widowed 0171 (-0364,0021) 0,080 0129 (-0.316,0.061) 0185

Socioeconomic disadvantage

Low education ~2693 (~2.838, ~2.548) <0.001% ~2672(~2.813,-25530) <0.001+*
Residing in rural areas ~1.199 (~1.331, ~1.068) <0.001% ~1.204 (~1.329, ~1.074) <0.001+%
Health conditions
Hypertension 0.126(~0.025,0.277) 0.102 0.135 (<0019, 0.286) 0.084
Diabetes 0.113 (~0.141,0.367) 0.384 0.110 (<0.141,0.358) 0377
Dyslipidaemia 0423 (0.208, 0.638) <0.001%# 0.415 (0207, 0.626) <0.001+%
Heart disease 0.508 (0.316,0.699) <0.001%# 0,513 (0328, 0.698) <0.001+%
Stroke ~0.451 (~0.860, ~0.043) 0.030% ~0.451 (~0.857, ~0.051) 0,030
Probable depression* ~1.076 (~1.218, ~0.935) <0.001%# ~1.084 (~1.226, ~0.941) <0.001++%
Lifestyle
Current smoking ~0.276 (~0.436, ~0.117) <0.001%+ ~0284 (~0.437, ~0.133) <0.001+%
Current drink ~0.049 (~0.196, 0.099) 0516 ~0.052 (~0.199,0.092) 0.483
Unfavourable sleep duration® ~0.120 (~0.245,0.005) 0059 ~0.116 (~0.240,0.004) 0.060
BMI (ref: <24.0kg/m?)
24.0-27.9kg/m’ 0.380 (0.236,0.524) <0.001%% 0,365 (0.224,0.506) <0.001++
228 0kg/m’ 0277 (0063, 0.490) oon* 0.264 (0048, 0.473) 0.014%
Women 0595 (0507, 0.698) <0.001%# 0,558 (0.448, 0.691) <0.001++
Unmarried/divorced/widowed 0.930 (0.798, 1.085) 0355 0855 (0721, 1.011) 0.067
Socioeconomic disadvantage
Low education 0.980 (0821, 1.169) 0821 0,936 (0786, 1.121) 0.469
Residing in rural area 1136 (0.987,1307) 0076 1138 (0.992,1311) 0.065
Health condi
Hypertension 1112 (0.965,1.282) 0143 1.100 (0955, 1.264) 0.188
Diabetes 1524(1.210,1920) <0.001%# 1,563 (1,223, 1.962) <0.001+%
Dyslipidaemia 1032 (0.814, 1.308) 0795 1052 (0.826,1.325) 0675
Heart disease 1236 (1041, 1.467) 0.015* 1.258 (1056, 1.492) 0,009
Stroke 1406 (1051, 1.880) 0022 1400 (1034, 1.867) 0.029*
Probable depression* 1255 (1,091, 1.443) 0.001%% 1281 (1110, 1.473) <0.001+*
Lifestyle
Current smoking 1249 (1,078, 1.448) 0,003+ 1.280 (1,096, 1.493) 0,003+
Current drink 1018 (0881, 1.176) 0,809 1,002 (0.862, 1.160) 0978
Unfavourable sleep duration® 0.883 (0.774, 1.008) 0.064 0,877 (0768, 1.001) 0.051
BMI (ref: <24.0kg/m?)
24.0-27.9kg/m* 0.989 (0,841, 1.163) 0.889 1.023 (0869, 1.198) 0.79
228 0kg/m* 1023 (0.796,1316) 0.857 1.046 (0.808, 1.349) 0722
Time-dependent slope 0.418(0.333,0.537) <0.0014%
CES-D-10212.

Sleep duration <6 or > 10h/night for age 50-64, <6 or > 9 h/night for age > 65
p: model coefficient; HR: hazard ratio; CI: confidence interval; BMI: body mass index; rf: eference category. *p<0.05, ** p<0.01, *** p<0.001
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Men Women Urban Rural

B/HR (95% CI) B/HR (95% CI) B/HR (95% CI) B/HR (95%
Cl)
Longitudinal process
~0.126 (~0.396, ~0.141 (-0455,
Age 0.171(-0099,0425) 0257 0418 0272(0005,0537)  0.045% 0275
0.171) 0.100)
~0.462 (~0.544, ~0.476 (~0.558, ~0.482 (~0.566, 0457 (<0532,
Age squared <0.001%4 <0001+ <0.001%# <0.001%+
-0.375) ~0.405) ~0.393) ~0.360)
—0.902 (~1.139, ~2172(-2383,
Women <0.001%5 <0.001%5
—0.664) ~1.962)
Unmarried/ ~0.482 (<0756, 0118 (<0.144, ~0.198 (~0.498, ~0.160 (~0.407,
<0.001+5% 0375 0.185 0211
divorced/widowed ~0.208) 0.387) ~0.098) 0.088)
Socioeconomic disadvantage
~2027 (=291, ~3.686 (~3.936, ~2855 (3048, -2451 (-2652,
Low education <0.001%+ <0001+ <0.001%% <0.001%#
-1.863) -3.433) ~2.662) ~2.250)
Residingin ~0.790 (=097, —1.440 (~1.638,
<0.001%# <0014+
rural areas —0.628) —1245)
Health conditions
0,163 (~0.049, 0071 (<0128,
Hypertension  0.138(-0.060,0.336) | 0.170 0136 0237(0017,0463)  0.034% 0479
0.380) 0.263)
0.066 (~0.287, 0.100 (~0.225, 0077 (~0.299,
Diabetes 0.119(-0229,0466) 0504 0.696 0543 0.694
0.403) 0.421) 0.448)
Dyslipidaemia 0356 (0.063,0.640)  0.017%  0.441(0.138,0.739)  0003** | 0325(0.047,0.607)  0.022%  0471(0.162.0779)  0.004**
Heart disease 0370 (0106,0.635) 0007 0.574(0302,0.843)  <0.001%**  0371(0.112,0.637)  0006"* 0587 (0.332,0847) = <0.001%%*
~0.109 (~0.634, ~0885 (~1.497, ~0.667 (~1260, ~0.366 (<0890,
Stroke 0679 0,004 0031 0171
0.409) ~0258) ~0.060) 0.150)
Probable ~1.038 (<1230, ~1069 (~1.265, ~1.267 (<1499, ~0986 (~1.138,
<0.001%+ <0001+ <0.001%% <0.001%=
depression’ ~0.840) -0.872) —~1.038) ~0.798)
Lifestyle
Current —0.422(~0.583, 0226 (<0133, ~0.371 (0,607, ~0.292 (<0490,
<0001+ 0.225 0,003+ 0.005%%
smoking -0.262) 0.587) ~0.129) ~0.088)
0048 (<0338, 0.138 (<0085, ~0.147 (~0334,
Currentdrink  0.002(-0.154,0.163)  0.985 0756 0225 0.126
0.235) 0.359) 0.041)
Unfavourable —0.071(-0.221, ~0.136 (<0323, ~0.150 (~0.336, ~0.080 (~0.241,
0359 0143 0120 0326
sleep duration” 0.084) 0051) 0.038) 0077)

BMI (ref: <24.0kg/m?)

240-279kg/m’ 0242 (0.051,0.428) 0.013* | 0.550(0.347,0757)  <0001*** | 0495(0.285,0705)  <0.001%**  0.301(0.113,0489) = 0.001**

>28.0kg/m* 0.270(~0038,0580)  0.085 0289 (20001, 0,051 0245 (0040, 0,093 ORAC002, 0.070
0576) 0.534) 0568)
Women 0504(0349,0732)  <0.001%% 0574 (0448,0742) <0001+
Unmaried/
dodividoned | CSPOSHLISD 039 0BISO6LIN 018 0900(0656,1230) 0515 082078100 0072
Socioeconomic disadvantage
Loweducation  0987(0798,1230) | 0915 | 0715(0.478,1088) 0110 0909(0700,L178) 0470 0914(0710,1L184) 0493
Residing in
B 1073 (0898,1283) 0445 1296(1028, 1644) 0,026
Health conditions
Hypertension L168(0978,1392) 0094 | LOO1(0.795,1263) 0999 L136(0.894,1438) 0298 1075(0.899,1281)  0.423
Disbetes L186 (0848, 1628) | 0306 2125(L500,2965) <0001***  1313(0925,1833) 0126 1964 (Ld08,2700) <0001
Dyslipidacmia 1001 (0725,1359) 0986 | 1096(0753,1579) 0621 L097(0776,1523)  OS81  1001(0705,1388) 0979
Heart discase 1183(0937,1481) | 0153 | 1378(L034,1801) 0031 | LI4S(0867,1508) 0317  1389(LI021742) 0554
Stroke. 1240(0842,1776) | 0262 1709(L005,2757)  0.048% | 1727(1075,269%)  0025%  1238(0824,1797)  0.293
Probable 1208(1002,1452) | 0047 | 1387(LIIL1L736)  0004%  1541(L186,1983)  <0.001%%*  LI70(0991,1390)  0.066
depression
Lifestyle
Current 1210(1029,1418)  0022* | L5I3(1065,2088)  0019° | 1359(L039,1763)  0025%  1238(L022,1497) 0026
smoking
Cureentdrink 09650822, 1130) | 0662  LI68(0.841,160) 0335  1041(0800,1346) 0759  0985(0828,1189) 0895
Unfavourable 09300791, 1.101) 0350 | 0.792(0633,0989) 0039 0770 (0613,0965) 0025  0937(0796,1108) 0442
sleep duration®
BMI (ref: <24.0kg/m?)
240-27.9kg) 1019(0817,1255) | 0851 1026(0785,1323) 083  0964(0740,1249) 0784  1034(0834,1278)  0.746
228.0kg/m? 1252(0880,1738) 0202 0896(0.607,1288) 0576 0980(0.665,1426) 0926  L048(0.734,1467) 0779
Time-dependent  0562(0452,0706) | <0001*** | 0.221(0.134,0350) | <0001*** 0354 (0.242,0500)  <0.001%** | 0.411(0293,0571) | <0.001%%%
slope

CES-D-10212.
Sleep duration <6 or 10h/night for age 50-64, <6 or 9 h/night for age 2 65
p: model coefficient; HR: hazard ratio CI: confidence interval; BMI: body mass index; ref: eference category. *p<0.05, ** p<0.01, *** p<0.001
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50-59years 60-69 years >70years

B/HR (95% ClI) B/HR (95% ClI) P B/HR (95% CI)

Longitudinal process
Age 0.460 (0018, 0.886) 0034 —0.643 (~1264,-0.096) 0.022¢ ~2853 (-3409,-2197) | <0.001%+*
Age squared 1088 (~1333,-0.830) | <0001 —1004(-1357,-0627) | <0.001%*  —0.189 (~0501,0.176) 0351
Women —1061 (~1298,-0829) | <0001***  —1774(-2033,~1514)  <0001%** 2589 (~2956,-2219) | <0.001%**
Unmarried/divorced/widowed ~0361 (~0.697,-0.025) | 0034 ~0.271(~0571,0.026) 0.074 0.131 (02210, 0.475) 0445
Socioeconomic disadvantage

Low education ~2726 (~2911,-2543) | <0001%** 2969 (-3240,-2696) | <0.001*** 3174 (=365, ~2701) | <0.001%**

Residing in rural areas —LI1(-1321,-0959) | <0001%** 1079 (~1303,-0860)  <0.001***  —1315(~1.646,~0983) | <0.001%**
Health conditions

Hypertension 0.130 (~0.095,0.352) 0.261 0.114 (=0.125,0.356) 0352 ~0348 (-0683,~0.004) | 0.047%

Diabetes ~0.073 (~0.434,0.295) 0.698 0.222 (~0.153, 0.600) 0.246 0,022 (0,632, 0.677) 0952

Dyslipidaemia 0414 (0122, 0.708) 0.004%% 0.416 (0,067, 0.757) 0.019% 0.603 (~0.018, 1.221) 0056

Heart disease 0.430 (0.146,0.720) 0.003%% 0.200 (~0.104, 0.501) 0.202 0.710(0.285, 1.142) 0.001%%

Stroke ~0.588 (~1.251,0.074) 0.082 ~0.302 (~0913, 0.308) 0329 ~0.815 (~1.677,0.052) 0.064

Probable depression® ~1152(~1346,-0954) | <0.001%* | ~0952(-1183,~0719) | <0001%**  —1234(~1575,-0.895) | <0.001%+*
Lifestyle

Current smoking ~0.079 (~0.302,0.148) 0.492 ~0.094 (<0359, 0.162) 0477 —0.711 (~1.085,-0.335) | <0.001%**

Current drink 0,036 (~0.168, 0.239) 0725 0062 (~0.179,0.312) 0629 ~0.180 (~0.548, 0.182) 0348

Unfavourable sleep duration® ~0.188 (~0.356,-0.018) | 0.027* ~0.096 (~0.309, 0.109) 0.366 ~0.094 (~0.420, 0.236) 0574
BMI (ref: <24.0kg/m?)

24.0-27.9 kg/m? 0.244 (0055, 0.432) 0.012% 0.607 (0.367, 0.849) <0.001%%% 0,536 (0.130, 0.928) 0,009+

2280 kg/m’* 0.369 (0.086, 0.646) 0.010% 0.273 (~0.084, 0.633) 0.137 0.195 (~0.408, 0.802) 0530
Women 0437 (0.263,0.729) 0.002%% 0.435 (0310, 0.608) <0.001%%% 0.445 (0134, 0.793) 0.001%%
Unmarried/divorced/widowed 2325(1479,3544) | <0.001%%% 0.879 (0620, 1.216) 0453 0,848 (0.494, 1.246) 0399
Socioeconomic disadvantage

Low education 0,825 (0597, 1.136) 0.240 1636 (1.229, 2.208) <0.001%*% 1457 (0.848,3.612) 0.195

Residing in rural areas 0.969 (0720, 1.323) 0.819 0.887 (0.704, 1.109) 0.295 1.432(1.033,2811) 0047
Health conditions

Hypertension 1490 (1033, 2122) 0,033 1301 (1,029, 1.640) 0030* 1,160 (0.797, 1.937) 0403

Diabetes 1430 (0.777, 2.504) 0225 1831(1.297, 2541) 0.001++ 1.747 (0.875, 6.504) 0124

Dyslipidaemia 0,909 (0.543, 1.490) 0727 0.814 (0564, 1.149) 0.265 0,928 (0.336, 2.057) 0885

Heart disease 1163 (0.710, 1.824) 0529 1313 (0.980, 1.753) 0.066 2362 (1.360,9.289) <0.001%5

Stroke 1.103 (0390, 2.686) 0.800 2387 (1.561,3.526) <0.001%%% 1.053 (0417, 3.157) 0926

Probable depression® 1.268 (0.914, 1.756) 0.158 1261 (0,991, 1.588) 0.058 1391 (0.977, 2.778) 0.068
Lifestyle

Current smoking 1486 (1.024,2.193) 0.035* 1.031(0.798,1.334) 0820 1364 (0,928, 2.822) 0129

Current drink 0.772.(0.549, 1.094) 0.144 1101 (0.868, 1.402) 0.444 0.856 (0522, 1.300) 0392

Unfavourable sleep duration” 1015 (0.755, 1.363) 0921 0953 (0769, 1.188) 0.658 0.737 (0350, 1.039) 0.09%
BMI (ref: <24.0kg/m?)

21.0-27.9 kg/m? 0.718 (0494, 1.022) 0.066 0.969 (0747, 1.251) 0.909 0,933 (0519, 1.466) 0775

2280 kg/m? 0,886 (0517, 1.452) 0.665 0.987 (0.670, 1.430) 0.961 0.534 (0158, 1.153) 0112

me-dependent slope 0,688 (0,544, 0.879) 0,002 0716 (0612, 0.832) <0.001+* 0.034(0.001,0.349) <0.001%5

CES-D-1012.
‘Sleep duration <6 or > 10h/night for age 50-64, <6 or > 9h/night for age >65.
p: model coefficient; HR: hazard ratio; CI: confidence interval; BMI: body mass index; ref: eference category. *p<0.0, ** p<0.01, *** p<0.001
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Variables Model 1 Model 2 Model 3 Model 4 Model 5

Beta Beta Beta Beta Beta
30-s sit-up 0523 9,860+ —0421 | —7a31% 0386 6353 —0214 | -3.169%* ~0.140 ~2.127%
1-back correct ~0466  ~6.476%*
rate
1-back response 0.044 0547
time
2-back correct 0010 0.162
rate
2-back response 0071 1007
time
Age ~0093 -1795 ~0.063 ~1093 0.065 1091 0017 0.261 0233 1464755
Years of ~0119 -1762 0015 0270
wducation 0.247 466142 0239 | —4052%+% 0225 37040
R 0431 0294 0252 0076 0455
F 60.852¢% 3da5ee 27.013%+* 6.620%% 282115+

Model 1: 30-s sit-up performance predicts 1-back correct rate; Model 2: 30-s sit-up performance predicts 1-back response time; Model 3: 30-s sit-up performance predicts 2-back correct rate;
Model 4: 30-s sit-up performance predicts 2-back response time; Model 5 30-s sit-up performance, 1-back correct rate, 1-back response time, 2-back correct rate, and 2-back response time
jointly predict ADL. * indicates P<0.05; ** indicates P<0.01; *** indicates P<0.001.
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Bootstrap 95%Cl

Variables Effect Size Boot SE Lower limit Upper limit
Total effect ~0.280 0039 ~0358 ~0.203
Direct effect ~0.095 0.045 ~0.183 ~0.007
1-back correct rate ~0.166 0,033 ~0236 ~0.106
1-back response time ~0013 0.037 ~0.089 0,055
2-back correct rate 0.003 0015 ~0027 0.031

2-back response time -0010 0.014 ~0.042 0011
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Variables Scores of activities of daily living Test of variability

Whole (n = 245) Normal activities of ~ Reduced activities of
daily living (n =118) daily living (n =127)
Age (year) 7622783 73634733 7864752 1=-5.275, P<0.001
Height (m) 162008 163008 162007 (=1732,p=0.085
Weight (kg) 6136£9.08 6175938 61.0048.82 1=0642,
BMI (kg/m?) 23224264 23104257 2334270 ~0.695,p=0.488
Years of education 8142460 890426 7445481 1=2504,p=0013
Gender 7 =0019,p=089
Male m 54 57
Female 134 64 70
Grip Strength (kg) 25394844 29042839 22014697 1=7.111, P<0.001
30-5sit-up (second) 1491535 1787541 1216353 1=9.704, P<0.001
1-back correct rate 0.75£0.17 087010 0642015 1214056, P<0.001
1-back response time 905.90+227.76 8443721119 963.07+228.48 =-4213, P<0.001
2-back correct rate 0.6140.18 0.66+0.17 056+0.17 1=4934, P<0.001
2-back response time 1063.98+232.01 1037.51+228.99 1088.57+232.98 728, P=0.085
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Variables Model 1 Model 2 Model 3 Model 4 Model 5

Beta Beta Beta Beta Beta
Grip Strength 0.261 4.179%% 0315 —4920%5% 0212 32000 ~0a71 —2442% 0265 ~4.760%%
1-back correct 0484 ~744455
rate
1-back response 0014 0.185
time
2-back correct 0012 0192
rate
2-back response 0077 1149
time
Age 0115 -1813 ~0092 -1425 0057 0843 ~0003 ~0044 0.147 2698+
Years of ~0165 | -2547* 0009 0.159
wducation 0386 6.6974%% -0333 —5.660%%* 0325 5306%+
R 0255 0223 0.162 0610 0493
F 27,556+ 23,090+ 15.52%4% 5216 3287204+

Model 1: Grip strength predicts 1-back correct rate; Model 2 Grip strength predicts 1-back response time; Model 3: Grip strength predicts 2-back correct rate; Model 4 Grip strength predicts
2-back response time; Model 5: Grip strength, 1-back correct rate, 1-back response time, 2-back correct rate, and 2-back response time jointly predict ADL. * indicates P<0.05; ** indicates
P<0.01; *** indicates P<0.001
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\ELELIES Bootstrap 95%Cl

Lower Upper

limit limit
Total efect ~0.175 0026 ~0.226 ~0.124
Direct effect ~0.114 0.024 ~0.161 ~0.067
I-back correct ~0054 0014 ~0.084 ~0029
rate
I-back response  ~0.002 0016 ~0.036 0027
time
2-back correct 0.001 0005 ~0.009 0012
rate
2backresponse | ~0.006 0.008 ~0.026 0.004

time
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Position MTAG Betal MTAG P_Shet P_Shom

Beta2
152196172 2 198889893 PLCLI1 G T 0.01111566 0.001707339 7.49E-11 —0.015337213 0.002773543 3.21E-08 1.59E-14 0.001737162
16809216 3 49412559 RHOA A G —0.0147 0.001864157 2.61E-15 0.030812745 0.002987125 6.02E-25 4.23E-27 0.063307014
42048
1513096480 3 49658084 BSN G A —0.0148 0.002221177 2.39E-11 0.021547338 0.003504589 7.83E-10 6.94E-16 0.003113093
36765
1511713193 3 49924424 MSTIR A G 0.024502432 0.001705763 8.64E-47 —0.030771579 0.002768231 1.05E-28 5.23E-65 6.52E-14
1513107325 4 103188709 SLC39A8 T (6 0.045625487 0.00305112 1.47E-50 —0.051900093 0.004820966 5.01E-27 2.51E-68 1.64E-16
157124681 11 47529947 CELF1 A G 0.02672277 0.001615749 1.92E-61 —0.01819543 0.002783373 6.27E-11 2.48E-67 3.02E-33
157187776 16 28857645 TUEM G A 0.027206499 0.00162231 4.03E-63 —0.027717531 0.002903956 1.36E-21 7.51E-78 2.68E-26

CHR, chromosome; SNP, single-nucleotide polymorphism; MTAG, multi-trait analysis of genome-wide association studies; SE, standard error; 1: BMI, 2: cognitive function.





OPS/images/fnagi-16-1466799/fnagi-16-1466799-t002.jpg
SNP GENE PPH4

152196172 PLCLI 0.050834901762781
156809216 RHOA 0.997655251941814
1513096480 BSN 0.991551932510143
1511713193 MSTIR 0.991374521631222
1513107325 SLC39A8 0.999999956976809
157124681 CELF1 0.708825902651126
157187776 TUFM 0.95629072739858

SNP, single-nucleotide polymorphism; PPH4, the posterior probability of hypothesis 4.

Bold values: colocalized SNPs.
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Probe ID_BMI Probe_ Effect Another P_ P_ No. SNP
position ENEIES allele SMR HEIDI _HEIDI

Brain_Cerebellar_Hemisphere

MST1R ENSG00000164078 3 49924435 (e T 0.0484738 0.00746002 8.15E-11 0.06277367 13

Brain_Frontal_Cortex_BA9

RBM6 ENSG00000004534 3 49977440 T C —0.0562046 0.00700223 1.00E-15 0.1334418 18

Brain_Hypothalamus

RP11-1348G14.4 ENSG00000251417 16 28814097 @ T —0.0394032 0.00688223 1.03E-08 0.1583842 12

Brain_Nucleus_accumbens_basal_ganglia

TUEM ENSG00000178952 16 28853732 c i 0.0907204 0.0138028 4.94E-11 0.3168625 13
RP11-1348G14.4 ENSG00000251417 16 28814097 C T —0.0459571 0.0077102 2.51E-09 0.3574173 13
Pituitary gland

RP11-1348G14.4 ENSG00000251417 16 28814097 T c —0.0554573 0.0076976 5.83E-13 0.05697258 18

CHR, chromosome; SNP, single-nucleotide polymorphism; SE, standard error; 1: BMI; 2: cognitive function.
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