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Editorial on the Research Topic
 Lifestyle and healthy aging to prevent cognitive decline and dementia





Introduction

We now have evidence that lifestyle behaviors can reduce the risk of cognitive decline and dementia even among older adults with high genetic risk (Lourida et al., 2019). With this in mind, we created this Research Topic to expand our knowledge of targets for lifestyle interventions to reduce dementia risk. Our aim was to cast a net wide enough to attract submissions from around the world both from established and from newer researchers. We wanted to highlight smaller studies that approach this topic from novel perspectives that in turn may inspire new ideas that might expand our conceptualizations for dementia prevention. Finally, we were interested in how multiple factors or the interaction of factors may influence cognitive function, cognitive decline, and dementia.

The resulting collection in this Research Topic is made up of 30 articles, with authors hailing from 6 continents and 19 countries. The contents of manuscripts covered a wide range of topics that can be classified broadly into the following categories: Physical Activity, Cognitive Activity/Training, Depression/Social Support, Diet/Alcohol, Obesity/Waist Circumference/Diabetes, Enriched Environments, and Sex/Gender/HRT.



Physical activity

Physical activity is one of the most researched lifestyle factors for healthy aging in the last two decades (Moreno-Agostino et al., 2020). With a growing aging population, examining how physical activity affects cognitive health is more important than ever. In this Research Topic, we were pleased to include an interesting range of articles on physical activity. A network meta-analysis (Han et al.) identified that resistance training and mind-body exercises, such as Tai Chi, were effective in improving global cognitive function, executive function and memory in healthy older adults. Similarly, a 12-week Tai Chi intervention (Lin L. et al.) demonstrated efficacy in improving overall cognitive function, executive function, and memory in older adults with mild cognitive impairment. Furthermore, a mouse model of Alzheimer's disease (Perez Garcia et al.) showed that physical exercise and BCI-838 drug administration, improved recognition memory and enhanced adult hippocampal neurogenesis. Despite the many benefits of physical activity, a Mendelian randomization study (Li Y. et al.) suggested that the dose of physical activity is also important to consider in relation to cognitive performance. The relationship between physical activity dose and cognitive performance may be non-linear, with excessive amounts of moderate-to-vigorous physical activity resulting in unfavorable cognitive outcomes. Last, a study using structural equation modeling and fuzzy set qualitative comparative analysis the authors (Li W. et al.) reported that physical activity behavior is affected by multiple factors, including social support, motivation, and physical literacy. In summary, although physical activity plays an important role in cognitive health, the relationship is a complex one. Intensity, duration and mode of physical activity, as well as the individual's social and psychological situation, are important factors to consider.



Cognitive activity/cognitive training

Although cognitive activity is a cornerstone of dementia prevention, the field continues to grapple with the challenges of intervention efficacy, adherence, and ecological validity. Articles in this special topic contribute to this ongoing discussion by examining how, for whom, and under what conditions cognitive training may be optimized.

To address the critical issue of participant engagement in long-term trials, a Cognitive Training Support Programme (CTSP) has been developed to supplement computerized cognitive training (CCT) interventions (de Jager Loots et al.). Moving beyond the training tasks themselves, the CTSP leverages a behavior change framework (Capability, Opportunity, Motivation) to improve adherence through group sessions that educate, support, and motivate participants. This global approach recognizes that an intervention's success depends as much on its supportive framework as its content.

In a novel approach to making cognitive activity more engaging, improvisational theater has been established as a feasible and meaningful cognitive activity (Krueger et al.). Neuropsychology experts and trainees rated improv exercises as effectively engaging multiple cognitive abilities, particularly sustained attention and processing speed. This work opens promising avenues for developing interventions that are not only cognitively stimulating but also inherently social and enjoyable, potentially boosting adherence and wellbeing.

Finally, a new meta-analysis examines the synergy of combining Cognitive Training (CT) with transcranial Direct Current Stimulation (tDCS; Lv et al.). The authors showed this combination significantly improves working memory in healthy older adults compared to control conditions. Crucially, a dose-dependent effect was identified, with protocols using a 2 mA intensity and lasting 10 or more sessions yielding the best results. This research underscores the potential of combining behavioral and neuromodulation techniques while highlighting the critical need for rigorous parameter optimization to maximize therapeutic benefits.



Depression and social support

Depression is reported to be both a predictor and a consequence of cognitive decline but may also be a confounder in diagnosis of mild cognitive impairment (MCI) and Alzheimer's disease (AD). There are three articles related to depression in this collection, two from China where depression in older adults over 45 years of age is reported to be particularly prevalent.

Firstly, one study showed that a grip strength measure is associated with depressive symptoms and may be mediated by cognitive function, especially in men (Wang, Wu et al.). The authors suggest that targeted interventions, possibly focusing on enhancing grip strength and cognitive function, should be explored as they may help in reducing the risk and severity of depressive symptoms in middle-aged and older adults.

Secondly, a study in rural older adults (14% of whom had depression) looked at effects of perceived social support on cognitive function (Gui et al.). The strongest sources of perceived support (defined as providing emotional support or satisfaction, feeling respected, supported and understood within social networks) were ranked 1) children, 2) neighbors 3) a spouse, but analysis of cognitive function found that support from friends ranked third after children and neighbors. A combination of two or more sources of support was associated with improved cognition, especially for males and those financially well-off. Older age and depression were related to lower cognitive function. Social support is seen to act as a stress buffer and provide cognitive reserve.

Finally, a study from Korea (Lee et al.) supporting the hypothesis of depression as a risk factor for cognitive decline, looked at items from the Geriatric Depression Scale (GDS) in combination with the total consortium to establish a registry for Alzheimer's disease (CERAD) score and with the MMSE. Analysis revealed that the GDS ‘helplessness' item was a significant predictor for MCI diagnosis and was related to decreased cognitive function on the CERAD total score, but only in those individuals reporting lower levels of physical activity. MMSE plus ‘helplessness' improved diagnostic accuracy for MCI as opposed to MMSE score alone.



Diet/alcohol

Dietary and alcohol intake considerations are now main targets in the quest for living longer with preserved cognitive functioning. This selection of articles includes several novel approaches to increase our understanding of dietary intake in diverse settings. A 10-year cohort study conducted in China (Wang, Qiao et al.) demonstrated that more years of education were associated with the diet of older adults, but only in the slow cognitive decline group. Food diversity partially mediates the relationship between years of education and cognitive trajectories. Perhaps more noteworthy, food variety had a mediating effect on the relationship between years of education and changes in cognitive function. The authors describe how a higher level of education may influence essential habits (e.g., how we choose and prepare food) that in turn affects our biology and cognition.

Findings on alcohol intake and its relationship to health has had many ups and downs over the last two decades, with the most current statement by the World Health Organization indicating that “Alcohol consumption, even at low levels can bring health risks, but most alcohol related harms come from heavy episodic or heavy continuous alcohol consumption.” (World Health Organization, 2024). A population-based study from NHANES 2011–2014 (Chen et al.) demonstrated that although the relationship is complex, there was an overall negative correlation between alcohol intake and cognitive impairment in older adults. However, this relationship was non-linear and indicative that primarily heavy drinking was associated lower cognitive functioning over time.

Despite the increase in the scientific study of dietary intake and its relationship to cognition, messages to the general public may still be lacking. A cross-sectional study of informal caregivers' knowledge and motivation to adhere to the MIND diet (Guzman and Aguiñaga) demonstrated that knowledge and adherence was generally low. The authors describe the barriers to consuming the MIND diet in this group and offer possible solutions to intervene.

Finally, an animal intervention of two plant-based supplements that have anti-inflammatory properties (Boualam et al.) provided some insight into dietary effects on aging well. After 2 years, both Mentha rotundifolia (L.) Huds. and Salvia officinalis L. hydrosols mitigated aging related comorbidities in rats. That is, the rats who consumed the plant-based supplements had better physical and behavioral functioning compared to the rats who were not treated.



Obesity/waist/diabetes

Not only is Diabetes a significant risk factor for dementia (Livingston et al., 2024) worldwide, but there's growing evidence that insulin resistance and allostatic load could play a role in AD's pathology and risk stratification in MCI (De Felice et al., 2022; Barbosa et al., 2024). Dysregulated glycemic pathways and chronic hypercortisolism could elevate overall cardiovascular risk, leading to stroke and small vessel disease, two major causes of vascular cognitive impairment (Hou et al., 2019); Moreover, elevated glycated hemoglobin (HbA1c) is a common finding in individuals with metabolic syndrome, who usually have hypertension, dyslipidemia, central obesity, and/or altered waist/hip ratios. Metabolic syndrome is associated with cognitive dysfunction (Akbaraly et al., 2010; Segura et al., 2009), and some high-quality articles included in the present Research Topic could highlight some pathways toward mechanisms and preventive strategies.

A longitudinal study from Portugal (Canário et al.) examined whether higher levels of glycated hemoglobin affect long-term brain structure in key memory regions. Gray matter volume was measured at two times—initially and after about 7 years. Findings revealed that higher baseline HbA1C levels were linked to decreases in gray matter volume across all three main memory areas, even in the absence of mild cognitive impairment signs. Interestingly, these brain changes remained even when patients greatly improved their glycemic control. This suggests that high HbA1C levels early on might be permanently associated with long-term atrophy in the medial temporal cortex, highlighting the need for early, aggressive treatment.

Expanding on studies of HbA1c and cognitive impairment, research from South Korea (Sook Kim et al.) investigated the link between HbA1c levels and cognitive decline in older Koreans without dementia. The authors used data from a community-based Ansan cohort (2009–2010) consisting of 853 participants aged 59 and above. Cognitive function was measured using MMSE and MoCA, then categorized as normal or impaired. Multiple logistic regression analyzed the relationship between HbA1c and impairment, adjusting for various factors. In women, higher HbA1c was a risk factor for lower MMSE scores; compared to HbA1c ≤ 5.6%, adjusted odds ratios for levels of 5.7–6.4% and ≥6.5% were 2.16 and 2.96, respectively. The authors concluded that better glycemic control could help lower the risk of cognitive impairment in older adults, highlighting the need for further research into sex differences.

A Chinese report (Wu, Zhu et al.) with 3,807 participants aged 45 and older from 2010 to 2020 used TICS-10 to assess cognition. The group-based trajectory model (GBTM) explored cognitive change heterogeneity. Abdominal obesity was measured by baseline waist circumference (WC), analyzed via multinomial logistic regression for its association with cognitive decline. Controversially, in this study, abdominal obesity had a significant protective effect on cognitive decline in Chinese middle-aged and older adults, with HDL-C playing a mediating role in the relationship between abdominal obesity and cognitive decline.

In the same context, another Chinese group (Lin J. et al.) evaluated a more advanced metric: the Weight-adjusted Waist Index (WWI), which incorporates changes in body composition, such as muscle and fat mass, to offer a more thorough assessment of centripetal obesity. The study involved 1,392 older Chinese men aged 65 and above with complete data available. After considering all possible confounding variables, the analysis found a statistically significant positive association between WWI and cognitive decline.



Hypertension and blood flow

Hypertension is probably the single most important modifiable risk factor for cardiovascular and cerebrovascular disease, thus contributing to a broad spectrum of cognitive vascular impairment ranging from preclinical “at-risk” individuals to MCI and vascular dementia (Ter Telgte et al., 2018; Barbosa et al., 2022; van der Flier et al., 2018). The present Research Topic included three articles that brought a significant contribution to the field by examining diverse populations.

One study (Horan et al.) analyzed data from the Irish Longitudinal Study on Aging (TILDA). The authors examined the independent and moderating effects of increased arterial stiffness (AS) and decreased cerebral blood flow (CBF) on hippocampal volume (HV) in a large MRI sample of community-dwelling older adults (N = 395). Increased arterial stiffness and reduced CBF were not independently linked to smaller HV. However, when combined, persistently elevated AS and reduced CBF are associated with smaller HV. These findings imply a delayed effect in the relationship between arterial stiffness and hippocampal volume.

A group from India (Parandiyal et al.) included 95 hypertensive participants aged 60 years and older from cardiology and medicine outpatient services at a tertiary care hospital to assess the characteristics of hypertension and its impact on cognitive functions. The features of hypertension and cognitive functions were evaluated using a semi-structured proforma and the Adenbrooke's Cognitive Examination Hindi version, respectively. Although there was a significant difference in cognitive functions related to the duration and status of hypertension, a notable difference was observed in the attention and fluency domains of cognitive function based on hypertension status. Additionally, there was a general decline in cognitive domains associated with both hypertension status and the duration of hypertension.

Finally, Chinese investigators (Wu, Yang et al.) reported on the measurement of inter-arm blood pressure difference (IABPD) and cognitive impairment using data from the Cohort Study of the Health Status of Guizhou Rural Older Adults in China. A multi-stage cluster sampling method was used to select 1,088 rural elderly individuals aged 60 years and older. The cognitive function of participants was assessed with the Mini-Mental State Examination (MMSE). Bilateral blood pressure was measured simultaneously with an automated device, and the IABPD was calculated. Multivariable regression analysis showed that an inter-arm systolic blood pressure difference (IASBPD) of 10 mmHg or more was independently linked to lower MMSE scores and an increased risk of cognitive impairment.



Enriched environments, individual differences

There are several activities or contexts that provide enriching environments that are associated with better cognitive functioning in older adults. The field has gained traction with the concept of cognitive reserve, the presumed ability of the brain to continue to function well despite accumulated neuropathology (Wilson et al., 2019). Nonetheless, the extent to which enriched environments can designed and wielded to affect the course of cognition over time is open for more improvement. This edition reviews an interesting variety of enriched environments that are both timely and productive. One study demonstrates to what extent cognitive processing speed can be improved after cochlear implantation (Mosnier et al.). Perhaps one of the most novel articles in this category reports on the potential cognitive benefits of older adults engaging in foreign language learning training (Schultz et al.). Environmental enrichment was also associated with memory-related functional brain activity patterns in older adults (Hass et al.). A very thoughtful study examined the impact of social activity on the relationship between functional mobility and cognition (Wang, Chen et al.). Finally, there was evidence that cognitive reserve may produce neurophysiological markers as measured by EEG (Katayama et al.).



Sex/gender/HRT

Individual differences that affect cognition, such as sex and its intersection with aging, hormones and lifestyle variables, have been included in this series. One study reported on the associations of hormone replacement therapy, menopausal age and lifestyle variables (Watermeyer et al.). In a provocative study with mice, researchers explored the impact of exercise and chronic stress on males and females across the lifespan (Sullens et al.).
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Background: Modulation of physical activity represents an important intervention that may delay, slow, or prevent mild cognitive impairment (MCI) or dementia due to Alzheimer's disease (AD). One mechanism proposed to underlie the beneficial effect of physical exercise (PE) involves the apparent stimulation of adult hippocampal neurogenesis (AHN). BCI-838 is a pro-drug whose active metabolite BCI-632 is a negative allosteric modulator at group II metabotropic glutamate receptors (mGluR2/3). We previously demonstrated that administration of BCI-838 to a mouse model of brain accumulation of oligomeric AβE22Q (APPE693Q = “Dutch APP”) reduced learning behavior impairment and anxiety, both of which are associated with the phenotype of Dutch APP mice.
Methods: 3-month-old mice were administered BCI-838 and/or physical exercise for 1 month and then tested in novel object recognition, neurogenesis, and RNAseq.
Results: Here we show that (i) administration of BCI-838 and a combination of BCI-838 and PE enhanced AHN in a 4-month old mouse model of AD amyloid pathology (APPKM670/671NL/PSEN1Δexon9= APP/PS1), (ii) administration of BCI-838 alone or with PE led to stimulation of AHN and improvement in recognition memory, (iii) the hippocampal dentate gyrus transcriptome of APP/PS1 mice following BCI-838 treatment showed up-regulation of brain-derived neurotrophic factor (BDNF), PIK3C2A of the PI3K-mTOR pathway, and metabotropic glutamate receptors, and down-regulation of EIF5A involved in modulation of mTOR activity by ketamine, and (iv) validation by qPCR of an association between increased BDNF levels and BCI-838 treatment.
Conclusion: Our study points to BCI-838 as a safe and orally active compound capable of mimicking the beneficial effect of PE on AHN and recognition memory in a mouse model of AD amyloid pathology.
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APP/PS1 mice, physical exercise, mGlu2/3 antagonist, neurogenesis, BDNF, AD amyloid pathology


Introduction

Physical exercise (PE) has important neuroprotective and pro-cognitive benefits (Buchman et al., 2019; Mortimer and Stern, 2019). One long-suggested mechanism underlying the beneficial effects of PE on central nervous system (CNS) function is its effect on neurogenesis in the adult hippocampal dentate gyrus (DG) and the subventricular zone (SVZ) of the lateral ventricles (Obernier and Alvarez-Buylla, 2019; Toda et al., 2019). In these regions, new neurons are generated and incorporated into existing neuronal circuits where they promote structural and functional plasticity. Stimulation of adult hippocampal neurogenesis (AHN) has been proposed as a central mechanism of adult brain plasticity and a potential therapeutic target in a variety of psychiatric and neurodegenerative conditions (Toda et al., 2019). Drugs such as antidepressants that affect monoaminergic systems consistently increase AHN (Hanson et al., 2011). The DG is critical for learning and memory, and altered AHN has been implicated in the pathogenesis of neurodegenerative diseases such as Alzheimer's disease (AD) (Lazarov and Marr, 2010; Llorens-Martin, 2018). A recent review of AHN in neurological diseases (Gage, 2021) highlighted a key study of the DG from postmortem samples of patients who died from neurodegenerative disorders. The study demonstrated that functions of the neurogenic niche shifted and the cells produced were abnormal in shape and differentiation, further emphasizing the plasticity characteristic of the hippocampus and its potential as a therapeutic target (Terreros-Roncal et al., 2021). Furthermore, a recent study demonstrated that greater physical activity was associated with higher levels of presynaptic proteins, suggesting maintenance or building brain resilience (Casaletto et al., 2022).

Exercise-induced AHN has been extensively studied in rodents, and voluntary PE (e.g., running wheels) has been shown to enhance AHN in the DG (Ma et al., 2017). Studies utilizing cell fate tracers [e.g., bromodeoxyuridine (BrdU)], have shown that exercise increases proliferation of progenitor cells in the subgranular zone and promotes their survival and differentiation into mature neurons (Van Praag et al., 1999; Buchman et al., 2019). Increased expression of brain-derived neurotrophic factor (BDNF) may be one mechanism underlying the proneurogenic effect of PE (Liu and Nusslock, 2018).

Altered AHN has been reported in postmortem brain from humans suffering from AD (Lazarov and Marr, 2010; Llorens-Martin, 2018). In humans, long-term exercise improves blood flow while also increasing hippocampal volume and neurogenesis in subjects with AD (Karssemeijer et al., 2017; Meng et al., 2020). AHN is also altered in transgenic mouse models of AD (Jin et al., 2004; Wen et al., 2004; Kuhn et al., 2007; Taniuchi et al., 2007; Verret et al., 2007; Niidome et al., 2008; Yu et al., 2009; Chuang, 2010; Demars et al., 2010; Elder et al., 2010; Krezymon et al., 2013; Unger et al., 2016), and exercise has been reported to improve learning behavior in some of these models. For example, in APPKM670/671NL/PSEN1Δexon9(APP/PS1) transgenic mice, 2 days of treadmill running for 30 min was associated with increased brain activity, as shown by increased theta rhythm on electroencephalography (Borchelt et al., 1996). In the same APP/PS1 model, 20 weeks of treadmill training improved learning behavior and reduced brain levels of the 42-aminoacid form of amyloid beta peptide (Aβ) (Bo et al., 2014). In the 5xFAD mouse model of AD, 4 months of voluntary PE in a running wheel improved learning behavior and increased levels of BDNF and synaptic markers in the hippocampus (Choi et al., 2018).

BCI-838 (MGS0210) is a pro-drug that is metabolized to generate a negative allosteric modulator that targets group II metabotropic glutamate receptors (mGluR2/3) (Kim et al., 2014; Perez-Garcia et al., 2018). BCI-838 is metabolized in the liver into BCI-632, which is the active compound delivered to the brain. As a class, mGluR2/3 receptor antagonists are proneurogenic, as evidenced by their stimulation of AHN while also enhancing learning behavior and exerting broad anxiolytic and antidepressant properties (Chaki and Fukumoto, 2018). Previously, BCI-838 administration was observed to improve learning behavior and reduce anxiety in a transgenic mouse model of cerebral amyloidosis (Kim et al., 2014) and in a rat model of blast-related traumatic brain injury (Perez-Garcia et al., 2018).

Since both BCI-838 and PE are associated with enhanced AHN, we sought to determine whether BCI-838 might mimic the effects of PE, and whether a combined treatment with both drug and PE might be additive or synergistic. Our findings demonstrate that BCI-838 stimulates AHN, improves recognition memory, and upregulates BDNF and PIK3C2A levels of the mammalian target of rapamycin (mTOR) pathway, as well as metabotropic glutamate receptors in APP/PS1 transgenic mice, thereby mimicking some of the effects of PE.



Materials and methods


Animals

Experimental procedures were conducted in accordance with and approved by the Institutional Animal Care and Use Committee (IACUC) of the James J. Peters VA Medical Center. Studies were conducted in compliance with the US Public Health Service policy on the humane care and use of laboratory animals, the NIH Guide for the Care and Use of Laboratory Animals, and all applicable Federal regulations governing the protection of animals in research. APPKM670/671NL/PSEN1Δexon9 (APP/PS1) transgenic mice (Cat# 34832-JAX; RRID: MMRRC_034832-JAX) were obtained from Jackson Laboratories (JAX). Mice used for this study were generated by breeding APP/PS1 mice with C57BL/6 wild-type (WT) mice (also obtained from JAX; Cat#000664 RRID: IMSR_JAX: 000664). Non-transgenic littermates were used as wild type controls and all mice were on a C57BL/6 background. All studies used male mice and included three cohorts. Figure 1 outlines the studies and how the mice were distributed across the different assays. The first cohort was perfusion-fixed with 4% paraformaldehyde for neurogenesis studies (five animals per group). The second cohort was processed for biochemical studies. These mice were euthanized by CO2 narcosis, and the brain was divided into 2 hemispheres with the left dentate gyrus (DG) used for RNAseq and the right DG for ELISA to measure BDNF levels. The third cohort used 10 to 12 mice per group for behavioral testing. To avoid the confounding effects of behavioral testing, tissue from mice that underwent behavioral testing was not used for any of the RNA or neurogenesis studies. The total number of mice used for all studies was 105.
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FIGURE 1
 Experimental design and spontaneous activity. (A) APP/PS1 mice were divided into four groups: Group 1 no PE/no drug; Group 2 PE/no drug; Group 3, no PE/drug; and Group 4, PE + drug. Group 5 consisted of WT mice (C57BL/6). (B) Groups receiving PE were given ad libitum access to a running wheel and treatment with drug or vehicle was continued for 30 days. All studies used male mice and included three cohorts. The first cohort was processed for neurogenesis studies, following perfusion-fixation with PFA 4% (five animals per group). The second cohort was processed for RNA and biochemical studies. We sacrificed animals by CO2 narcosis and the DG was removed for RNAseq and determination of BDNF by qPCR. We processed five animals per group. The third cohort was used for behavior testing (10-12 mice per group).




Physical exercise exposure

Cages were fitted with running wheels obtained from Columbus Instruments and equipped with Activity Wheel Monitoring Software. Mice were singly housed with one running wheel per cage and were allowed access to running wheels ad libitum. Running wheel (Keiser et al., 2009) data (number of wheel revolutions) were recorded. Cages that housed mice in the non-exercise groups were fitted with dummy wheels that the mice could enter but could not run.



Drug administration

BCI-838 was prepared as previously described (Perez-Garcia et al., 2018). BCI-838 was dissolved in a solution of 5% carboxymethylcellulose (CMC; Sigma Aldrich) and 0.3% 2N hydrochloric acid solution (Sigma Aldrich). Animals were divided into five experimental groups: (1) APP/PS1 mice treated with vehicle (APP/PS1 control); (2) APP/PS1 mice treated with vehicle and exposed to running wheels (APP/PS1 + PE); (3) APP/PS1 mice treated with 5 mg/kg BCI-838 (APP/PS1 + BCI-838); and (4) APP/PS1 mice treated with 5 mg/kg BCI-838 and exposed to running wheels (APP/PS1 + BCI-838 + PE combination) and (5) WT mice treated with vehicle (Figures 1A, B). BCI-838 was administered daily for 30 days by oral gavage using a 5-cm straight stainless-steel gavage needle with a 2-mm ball tip (Fischer Scientific).



Bromodeoxyuridine injections

All animals received a single intraperitoneal injection of BrdU (50 mg/kg of body weight) 24 h before sacrifice at the end of drug treatment. BrdU (Sigma) was dissolved in saline solution (0.9% NaCl in sterile H2O) warmed to 40oC and gently vortexed. The solution was allowed to cool to room temperature (25oC) and injected 24 h before sacrifice.



Behavioral testing

Behavioral tests began at the end of the 30 days of drug administration for the third cohort (Figure 1). Each group included 10 to 12 mice. All behavior sessions and trials were recorded by video camera (Sentech) and analyzed with ANYMAZE software (San Diego Instruments).



Novel object recognition

Mice were habituated to the circular arena (30 cm in diameter length × 30 cm height) for 10 min, 24 h before training. On the training day, two identical objects were placed in opposite ends of the empty arena, and the mouse was allowed to freely explore the objects (Ob1 and Ob2) for 5 min. After 24 h, during which the mouse was held in its home cage, one of the two now familiar objects (FO) was replaced with a novel object. The mouse was allowed to freely explore the FO and NO for 5 min to assess long-term memory (LTM). Raw exploration times for each object were expressed in seconds. Object exploration was defined as sniffing or touching the object with the nose placed at < 2 cm. Offline analysis by an investigator blind to the treatment status of the animals was performed. During the training session, two identical objects made of LEGO plastic material (≈2.5 cm diameter and height) were used. In the long-term memory (LTM) testing, one of the LEGOs was replaced with a ceramic cup (≈2.5 cm maximum diameter and height). No animals were observed to climb the objects. All objects were wiped with 70% ethanol between trials.



Tissue processing and immunohistochemistry

Animals were sacrificed at the conclusion of the drug treatment, PE exposure, and behavioral testing. We induced deep anesthesia with a solution of 100 mg/kg ketamine and 20 mg/kg xylazine, and mice were euthanized by transcardial perfusion with cold PBS (20 ml) followed by perfusion with 4% paraformaldehyde (PFA) in PBS. After perfusion, brains were removed and postfixed in PFA 4% for 48 h, transferred to PBS, and stored at 4oC until sectioning. Coronal sections (50 μm) were cut through the entire extent of the hippocampus using a Leica VT1000 S Vibratome (Leica). The sections were stored at −20oC in a cryoprotectant solution (25% ethylene glycol and 25% glycerine in 0.05 M PBS) until processing for immunofluorescence. Stereology-based counting was performed as described (Perez-Garcia et al., 2016). Every sixth section in a series through the hippocampus was processed for immunohistochemistry so that the interval between sections within a given series was 300 μm. BrdU and doublecortin (DCX) stainings were performed as previously described in Perez-Garcia et al. (2016, 2018). 4-5 animals per group were included in the analyses.



RNA extraction and BDNF levels

DG samples were homogenized in QIAzol Lysis Reagent (Qiagen), and total RNA purification was performed with the miRNeasy Micro kit (Qiagen). BDNF mRNA levels were determined by real-time quantitative PCR (qPCR). 200 ng of total RNAs were reverse transcribed using the High-Capacity RNA-to-cDNA Kit (Applied Biosystem). cDNAs were subjected to real-time qPCR in a StepOne Plus system (Applied Biosystem) using the TaqMan Gene Expression Master Mix (Applied Biosystem). qPCR consisted of 40 cycles, 10 s at 95oC, 20 s at 60oC, and 15 s at 70oC each. Ct values were normalized to the expression level of GAPDH. Five animals per group were included in the analyses. Sample sizes were selected based on previous studies (Readhead et al., 2018).



Statistical analyses

Values are expressed as mean ± SEM. For behavioral analysis, stereology, spontaneous activity analysis, biochemical analysis, and stereological analysis, statistical tests were performed using unpaired t-tests, one-way ANOVA, repeated measures ANOVA, and the Kuskall–Wallis non-parametric test following by an uncorrected Dunn test. When more than two groups were compared, a one-way ANOVA was follow by Sidak's post-test if only selected groups were compared or Tukey's multiple comparison's test if all groups were compared. When repeated-measures ANOVA was used, sphericity was assessed using Mauchly's test. If the assumption of sphericity was violated (p < 0.05, Mauchly's test), significance was determined using the Greenhouse-Geisser correction. Pearson correlation coefficients were calculated. Statistical analysis was performed using Prism 9.4.1 (GraphPad Software) and SPSS v27.0.1.0 (IBM).



RNA sequencing

Total RNA from DG of all mice was subjected to RNA sequencing. The sequencing library was prepared using the NEB library prep kit (Novogene). Five animals per group were included in the analyses based on the experience of the Gandy/Ehrlich lab in previous studies (Readhead et al., 2016).



Read alignment and gene expression counts

Computational analysis was performed using R version 4.0.2 (r-project.org). Paired-end RNA-Seq fastq files for 24 samples were aligned to the Mouse Reference genome (mm10) using the STAR (Dobin et al., 2013) read aligner. As part of quality control and to allow discrimination between human APP and PSEN1 transgenes and mouse APP and PSEN1 genes, all samples were also aligned to Homo sapiens reference genome (Grch38), and corresponding gene expressions were checked for sanity. Mapped reads were summarized to gene counts using the subread function of featureCounts (Liao et al., 2014).



Quality control

Variance partitioning performed using variancePartition (Hoffman and Schadt, 2016) R package showed a high fraction of unexplained variance (“residuals,” see Supplementary Figure 1). We addressed this by applying surrogate variable analysis (SVA) using the sva (Leek et al., 2012) R package, to estimate unwanted sources of variation. The svaseq function estimated five surrogate variables (n.sv = 5), which were then included in our differential expression analysis as covariates to be accounted.



Differential expression analysis

Gene count matrices were generated separately for five groups of 24 samples in total: WT (n = 5), APP/PS1 control (n = 5), APP/PS1 + BCI-838 (n = 5), APP/PS1 + PE (n = 4), APP/PS1 combination (n = 5); and six primary comparisons: APP/PS1 + BCI-838 vs. APP/PS1 control, APP/PS1 + PE vs. APP/PS1 control, APP/PS1 combination vs. APP/PS1 control, APP/PS1 combination vs. APP/PS1 + BCI-838, APP/PS1 combination vs. APP/PS1 + PE, APP/PS1 + BCI-838 vs. APP/PS1 + PE, and APP/PS1 control vs. WT. The overall gene count matrix was corrected for library size, normalized, and the resulting 18,357 genes were statistically analyzed for differentially expressed genes (DEGs) using DESeq2 (Love et al., 2014). p-values were adjusted using the Benjamini-Hochberg method, where DEGs were defined at a false discovery rate (FDR) of 0.05. DEGs sorted by adjusted p-values are provided in Supplementary Table 1.



Gene set enrichment analysis

DEG sets per primary comparison were tested for statistical enrichment using the EnrichR (Kuleshov et al., 2016) R package for transcription factors, pathways, and gene ontology against 11 relevant public databases. Relevant matches with an FDR of 0.05 were identified. Enrichments are provided in Supplementary Table 2.



Code availability

All scripts used for analysis are publicly available via our GitHub pages: https://github.com/MesudeBicak/AlzheimersDiseaseResearch/tree/master/BCI838vsExerciseAPPPS1Mice.



Computational drug repurposing and chemogenomic enrichment analysis

Drug-induced gene expression fold-changes were obtained from the Connectivity Map database (Lamb et al., 2006). Individual expression profiles (6,100) were merged into a single representative signature for 1,309 unique compounds, according to the prototype-ranked list method (Iorio et al., 2010). Each compound was scored according to the transcriptomic similarity with BCI-838 transcriptomics (DEGs from APP/PS1 + BCI-838 vs. APP/PS1). Compounds were ranked in order of descending connectivity score. For each compound in the drug signature library, referenced drug–target associations (Law et al., 2014), predicted off-targeting (Keiser et al., 2009), and side effects were collected. For each of these features, we calculated a running sum enrichment score, reflecting whether that feature was over-represented among the compounds with transcriptomic similarity to BCI-838. Two-tailed p-values were based on comparison with 10,000 permuted null scores, generated from randomized drug target sets that contain an equivalent number of compounds to the true set under evaluation, and adjusted using the Benjamin–Hochberg method. Computational screening and chemogenomic enrichment analysis were performed using R. Drug repurposing results are provided in Supplementary Table 3.




Results


Experimental design for exposure of APP/PS1 mice to PE and treatment with BCI-838

Mouse groups received treatment with BCI-838 or vehicle for 1 month with or without PE (Figure 1). PE consisted of ad libitum access to a running wheel. Three-month-old mice were divided into five experimental groups: (1) APP/PS1 mice treated with vehicle (APP/PS1 control); (2) APP/PS1 mice treated with vehicle and exposed to running wheels (APP/PS1 + PE); (3) APP/PS1 mice treated with 5 mg/kg BCI-838 (APP/PS1 + BCI-838); and (4) APP/PS1 mice treated with 5 mg/kg BCI-838 and exposed to running wheels (APP/PS1 + BCI-838 + PE combination) and (5) WT mice treated with vehicle (Figures 1A, B). In this design, comparison of the single group of untreated wild type mice (Group 5) to untreated APP/PS1 mice (Group 1) served as a positive control for appearance of the transgene-related behavioral phenotype while comparison of the treated groups (2, 3, and 4) to group 1 provided a measure of the effects of the various treatments. Three cohorts of mice were studied. One cohort was used for behavioral analysis, the second for neurogenesis assays and the third for transcriptomic analysis. Spontaneous running wheel activity was recorded in the two cohorts exposed to active running wheels. In these two cohorts, when compared to APP/PS1 control, APP/PS1 + BCI-838 showed decreased spontaneous activity during the last 2 weeks of the treatment protocol, as evidenced by reduced counts of running wheel activity (Figure 2A). Weights of mice before and after treatment are shown in Figure 2B. All groups gained weight during treatment (Figure 2B) with no differences between APP/PS1 mice that received PE alone vs. PE + BCI-838 (Figure 2C).
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FIGURE 2
 BCI-838 decreased spontaneous activity after 2 weeks of treatment. (A) Number of running wheel turns (# counts) are shown for the two groups that received running wheel access. APP/PS1 mice treated with BCI-838 decreased running wheel use during the last 2 weeks of drug treatment and running wheel exposure. Repeated measures ANOVA over the entire 30 days of treatment revealed a significant difference in running wheel activity within groups (F3.8,61.1 = 3.695, p = 0.011) but no day*condition interaction effect (p = 0.052). A test of between subject effects over the 30 days revealed no significant effect of condition (F1,16 = 2.399, p = 0.14). Tests of within subject effects revealed significant effects of running wheel activity if analyzed over 1–14 days (F3.5,59.5 = 3.579, p = 0.014 for activity, F3.5,59.5 = 2.062, p = 0.105 for day*condition) and 14–28 days (F2.9,47.0 = 4.414, p = 0.008 for activity, F2.9,47.0 = 4.414, p = 0.366 for day*condition). There was no difference in running wheel activity between groups over days 1–14 (F1, 17 = 0.799) whereas activity was reduced in mice that received PE + drug between days 14–28 (F1,16 = 6.052, p = 0.026). Values significantly different between groups at individual time points are indicated by asterisks (*p < 0.05, **p < 0.01, unpaired t-tests). Values are expressed as mean ± SEM. 12 mice per group for each cohort were used. (B) Weights of mice before and after treatment with PE and/or BCI-838. There were no differences between groups analyzed pre-treatment (one way ANOVA, F4,42 = 0.9107, p = 0.4666), but differences between WT and BCI-838 and PE + BCI-838 group were found post-treatment (F4,42 = 5.588, p = 0.0011). However, a repeated measures ANOVA comparing pre-treatment to post-treatment revealed that mice gained weight after treatment (F2.575,21.17 = 8.547, p = 0.0010). Asterisks indicate significant between group differences when selected groups were directly compared using Sidak's test (*p < 0.05, **p < 0.01, ***p < 0.001). (C) Running wheel activity in APP/PS1mice treated with PE or PE + BCI-838 is shown pre-treatment, after 15 days of treatment and post-treatment. A one-way ANOVA revealed significant between group differences when all 6 groups were compared F(5,57) = 3.589, p = 0.0069. Asterisks indicate significant between group differences when indicated groups were directly compared using Sidak's test (*p < 0.05, **p < 0.01, ns, not significant).




Both BCI-838 and PE can improve recognition memory in a novel object recognition test

We probed the effect of PE, BCI-838, or the two combined, on recognition memory in APP/PS1 mice (Figure 3). Novel object recognition (NOR) is a standard behavioral test used to evaluate hippocampal- and perirhinal-dependent memory. NOR is widely used to assess the progression of behavioral deficits in mouse models of AD. During training, no differences in object preference were observed among groups (Figure 3A). During LTM testing (Figure 3B), WT mice spent more time exploring the NO than the FO (p = 0.028). APP/PS1 mice explored the FO and NO for the same amount of time (p = 0.989), consistent with the conclusion that APP/PS1 mice at 4 months of age have impaired recognition memory. However, APP/PS1 mice exposed to 1 month of PE spent more time exploring the NO when tested 24 h after training (p = 0.0013). APP/PS1 mice treated with BCI-838 for 1 month also spent more time exploring the NO (p = 0.0001). APP/PS1 mice treated with the combination of BCI-838 and PE for 1 month also showed a preference for the NO compared to FO (p = 0.0006). Total exploration times between groups during training differed only in that APP/PS1 mice treated with PE and BCI-838 spent more time exploring the objects than wild type mice administered vehicle (Figure 3C) while in LTM testing APP/PS1 mice treated with BCI-838 alone were more exploratory than APP/PS1 mice treated with vehicle (Figure 3D). A discrimination index calculated for the training session showed no differences in object preference between the groups (Figure 3E) and one calculated for the LTM (Figure 3F), confirmed conclusions drawn from the raw object exploration data (Figure 3B) suggesting that recognition memory had been rescued in all treated groups compared to APP/PS1 mice administered vehicle alone. These results suggest that 1-month of either PE or BCI-838 drug administration, as well as the combination of both, can reverse impaired recognition memory in APP/PS1 mice.


[image: Bar graphs illustrating experimental data across different conditions. Panels A and B show training and long-term memory results with labeled treatments. Panels C and D present exploration total time during training and long-term memory, respectively. Panels E and F depict the discrimination index for training and long-term memory. Significant differences are marked with asterisks indicating p-values.]
FIGURE 3
 Effect of BCI-838 treatment and PE on novel object recognition (NOR). (A) Training. No differences were found among groups during the training when the mice explored the identical objects, Object 1 (Ob1) and Object 2 (Ob2). (B) Long-term memory session (LTM). During the LTM testing conducted at 24 h after training, wild type mice spent more time exploring the novel object (NO) as compared to the familiar object (FO). APP/PS1 mice treated with vehicle explored the FO and the NO similar amounts of time whereas APP/PS1 mice exposed to PE, treated with BCI-838 or the combination of BCI-838 + PE for 1 month showed a preference for the NO compared to the FO. Values significantly different are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ANOVA followed by Sidak's test, comparing selected pairs of columns). (C) Total time spent exploring the objects during training is shown. The combination of BCI-838 + PE mice explored the objects more compared to WT mice (one-way ANOVA: F4,48 = 3.286, p = 0.0185; *p < 0.05, Tukey's multiple comparisons test). (D) During LTM testing, APP/PS1 mice treated with BCI-838 alone were more exploratory than APP/PS1 mice treated with vehicle (F2,47 = 3.308, p = 0.0181; *p < 0.05, Tukey's multiple comparisons test). (E) A discrimination index calculated for the training session showed no difference in object preference between groups (F4, 47 = 1.226, p = 0.3124). (F) A discrimination index calculated for LTM (F4,47 = 6.131, p = 0.0005) found differences between APP/PS1 treated with vehicle and all other groups but no differences between treatments (** p < 0.01, ***p < 0.0001, Tukey's multiple comparisons test). Values are expressed as mean ± SEM). Ten to 12 mice per group were used for each cohort.




BCI-838 administration, alone or in combination with PE, enhances hippocampal neurogenesis

We next probed the effect of PE, BCI-838 administration, or the combination of both on AHN in APP/PS1 mice (Figure 4). Using immunofluorescence staining, we quantified newly generated neurons (doublecortin-labeled; DCX) cells (Figures 4a–e) and newly generated cells (BrdU-labeled; Figure 4f) in APP/PS1 mice treated with vehicle or PE, BCI-838, or both. While the number of DCX-labeled neurons was unchanged in APP/PS1 mice treated with vehicle vs. WT mice, this number was increased in APP/PS1 mice treated with BCI-838 or with BCI-838 plus PE, when either was compared to APP/PS1 treated with vehicle (F4,16 = 1.367, p = 0.0025; p < 0.05, ANOVA Tukey's multiple comparisons Figures 4a–e, g). Moreover, we observed that the total number of BrdU-labeled cells was increased in APP/PS1 mice treated with BCI-838 or BCI-838 plus PE as compared to APP/PS1 mice treated with vehicle (F4,14 = 1.734; p = 0.0148, p < 0.05, ANOVA Tukey's multiple comparisons Figures 4f, h). By contrast, PE alone did not increase the number of DCX or BrdU-labeled cells compared to vehicle treated WT or APP/PS1 mice.
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FIGURE 4
 Quantification of neurogenesis in WT, APP/PS1 treated with vehicle, PE, BCI-838 or the combination. (a–e) Images of DCX staining in WT, APP/PS1, APP/PS1 + PE, APP/PS1 + BCI-838, and APP/PS1 combination. (f) Representative image of BrdU staining in a WT mouse. The hilus and granule cell layer (GCL) are indicated. Arrows mark BrdU-labeled cells in the subgranular zone. Scale bar 50 μm. (g) Total number of doublecortin-labeled cells was increased in the APP/PS1 + BCI-838 and APP/PS1 combination as compared to APP/PS1 control. Values are expressed as mean ± SEM and differences among groups are indicated by asterisks (*p < 0.05, **p < 0.01, one-way ANOVA followed by Tukey's test). (h) Total number of BrdU-labeled cells was increased in APP/PS1 + BCI-838 and APP/PS1 combination compared to APP/PS1 control. Values significantly different among groups are indicated by asterisks as in panel (g). 4–5 mice per group for each cohort were used.




Transcriptomic profiles from the hippocampal DG of APP/PS1 mice show that BCI-838 affects both exercise-related and exercise-independent molecular pathways

We generated transcriptomic profiles from all four groups of four-month-old APP/PS1 mice and one group of WT mice and performed RNA sequencing on 24 DG samples (Figure 5). When we performed variance partitioning analysis as part of quality control, we noticed a high fraction of unexplained variance in our RNA-Seq dataset and used surrogate variable analysis to address this issue (see Methods and Supplementary Figure 1). We then performed DEG analysis to compare all mice groups with each other, from APP/PS1 mice exposed to either BCI-838, PE or a combination, as well as WT mice. DEGs were identified at a false discovery rate (FDR) of 0.05 (see Supplementary Table 1 for a list of all DEGs for all comparisons). To investigate biological pathways that might be differentially dysregulated by administration of BCI-838 or exposure to exercise, we performed gene set enrichment analysis (GSEA) on the identified DEGs, resulting in enriched biological pathways, gene ontology sets, and transcription factor binding sites at an adjusted p-value < 0.05 (see Supplementary Table 2 for GSEA results). Top DEGs and GSEA results sorted by their adjusted p-values are summarized in Figure 5.
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FIGURE 5
 Differential gene expression and enrichment analysis summary in dentate gyrus (DG) of APP/PS1 mice treated with BCI-838, PE or a combination of both BCI-838 + PE. RNA sequencing was performed on dentate gyrus for five groups of four-month-old APP/PS1 and WT mice, comprising a total of 24 samples. (A) Schematic overview of mouse AD transcriptome analysis. (B) Top DEGs in DG of APP/PS1 mice treated with BCI-838 vs. APP/PS1 treated with vehicle. (C) Top DEGs in DG of APP/PS1 mice treated with PE vs. APP/PS1 treated with vehicle. (D) Top DEGs in DG of APP/PS1 mice treated with a combination of both BCI-838 and PE vs. APP/PS1 treated with vehicle. (E) Top DEGs in DG of APP/PS1 mice treated with a combination of both BCI-838 and PE vs. APP/PS1 treated with PE. (F) Venn Diagram of DEGs and selected pathway enrichments of known or suspected relevance to AD pathophysiology, shared across different comparisons of APP/PS1 mice groups (transcription factor enrichments shown in red).


The most striking changes across all groups were the transcriptomic changes induced by one month of BCI-838 administration in the DG of APP/PS1 (APP/PS1 + BCI-838), which identified 319 DEGs. One hundred ninety-one up-regulated DEGs from this analysis included BDNF, as well as PIK3C2A of the PI3K-mTOR pathway, whereas 128 down-regulated DEGs included IL11RA1, the interleukin 11 receptor of the AKT signaling pathway, as well as EIF5A, the eukaryotic translation initiation factor. Up-regulated DEGs also included ITGB8 of the integrin family, an extracellular matrix (ECM) receptor, known to regulate neurogenesis and neurovascular homeostasis in adult brain (Mobley et al., 2009). Of further relevance, dysregulation of several GABA (inhibitory) receptors, GABRB1, GABRB2, and GABRD, and up-regulation of two metabotropic glutamate receptor subunits, GRM1 and GRM5, and the ATP- binding AD risk gene ABCA1 (Lupton et al., 2014) were identified among DEGs. GSEA pointed to SP1 as the top transcription factor binding site for down-regulated DEGs; other differentially regulated pathways included neurodegenerative diseases, such as AD and Huntington disease, whereas up-regulated DEGs were found enriched for glutamate receptor activity and AKT1 knockdown pathways as expected.

After 1 month of PE, the transcriptomes of the hippocampal DG of APP/PS1 mice (APP/PS1 + PE) were compared to those of APP/PS1 control mice, leading to the identification of seven DEGs (two up-regulated, five down-regulated) that were found to be enriched for transcripts associated with “response to mTOR inhibitor,” “extracellular matrix receptor reaction,” “trigeminal nerve development,” “peripheral nervous system neuron development,” and “polycomb repressive complex component SUZ12,” which plays a critical role in regulating neurogenic potential and differentiation of embryonic stem cells (Pasini et al., 2007). Meanwhile, compared with untreated APP/PS1 mice, in APP/PS1 mice treated with the combination of PE and BCI-838 (APP/PS1 combination) for 1 month, 17 DEGs were identified (seven up-regulated, 10 down-regulated), which were enriched for SUZ12, as well as glycogen metabolism and exercise-induced myalgia pathways. When APP/PS1 combination was compared with APP/PS1 + BCI-838, we did not observe any DEGs. However, when APP/PS1 combination was compared with APP/PS1 + PE, we identified 772 DEGs, which were found to be enriched in EIF3K and REST transcription factors, both shown to regulate the mTOR signaling pathway in adipocyte yeast (Harris et al., 2006) and oral cancer cells (Cho et al., 2015), respectively. Cadherin signaling, axon guidance mediated by netrin, epidermal growth factor (EGF) receptor signaling, SYK inhibition and knockdown were also among differential pathways of relevance with strong associations to mTOR activity and signaling, suggesting neurogenesis and PE, thereby demonstrating the validity of our RNA-Seq data and experiment.

Finally, a comparison of the transcriptomes of the hippocampal DG of APP/PS1 control mice against those of WT mice showed 60 DEGs (41 upregulated, 19 down-regulated) found to be enriched in calcium cation antiporter activity and ATP-dependent microtubule motor activity pathways, in line with highlighted findings from our reported transcriptomic analysis of APP/PS1 vs. WT (Readhead et al., 2016).



BDNF levels in the hippocampal DG of APP/PS1 mice following BCI-838 treatment

Increased levels of BDNF have been implicated in the beneficial effects of PE in 5xFAD transgenic mice (Choi et al., 2018). Figure 6 shows BDNF RNA levels in mice following treatment with PE and BCI-838. A one-way ANOVA did not indicate between group differences in BDNF RNA levels. Only if a Kuskall–Wallis non-parametric test, followed by an uncorrected Dunn test, were used were BDNF mRNA levels found to be significantly increased in APP/PS1 mice treated with BCI-838, but not in APP/PS1 mice treated with PE (Figure 6, p = 0.0255, Kuskall–Wallis).
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FIGURE 6
 BDNF analysis in APP/PS1 mice treated with BCI-838 or PE. qPCR for BDNF mRNA. Asterisk indicates p = 0.025 (Kuskall–Wallis, uncorrected Dunn test). Five mice per group were used for the analysis.




Transcriptomically similar drug targets to BCI-838 are enriched for glutamate receptor targets, restore adult neurogenesis, and improve hippocampal memory

We performed computational drug repurposing to identify compounds that induce a transcriptomically similar profile to BCI-838 using a modified Connectivity Mapping (Lamb et al., 2006) approach (Figure 7). We then performed a chemogenomic enrichment analysis (Readhead et al., 2018) on these compounds to identify drug targets and side effects that were enriched among compounds that were transcriptomically similar to BCI-838 (see Supplementary Table 3 for drug repurposing results). We observed enrichment for protein targets that included several glutamate receptor targets, including GRL1A, NMDE3, GRM2, GRM3, and NMD3B. We also found transcriptomic similarity with other drug targets, such as KDM1A [whose inhibition has been shown to restore adult neurogenesis and improve hippocampal dependent memory (Zhang et al., 2021)] and NLRP3 [which plays a role in regulation of inflammation, immune response, and apoptosis (Hirota et al., 2011)]. We also observed that drugs that were transcriptomically similar to BCI-838 were enriched for the side effect of “increasing blood ketones” as well as associated with “pain relief” (Figure 8). A ketogenic diet has been shown to inhibit the mTOR pathway (McDaniel et al., 2011). Glutamatergic neurotransmission plays a major role in pain sensation and transmission from peripheral tissues into the CNS (Wozniak et al., 2012). These observations comport with findings from DEG and pathway analysis and may suggest follow-up experiments to look for ketogenesis among BCI-838-treated mice.
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FIGURE 7
 Top drugs similar to BCI-838 based on transcriptomic activity.
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FIGURE 8
 Drug targets and side effects enriched among compounds with transcriptomic similarity to BCI-838.





Discussion

Metabotropic glutamate receptors (mGluRs) play important roles in regulating glutamatergic neurotransmission. Agents that modulate mGluR2/3 activity have gained attention as possible therapeutic agents for a range of mental health-related disorders (Chaki, 2019). BCI-838 is an mGluR2/3 antagonist pro-drug that is metabolized in the liver into the active metabolite BCI-632. We previously reported that BCI-838 administration reduced anxiety and improved learning behavior in a mouse model of accumulation of oligomeric AβE22Q (Kim et al., 2014). More recently, we showed that BCI-838 treatment reversed anxiety- and post-traumatic stress disorder-related traits in a rat model of mild blast injury (Perez-Garcia et al., 2018). In both studies, BCI-838 treatment increased brain levels of markers of neurogenesis (BrdU, DCX, PCNA), reduced anxiety-related behaviors, and reversed learning behavior deficits.

Here we examined the effects of BCI-838, PE, or the combination, in an additional AD mouse model (APP/PS1) that exhibits both oligomeric and fibrillar amyloid pathology. We show that administration of BCI-838 alone or in combination with PE led to stimulation of AHN and improvement in recognition memory. Furthermore, transcriptomic analysis of the hippocampal dentate gyrus following BCI-838 treatment showed up-regulation of BDNF, metabotropic glutamate receptors, and effects on modulators of the PI3K-mTOR pathway. The only general effect of BCI-838 on behavior was that the drug reduced running activity after 2 weeks of treatment, an effect that does not seem to have been previously described for BCI-838 or other compounds in this drug class. It is unlikely however that reduced motor activity in BCI-838 treated mice impacted behavioral test results since exploratory behavior in NOR testing increased in BCI-838 treated mice.

Like BCI-838, PE stimulates neurogenesis in the hippocampal DG (Liu and Nusslock, 2018). Another purpose of the current study was to investigate whether BCI-838 treatment combined with PE could have synergistic effects on recognition memory and AHN in APP/PS1 transgenic mice. Both BCI-838 and PE were associated with restored recognition memory in APP/PS1 mice in a NOR test which is dependent on hippocampal and perirhinal function.

While it is tempting to draw direct comparisons between AD mouse models and human AD, significant differences seem to exist. APP/PS1 mice develop age related amyloid plaque deposition (Borchelt et al., 1996). However, unlike humans, transgenic mice exhibit cognitive findings before amyloid deposition is present (as shown by the NOR testing in this study) and learning behavior impairments tend to progress in parallel with amyloid plaque deposition (Howlett et al., 2004; Morgan, 2006). Transgenic mice also typically lack the tau pathology and synaptic loss characteristic of human AD (Ashe and Zahs, 2010). Yet despite the imperfect correlation between mouse models and human AD, the current study suggests that BCI-838 and exercise might be beneficial in the pre-symptomatic and/or MCI phases of AD. Interestingly, BCI-838 also reduces Aβ monomers and oligomers (Kim et al., 2014). Thus, BCI-838 could be acting through multiple mechanisms, some amyloid dependent and others not. Future studies in APP/PS1 mice at older ages (e.g., 5 or 6 months) when levels of oligomeric Aβ and amyloid deposition are increasing rapidly will be of interest. More extended treatment regimens (e.g., 2–3 months) beginning at 3 months of age (or earlier) could provide support for the notion that BCI-838 might be useful for some form of prophylaxis in humans.

Alone or in combination, BCI-838 administration and PE enhanced hippocampal neurogenesis. This conclusion was supported both by BrdU injections given 24 h before sacrifice (which provided a measure of neural progenitor proliferation) and by counts of DCX-labeled cells, which provided a measure of the steady-state population of young neurons. Using either measure, BrdU- and DCX-labeled cells were increased following drug treatment or the combination of exercise and drug treatment when compared to APP/PS1 mice treated with vehicle. However, comparing BCI-838 alone to the combination group did not lead to any obvious additional benefit of adding BCI-838 to PE. We interpret this as suggesting that BCI-838 acts to mimic aspects of exercise's effects rather than to act synergistically to enhance it. The fact that no DEGs were observed when comparing the combination group with BCI-838 alone further supports the notion that the BCI-838 effect is to mimic rather than synergistically enhance PE.

Of note, in our studies, neurogenesis was not impaired in APP/PS1 mice treated with vehicle when compared to WT mice. Prior studies in AD transgenic mice have produced inconsistent results concerning the effect of familial AD mutations on AHN (Jin et al., 2004; Wen et al., 2004; Kuhn et al., 2007; Taniuchi et al., 2007; Verret et al., 2007; Niidome et al., 2008; Yu et al., 2009; Chuang, 2010; Demars et al., 2010; Elder et al., 2010; Krezymon et al., 2013; Unger et al., 2016), including in the APP/PS1 mice studied here (Taniuchi et al., 2007; Verret et al., 2007; Niidome et al., 2008; Yu et al., 2009; Chuang, 2010; Unger et al., 2016). The absence of impaired AHN in APP/PS1 mice in this study, compared to WT mice suggests that the effect of BCI-838 and exercise on the neurogenesis may be an enhancement of baseline function rather than restoration of disease-related deficiency. This point may be important in determining whether PE is most effective administered as prophylaxis vs. retardation of symptom progression.

Most studies suggest that voluntary running alone increases adult neural progenitor proliferation, while other manipulations such as environmental enrichment favor survival of adult-born dentate granule neurons and increased integration of immature neurons into neuronal circuits (Van Praag et al., 2005; Ramirez-Amaya et al., 2006; Toda et al., 2019). Learning itself also promotes functional integration of new neurons into behaviorally relevant networks, in particular recruiting higher proportions of younger rather than older born cells into hippocampal assemblies (Ramirez-Amaya et al., 2006). Additional studies will be required to determine the fate of newly generated cells and whether BCI-838 and/or PE stimulate the production of new neurons that become integrated into functional neuronal networks as well as whether enhancement of neurogenesis is required for the effects of BCI-838 with or without PE.

Why an mGluR2/3 receptor antagonist should mimic some effects of PE is unclear. PE exerts a variety of beneficial effects on neuroplasticity, spatial learning, and memory (Caselli and Reiman, 2013). Neurogenesis in adult brain is likely regulated through a combination of factors (Obernier and Alvarez-Buylla, 2019), and PE also acts on multiple pathways (Buchman et al., 2019). Mechanistically, many studies have emphasized PE-related effects on trophic factor production, especially BDNF, insulin-like growth factor-1 (IGF-1), and vascular endothelial growth factor (VEGF) (Cassilhas et al., 2016). A recent study in AD transgenic 5xFAD mice further demonstrated that exercise-induced AHN improved cognition along with increased levels of BDNF (Choi et al., 2018).

More recent work has emphasized how exercise affects secreted factors in the periphery (Cooper et al., 2018). Myokines secreted by muscle during exercise improve learning and memory by regulating hippocampal function (Lourenco et al., 2019; Pedersen, 2019). Cathepsin B, a PE-related myokine, crosses the blood-brain barrier and enhances BDNF production (Lourenco et al., 2019). Furthermore, irisin, the cleaved and circulating form of the exercise-induced fibronectin type III domain-containing membrane protein (FNDC5), stimulates BDNF production (Rabiee et al., 2020; Islam et al., 2021); its genetic deletion was shown to impair cognitive function in exercise, aging and AD; and its peripheral application was observed to be sufficient to rescue the learning behavior decline in mouse models of AD (Islam et al., 2021). We did not detect FNDC5 as a DEG in the DG of the APP/PSEN1 either following BCI-838 administration or after PE vs. sedentary, which may be due to the relatively young age of the APP/PS1 mice used and the absence of neuronal and synaptic loss at this age in this model. The length of voluntary PE may also have been a factor.

Indeed, one of the most important recent clues to the molecular basis for PE may be the discovery of irisin by Lourenco et al. (2019). This was recently confirmed and extended by Islam et al. (2021). Moreover, while our paper was under review, Kam et al. (2022), reported that irisin can ameliorate synuclein pathology in mouse models of Parkinson's disease. Integrins are receptors for irisin in bone and fat cells (Kim et al., 2018). Single-cell RNA-seq data from the murine DG found ITGAV expressed in neuronal and non-neuronal cells and ITGB5 expressed in astrocytes and microglia, raising the possibility that irisin might mediate glia activation through integrin receptor complexes (Islam et al., 2021). When we scrutinized our data for possible evidence of transcriptomic changes among integrin family members, we observed upregulation of ITGB8, an ECM receptor that regulates neurogenesis and neurovascular homeostasis in the adult brain (Mobley et al., 2009), following BCI-838 administration to APP/PS1 mice, at an FDR of 5%, as well as ITGB6 and ITGB7 at an FDR of 1%. Future studies will be needed to determine whether the effects of BCI-838 may be through irisin-related signaling (Rabiee et al., 2020).

mGluR2/3 receptors function primarily as presynaptic autoreceptors that, when stimulated, inhibit glutamate release (Koike et al., 2011; Chaki, 2019). The antidepressant effects of agents acting on the mGlu2/3 receptor have been widely studied in animal models. mGlu2/3 receptor blockade appears to act at least in part through mTOR signaling, which may contribute to the sustained antidepressant-like effects of mGlu2/3 receptor antagonists (Chaki and Fukumoto, 2018). However, the full synaptic and neural mechanisms of their action (including how mGluR2/3 antagonists stimulate AHN) remain to be clarified (Koike et al., 2011; Kim et al., 2019).

In this study, PE did not significantly influence AHN. The study did not include a group of WT mice treated with PE alone. Therefore, there was no internal control for the effect of PE on AHN in WT mice. The effect of PE on AHN in transgenic AD models has not been consistent. In 5x FAD mice, 4 months of voluntary PE was found to increase AHN (Choi et al., 2018). Two studies found increased AHN in APP/PS1 mice (Falkenhain et al., 2020; Yu et al., 2021). However, another study found that PE did not alter the number of BrdU positive cells in the dentate gyrus of APP/PS1 mice (Zhang et al., 2022). In our own studies, we saw a trend toward PE increasing anti-doublecortin (anti-DCX) labeled cells in the DG of APP/PS1 mice treated with PE alone (Figure 4), but this trend only reached statistical significance if no correction for multiple comparisons was made. By contrast, BCI-838 or BCI-838 + PE clearly increased the number of DCX and BrdU labeled cells (Figure 4). Differences between our studies and other studies may reflect differences in the model(s) used (e.g., 5x FAD vs. APP/PS1) as well as differences in ages of the animals studied, the PE interval, and whether PE was voluntary or forced.

Work in transgenic 5xFAD mice (Choi et al., 2018) revealed that chronic voluntary PE in running wheels for 4 months, beginning at 2 months of age, improved learning behavior in 5xFAD mice; our study revealed improvement in 1 month of PE. PE-mediated enhancement of neurogenesis in hippocampus is suggested to be mediated through BDNF signaling (Cooper et al., 2018). In our study, while a short treatment with BCI-838 or PE was associated with increased neurogenesis in the DG, the trend toward increased levels of BDNF did not reach statistical significance. However, APP/PS1 mice treated with BCI-838 and PE displayed indistinguishable levels of BDNF when compared with PE-treated mice, even though they spent less time on running wheels. This effect shows the potential of BCI-838 to mimic the effects of PE on BDNF expression in the DG. Future studies with larger sample sizes will be needed to better establish the effects of BCI-838 on BDNF levels in relationship to PE.

While attractive as a contributing factor, modulation of hippocampal levels of BDNF is unlikely to provide a complete explanation for the effects we observed. Unlike treatment with P7C3 studied by Choi et al. (2018), BCI-838 stimulated AHN and improved recognition memory without addition of PE. Thus BCI-838 may provide a pharmacological mimic of some aspects of PE, in its effects on behavior.

Our findings further demonstrate that administration of BCI-838 alone induced transcriptomic changes that resulted in up-regulation of BDNF and PIK3C2A of mTOR signaling, down-regulation of IL11RA1 interleukin receptor of AKT signaling, and enriched SP1 and further relevant pathways, implicating neurogenesis and effects of PE. These findings are especially notable as the mTOR pathway is involved in many aspects of neurogenesis as a regulator of cellular energy metabolism, a nutrient sensor and growth factor inducer via insulin, IGF-1 and BDNF (LiCausi and Hartman, 2018; Querfurth and Lee, 2021). The mTORC1 protein complex controls protein synthesis by phosphorylating downstream targets essential for mRNA translation, 4E-BP1 (eIF-4E binding protein) and ribosome biogenesis (Swiech et al., 2008). Neuronal growth factors known to support learning and memory such as BDNF and EGF do so through mTOR activation. Furthermore, in relation to the AD brain being an insulin-resistant organ, mTORC1 has been shown to be involved with down-regulating insulin/Akt signaling through an inactivating phosphorylation of IRS-1 (Tzatsos and Kandror, 2006).

Mechanistically, BCI-838 is considered an orally active ketamine-mimetic, and recent evidence indicates that ketamine modulates mTOR activity and the actions of the physiological effectors of elongation inhibitory factor 4E (eIF4E) and its protein partners, eIF4E binding proteins (eIF4E-BPs). This is also consistent with our findings of dysregulation of a related eukaryotic translation initiation factor, EIF5A. mTOR is known to modulate autophagy (Dossou and Basu, 2019). Given the behavioral benefits of BCI-838 in multiple types of proteopathies (Perez-Garcia et al., 2023) its apparent similarity to ketamine regarding mTOR modulation, and the role for mTOR in autophagy, we propose that, like ketamine, BCI-838 exerts its actions through protein translation and autophagy.

A drug repurposing analysis identified several known compounds transcriptomically similar to BCI-838. Of these compounds some have been suggested as having a potential role in AD pathophysiology or therapy. In particular, meptazinol derivatives are dual inhibitors of cholinesterases and amyloid-beta aggregation with multiple studies showing effectiveness of these derivatives in APP/PS1 mice (Liu et al., 2013; Shao et al., 2014; Shi et al., 2018; Wang et al., 2019). Several studies have identified a puromycin-sensitive aminopeptidase as a potential inhibitor of tau (Karsten et al., 2006; Sengupta et al., 2006; Hui, 2007; Kudo et al., 2011) and Aβ related neurodegeneration (Kruppa et al., 2013). Why puromycin which inhibits this aminopeptidase (Constam et al., 1995) should have transcriptional effects similar to BCI-838 is unclear. Gramine derivatives have been suggested to potentially exert neuroprotective effects in neurodegenerative disorders including AD through their ability to ameliorate calcium overload and modify serine/threonine proteases (Lajarin-Cuesta et al., 2016; Gonzalez et al., 2018). MG-132 is a proteosome inhibitor commonly used to experimentally induce proteinopathy related neurodegeneration (Posimo et al., 2015; Heinemann et al., 2016) although in one study MG-132 restored impaired activity-dependent synaptic plasticity as well as associative long-term memory in APP/PS1 mice, an effect possibly mediated through stimulation of the mTOR pathway (Krishna et al., 2020). Future studies will be needed to understand the complex transcriptional effects of BCI-838 and these related compounds.

Previous studies explored the effects of PE or mGluR2/3 modulation alone on AD-related pathology (Kim et al., 2014; Tapia-Rojas et al., 2016). However, none explored the effect of the combination of mGluR2/3 modulation and PE in the early stages of AD development in a mouse model. Here we show that BCI-838 improved behavior in APP/PS1 mice and stimulated AHN. Combined with our previous studies in another AD mouse model (Kim et al., 2014), a rat model of blast-related traumatic brain injury (Perez-Garcia et al., 2018) and the PS19 MAPTP301S mouse model of tauopathy (Perez-Garcia et al., 2023), four preclinical studies now support the effectiveness of BCI-838 for relief of a range of models of neurocognitive, neurobehavioral, and neurodegenerative traits. The ability of BCI-838 to recapitulate many of the effects of PE suggests that this and/or other mGluR2/3 antagonists may represent safe and novel pharmacological mimics of PE. If this notion regarding pharmacological mimicry of PE proves to be true, it will be worth evaluating whether these drugs can prevent, delay, and/or treat neurodegenerative and/or post-traumatic disorders of cognition, anxiety, and/or behavior.

Several study limitations should be mentioned. The experimental design did not include non-transgenic wild type mice treated with BCI-838. The rationale for this exclusion was to limit animal usage to the minimum needed to achieve the experimental goal of determining the effects of BCI-838 on behavior in APP/PS1 mice. In the design utilized (Figure 1), we reasoned that comparison of the single group of vehicle treated WT mice (group 5) to vehicle treated APP/PS1 mice (group 1) served as a positive control for appearance of the transgene-related behavioral phenotype while comparison of BCI-838 +/– PE treated APP/PS1 mice (groups 2–4) to vehicle treated APP/PS1 mice (group 1) measured effectiveness of BCI-838 treatment.

The BCI-838 effect is unlikely to be transgene-specific in that as noted above BCI-838 has been shown to rescue behavioral deficits in a transgenic model using a different AD transgene (Kim et al., 2014). BCI-838 also rescued behavioral deficits in wild type rats subjected to blast exposure (Perez-Garcia et al., 2018) and recently proved effective in reversing impaired recognition memory in the PS19 MAPTP301S mouse model of tauopathy (Perez-Garcia et al., 2023). In addition, as a class, mGluR2/3 receptor antagonists show anti-depressant like action in a variety of stress induced models using wild type mice or rats (Chaki, 2019). We note that in the previous study utilizing Dutch APP (APPE693Q) transgenic mice, while BCI-838 improved learning in BCI-838 treated Dutch APP mice, the drug had no effect on NOR or cued fear learning in non-transgenic wild type mice (Kim et al., 2014).

In addition, we do not know how behavior may affect drug, exercise and transgene interactions on RNA transcriptomics. In this study, a conscious decision was made not to perform transcriptional analysis on mice that had undergone behavioral testing. This decision was made to focus attention on the static state changes induced by the drug, exercise, and drug/exercise interactions alone without the added complication of behavioral interactions. The transcriptional studies provide a correlation with behavior in that they represent the state of the animals before they underwent behavioral testing. However, in humans, there are always effects of behavioral interactions. It therefore will be of interest to perform additional transcriptomics studies after selected behavioral testing. To understand BCI-838's potentially complex effects, the study of additional BCI-838 treated WT mice will be essential. The choice of these studies will be facilitated by results of the present work.

The conclusions of this study are also limited by the restricted number of behavioral tests that were performed. In particular, anxiety and depression are now understood to be core clinical features of AD, and both could affect performance in cognitive tasks. Future studies including an expanded range of behavioral tests will be needed to more fully understand BCI-838's effects. A final limitation of the current studies is that we only included male mice, which reduces the generalizability of the findings. There indeed may be sex-specific differences in response to BCI-838, and there are sex differences in amyloid deposition in APP/PS1 mice (Wang et al., 2003). Future studies in female mice will be important.

Lifestyle modification is being widely studied as a disease-modifying intervention for AD. PE was a major component of the FINGER trial (Ngandu et al., 2015; Wimo et al., 2022). Thus understanding the action of compounds like BCI-838, which apparently comprise a combination of PE-related and PE-independent effects, offers new opportunities to better illuminate these mechanisms, perhaps extend them and inform the development of new therapeutic strategies for this devastating disease.

While we do not mean to imply that BCI-838 could or should replace PE in otherwise healthy individuals, there are many individuals with chronic medical or physical conditions that limit their full participation in regular PE programs. For such individuals, a drug like BCI-838 might be a reasonable way to supplement an inability to fully participate in a formal PE program. In humans, the application of PE may well need to be individualized in relationship to diet, lifestyle, genetic background, and education, all goals of modern personalized medicine, making it perhaps even more important to understand the effects of PE alone in an animal model where these effects can be isolated.

The pharmacokinetics, safety and tolerability of BCI-838 have been evaluated through phase 1 human studies, which found BCI-838 well tolerated in healthy subjects without serious adverse effects (Clinicaltrials.gov1, 2012; Clinicaltrials.gov2, 2012). Thus, data from both experimental animals and humans suggest that BCI-838 is safe and ready to be advanced into human clinical trials.



Conclusion

PE has beneficial neuroprotective and pro-cognitive effects including stimulating AHN. PE has been widely studied as an intervention that may delay the development of AD. Here we show that BCI-838 improved recognition memory and enhanced AHN in an APP/PS1 mouse AD model. Transcriptional analysis of the hippocampal dentate gyrus following BCI-838 treatment showed up-regulation of brain BDNF, PIK3C2A of the PI3K-mTOR pathway and down-regulation of EIF5A a modulator mTOR activity. BCI-838 is thus a safe orally active compound capable of mimicking some of the beneficial effects of PE.
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Introduction: Aging is often linked to oxidative stress, where the body experiences increased damage from free radicals. Plants are rich sources of antioxidants, playing a role in slowing down aging and supporting the proper functioning and longevity of cells. Our study focuses on exploring the impact of Mentha rotundifolia (MR) and Salvia officinalis (SO) hydrosols on aging-related comorbidities.
Methods: The chemical composition of MR and SO hydrosols was analyzed by gas chromatography coupled to mass spectrometry. 2,2-Diphenyl 1-picrylhydrazyl and 2,20-azino-bis 3-ethylbenzothiazoline-6-sulfonic acid radicals scavenging assays were used to assess their in vitro antioxidant activity, and heat induced albumin denaturation test was used to evaluate their anti-inflammatory activity. Subsequently, we administered 5% of each plant hydrosol in the drinking water of 18-month-old rats for six months. We then conducted behavioral tests, including open field, dark/light box, rotarod, and Y-maze assessments, and measured biochemical parameters in plasma, liver and brain tissues.
Results and discussion: At two years old, animals treated with MR and SO hydrosols displayed fewer physical and behavioral impairments, along with well-preserved redox homeostasis in comparison with animals in the control group. These results highlighted the significance of MR and SO hydrosols in addressing various aspects of age-related comorbidities. The study suggests that these plant-derived hydrosols may have potential applications in promoting healthy aging and mitigating associated health challenges.
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[image: Comparison of control and hydrosol-treated two-year-old rats. The control group exhibits neuroinflammation and oxidative stress with reduced antioxidant protection and detoxification capacity, leading to anxiety, cognitive decline, and sarcopenia. The hydrosol group shows increased antioxidant protection and oxidative balance due to phytocompounds, reducing these negative effects.]
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1 Introduction

Aging is a complex physiological process that affects all living organisms, including humans and animals. It is characterized by a progressive decline in physiological function, resulting in an increased susceptibility to age-related diseases and ultimately, death (Khan et al., 2017). Aging is driven by a combination of genetic, environmental, and lifestyle factors, including oxidative stress, inflammation, telomere shortening, mitochondrial dysfunction, and cellular senescence (Song et al., 2020).

The oxidative stress theory of aging suggests that one of the key drivers of the aging process is the accumulation of reactive oxygen species (ROS) in cells (Lin and Flint Beal, 2003). ROS are generated during normal cellular metabolism and can cause damage to cellular structures, including lipids, proteins, and DNA (Checa and Aran, 2020). Over time, this damage accumulates and contributes to the development of aging-related comorbidities such as cardiovascular disease, cancer, and neurodegenerative disorders (Ziada et al., 2020).

While aging cannot be prevented, it is possible to slow down the process and delay the onset of aging-related diseases (Poeggeler, 2005). In this context, bioactive compounds from plants with antioxidant and anti-inflammatory properties might represent a promising approach (Barrajón-Catalán et al., 2014; Spagnuolo et al., 2018; Proshkina et al., 2020). Furthermore, phyto-molecules exhibit extensive structural diversity and demonstrated the capability to interact with and bind to multiple receptors, thereby engaging in multitarget interactions (Panossian and Efferth, 2022). This attribute confers polyvalent pharmacological actions and pleiotropic therapeutic activities.

Plant hydrosols have been extensively investigated for their antioxidant and antimicrobial properties in food and cosmetic industries (Catty, 2001; Wajs-Bonikowska et al., 2015). Nevertheless, their potential pharmacological effects have been acknowledged within the realm of traditional medicine. Functioning as a mild form of aromatherapy, these hydrosols feature minimal concentrations of essential oil molecules (less than 1 g/L), rendering them both secure and user-friendly (Acimovic et al., 2020). Several hydrosols are used as functional drinks for the mitigation of infections, hormonal imbalances, depressive states, sleep disturbances, digestive ailments, and neural illnesses (Yaghoob et al., 2004; Baydar et al., 2013; Kunicka-Styczyńska et al., 2015; Hamedi et al., 2017a,b).

In the light of these data, we aim to evaluate the anti-aging effects of hydrosols derived from two Lamiaceae plants: Mentha rotundifolia (L.) Huds (MR) and Salvia officinalis L. (SO). The selection of these plant species is substantiated by their well-documented antioxidant, anti-inflammatory, neuroprotective, and analgesic effects (Hasanein et al., 2016; Boualam et al., 2023). We here assessed the in-vitro antioxidant and antiinflammatory properties of MR and SO hydrosols. Subsequently, we administered 5% of each plant hydrosol in the drinking water provided to 18-month-old Wistar rats over a period of six months. Upon reaching an age of 24-month-old, we conducted a thorough examination of physical, behavioral, and biochemical changes in the aged rat cohort. Finally, the phytoconstituents present in the plant hydrosols were characterized using gas chromatography coupled with mass spectrometry (GC–MS) technique.



2 Materials and methods


2.1 Extraction process

The aerial parts from SO and MR were harvested during their blooming periods (June and September respectively), from Mkam Tolba (33°55′41.9” N, 6°16′34.2” W) in Khemisset, Morocco. The plant samples were dried in shade at room temperature for two weeks. 500 g of each plant powder was distilled separately in 2 L using a Clevenger apparatus for 3 h. At the end of the hydrodistillation process, the essential oils have been removed and 500 mL of each plant’s hydrosols was collected.



2.2 Chemical composition

The composition of MR and SO hydrosols was analyzed using Nexis 2030 gas chromatography system coupled to a TQ8040 NX mass spectrometer (GCMS-TQ8040, SHIMADZU, JAPAN). The separation of the compounds was performed using a Restek RTX-5MS column (30 0.25 mm, film thickness 0.25 μm). The GC temperature was programmed at 50°C for 2 min and increased to 300°C with a rate of 5.5 C/min and stabilized for 3 min at 300°C. Helium was used as the carrier gas with a flow rate of 1.5 mL/min. The sample (1 μL) was injected in split mode (HTA 2800 T injector, HT 250 C). The mass scan was m/z: 50–500. The EO compounds are identified by their column retention indices (RI) determined with reference to the C5-C24 (n-alkane) homolog series, and by comparison of their mass spectra with literature reports using the NIST 2017 and Wiley version libraries (Wiley and NIST, 2017).



2.3 Blood brain barrier and gastro-intestinal absorption of characterized compounds

Swiss ADME1 tool was used to verify the gastro-intestinal (GI) and the blood brain barrier (BBB) absorptions of the characterized compounds (Daina et al., 2017).



2.4 Antioxidant activity


2.4.1 DPPH radical scavenging activity

2,2-diphenyl 1-picrylhydrazyl (DPPH) solution was prepared in methanol at the concentration of 79 μg/mL. Then, MR and SO hydrosols solutions were prepared at concentrations of 50–1,000 μL/mL and were mixed with 0.5 mL of DPPH. The reaction mixture was then incubated for 30 min at room temperature in the dark, followed by measurement of the absorbance at 517 nm (Boualam et al., 2023). The scavenging activity was estimated as a percentage using the following formula:

[image: Formula for calculating free radical scavenging percentage: \((\text{O.D control} - \text{O.D test}) / \text{O.D control} \times 100\).]

where O.D control and O.D test represent the absorbance values of the control and test samples, respectively.



2.4.2 ABTS+ scavenging activity

ABTS assay involves stabilizing the blue-green colored cationic radical 2,20-azino-bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS+) by an antioxidant, which results in the transformation of the radical to a colorless form. A mixture was prepared by adding 1.9 mL of ABTS+ solution to 600 μL of MR and SO hydrosols solution at various concentrations ranging from 50 to 1,000 μL/mL. It was then incubated at room temperature for 7 min and the absorbance was measured at 734 nm (Boualam et al., 2023). To obtain a blank reading, methanol was used instead of the hydrosols solution. The scavenging activity was estimated as a percentage using the following formula:

[image: Formula for free radical scavenging percentage: (Optical density control minus optical density test, divided by optical density control) times one hundred.]

where O.D control and O.D test represent the absorbance values of the control and test samples, respectively.




2.5 Animals and study design

Wistar rats (18-month-old) weighing 400–450 g were selected for the following experiment. They were raised at the central animal care facilities of the Faculty of Sciences, Mohammed V University of Rabat, Morocco and were housed in polyethylene cages in a room with controlled temperature (22 ± 1°C), under a 12 h light–dark cycle. Animals had free access to food and water and were fed on a normal chow diet (Cicalim, Casa Blanca). After two weeks acclimatization, the animals were randomly divided into three groups of six rats each. Due to the chronicity of the treatment period, the treated groups received hydrosols in drinking water to avoid the complications related to long-term oral gavage, namely stress, aspiration pneumonia, unintentional tracheal administration, esophageal trauma, and gastric rupture (Kinder et al., 2014; Dhawan et al., 2018).

	- Group 1: Control group, received tap water
	- Group 2: received 5% of MR hydrosol in drinking water for six months
	- Group 3: received 5% of SO hydrosol in drinking water for six months

Prior to the administration of the hydrosols, the behavioral tests (open field, dark/light box, rotarod, and Y-maze) were performed for all groups, then on day 8, the hydrosols were added to the drinking water of groups 2 and 3 (Figure 1). After a six-month treatment period, we assessed various signs of aging, including physical, cognitive, and biochemical indicators.

[image: Timeline diagram showing an experimental process with rats. Initially, 18-month-old rats undergo behavioral tests from day 1 to day 7. Groups 2 and 3 receive 5% of each plant's hydrosol in drinking water. After a 6-month interval, at 2 years old, physical and behavioral changes and pain perception are evaluated on day 190. Finally, on day 200, the rats are sacrificed for biochemical analysis.]

FIGURE 1
 Overview of the study design.




2.6 Physical changes analysis

At the age of 2 years, the physical changes between the animals treated with the hydrosols and the control rats were analyzed. An observer who was not informed of the study protocol was asked to identify differences. Rats, like other animals, exhibit several signs of aging as they grow older. Some common physical signs of aging in rats include changes in posture, fur, and muscle mass (Phillips et al., 2010). As rats age, they may develop a hunched or stooped posture due to the loss of muscle mass and strength (Baek et al., 2020). This may also impact eyelid muscles leading to ptosis. Their fur may become less shiny and coarse following a lack of grooming routine related to aging (Scimonelli et al., 1999). Additionally, they may experience hair loss in some areas.



2.7 Behavioral tests


2.7.1 Open field

The open field test (OF) is a widely utilized method for measuring exploratory behavior and general locomotor activity in mice and rats, as well as assessing anxiety-related behaviors by monitoring defecation and visited areas (Gould et al., 2009; Seibenhener and Wooten, 2015). The OF apparatus employed in this study consists of a black square with an 80 cm2 surface area and a height of 45 cm. The ground of the field is divided into 25 squares of 15 cm × 15 cm each by white strips. The test is conducted in a dimly lit room, and each animal is placed at the center of the field. The field is cleaned after each test, and each animal is allowed to explore the field for 10 min. Locomotor activity is assessed by measuring the distance the animal covers (i.e., the number of tiles crossed) and the number of sit-ups performed. Anxiety-related behavior is evaluated by calculating the number of entries into the central zone of the OF and the duration of time spent in this area.



2.7.2 Rotarod test

The assessment of motor coordination in rodents is commonly achieved using the rotarod test (Shiotsuki et al., 2010). The test apparatus consists of a plastic rotating cylinder, measuring 7 cm in diameter and 28 cm in length that is fixed around a horizontal axis elevated by 30 cm and divided into four compartments with a width of 9 cm each (Panlab, Harvard Apparatus). The test is conducted in an isolated room with normal lighting and is composed of two phases: a pre-test phase, during which the animals are habituated to the apparatus, and a test phase, during which rats are placed on the rotating cylinder at a fixed speed of 4 rotations per min (rpm). Once the animal is stabilized, the speed of rotation is progressively increased until reaching a maximum speed of 40 rpm, which is then maintained until the end of the test. The duration of the test is limited to 180 s to prevent fatigue or stress-related effects (Shiotsuki et al., 2010).



2.7.3 Dark/light box test

The dark/light box test is a commonly used protocol to measure anxiety-like behavior in rodents, involving a two-chambered apparatus consisting of a small dark compartment connected to a larger well-lit compartment by an opening, which the animal can freely explore (Crawley, 1985). In this test, animals typically show a natural aversion to the brightly lit area and prefer to remain in the dark chamber. The test is conducted in a dimly lit room, and the animal is initially placed in the dark compartment and allowed to explore both compartments for 10 min. The amount of time spent in the light compartment and the number of crossings between the two compartments are recorded as measures of anxiety-like behavior.



2.7.4 Y-maze test

The Y-maze test is a reliable method for evaluating both spatial working and reference memories in rodents. The Y-maze device consists of a black Y-shaped apparatus with three arms arranged at 120° angles from each other. To assess spatial working memory, spontaneous alternation is calculated by recording the number of arm entries and consecutive entries into all three arms. The percentage of alternation behavior is determined using the formula (Kraeuter et al., 2019):

[image: Formula for calculating percentage alternation: Percentage alternation equals the number of alternations divided by the total number of arm entries minus two, all multiplied by one hundred.]

To assess reference spatial memory, the test is organized into two phases: a training session, during which one arm of the Y-maze is closed off and designated as the novel arm, and a test session, which takes place after a 1-h time interval. During the test session, the animal is placed back in the Y-maze device and is expected to remember the location of the novel arm and visit it more frequently than the other arms. The number of entries into the novel arm is compared to the entries into the other arms to determine the degree of spatial memory (Kraeuter et al., 2019).




2.8 Tail immersion test for hyperalgesia

According to Taïwe and Kuete (2017), hyperalgesia is characterized by an increased sensitivity to pain induced by noxious or ordinarily non-noxious stimulation of peripheral tissues. The tail immersion test, first described by Janssen et al. (1963), is a commonly used method for assessing hyperalgesia. In this test, animals are restrained, and the tip of their tails is immersed in a water bath at a temperature of 50 ± 0.5°C. The tail withdrawal reflex, which is mediated by spinal nociceptive reflexes (Bannon and Malmberg, 2007), is elicited as a response to the heat stimulus, and the latency of this reflex is measured. To avoid potential skin damage, each immersion is terminated after 15 s.



2.9 Acetone test for cold allodynia

The Acetone test was used to assess cold allodynia (Deuis et al., 2017). A drop of acetone was applied to the plantar surface of each hind paw using a pipette. Rats were then placed in individual transparent chambers and the time spent licking, biting or lifting the paw was recorded for 2 min. The same procedure was repeated 3 times at 5 min intervals and the results were averaged. Control tests were performed using saline instead of acetone. An increase in the time spent licking, biting or lifting the paw compared to control tests may indicate cold allodynia.



2.10 Biochemical analysis

All animals were sacrificed by decapitation 24 h after the completion of the last test and following an overnight fast. Trunk blood samples were collected in heparinized sample bottles and centrifuged at 2000 rpm for 10 min to obtain plasma which was used for biochemical analysis. The plasma levels of alanine transaminase (ALT), aspartate transaminase (AST), bilirubin, and gamma-glutamyl transferase (GGT) were measured using standard methods. Tissue samples were collected from experimental animals and kept chilled on ice throughout the procedure. Brain and liver tissues were homogenized in 50 mM phosphate buffer, pH 7.4 and centrifuged at 4000 rpm for 15 min at 4°C to obtain the soluble fraction (Mahmoud et al., 2023). Supernatants were collected and protein content was determined by adding alkaline copper tartrate solution and Folin–Ciocalteu reagent. Then, absorbance was measured at 750 nm following the method of (Lowry et al., 1951). Bovine Serum Albumin (BSA) was used as a standard. Superoxide dismutase (SOD), Glutathione peroxidase (GPx), and Glutathione (GSH) concentrations were measured by the corresponding biochemical kits (ab285309, ab281168, and ab239727, Abcam, US) according to the manufacturers’ instructions.



2.11 Statistical analysis

Data were analyzed using GraphPad Prism 8. Normality was assessed by the Shapiro–Wilk test. IC50 values were presented as means ± SD (n = 3) and were compared using t-test. Behavioral tests results were analyzed using two-ways ANOVA considering ‘treatment’ and ‘age’ as variation factors. Biochemical analyses were analyzed using one-way ANOVA. Bonferroni’s multiple comparisons test was used whenever there was significance. Results are expressed as means ± SD (n = 6). The differences were regarded as statistically significant at p ≤ 0.05.




3 Results


3.1 Chemical composition and pharmacokinetics parameters

GC–MS analysis of the hydrosols revealed the presence of numerous aromatic compounds, some present in substantial concentrations (Figure 2; Table 1). SO contained notable amounts of α-pinene, camphene, 1,8 cineole, and camphor (Table 1), while MR hydrosols displayed richness in camphor, 1,8 cineole, and (E)-thujone (Table 1). Except for α-pinene and camphene, the identified molecules are characterized by favorable GI and BBB absorption properties (Table 1).

[image: Two chromatograms display peaks labeled with numbers. The top chromatogram shows prominent peaks at positions labeled 10, 14, 15, and 16, with smaller peaks numbered 2, 3, 5, and 22. The bottom chromatogram features peaks labeled 7, 11, and 14. The x-axis ranges from 0 to 40.]

FIGURE 2
 GC–MS chromatograms of the hydrosols of Salvia officinalis (SO, top) and Mentha rotundifolia (MR, bottom).




TABLE 1 Annotated phytocompounds from hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) with their pharmacokinetics parameters.
[image: Table listing chemical compounds from Salvia officinalis and Mentha rotundifolia. Columns include compound name, calculated and reported retention indices, relative abundance, gastrointestinal absorption, and blood-brain barrier absorption. Compounds are listed with varying absorption levels and indices.]



3.2 Antioxidant activity

MR and SO hydrosols exhibited an interesting scavenging ability against DPPH and ABTS radicals (IC50 ≤ 100 μg/mL), Table 2. The obtained results may be attributed to the presence of terpenes with antioxidant behavior such as 1,8 cineole, camphor, and caryophyllene.



TABLE 2 IC50 values of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) in comparison with ascorbic acid in DPPH and Trolox in ABTS assays.
[image: Table showing IC50 values in micrograms per milliliter for different hydrosols and standards against DPPH and ABTS+ radicals. MR hydrosol shows values of 95.54 ± 1.91 for DPPH and 101.097 ± 2.04 for ABTS+. SO hydrosol shows 87.194 ± 2.72 for DPPH and 82.315 ± 0.22 for ABTS+. Ascorbic acid has a DPPH value of 1.93 ± 1.47. Trolox shows an ABTS+ value of 5.21 ± 0.64. Results indicate significant differences for p ≤ 0.05, with superscripts indicating comparisons.]



3.3 Protein denaturation inhibition assay

The in-vitro anti-inflammatory activity of MR and SO hydrosols was evaluated using a thermally induced protein denaturation protocol. Both hydrosols, along with the standard diclofenac, exhibited a dose-dependent anti-inflammatory effect (Figure 3). Remarkably, starting from 120 μg/mL, SO hydrosol demonstrated higher activity compared to MR hydrosol (p ≤ 0.05), a finding corroborated by its significantly lower IC50 value (p ≤ 0.05) (Figure 3).

[image: Line graph showing albumin denaturation inhibition percentage against concentration in micrograms per milliliter. Diclofenac sodium increases rapidly, reaching nearly 100% inhibition at 500 µg/ml. MR Hydrosol and SO Hydrosol show a more gradual increase, reaching around 70% inhibition. Data points are marked with annotations 'a' and 'ab'.]

FIGURE 3
 Inhibitory effects of hydrosols Salvia officinalis (SO, IC50 = 230.6 ± 0.44 μg/mL) and Mentha rotundifolia (MR, IC50 = 346 ± 1.73 μg/mL) on albumin denaturation in comparison with diclofenac (IC50 = 98.63 ± 2.18 μg/mL). Data were analyzed using two-ways ANOVA followed by Bonferroni post-hoc test and were considered as statistically different for p ≤ 0.05. a in comparison with the standard, b in comparison with SO hydrosol. Data are presented as (mean ± SD) for n = 3.




3.4 Physical changes analysis

A qualitative physical analysis was performed. Apparent aging signs were evaluated including posture, eyelids muscle, and fur changes, Table 3. All groups presented some or all aging signs as it’s an inevitable process. However, there were substantial differences between the control group and hydrosols treated groups. Treatment with hydrosols prevented aging-related muscle loss, enabling treated animals to maintain firmer posture and more open eyelids (Table 3).



TABLE 3 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on aging signs identified in 24-month-old rats.
[image: A table compares the effects of treatments on fur aspect, hunched posture, and ptosis. The control group shows high prevalence (+++) in dull, coarse fur, hair loss, and moderate (++) in ptosis. MR hydrosol shows low (+) prevalence in dull fur and hair loss, and absence (−) in hunched posture and ptosis. SO hydrosol shows absence in dull fur and moderate (++) prevalence in hair loss, with no hunched posture or ptosis. Symbols indicate presence levels: (+++) all individuals, (++) majority, (+) minority, and (−) absent.]



3.5 Behavioral changes


3.5.1 Hydrosols ameliorate locomotion and motor coordination impairments in aging rats

The impact of treatment with SO and MR hydrosols on aging-related locomotion and motor coordination impairments was evaluated through the open field task and rotarod test. Performance metrics, such as the number of crossed squares and sit-ups in the open field, as well as the duration spent on the rotarod, were quantified (Figure 4). In the open field test, a significant reduction in the number of crossings was observed in aged rats compared to their younger counterparts (p < 0.0001). On the other hand, the administration of both SO and MR hydrosols resulted in a substantial improvement in the number of crossings in aged rats (p < 0.0001 for both groups) (Figure 4A). Similarly, the number of sit-ups significantly decreased in the aged group (p < 0.0001) for both control and MR groups compared to younger rats. Notably, in the SO hydrosol-treated group, no significant difference was observed (p = 0.1636) compared to the control group (Figure 4B), indicating an ameliorative effect. Furthermore, the time spent on the rotarod by young rats significantly exceeded that of aged rats (p < 0.0001). Aging rats treated with SO hydrosol exhibited a significant increase in performance on the rotarod compared to the control aged group (p < 0.0001) and the MR aged group (p = 0.0007) (Figure 4C).

[image: Bar charts labeled A, B, and C compare performance across control, MR, and SO groups for 18-month-old and 24-month-old subjects. Chart A shows the number of crossed squares, B the number of sit-ups, and C the time in seconds. Bars are color-coded with gray for control, pink for MR group, and orange for SO group. Statistical annotations, such as "#" and "a", indicate significant differences.]

FIGURE 4
 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on the number of crossed squares (A), the number of set-ups of aged rats in the open field (B); and their time passed on the carrousel of rotarod apparatus (C). Results are presented as means ± SD (n = 6). #p ≤ 0.05 compared to the same young rat groups (control, MR, and SO groups at 18-month-old). ap ≤ 0.05 compared to aged control rats (24- month-old). bp ≤ 0.05 compared to SO-aged treated rats.




3.5.2 Hydrosols alleviate anxiety-like symptoms in aging rats

The impact of SO and MR hydrosols on anxiety-like behavior in both young and aged rats was investigated using the open field and dark/light box tasks, each conducted over a 10-min period. Aged rats exhibited a significant reduction in entries into the inner zone of the open field and fewer transitions between dark/light boxes in comparison to their younger counterparts (p < 0.0001) (Figures 5A,B). Notably, treatment with both SO and MR hydrosols resulted in a significant alleviation of these anxiety-like behavior (p ≤ 0.05).

[image: Bar graphs labeled A and B compare the number of entries in the inner zone and the number of transitions among control, MR group, and SO group for 18-month-old and 24-month-old subjects. The X-axis represents age groups, and the Y-axis shows the corresponding counts. Symbols indicate significant differences between groups.]

FIGURE 5
 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on the number of rats entries in the inner zone in the open field (A), and the number of transitions in the light/dark box task (B). Results are presented as means ± SD (n = 6). #p ≤ 0.05 compared to the young rat groups (control, MR, and SO groups at 18-month-old). ap ≤ 0.05 compared to aged control rats (24- month-old).


Similarly, significant disparities were observed in the time spent within both the inner zone and the light box among the experimental groups (Figures 6A,B). Aged rats demonstrated a significantly reduced duration in both areas compared to their younger counterparts (p ≤ 0.0001), indicative of heightened anxiety levels. In contrary, the administration of SO and MR hydrosols to aged rats resulted in a substantial increase in the time spent in these areas (p < 0.0001 for both) suggesting a potent anxiolytic effect of the treatments.

[image: Bar graphs labeled A and B show time spent by different groups of mice. Graph A displays time in the inner zone, while Graph B shows time in the light box for 18- and 24-month-old mice. Groups include Control, MR, and SO, with significant differences marked by symbols. Graphs indicate time in seconds on the vertical axis.]

FIGURE 6
 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on the time spent in the inner zone by aging rats in the open field (A) and the time spent in the light box in the light/dark box task (B). Results are presented as means ± SD (n = 6). #p ≤ 0.05 compared to the young rat groups (control, MR, and SO groups at 18-month-old). ap ≤ 0.05 compared to aged control rats (24- month-old).




3.5.3 Hydrosols improve alternance and short-term spatial memory in aged rats

The effect of MR and SO hydrosols on age-related exploratory activity and cognitive impairments was examined using the y-maze task. Assessment included the evaluation of spontaneous alternation behavior (Figure 7) and reference working memory, represented by the number of entries into the novel arm and the corresponding time spent in it (Figure 8). The results revealed a significant decrease in alternation in control aged rats that was reversed in MR and SO hydrosols treated groups (p < 0.0001) (Figure 7B), demonstrating a higher exploratory activity.

[image: Bar graphs showing the number of total entries and alternation percentage for control, MR group, and SO group at eighteen and twenty-four months old. Panel A displays total entries, with all groups having similar entries at both ages. Panel B shows alternation percentages, higher for eighteen months across all groups, with significantly lower values for the MR group at twenty-four months. Symbols indicate significant differences between groups.]

FIGURE 7
 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on aging-related deficiency on the spontaneous alternation y-maze in rats, presented as the number of total entries in different arms (A), and percent alternations (B). Results are presented as means ± SD (n = 6). #p ≤ 0.05 compared to the young rat groups (control, MR, and SO groups at 18-month-old). ap ≤ 0.05 compared to aged control rats (24- month-old).


[image: Bar graphs depicting the number of entries and time spent in a novel arm for two age groups: eighteen-month-old and twenty-four-month-old. Panel A shows entries, while Panel B shows time spent. Different colors and symbols indicate control, MR, and SO groups, with significant differences marked by # and a.]

FIGURE 8
 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on the reference working memory of aging rats: the number of entries (A) and the time spent (B) in the novel arm in the y-maze task. Results are presented as means ± SD (n = 6). #p ≤ 0.05 compared to the young rat groups (control, MR, and SO group at 18-month-old). ap ≤ 0.05 compared to aged control rats (24- month-old).


Regarding reference working memory, the outcomes indicated a significant reduction in both the number of entries into the novel arm and the corresponding time spent within it among aged rats (p < 0.0001), in contrast to their younger counterparts (Figures 8A,B). Treatment of aged rats with MR and SO hydrosols yielded a noteworthy enhancement in spatial working memory. This improvement was evident through a substantial increase in the number of entries into the novel arms when compared to the aged control group (p = 0.006 and p = 0.0015, respectively) and a heightened duration spent within the novel arm (p = 0.0361 and p = 0.0001, respectively).




3.6 Hyperalgesia and cold allodynia

Pain sensitivity was evaluated through the tail immersion test. A notable age-related increase in animals’ pain sensitivity was evidenced by a reduction in tail withdrawal latency time within the control group (p ≤ 0.05) (Figure 9A). Groups treated with MR and SO hydrosols exhibited a substantial increase in tolerance to heat stimuli, as reflected by a significantly prolonged tail withdrawal latency time (p ≤ 0.05) (Figure 9A). These findings imply that MR and SO hydrosols exert an analgesic effect, suggesting their potential utility in mitigating age-associated changes in pain sensitivity.

[image: Bar graphs labeled A and B compare time in seconds across control, MR, and SO groups at eighteen and twenty-four months old. Graph A shows increasing times with age, particularly for MR and SO groups. Graph B shows a significant time increase in the control group at twenty-four months. Legends indicate data points and annotations.]

FIGURE 9
 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) against hyperalgesia (A) and cold allodynia (B). #p ≤ 0.05 compared to the young rat groups (control, MR, and SO groups at 18-month-old). ap ≤ 0.05 compared to aged control rats (24- month-old).


Cold allodynia was assessed using the acetone test. Notably, a substantial augmentation in the duration of licking, biting, and paw lifting in response to the stimulus was observed in aged rats belonging to the control group (Figure 9B). In contrast, these behaviors exhibited a marked reduction in groups treated with hydrosols. Specifically, the behavior of the 24-month-old male rats treated with MR hydrosol closely resembled that of 18-month-old rats, indicating a potential ameliorative effect of the hydrosol on cold allodynia in aging rats (p = 0.0061) (Figure 9B).



3.7 Hepatic biomarkers concentrations

Aged rats within the control group exhibited significant elevated levels of AST, ALT, and GGT in comparison to groups treated with MR and SO hydrosols (p ≤ 0.05) (Table 4). However, no discernible difference was observed in the levels of bilirubin among the investigated groups (p ≥ 0.05).



TABLE 4 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on hepatic biomarkers of aged rats.
[image: Table showing enzyme and bilirubin levels in UI/L plasma for three groups: Control, MR hydrosol, and SO hydrosol. ALT levels: Control 114.76±13.15, MR 42.18±2.81, SO 38.63±2.44. AST: Control 86.35±12.85, MR 28.19±3.61, SO 26.79±1.05. GGT: Control 7.22±2.34, MR 0.81±0.36, SO 3.07±0.92. Bilirubin: Control 1.72±0.5, MR 1.24±0.18, SO 1.51±0.36. Significant differences for p ≤ 0.05, with notes for comparisons.]



3.8 Antioxidants levels in brain and liver tissues

The analysis of GSH, GPx, and SOD levels in brain and liver tissues revealed significant antioxidant effects of MR and SO hydrosols, Table 5. Both hydrosols groups exhibited elevated GSH levels, increased GPx activity, and enhanced SOD activity compared to the control group, indicating considerable defense against oxidative stress. Notably, the MR hydrosol treated group displayed particularly robust antioxidant responses in liver tissue. These findings suggest the potential of MR and SO hydrosols to confer antioxidant benefits.



TABLE 5 Effects of the hydrosols of Salvia officinalis (SO) and Mentha rotundifolia (MR) on antioxidants biomarkers in brain and liver tissues of aged rats.
[image: Table showing antioxidant enzyme activity in brain and liver tissues. Parameters include GSH (µmol/g wet liver), GPx (U/mg protein), and SOD (U/mg protein). Brain tissue results: control group - GSH: 1.32, GPx: 0.75, SOD: 29.94; MR hydrosol - GSH: 2.55, GPx: 1.49, SOD: 56.9; SO hydrosol - GSH: 2.34, GPx: 1.44, SOD: 57.16. Liver tissue results: control group - GSH: 4.87, GPx: 8.58, SOD: 45.45; MR hydrosol - GSH: 9.93, GPx: 13.88, SOD: 83.89; SO hydrosol - GSH: 9.18, GPx: 12.97, SOD: 73.63. Values are mean ± SD (n=6), with statistical significance for p ≤ 0.05.]




4 Discussion

Primarily composed of water and aromatic active principles, plant hydrosols are ideal candidates for chronic administration as soft functional drinks (Hamedi et al., 2017b). In this study, focus was directed toward Mentha rotundifolia (MR) and Salvia officinalis (SO) hydrosols that demonstrated noteworthy in-vitro antioxidant and anti-inflammatory activities, prompting us to investigate their potential as a long-term solution for preventing aging-related comorbidities.

The study design was conceived to match the human aging process. Laboratory rats, housed in cages with limited space and fed with processed food may replicate the sedentary behavior and imbalanced dietary patterns common in contemporary human lifestyles (Timlin et al., 2020). Such conditions are recognized for promoting oxidative stress, a key contributor to the aging process (Tan et al., 2018). Additionally, a day in the life of a rat approximates 34.8 days in the life of a human (Sengupta, 2013). Therefore, a six-month follow-up of 18-month-old animals is roughly analogous to a two-decade follow-up of a 50-year-old individual until the age of 70.

Aged rats displayed significant motor impairment assessed by the open field and rotarod tests. With advancing age, the loss of muscle mass, known as sarcopenia, can lead to weaker muscles, making movement and physical tasks more challenging (Volpi et al., 2004; Larsson et al., 2019). Numerous studies have linked oxidative stress to sarcopenia, demonstrating its role in increasing proteolysis and/or reducing protein synthesis (Meng and Yu, 2010; Wiedmer et al., 2021). Aged rats also manifested elevated anxious behaviors evaluated through the open field and dark/light box tests. Elevated levels of oxidative stress and reduced telomere length have been proven to be associated with anxiety disorders, both of which characterize aging (Simon et al., 2006; Pousa et al., 2021). Finally, aged rats exhibited cognitive deficits related to spontaneous alternation and spatial working memory evaluated by the Y-maze test. Indeed, the capacity for learning gradually diminishes with aging (Klencklen et al., 2017). The decline in memory retention capacity has been shown to result from oxidative stress-induced delayed-type apoptosis observed in the hippocampal CA1 region (Kandlur et al., 2020). In contrast, all observed behavioral impairments were averted in MR and SO hydrosols treated groups. The chemical composition of these hydrosols revealed the presence of various compounds that likely contributed to the deceleration of the aging process. 1,8 Cineole, documented for its robust antioxidant, anti-inflammatory, and anxiolytic properties, was found to exhibit anti-aging effect by inducing G0/G1 cell cycle arrest in stress-induced senescence in HepG2 cells (Juergens et al., 2004; Greiner et al., 2013; Dougnon and Ito, 2020; Rodenak-Kladniew et al., 2020). Camphor and camphene, along with 1,8 cineole, have been investigated for their anti-acetylcholinesterase and cognition enhancement effects (Werner et al., 2009; Babazadeh et al., 2023; Ertosun et al., 2023). Additionally, ɣ-terpinene and terpinen-4-ol have demonstrated neuroprotective effects against oxidative stress by inhibiting the generation of pro-inflammatory cytokines (Ayaz et al., 2017; Asikin et al., 2022; Deen et al., 2023).

As anticipated, aged rats demonstrated elevated pain sensitivity, as evaluated through the tail immersion test and exposure to acetone. The findings align with established knowledge indicating an age-related increase in pain threshold, predisposing individuals to neuropathic pain, characterized by hyperalgesia and allodynia (Yezierski, 2012; Lautenbacher et al., 2017). These effects were completely reversed in groups treated with MR and SO hydrosols showcasing a significant analgesic effect. The presence of camphor, a predominant component in both hydrosols, has been documented to alleviate hyperalgesia symptoms in various neuropathic pain models by modulating the excitability of dorsal root ganglion neurons (dos Santos et al., 2021; Li et al., 2023). Similarly, 1,8 cineole has been shown to inhibit the overexpression of the P2X2 receptor protein and mRNA, which plays a role in the transmission of algesia and nociception information by primary sensory neurons in the spinal cord and dorsal horn in CCI rats (Zheng et al., 2019).

Finally, the measurement of hepatic markers (ALT, AST, and GGT) as well as antioxidants (GSH, GPx, and SOD) in cerebral and hepatic tissues aligns consistently with the outcomes observed in behavioral tests. In accordance with the oxidative stress theory, the aged control rats manifested an augmented state of oxidative stress, as evidenced by a decline in antioxidant concentrations and a substantial elevation in ALT, AST, and GGT levels (Le Couteur et al., 2010; Kozakiewicz et al., 2019; Warraich et al., 2020). In contrast, administration of hydrosols effectively mitigated these adverse effects. The beneficial impact of hydrosols can be attributed to their role as a persistent source of antioxidants, potentially alleviating the age-related decline in liver detoxification functions. The intricate process of detoxification involves synergistic interactions between biotransformation enzymes and endogenous antioxidants. With progressive aging, a discernible reduction in endogenous antioxidant levels ensues, leading to a deceleration of the detoxification process (Vyskočilová et al., 2013). Consequently, the perturbation in the liver’s redox equilibrium and the ensuing oxidative stress culminate in the release of ROS and other deleterious molecules, including lipid peroxidation products and aldehydes, exerting systemic effects on distant organs and physiological systems (Adibhatla and Hatcher, 2010). Moreover, hepatic oxidative stress prompts the release of pro-inflammatory cytokines and mediators into the bloodstream (Dludla et al., 2020). These inflammatory signals possess the capacity to traverse the blood–brain barrier, contributing to neuroinflammation and influencing the antioxidant defenses within the cerebral milieu (Sankowski et al., 2015; Chen et al., 2022), as substantiated by our findings.



5 Conclusion

While aging remains an inexorable aspect of life, the primary objective of this study was not to impede its course but rather to attenuate the onset of consequential complications. The comprehensive evaluation encompassing physical, behavioral, and biochemical parameters revealed a compelling outcome. At the chronological age of 2 years, all animals exhibited discernible signs of aging. However, the groups treated with Salvia officinalis (SO) and Mentha rotundifolia (MR) hydrosols were biologically younger. These findings suggest that the hydrosols treatment holds promise in mitigating aging-related effects and offers a potential avenue for influencing the aging process. Our results contribute valuable insights for future research seeking interventions to promote healthier aging outcomes and address aging-related physiological changes.
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Background: Evidence for the beneficial effects of cognitive training on cognitive function and daily living activities is inconclusive. Variable study quality and design does not allow for robust comparisons/meta-analyses of different cognitive training programmes. Fairly low adherence to extended cognitive training interventions in clinical trials has been reported.
Aims: The aim of further developing a Cognitive Training Support Programme (CTSP) is to supplement the Computerised Cognitive Training (CCT) intervention component of the multimodal Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER), which is adapted to different cultural, regional and economic settings within the Word-Wide FINGERS (WW-FINGERS) Network. The main objectives are to improve adherence to cognitive training through a behaviour change framework and provide information about cognitive stimulation, social engagement and lifestyle risk factors for dementia.
Methods: Six CTSP sessions were re-designed covering topics including (1) CCT instructions and tasks, (2) Cognitive domains: episodic memory, executive function and processing speed, (3) Successful ageing and compensatory strategies, (4) Cognitive stimulation and engagement, (5) Wellbeing factors affecting cognition (e.g., sleep and mood), (6) Sensory factors. Session content will be related to everyday life, with participant reflection and behaviour change techniques incorporated, e.g., strategies, goal-setting, active planning to enhance motivation, and adherence to the CCT and in relevant lifestyle changes.
Conclusions: Through interactive presentations promoting brain health, the programme provides for personal reflection that may enhance capability, opportunity and motivation for behaviour change. This will support adherence to the CCT within multidomain intervention trials. Efficacy of the programme will be evaluated through participant feedback and adherence metrics.
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Computerised Cognitive Training (CCT), lifestyle interventions, behaviour change, dementia risk factors, cognitive reserve, brain maintenance, ageing


1 Introduction

The Lancet Commission report on Dementia prevention, intervention and care, has estimated that 40% of dementia risk across the lifespan is due to modifiable factors, mainly based on data from studies in High Income Countries (HICs; Livingston et al., 2020). Overall dementia risk estimates are similar in Low and Middle-Income Countries (LMICs; Mukadam et al., 2019); however less childhood education, smoking, hypertension, obesity, and diabetes were more prevalent in LMICs than HICs. Risk factors related to mental engagement or cognitive stimulation include low levels of education and cognitive reserve, poor hearing, lack of social engagement and factors that affect social engagement such as depression. The report states that “although behaviour change is difficult, and some associations might not be purely causal, individuals have a huge potential to reduce their dementia risk.” The authors suggest a model where cognitive reserve can be increased or maintained by attending to hearing loss, attaining a high level of education, and maintaining a high level of social contact. Other risk factor modifications that, in this model, would feed into cognitive reserve include maintaining frequent exercise, avoiding excess alcohol consumption, and reducing the occurrence of depression. Those from more deprived environments or circumstances may benefit more from lifestyle interventions (Livingston et al., 2020).

Despite the recent promising results of three anti-amyloid monoclonal antibody trials (Cummings et al., 2023), disease-modifying pharmaceutical interventions are not yet widely available for prevention and, by targeting a single proteinopathy or biological mechanism alone, they may not be sufficient to prevent dementia (Ackley et al., 2021) nor to cure the underlying neurodegenerative diseases that cause it. Given the multifactorial aetiology of dementia, approaches targeting multiple risk factors at the same time may be needed for an optimal prevention effect (Kivipelto et al., 2018). Therefore, multimodal lifestyle interventions with behaviour change approaches have been tested in some large randomised clinical trials (RCTs) to help at-risk older adults in preventing dementia (Prevention of Dementia by Intensive Vascular care, PreDIVA (Moll van Charante et al., 2016); Multidomain Alzheimer Preventive Trial, MAPT (Andrieu et al., 2017), Maintain your Brain, MYB (Heffernan et al., 2019), Healthy Ageing Through Internet Counselling in the Elderly, HATICE (Richard et al., 2019). Among these relatively novel trials, the Finnish Geriatric Intervention study to Prevent Cognitive Impairment and Disability (FINGER) was the first RCT to show that a lifestyle intervention based on five components (diet, physical exercise, cognitive training, vascular and metabolic risk monitoring, and social engagement) could improve cognition and reduce the risk of cognitive impairment over 2 years (Ngandu et al., 2015). Interventions combining cognitive training with physical exercise (Shah et al., 2014; van het Reve, 2014), non-invasive brain stimulation (Krebs et al., 2023), and other interventions requiring behaviour change (Park et al., 2007) have also been tested showing improvement in cognitive and neural function.

The FINGER trial included series of cognitive training support sessions lead by psychologists to assist participants with navigating through the Computerised Cognitive Training (CCT) programme and understanding the tasks included. These group sessions provided information and discussions on age-related changes in cognition, memory strategies, and memory training in everyday activities, in order to increase participants' awareness and understanding on these topics (Kivipelto et al., 2013), as well as to enhance their engagement and adherence to the cognitive training intervention, done independently on a personal digital device.

Following the success of the FINGER trial, The World-Wide FINGERS (WW-FINGERS) network of trials investigating the effect of multimodal dementia prevention/risk reduction interventions was established (Kivipelto et al., 2020). The Networks' key aims are to: share knowledge and experiences; harmonise trials methodologies in different populations; combine data to generate robust evidence globally that will help advance the implementation of dementia prevention strategies. The Network (currently including 60+ countries) builds on the experiences and expands the work of the FINGER trial by tailoring and testing the FINGER model in different cultural, regional, and economic contexts. Like all other components of the FINGER intervention, a Cognitive Training Support Programme has served as a guide/template for the other studies in the Network and is now under further development to improve uptake, adherence, and effectiveness of the CCT programme.


1.1 Computerised Cognitive Training programmes

There has been a surge in development of commercial Computerised Cognitive Training (CCT) programmes to promote brain training for young and older people, and those with various neurological and mental health conditions. Cognitive training is defined as “specifically designed training programmes that provide guided practise on a standard set of cognitive tasks” (Kelly et al., 2014). They normally aim to improve neuroplasticity and cognitive function or skills in various cognitive domains including processing speed, working memory, executive function, visuospatial skills, verbal fluency, and episodic memory (Smith et al., 2009). Neuroplasticity is defined as the brain's ability to adapt to changes in the environment through modification, reorganisation, and creation of neural connexions (D'Antonio et al., 2019). Thus, intervention programmes attempt to generate neuroplasticity by exposing older adults to new learning environments. There are various theories on which cognitive training is based, including compensatory strategies involving transfer of activation from posterior brain regions to more frontal lobe regions (Crabtree, 2023). However, there is still little consensus on how to best develop CT programmes and on the evidence-base for its effectiveness, especially with regards to transfer of training to activities of daily living (Butler et al., 2018; Jaeggi et al., 2020).



1.2 Efficacy of Computerised Cognitive Training for cognitively healthy adults

The evidence of the beneficial effects of cognitive training on cognitive function and activities of daily living are inconclusive. CCT showed a small but statistically significant effect on global cognitive functioning for cognitively healthy older adults in meta-analyses of up to 90 trials compared with control performance (Lampit et al., 2014; Gavelin et al., 2020). However, a Cochrane review on the effectiveness of cognitive training for cognitively healthy adults in late life reported mostly low effect sizes of post-training cognitive performance in global cognition and domain-specific outcomes (Gates et al., 2019). They selected 8 RCTs (n = 1,138 participants) of 12–24 weeks duration and assessed those with active controls separately from those with passive controls. They concluded that study quality with low sample sizes, different outcome measures, length of training and other variables do not allow for robust comparisons of different cognitive training programmes or meta-analyses of combined data. The systematic review conducted in the context of the development of the first World Health Organisation (WHO) Guidelines for the Risk Reduction of Cognitive Decline and Dementia reported that the quality of the evidence supporting the efficacy of cognitive interventions in reducing the risk of cognitive decline was “very low to low” (Chowdhary et al., 2021).

An underlying aspect of current CCTs is that they are mostly conversions of neuropsychological or cognitive tests that are used in research studies and memory clinics to test cognitive function (Gross and Rebok, 2011). Mostly, training aimed at selected cognitive domains (e.g., mental processing speed) appears to transfer effects to post-training test performance in the same domain (processing speed) rather than more general cognition or daily function. The ecological validity and applicability to daily functional activity for those at risk of dementia or with a degree of cognitive impairment is therefore questionable. Some far transfer has been reported for aspects such as emotional state, diabetes management and depression, but there are few studies on far transfer of cognitive training for preventing cognitive decline in older adults. Tetlow and Edwards (2017) compared 14 CCTs used in RCTs, all adaptive and process-based programmes with either “no contact” (passive) or “active” (sham CCT or psychoeducation) control groups or both control groups in 18 studies. They found most evidence for effects on attention, processing speed and visuospatial memory (near transfer) while effects in all other cognitive domains including executive function and episodic memory were non-significant. They found some evidence of far transfer from meta-analysis of four studies in self-reported everyday function but not in performance-based everyday function or Instrumental Activities of Daily Living (IADL).



1.3 Adherence to cognitive training programmes

Fairly low adherence or compliance to extended cognitive training interventions in RCTs has been reported. For example, in the FINGER trial, it was reported that compliance was +/– 60%; however, this included participants who only completed the first session of cognitive training, while adherence was 47% when considering only individuals who attended over 50% of group sessions and completed over 50% of the computer training (Ngandu et al., 2015, 2022). The main driver of compliance was computer literacy (Turunen et al., 2019). As computer literacy has increased over the last decade, the expectation is that compliance might improve in further FINGER-like trials. The length, content variation and duration of cognitive training that is most beneficial to reducing cognitive decline or transferring to daily life has not yet been established. However, some research has shown that too long a duration of CCT has no more benefit than a shorter duration (Belleville et al., 2022).

Behaviour Change aspects of CCT programmes are a growing area of interest, and the factors most important for adherence and benefits still need further research.



1.4 Behaviour change theory

Various behaviour-change theories and frameworks have been described. The Capability, Opportunity, Motivation and Behaviour (COM-B) Behaviour Change Wheel (BCW) framework (Michie et al., 2011) was developed to improve on other frameworks that aim to influence public health. COM-B is a system involving three essential elements, Capability, Opportunity, and Motivation, which form the hub of a BCW, around which are nine intervention functions to change behaviour, either socially or individually. Capability includes the individual's psychological and physical capacity to engage in the activity concerned, with the necessary knowledge and skills. Motivation includes all the brain processes that energise and direct behaviour, including habitual processes, emotional responding, as well as analytical decision-making, not just goals and conscious decision-making. The BCW refers to both “reflective motivation” (based on positive or negative feelings relating to new information/knowledge and understanding) and “automatic motivation” (through associative learning via, e.g., imitation resulting in new habit formation). Opportunity can include physical or social changes to the environment that make the activity possible, or prompt it. Opportunity can influence motivation as can capability; enacting a behaviour can alter capability, motivation, and opportunity (Michie et al., 2011).

Researchers have also recommended use of structured frameworks in the development of CCT programmes to ensure that behaviour-change and efficacy of the programmes is optimised (Khaleghi et al., 2021; Peeters et al., 2023). Expectations and beliefs about the outcomes of CCT may affect training motivation and engagement (Tetlow and Edwards, 2017).

Peeters et al. (2023) reported on Behaviour Change Techniques (BCT) of CCT from 88 studies with cognitively healthy adults. There are 93 individual techniques in COM-B falling into 16 clusters or categories (Michie et al., 2015). Up to 34 BCTs were coded in the studies reviewed, with a median of 3. Commonly reported aspects included were items that were necessary for completion of the training programmes such as having instructions provided, adaptive or graded testing and feedback on outcomes of behaviour (amount of time in training or performance), however, these were not shown to significantly improve efficacy of the training on cognitive outcomes. The BCTs that had clinical relevance for efficacy included “monitoring of outcomes of behaviour without feedback by a person,” “feedback on outcomes of behaviour from a credible or known source”,” “information about social and environmental consequences.” “non-specific rewards” and “feedback on outcomes of behaviour” (delivered by a person) resulted in lower efficacy. BCTs that positively influenced adherence to CCT programmes included “self-monitoring of behaviour,” “monitoring of behaviour by others without feedback,” and “self-monitoring of outcomes of behaviour.” Studies using “graded tasks” had lower adherence. Self-reported barriers to adherence included excessive time commitment, health problems, lack of interest or motivation, holiday/travel, and lack of time (Peeters et al., 2023).

To bridge the gap in poor adherence and efficacy of CCT interventions in clinical trials, there is scope for add-on support encompassing behaviour change theory that provides information and education, compensatory strategies for successful ageing, and that enhances mental engagement and motivation. We have developed such a Cognitive Training Support Programme that includes aspects of the COM-B BCW described in this manuscript.




2 Aims

The aim of further developing the group sessions provided in the FINGER trial into a novel Cognitive Training Support Programme (CTSP) is to supplement and support the CCT used as a cognitive intervention component of the multimodal FINGER model, which is adapted to different cultural regional, and economic settings within the WW-FINGERS Network. We aim to describe the structure and content of the CTSP, its development and relation to COM-B. This CTSP is aimed at improving adherence to the cognitive training since the original FINGER trial (Turunen et al., 2019) showed relatively low adherence to CCT by older adults. The programme is intended to be delivered in small group settings. The group meeting format provides an opportunity for social interaction in addition to the skills-learning aspect of the programme. This approach will enhance engagement while providing the extra benefits of cognitive stimulation and psychological wellbeing (Dinius et al., 2023). It is also intended to enhance participants' awareness of real-world functional implications of cognitive decline and the effects of cognitive reserve, to optimise the possibility of impact on activities of daily living.



3 Methods


3.1 Study participants and recruitment

The original FINGER cognitive intervention was designed for older adults with no evidence of dementia or substantial cognitive impairment, but with some risk for dementia as assessed with the Cardiovascular Risk Factors, Ageing and Dementia (CAIDE) risk index (Kivipelto et al., 2006). Potential study participants should be screened for eligibility criteria including older age (~60 plus); performing slightly below the average or norm for age on cognitive testing; presence of modifiable risk factors for dementia, such as high Body Mass Index (BMI), high blood pressure, low levels of physical activity and with no conditions affecting effective engagement in the cognitive intervention. Study participants may be recruited from community-dwelling populations or registers of older people interested in taking part in healthy ageing and dementia prevention research. Based on the wider WW-FINGER framework and higher variability of settings, the intervention has been designed to be adjustable, e.g., to slightly different age groups, people with some level of cognitive impairment [e.g., Mild Cognitive Impairment (MCI)/prodromal Alzheimer's Disease] and adapted to different cultural, regional, and socio-economic contexts that reflect the diversity and variety of target populations within the global WW-FINGERS Network.



3.2 The Computerised Cognitive Training programme

The CCT used in the FINGER trial is intended for use in WW-FINGER dementia prevention multimodal intervention studies globally. This in-house CCT programme targets several critical age-sensitive cognitive functions focusing on processing speed, executive functions, working memory and episodic memory (Ronnlund et al., 2005; Salthouse, 2019) aiming to increase cognitive processing efficiency (Gavelin et al., 2015; Dinius et al., 2023). Training of a diverse set of cognitive processes that play key roles in cognition and brain functioning may have the potential to optimise generalisability of the intervention effect to non-trained tasks and everyday contexts (Schmiedek et al., 2010). The rationale for the design of this CCT programme is grounded on prior meta-analyses showing that multifactorial cognitive training programmes focusing on several age-sensitive cognitive functions may have benefits over single domain cognitive training programmes in terms of cognitive performance gains across domains (Lampit et al., 2014, 2019). The programme is based on cognitive tasks used in our prior research on healthy older and younger adults, persons with stress-related illnesses and Parkinson's Disease (Dahlin et al., 2008; Sandberg et al., 2014; Ngandu et al., 2015; Walton et al., 2017, 2020, 2021; Malmberg Gavelin et al., 2018), where results have shown improved performance in trained tasks as well as near transfer effects that are maintained over time. The programme includes six tasks, with two measuring episodic memory, using a verbal paired associates task and a location learning task, and one measuring working memory with a spatial-span task. Executive functions are addressed by two running span tasks that tap the updating function and one alternating run task addressing shifting. Processing speed training is incorporated into the shifting task. Moreover, the training tasks are adaptively adjusted to the performance level of each participant to tap into neuroplasticity by creating a mismatch between cognitive task demands and the cognitive resources (abilities) available to the person (Lovden et al., 2010).



3.3 Cognitive Training Support Programme

The support programme for group sessions for the CCT in WW-FINGER multimodal lifestyle intervention trials that our team, including neuropsychologists with RCT experience have developed includes a series of presentations that aim to keep participants engaged, motivated and compliant with the CCT schedule over a 2-year period. The sessions may be covered in the first few months of the intervention so that participants can become familiar with the CCT tasks and get assistance with any problems early in the trial to ensure confidence in continuing with the schedule. A motivational booster session may be included at the 12-month timepoint of the intervention to help maintain long term CCT adherence.

The cognitive stimulation support sessions that have been developed are described below.


3.3.1 Group meetings

Study participants will be invited to a total of six group sessions led by trained psychologists. The first group session is focused on in-depth training for the CCT, so all participants will be enabled to engage independently in the CCT on a digital device. Subsequent sessions provide educational information on cognitive domain function, dementia risk factors, strategies for coping with age-related cognitive changes, importance of social engagement and topics for discussion.

Sessions 2–6 are structured as follows:

	1. Brief cognitive training software refresh with question and answer (Q&A) time.
	2. Main topic/theme of the meeting presented by a psychologist or trained team member.
	3. Emerging tasks and topics for discussion.




3.4 Themes for six group sessions


3.4.1 Cognitive training support session 1

This session will provide a brief introduction to the cognitive training programme and instructions for the use of the software. Detailed instructions for using a digital platform (tablet or computer) at home, logging into the training programme, reading and following the instructions and proceeding through the tasks will be given. Demonstrations of each of the training tasks will be given and the training plan outlined. Number of training sessions and time spent on each, the methods of automatically recording compliance by the programme, will be outlined. We will suggest that participants may want to keep their own training diary if it helps them to keep on track. It is important that study participants feel a sense of self-efficacy after this session and are enabled to train independently. In addition, once training has begun, participants will have the opportunity to ask questions at further group sessions on any problems they have experienced. A set of Frequently Asked Questions (FAQ) will be made available to cover common problems that may be encountered.

This first session will provide two aspects of the COM-B model, capability, and both physical and social opportunity. CCT performance is reported to be improved in a group setting (Lampit et al., 2014). Thus, the first session should enhance initial performance and motivation to proceed with training through the social support of the group and awareness that one is not alone in experiencing difficulties with technology or with the tasks. The group sessions should also provide a safe space for asking questions, and receiving help from a credible source, the trainer, face-to-face (Lampit et al., 2019). The CCT programme will also be put forward as a structured method to maintain cognitive stimulation or mental activity.

Providing increased understanding of what the CCT programme is aiming to achieve and how the tasks relate to everyday life will fit with COM-B theory in terms of increasing capability, through education, and in motivation, if participants understand that they have agency to maintain their neuroplasticity through new habit formation involved in the training.



3.4.2 Cognitive training support session 2

The different types of cognitive domain functions and their meaning in the context of daily life.

In this session, the topic of cognitive domains such as episodic memory, working memory, attention and executive function will be explained in relation to the CCT tasks. Everyday examples of activities that use these cognitive domain functions will be given. For example, remembering a list of items needed at the grocery store or remembering an event that occurred the day before are examples of episodic memory. Participants may also relate to difficulties they have experienced in particular cognitive domains.

Transparency about what the CCT tasks involve may help alleviate frustration for participants who are struggling to achieve good results, as they may have a better understanding of why they find the tasks difficult. For example, it is well-known that mental and motor processing speed decline with age (Salthouse, 2019). If a task times out before one finishes and there is no explanation or feedback in the programme, participants may become frustrated at not being able to complete the task successfully. Thus, our in-house CCT does not time-out on tasks.

Topics of interest from the presentation about cognitive domain function may be discussed or about research behind the development of CCT programmes.



3.4.3 Cognitive training support session 3

Cognition and ageing and compensatory mechanisms.

This session covers the topic of normal age-related changes in mental abilities. The concept of subjective memory complaints and how these are relevant to cognitive decline and dementia will be explained. The discussion will centre on the differences between changes commonly reported, including slowing down or losing attention as opposed to sudden changes (e.g., after an illness, stroke, or head injury), or consistent and progressive cognitive decline that is making life more difficult to manage independently. The aim will be to reduce anxiety about normal age-related changes and to clarify that dementia is not an inevitable consequence of ageing.

Elements of successful ageing and brain maintenance will be described through strategies such as the importance of selection (of what is important), optimisation (focusing on selected activities) and compensation (finding alternative ways of dealing with less important things or activities that have become difficult; Nyberg et al., 2012; Karlsen et al., 2022). Everyday examples may be related by the presenter and participants.

The concept of cognitive reserve and resilience to brain pathology will be introduced next, and that it may compensate and protect against losses that may occur through ageing and disease (Cabeza et al., 2018; Arenaza-Urquijo and Vemuri, 2020; Dinius et al., 2023). This level of reserve differs between people for example due to genetics, intelligence, education and lifetime experiences, thus degenerative brain changes will affect people differently in terms of the clinical symptoms they may present with such as cognitive decline (Stern et al., 2023).

The session will end with a time of reflection for participants to think of changes they have noticed in their thinking abilities with age (positive or negative), what changes they are intentionally able to compensate for and how, and what is important for them to focus on to keep feeling confident in their thinking and activities. This will involve some BCT in participants taking agency for what is important for them to focus on in terms of their cognitive abilities with some active planning and in increased understanding about the social and environmental consequences of normal ageing.



3.4.4 Cognitive training support session 4

Cognitive stimulation, social engagement, related dementia risk factors and preventive activities.

This session is centred on the topic of cognitive stimulation to enhance neuroplasticity and engagement of all the senses. Cognitive stimulation refers to mentally engaging activities or exercises that challenge a person's ability to think. Cognitive stimulation aims to improve cognitive function through implicit learning tasks or activities to promote cognitive and social skills, while recognising the individual's own sense of self (Stine-Morrow et al., 2014; Stewart et al., 2017). Research on the impact of social engagement activities, networks, social support and relationships on cognitive function will be presented (Kelly et al., 2017). The concept of resilience will be introduced as a means to counteract effects of isolation and loneliness, and their impact on cognitive function (Tay and Lim, 2020).

A guided time of reflection will follow for participants to think of their personal situation and how this impacts their choices of stimulating activities. For example, those living alone may have different restrictions or availability in choices of activities to those living with a partner, spouse, or other family. The group will also be guided to think about what mental, social, and outdoor activities they enjoy doing and which activities they do alone or in company. There are various reasons to believe that brain training or other forms of cognitive stimulation will be enhanced if the activity is enjoyed rather than endured, due to the level of engagement experienced (Onafraychuk et al., 2021).

The session will end with time for the group to plan for incorporating new cognitively stimulating or challenging activities into their lives with some goal-setting. Lists of local organisations can be added to this session if participants want to take advantage of what is available for older people in their communities, for example, at museums, University of the Third Age (U3A) groups etc.



3.4.5 Cognitive training support session 5

Wellbeing factors affecting brain function and cognition. Topics in this session include sleep, stress, anxiety and depression, food and mood. These factors can all affect cognitive function either short or long term and will be considered in terms of healthy ageing and prevention of dementia.

Sleep—the importance of sleep in amyloid clearance, long term memory storage and mood will be described followed by a definition of sleep quality (Kang et al., 2017; Casagrande et al., 2022). Alleviating anxiety about lack of sleep and advice on how to improve sleep quality will be discussed.

Stress – concepts of good and bad stress will be described in terms of the body's fight-flight mechanisms and hormones involved (McEwen, 2007; Dhabhar, 2014). What happens in the brain during short-term and chronic stress will be described in relation to memory.

Anxiety and Depression—these mood state concepts will be defined with some examples (Lindert et al., 2021). The benefits of some causes of anxiety as a protective instinct will be discussed. Some of the effects of anxiety on cognition will be described and disorders needing medical attention will be mentioned. As depression is often associated with stress and anxiety, these factors will be discussed together, with discussion of their causes and related symptoms.

Management of these three conditions in terms of BCT will be discussed with the group, giving time for participants to think of new patterns of behaviour that may be beneficial to themselves and in increasing their sense of self determination in enhancing their wellbeing.

Food and Mood—to discuss how certain foods and nutrients can affect mood. The benefits of a diet such as the Mediterranean Diet (Loughrey et al., 2017; Agarwal et al., 2023), shown in research studies to benefit cognition in older people, will be presented (Feart et al., 2010; Chou et al., 2019). The beneficial effects of certain nutrients on mood will be briefly described as will the effects of vitamin deficiencies.

Example of topics for discussion: Carb cravings, energy dips, comfort eating, caffeine stimulants- good or bad.



3.4.6 Cognitive training support session 6

Sensory factors related to or affecting cognition including hearing, eye-sight, sense of smell, and dental health.

The importance of sensory input to understand our world and enhance mental activity and memory formation will be presented. Awareness about how intact senses can facilitate mental stimulation and independence in daily living will be discussed.

The group can contribute their own experiences related to sensory loss. Potential causes of sensory deprivation in eyesight, hearing, smell, taste and touch will be presented. Resulting effects of sensory loss such as social withdrawal and disengagement from activities such as reading, watching films, playing games, ability to drive can be discussed. Dangers of poor sense of smell and taste in terms of cooking, eating rotten food, detecting smoke or fire; poor sense of touch and peripheral neuropathy may be mentioned.

Research on sensory loss as signs of different types of dementia may be presented (Parkinson's and Lewy Body Disease and sense of smell; Dan et al., 2021).

Barriers to addressing sensory loss will be discussed including resistance to wearing hearing aids or glasses. Adaptations to sensory loss can be suggested including use of large print books, phone/TV screens, touch screen digital devices—phones, audio-loops, magnifying glasses and mirrors, and driving glasses. Examples such as having cataracts removed and the improvement noted can be shared by group members.

The positive use of pain to alert one to problems that need to be dealt with is a topic for discussion—to avoid bedsores, backpain, etc., one needs to respond to pain or discomfort signals by moving.




3.5 Inclusion of COM-B BCW aspects in the CSTP

To provide Capability we cover aspects of digital platform use associated with accessing the training, as well as examples of each of the CCT tasks with an explanation of the instructions to follow, the feedback to be received and ways to cope with any technical problems that arise. This will help participants to feel prepared for the training. Educational content in the sessions will cover the different cognitive domains being applied in each of the CCT tasks and related to everyday examples. Better understanding of brain function related to cognitive performance is intended to provide improved focus on the tasks. These two aspects will be covered in group sessions 1 and 2.

The Opportunity aspect of the COM-B model being implemented includes being in the active intervention group and having free access to the CCT for the duration of the trial, as well as support for those without home-based digital device availability. Participants will be encouraged to schedule regular weekly times for the training and to keep a training diary to track their progress as the self-monitoring BCT has previously been shown to increase adherence (Peeters et al., 2023). Adaptive testing to match participants' performance at each training session will provide the opportunity to be challenged at a level providing an optimal amount of challenge to enhance learning on the tasks. Although previous studies have not reported increased adherence to CCT with adaptive testing, this aspect needs further research.

Motivation is seen as a key component towards improved adherence to the CCT. Thus, a number of techniques will be implemented to enhance motivation, both intrinsic/automatic and extrinsic/reflective. These include Likert scales for self-monitoring of focus and motivation at the end of each training session; computer-based, graphically presented feedback on performance on each task at every session; a self-completed progress diary; face-to-face support with technical problems with the CCT during the group sessions and later via online support; knowledge that compliance will be automatically tracked at every training session completed. The educational components of the CSTP may also increase motivation in terms of participant's beliefs about the consequences of adhering to the CCT, the relevance of the training to cognitive functions affecting everyday life and in increasing agency for healthier ageing. The knowledge that study investigators will be tracking adherence via recorded logons and completion of CCT tasks may also be a motivator for those who respond to external feedback (Peeters et al., 2023).




4 Results and feedback

The Cognitive Training Support Programme will be completed with a feedback questionnaire for reflection of responses to the programme. Participant evaluation of items including enjoyment, benefits, motivation, relevance, ease of comprehension, engagement, and other aspects of the programme will be sought for a qualitative analysis of its effectiveness. Feedback on the CCT in terms of ease of navigation and technical issues, engagement and adherence will also be surveyed.

A cognitive and social activity questionnaire, as used in the FINGER trial, will collect average frequency of reading, crosswords, writing, games, listening or playing music, communal activities or participation in societies, studying, handicrafts, gardening, baby-sitting, and voluntary work on a 7-point Likert scale with alternatives from daily to never. The results will be translated into weekly activities and summarised. In addition, computer use will be asked separately (yes/no), and computer usage provided as one additional activity (corresponding to once per week).

Evaluating the effectiveness of the CTSP can be correlated with measures of adherence to the CCT. The Likert scales added to the CCT on motivation and attention will also be informative and will be important in understanding fluctuations in performance over time. In addition, when used in a study with cognitive outcomes, change in cognitive performance from the beginning to end of the programme would be the best quantitative measure of efficacy of the intervention. A pilot trial of the Cognitive Intervention (CCT plus Support programme) is desirable before adding it to a multimodal intervention trial.



5 Discussion

Cognitive reserve, or resilience against cognitive decline may involve increased connectivity in frontal and temporal brain regions as well as good blood flow to the brain via metabolic mechanisms. Thus, building cognitive reserve through new neural network formation and supporting brain maintenance are crucial components of non-pharmacological approaches to promoting cognitive and psychological function in older age and in early dementia (Gajewski and Falkenstein, 2016; Allen et al., 2020; Dinius et al., 2023). Age-related cognitive decline can be reduced through interventions including cognitive stimulation, social engagement and mental wellbeing (Wilson et al., 2012). The engagement model strives to embed the participant in complex environments that are socially and intellectually enriching, as well as challenging, as they require a diverse range of abilities rather than mastery of one skill (Stine-Morrow et al., 2014). Cognitive stimulation is a broader concept than cognitive training but can also encompass structured cognitive training. While Cognitive Stimulation Therapy (CST) programmes have been developed for people living with dementia and are recommended as a non-pharmacological intervention (Gonzalez-Moreno et al., 2022a,b), CST for cognitively healthy or mild cognitive impairment is not readily available.

However, as the evidence for efficacy and adherence to cognitive training, especially for long term clinical trials, is variable, further research is needed, both in CCT programmes and in the BCT incorporated in them. Many CCT programmes are merely adaptations of cognitive tests in different domains, thus the ecological validity for transfer to daily life is limited. There have been novel proposals to develop more 3-dimensional CCTs, serious video games and immersive sensory stimulation modules to increase participant engagement and for better transfer of training effects to long term gains in functional activity (Mishra et al., 2016; Sokolov et al., 2020). However, a video-gaming programme trialled for effects on cognitive performance found that older adults do not enjoy the same sorts of video games as younger people, such as Super Mario and action games with shooting of targets. Participants reported that the games were more boring than reading and other daily hobbies that were cognitively stimulating. Thus, motivation was not well-achieved. However, there are other studies with video-gaming showing some evidence of positive effects on cognitive function (Anguera et al., 2021; Gavelin et al., 2021). Sikkes et al. (2021) concluded that what is required is greater understanding of how to develop more personalised CCT treatments that can be better integrated with everyday life and meaningful everyday activities, so that ongoing engagement is more likely and that transfer of gains from performance on standard tests of cognition to relevant functional domains is enabled.

Our novel approach to overcome the barriers to engagement and adherence to CCT was to further develop the group sessions in FINGER into a Cognitive Training Support Programme (CTSP) to be led by trained psychologists, as described. Studies have shown that supplementing CCT with self-management programmes may produce greater benefits in cognition relative to cognitive training alone (Hertzog et al., 2020). The CTSP will provide participating older adults with information about cognitive function and how it relates to lifestyle choices, abilities, social setting, mental health and sensory capabilities. Thus, improved awareness of the benefits of cognitive stimulation and the ability to address modifiable lifestyle risk factors for dementia such as poor sleep, hearing, etc., aims to enhance the efficacy of both the CCT and the CTSP.

Through interactive presentations and discussion of various strategies for successful ageing and to prevent cognitive decline to dementia, the programme provides time for personal reflection, goal setting, and active planning that may enhance behaviour change and influence participant motivation, engagement and expectations of adhering to the in-house CCT intervention described. The COM-B behaviour-change aspects incorporated both in the CCT and the CSTP are based on results from previous analyses of aspects that show some efficacy in improving engagement and adherence to cognitive training interventions (Peeters et al., 2023). The development of this Cognitive Training Support Programme is for delivery in-person in group settings- another BCT that has shown positive effects in CCT efficacy (Lampit et al., 2014). However, it is adaptable for online use for small groups where interaction is possible. We have produced it in a series of slide presentations, but these may be converted to recorded video presentations. Discussion and reflection time has been built into the time-frame of the sessions. The design of the programme aims to be flexible enough for cross-cultural adaptation for global use either with CCT or “pen and paper” cognitive training. Some of the BCT and concepts can still be used in conjunction with Non-Computerised Cognitive Training. However, digital transition is happening rapidly in several LMIC, with the advantage of increased scalability and reduced costs for studies. Further modifications may be made to the CTSP to introduce more interactive content with co-design through participant engagement initiatives.



6 Conclusions

It was deemed appropriate to supplement the CCT used in FINGER with a newly expanded CTSP for group sessions due to reports of variable and low efficacy on cognitive performance and adherence to cognitive training programmes. In addition, BCTs incorporated into CCTs have shown some clinical relevance, but more evidence is needed for their efficacy on cognition. Thus, a support programme promoting brain health through cognitive stimulation and social engagement, as well as providing information about preventing dementia risk related to modifiable lifestyle factors is hoped to prove effective in enhancing both adherence and efficacy of CCTs. The programme provides for personal reflection that may enhance capability, opportunity, and motivation for behaviour change. The incorporation of multiple BCTs into the CTSP will allow for further investigation of their usefulness in this context.
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Irreversible atrophy in memory brain regions over 7 years is predicted by glycemic control in type 2 diabetes without mild cognitive impairment
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Memory-related impairments in type 2 diabetes may be mediated by insulin resistance and hyperglycemia. Previous cross-sectional studies have controversially suggested a relationship between metabolic control and a decrease in hippocampal volumes, but only longitudinal studies can test this hypothesis directly. We performed a longitudinal morphometric study to provide a direct test of a possible role of higher levels of glycated hemoglobin with long term brain structural integrity in key regions of the memory system – hippocampus, parahippocampal gyrus and fusiform gyrus. Grey matter volume was measured at two different times – baseline and after ~7 years. We found an association between higher initial levels of HbA1C and grey matter volume loss in all three core memory regions, even in the absence of mild cognitive impairment. Importantly, these neural effects persisted in spite of the fact that patients had significantly improved their glycemic control. This suggests that early high levels of HbA1c might be irreversibly associated with subsequent long-term atrophy in the medial temporal cortex and that early intensive management is critical.
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Introduction

The parahippocampal complex seems to be a critical region in the pathophysiology of type 2 diabetes mellitus (T2DM), mild cognitive impairment (MCI), and dementia (Zilliox et al., 2016; Bello-Chavolla et al., 2019). Memory-related impairments are found in this population (Zilliox et al., 2016), along with evidence of a link between T2DM and MCI and/or dementia (Bello-Chavolla et al., 2019). Nonetheless, a clear understanding of the pathophysiological mechanisms in T2DM and the development of cognitive deterioration and ultimately dementia is still far from understood.

Pathophysiological mechanisms linking T2DM and Alzheimer’s dementia (AD) and brain atrophy have been suggested to involve insulin resistance and hyperglycemia (Bello-Chavolla et al., 2019; Li et al., 2021). However human studies investigating the role of metabolic control in brain atrophy are mainly cross-sectional, preventing a direct test of a temporal link between glycemic control and brain structural integrity (Gold et al., 2007; Moran et al., 2013; Hirabayashi et al., 2016; Ogama et al., 2018). Furthermore, longitudinal studies on brain atrophy so far were mostly dedicated to investigating total brain volume and/or hippocampus alone (Debette et al., 2011; Callisaya et al., 2019). In addition, no associations with hyperglycemia have been particularly explored. Knowing whether impaired metabolic control leads to irreversible brain atrophy in T2DM, especially in memory-related regions, is important for the implementation of an early and timely management of metabolic control.

In this study, we report a longitudinal study over 7 years to investigate whether initial higher levels of glycated hemoglobin (HbA1C) in T2DM, are associated with a long-term decrease in grey matter volume in three core brain regions involved in memory processing – hippocampus, parahippocampal gyrus, and fusiform gyrus and if these changes revert upon improvement of metabolic control.



Materials and methods


Participants

A total of 16 T2DM, patients and 13 non-diabetic controls were initially recruited for this study. Participants were selected from the DIAMARKER database (Duarte et al., 2015; Crisóstomo et al., 2021). Patients were diagnosed in the Endocrinology Department of the Coimbra University Hospital Center using standard World Health Organization criteria (WHO, 2011) and were selected to be part of the follow-up study based on the following criteria: (1) age between 45 and 75 years old; (2) not having a history of central nervous system disorder, neoplastic, inflammatory, or mental diseases and (3) no history or current alcohol abuse. Fasting blood samples were collected and all participants were screened for the presence of amnestic MCI (aMCI), at the follow-up visit, based on Petersen’s clinical criteria (Petersen, 2016), and performed further brief cognitive assessment (Table 1). aMCI is a subtype of MCI characterized by the presence of objective memory complaints along with an objective impairment in episodic memory without fulfilling accepted criteria for dementia (Dubois et al., 2007; Albert et al., 2011). The neuropsychological tests used for the aMCI screening were: (a) the subjective memory complaints questionnaire in order to assess the presence of memory complaints (Schmand et al., 1996; Ginó et al., 2008), the Montreal cognitive assessment for cognitive screening (Nasreddine et al., 2005; Freitas et al., 2011), the cued and selective reminding test for verbal episodic memory assessment (Lemos et al., 2015), the copy and delayed recollection of the Rey’s complex figure for perceptual organization and visual episodic memory assessment, respectively (Rocha and Coelho, 2002), and the similarities and matrix reasoning from the Wechsler Intelligence Scale III, for verbal and visual conceptualization skills assessment (Wechsler, 2008). We also delievered to participants the geriatric depressive scale (Yesavage et al., 1982; Barreto et al., 2008) to test for the presence of depressive symptoms and the older adults functional assessment inventory in order to screen for dementia status (Sousa et al., 2013). All neuropsychological tests in order to exclude MCI were versions that were previously translated and validated versions for the Portuguese population, which were not conducted by our team. Regarding the translation and validation of the neuropsychological tests used in this study, we recommend contacting the original authors or entities responsible for the initial translation and validation. The neuropsychological assessment was performed at the 2nd visit.



TABLE 1 Clinical and neuropsychological measures.
[image: A detailed table displaying clinical and neuropsychological measures comparing type 2 diabetes mellitus (T2DM) patients and control subjects. Metrics include age, weight, height, HbA1c levels, cholesterol, triglycerides, medication use, smoking, alcohol habits, exercise habits, cognitive tests (SMC, GDS-30, FCSRRT, RCF, IAFAI, MoCA), and statistical significance (p-values). Measurements are shown for two visits (T1 and T2) with mean and standard error, highlighting significant differences for glucose, cholesterol, and other parameters.]

Overall, 5 participants were excluded from the sample due to aMCI (3 participants with T2DM and 1 from the control group) and due to abdominal perimeter incompatible with MRI measures (1 participant with T2DM), making a total of 12 T2DM patients and 12 controls (Table 1). The participants included in the analysis did not meet criteria for aMCI. Both groups had an 8/4 male/female ratio. The average number of years between visits was 7 years, ranging from 5 to 9.

All participants provided written informed consent. The present study complied with the Declaration of Helsinki and was approved by the Ethics Committee of the Faculty of Medicine, University of Coimbra.



Image acquisition

Magnetic resonance imaging (MRI) data were acquired on a 3-Tesla Prisma scanner (upgraded from an initial Tim Trio version, as well as the 12-channel birdcage to a 64-channel head coil). The 3D MPRAGE scans were acquired using a T1w gradient echo pulse, with a flip angle of 7°, a repetition time (TR) of 2.530 milliseconds, echo time (TE) of 3.42 milliseconds, and an inversion time (TI) of 1.100 milliseconds. We acquired a total of 176 slices per structural scan, yielding whole-brain coverage with a voxel size of 1 × 1 × 1 mm3 and a field of view (FOV) of 256 mm.



MRI data processing and statistical analysis

T1-weighted images were processed using the computational anatomy toolbox 12 (CAT12), implemented within the statistical parametric mapping 12 (SPM12), running in MATLAB version R2017b (The Mathworks, MA, United States).

All images for voxel based morphometry (VBM) were segmented using the segmentation routine for longitudinal designs implemented in CAT12. The segmented scans were spatially normalized according to diffeomorphic anatomic registration through exponentiated Lie algebra algorithm (DARTEL), and registered to the Montreal neurological institute (MNI) template. An 8 mm full width at half maximum (FWHM) Gaussian filter was applied to spatially smooth the images. We further computed, for each participant, new images containing differences in grey matter volume by subtracting the images of time 1 (T1) from the images of time 2 (T2). Each new image was corrected voxel-wise for the respective total intracranial volume (TIV), using the following computation: [image: Mathematical expression showing the difference between two fractions: \( \frac{T2}{TIV} \) minus \( \frac{T1}{TIV} \).]. We then projected the normalized grey matter maps to the automatic anatomical labeling (AAL) atlas and quantified the differences in grey matter volume in three different regions of interest (ROIs) in both hemispheres – hippocampus, parahippocampal gyrus, and fusiform gyrus - to correlate with baseline HbA1C levels. To investigate changes across time we also studied the association between longitudinal changes of HbA1C levels and longitudinal changes in grey matter. Because there are variables whose distribuition failed to pass the normality test assessed by the Shapiro–Wilk test, all correlations were performed using a two-tailed non-parametric partial correlation test, controlled for education. Since patients had significantly improved their levels of HbA1C between the two time points we also computed non-parametric partial correlations between longitudinal changes in HbA1C and the longitudinal measures of grey matter volume, with an additional correction for the baseline levels of HbA1C. Between-group comparisons were performed using the Mann–Whitney U test. A statistical significance of 0.05 was applied.

We further complemented our analysis by performing a whole-brain VBM linear regression analysis between the HbA1C at baseline and the differences in grey matter volume to achieve a better characterization of regional differences without the atlas-based rigid locations’ constraints. Only the results in the referred ROIs and nearby areas were considered, given our hypothesis driven approach. Nonetheless, it also gave information about broad changes in grey matter volume in association with HbA1C levels at baseline. Statistical VBM maps were obtained using a p < 0.008, corrected by the total number of 6 target ROIs. An additional correction at a cluster level was also implemented (k = 142 voxels). The linear regression model was also corrected for participants’ education. It was not necessary to control the analysis for age because the groups were age-matched (see Table 1 for descriptive statistics).

Sample characterization regarding all clinical variables was performed by two-tailed independent sample t-tests or the nonparamnetric analogue – Mann–Whitney U-test – for group comparison. Two-tailed paired sample t-tests or the wilkoxon rank-sum test were performed for within-group comparisons. An ANCOVA controlling for education was performed for the neuropsychological all measures with only one dependent variable. The between-group comparison for the remaining neuropsycological tests with more than one dependent variable was tested by using a nonparametric multivariate test (MANOVA). The choice for a nonparametric statistical approach was done for all testing whose data were not normally distributed, assessed by the Shapiro–Wilk test.

Descriptive and inferential statistics were performed on IBM SPSS statistical package (v.27.0.1).




Results

We found a negative statistically significant correlation between baseline HbA1C and the longitudinal changes in grey matter volume in the T2DM group in three ROIs – the right parahippocampal gyrus (rs = −0.665, p = 0.026, n = 12, power = 0.889), the left fusiform gyrus (rs = −0.703, p = 0.016, n = 12, power = 0.937) and the right fusiform gyrus (rs = −0.689, p = 0.019, n = 12, power = 0.921; see Figure 1). We also found a marginal negative correlation between HbA1C and the changes in grey matter volume in the right hippocampus (rs = −0.580, p = 0.062, n = 12, power = 0.742). No statistically significant correlation was found for the left hippocampus (rs = −0.446, p = 0.149, n = 12) and the left parahippocampal gyrus (rs = −0.495, p = 0.121, n = 12) in the T2DM, group. As expected, we found no statistically significant correlations between the control group grey matter volume and HbA1C in any of the ROIs. Importantly, no correlation was found in T2DM between the longitudinal changes in HbA1C and the longitudinal changes in grey matter volume of the regions whose grey matter volume which proved to be initially correlated with HbA1c, showing that the improvement in metabolic control was not sufficient to revert changes in grey mattern integrity. This result is also corroborated by whole-brain VBM analysis.

[image: Scatter plots showing the relationship between HbA1C% at Time 1 and the difference in gray matter in three regions: Right Parahippocampal Gyrus (A), Right Fusiform Gyrus (B), and Left Fusiform Gyrus (C). Data points represent individuals with Type 2 Diabetes Mellitus (T2DM) and controls. T2DM is marked with grey circles, and controls with black squares. A trend line suggests a negative correlation in each plot.]

FIGURE 1
 Linear regression plots depicting the association between the longitudinal differences in grey matter volume and HbA1C levels. (A) Depicts the linear regression plot in right parahippocampal gyrus. (B) The linear regression plot in right fusiform gyrus and (C) depicts the same analysis in the homologue hemisphere. G, gyrus; T2DM, type 2 diabetes mellitus; GM, grey matter. Note that values in Y axes are normalized to total intracranial volume, explaining their magnitude and rendering them unitless.


We were able to replicate the ROI approach by using whole-brain VBM linear regression analysis. We found for the T2DM, group three different main clusters in the regions under study showing a longitudinal negative correlation between changes in grey matter volume and the HbA1C at baseline: (a) one cluster, with 1,143 voxels (26, −2, −50), whose peak voxel was in the right inferior temporal gyrus (rITG) and included voxels in right fusiform gyrus and right parahippocampal gyrus; (b) a cluster, composed of 544 voxels (32, −11, −27), with peak voxel on the right parahippocampal gyrus and (c) another cluster, with 598 voxels, on left parahippocampal gyrus (−29, −14, −30). This latter cluster had also voxels in the left fusiform gyrus, being in congruence with our ROI analysis taken from the AAL atlas, which independently showed a correlation between HbA1C and changes in grey matter volume in left fusiform gyrus (see Figure 2). Importantly, the more anterior part of the right parahippocampal gyrus cluster included voxels in right hippocampus. This was not the case for the left parahippocampal gyrus. This analysis provides statistical support even for the right hippocampus for the ROI analysis taken from the AAL atlas. Additionally, the cluster from the whole-brain VBM analysis revealed voxels in left parahippocampal gyrus. No suprathreshold clusters were found for the control group in the whole-brain linear regression analysis. The description of other regions, obtained for the linear regression analysis for the T2DM group, are depicted in Supplementary Table S1.

[image: Four MRI brain scans labeled A, B, C, and D show highlighted areas in yellow indicating activation regions. Numbers one to four are circled within these regions. The color scale on the right ranges from zero in white to five in red. Scans A and B are sagittal, while C and D are coronal views.]

FIGURE 2
 VBM linear regression whole brain (replication of ROI analysis) maps between the HbA1C at baseline and differences in grey matter volume assessed during a 7-year follow-up study in 12 T2DM patients (p < 0.008). Scale represents t values. (1) Right inferior temporal gyrus (including voxels in right parahippocampal gyrus and right fusiform gyrus) (A,C); (2) Left parahippocampal gyrus (including voxels in left fusiform gyrus) (B,D); (3) Right parahippocampal gyrus (A); (4) Right hippocampus (A,D). L, left; R, right.




Discussion

This study provides evidence of a negative association between grey matter volume loss along ~7 years in medial temporal lobe memory encoding regions (right hippocampus, both parahippocampal gyrus and both FGs), and initial levels of HbA1C in a T2DM, sample without MCI. This suggests that impaired glycemic control (higher levels of HbA1C) might lead to long term atrophy in memory related regions. Importantly, longitudinal changes in HbA1C did not impact longitudinal modifications in grey volume suggesting that the atrophy found in these regions might be irreversible. This demonstrates the importance of early and timely glycemic control to prevent such irreversible changes. The ideia that irreversible changes in brain morphometrical properties might occur in T2DM in relation with hyperglycemia is corroborated by studies that focused on the complex deleterious effect of hyperglycemia in the brain. Possible mechanisms behind brain atrophy may include effects in addition to direct vascular impairments (Williams et al., 1998; Biessels et al., 2006; Moulton et al., 2015). We suggest that subtle alterations in neurovascular coupling is indeed suggested for people with T2DM (Duarte et al., 2015, 2023) or even direct damage to neurons that can also occur prior to vascular damage (Reis et al., 2014) may play a role. The study by Reis et al. (2014) indeed found that both people with type 1 diabetes, with and without blood-retinal barrier’s dysfuntion, sustained significant differences in visual functions suggesting that neuronal changes in retina occur prior to vasculopathy. Furthermore, augmented oxidative stress, causing inflammation is also another mechanisms behind brain atrophy. Dysfunctional insulin signaling and elevated blood glucose levels lead to heightened expression and activation of NF-κB, a pivotal participant in the inflammatory cascade and a regulator of apoptosis (Sima et al., 2009; Moulton et al., 2015). Moreover, advanced glycation end products, also leads to inflammation, as a consequence of chronic activation of microglia, leading to neuronal and glial apoptosis (Moulton et al., 2015; Sun et al., 2020; Yu et al., 2023). We favour the view that neurodegenerative processes underlying T2DM’s pathophysiology might also leads to the presence of brain atrophy, where toxic glucose levels have a harmful impact on various biochemical processes associated with tau integrity, promoting tau cleavage and phosphorylation (Kubis-Kubiak et al., 2019; Huang et al., 2020). Additionally, elevated glucose levels influence the production and degradation of Aβ (Macauley et al., 2015; Kubis-Kubiak et al., 2019). There is evidence indicating that certain Aβ products undergo predominant degradation through the proteasome pathway, which is significantly destabilized by increased glucose levels (Kubis-Kubiak et al., 2019; Patil et al., 2020). Nonetheless, different regions seem to have specific vulnerabilities and different mechanisms might underly atrophy in particular regions.

Human studies investigating the role of metabolic control in brain structural dysfunction are overall cross-sectional. In Ogama et al. (2018), postprandial hyperglycemia was associated with lower brain volume. Another study found that 2-h postload glucose levels were associated with lower total brain volume and hippocampus volume (Hirabayashi et al., 2016). Studies with animal models have found an association between hyperglycemia and memory loss in relation with signs of neuroinflammation (Wanrooy et al., 2018; Rom et al., 2019) namely in the hippocampus (Wanrooy et al., 2018). Several studies focused on the association between hyperglycemia, oxidative stress, and brain atrophy (Ogama et al., 2018), and others investigated the effect of hyperglycemia in microvascular structures (Stehouwer, 2018). Indeed, brain structures are fairly vulnerable to microvascular disturbances since brain microvessels have low resistance and sensitive auto-regulatory processes, being more vulnerable to phenomena like augmented pulsatile load that occurs with elevated glucose levels (Stehouwer, 2018). Nonetheless, a recent study suggested that brain atrophy in hippocampal subfields are associated with cognitive impairment in this disease rather than microstructural lesions, where HbA1c levels were negatively correlated with hippocampal atrophy but not with the burden of white matter hyperintensities (Zhang et al., 2021). Furthermore, previous randomized clinical trial testing the effects of intensive glycemic control in T2DM participants versus a standard glycemic control on the longitudinal changes in brain atrophy showed that intensive glycemic treatment decelerated the volume loss in regions like bilateral superior temporal gyrus, left pre and postcentral gyri, in bilateral fronto-orbital gyrus and bilateral frontal cingulate regions (Erus et al., 2015). Importantly, no significant changes were found in medial temporal gyrus and in particular in hippocampus and parahippocampal regions (Erus et al., 2015) which is in agreement with our study.

In overall, several possible mechanisms might explain the association between hyperglycemia and an augmented loss of brain volume inT2DM, from microvascular complications to augmented toxicity and neuroinflamation, leading to increased dysfunction. This is the first longitudinal study to provide evidence for a possible irreversible long term loss in a T2DM, sample without MCI. The association between long term brain atrophy and early HbA1C changes in core regions of the inferior and medial temporal lobes, such hippocampus and parahippocampal gyrus, is of particular interest given the hypothesized association between T2DM, and AD (Bello-Chavolla et al., 2019). Evidence that initially impaired metabolic control in T2DM, patients with no MCI may be associated with irremediable long term brain atrophy in key structures in the medial temporal lobe involved in memory processes observed within 7 years, consolidates the idea that pathological events precede cognitive deterioration. Furthermore, sex differences have been suggested to underlie cognitive deterioration in T2DM, with female having higher risk for accelerated cognitive deterioration (Verhagen et al., 2022). This variable was matched across our groups.

The present study provides evidence for a possible irreversible deleterious effect of poor glycemic control and the loss of grey matter volume in participants with T2DM, without mild cognitive impairment. Since participants neither fulfilled criteria for aMCI nor showed different cognitive profile relative to controls in any cognitive measures we suggest that structural atrophy might proceded cognitive deterioration. Further monitoring of the cognitive status of these participants is needed to explore if the consequences of poor glycemic control on the longitudinal changes in structural integrity in memory-related regions have a deleterius effect in cognition. The results highlight the importance of an early intensive control of glycemia and overall intensive management of T2DM.
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Background: This study focuses on how elements of depression correlate with mild cognitive impairment (MCI) in older adults and the diagnostic efficacy of combining these components with the Mini-Mental State Examination (MMSE). The study also investigated the connection between individual depression components and overall cognitive function, as measured by the total score (TS) of the consortium to establish a registry for Alzheimer’s disease (AD) assessment battery.
Methods: The study included 196 nondemented adults aged 65 to 90 years at a university hospital and community. Comprehensive clinical assessments including the 30-item Geriatric Depression Scale (GDS) to measure components of depressive symptoms, TS, and blood nutritional biomarkers.
Results: Our stepwise logistic regression analysis highlighted the ‘helplessness item’ (odds ratio = 4.531, 95% CI = 2.218 to 9.258, p < 0.001) as a significant predictor for MCI diagnosis. Further, models incorporating ‘helplessness item + MMSE’ demonstrated markedly enhanced accuracy in diagnosing MCI, surpassing the performance of the MMSE used independently. Notably, the group characterized by helplessness showed a significant reduction in TS (B = −5.300, SE = 1.899, β = −0.162, p = 0.006), with this trend being particularly pronounced in individuals exhibiting lower levels of physical activity. Interestingly, this correlation did not manifest in participants with higher physical activity levels.
Conclusion: Our findings suggest that helplessness is highly effective in diagnosing MCI and is linked to a decrease in cognitive function. Therefore, when addressing MCI and AD-related cognitive decline, clinicians should consider helplessness.
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Introduction

Depressive symptoms are commonly linked to Alzheimer’s disease (AD) and related cognitive decline in older adults (Jorm, 2000; Milwain and Nagy, 2005; Barnes et al., 2006; Byers and Yaffe, 2011; Bennett and Thomas, 2014; Bellou et al., 2017; Harerimana et al., 2022). Prospective epidemiological studies have demonstrated that depressive symptoms are associated with an increased risk of AD across all age groups (Jorm, 2000; Barnes et al., 2006; Byers and Yaffe, 2011; Bennett and Thomas, 2014; Bellou et al., 2017). A molecular study has uncovered a shared genetic basis between depressive symptoms and AD, providing genetic evidence supporting the causal role of depression in AD (Harerimana et al., 2022). Furthermore, a post-mortem study indicated that depressive symptoms heighten the probability of cognitive impairment in older adults with subclinical AD pathology (Milwain and Nagy, 2005). It is noteworthy that the majority of studies investigating the relationship between depression and AD used the cumulative sum of overall symptoms of depression or the diagnosis of depressive disorder, not individual depressive components, to represent depression (Jorm, 2000; Milwain and Nagy, 2005; Barnes et al., 2006; Byers and Yaffe, 2011; Bennett and Thomas, 2014; Bellou et al., 2017; Harerimana et al., 2022).

To understand the exact nature of the association of depression with AD and related cognitive decline, it is essential to investigate whether the individual’s depressive components, as well as the overall symptoms of depression, influence the association. Nevertheless, there is scant evidence indicating links between individual components of depression, including emotional or subjective cognitive disturbances, and AD and related cognitive decline.

Overall, it is crucial to investigate the diagnostic accuracy of depression components in detecting prodromal AD, namely mild cognitive impairment (MCI), to accurately understand the impact of depression on AD and cognitive decline in older adults. MCI serves as transitional phase between normal aging and dementia, with estimated prevalence in the general older population ranging from 5.0 to 36.7% (Sachdev et al., 2015). Notably, 11 to 33% of individuals with MCI progress to dementia within 2 years (Luis et al., 2003; Bruscoli and Lovestone, 2004). Consequently, MCI is thus recognized as significant risk factor for dementia, particularly AD (Luis et al., 2003; Bruscoli and Lovestone, 2004).

Hence, our study aimed to explore two main areas: First, we examined how individual elements of depression relate to the diagnosis of MCI in older adults. Secondly, we compared the accuracy of diagnosing MCI when combining these depression components with the Mini-Mental State Examination (MMSE) against using the MMSE alone. In addition, we investigated the connection between individual depression components and overall cognitive function, as measured by the total score (TS) of the consortium to establish a registry for AD (CERAD) assessment battery.



Materials and methods


Participants

This study is a component of the General Lifestyle and AD (GLAD) study, an ongoing prospective cohort study launched in 2020. By January 2022, the study had recruited 225 adults for eligibility assessment. Out of these, 196 non-demented individuals aged between 65 and 90 years were enrolled in the initial GLAD cohort. The exclusion of 29 participants was based on the following criteria: 7 were disqualified due to either existing comorbid conditions—medical, psychiatric, or neurological—that could influence mental functioning (5 individuals), severe communication or behavioral issues complicating clinical assessments (1 individual), or concurrent participation in another clinical trial involving an investigational product (1 individual). Additionally, 2 participants were excluded for not fitting any diagnostic categories, and 20 were removed from the study due to either withdrawal of consent (17 individuals) or loss of contact (3 individuals). The composition of the baseline GLAD cohort included 113 cognitively normal (CN) adults and 83 individuals diagnosed with mild cognitive impairment (MCI). Eligible participants were identified through the dementia screening program conducted at the memory clinic of Hallym University Dongtan Sacred Heart Hospital in Hwaseong, South Korea. Moreover, community volunteers were enlisted through recommendations from existing participants, family members, friends, or acquaintances. The CN individuals had Clinical Dementia Rating (CDR) (Morris, 1993) score of 0 and no diagnosis of MCI or dementia. The MCI individuals had CDR of 0.5 and met the inclusion criteria outline in the core clinical criteria for diagnosis of MCI, as per the recommendations of the NIA-AA guidelines (Albert et al., 2011). Regarding objective memory impairment, the age-, education-, and sex-adjusted z-score was < −1.0 for at least one of four episodic memory tests included in the Korean version of the CERAD-K neuropsychological battery: word list memory (WLM), word list recall (WLR), word list recognition (WLRc), and constructional recall (CR) tests (Morris et al., 1989; Lee et al., 2002, 2004). The exclusion criteria included the existence of a major psychiatric disorder, a notable neurological or medical condition, or any coexisting health issue capable of influencing mental function. Additionally, factors such as illiteracy, visual or hearing impairments, severe communication or behavioral issues that could hinder clinical examinations, and the utilization of an investigational drug were considered grounds for exclusion.



Clinical assessments

Each participant underwent standardized clinical assessments by trained psychiatrists following the clinical assessment of the GLAD study protocol. This protocol included the Korean version of the CERAD (CERAD-K) (Morris et al., 1989; Lee et al., 2002). Additionally, trained neuropsychologists administered the GLAD neuropsychological assessment protocol, which incorporated the CERAD-K neuropsychological battery (Lee et al., 2004) to all participants. To evaluate the relationship between individual items of depression and overall cognitive function, we utilized the total score (TS) of the CERAD (Seo et al., 2010). This score, indicative of overall cognitive ability, is derived by totaling the scores from seven tests within the CERAD neuropsychological battery, including verbal fluency, the Boston Naming Test, WLM, constructional praxis, WLR, WLRc, and CR tests. In comparing the diagnostic accuracy of individual depression items for MCI, we utilized the MMSE (Nakata et al., 2009), one of the most widely used scales in clinical settings, either alone or in combination with individual depression items. The evaluation of vascular risk factors (VRF), such as hypertension, diabetes mellitus, dyslipidemia, coronary heart disease, transient ischemic attack, and stroke, involved systematic interviews of participants and their family members, with data collection performed by trained researchers. The vascular risk score (VRS) was determined by calculating the percentage of present VRF (DeCarli et al., 2004). To assess the severity and components of depressive symptoms, the 30-item Geriatric Depression Scale (GDS) was employed, with detail available at https://web.stanford.edu/~yesavage/GDS.english.long.html (Yesavage et al., 1982; Kim et al., 2008). The body mass index (BMI) was computed by dividing the body weight in kilograms by the square of the height in meters, following the guidelines of the World Health Organization (WHO) available at https://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi. Physical activity was measured using the Korean-version of the Physical Activity Scale for the Elderly (PASE) (Washburn et al., 1993; Choe et al., 2010). The PASE score, indicating the level of physical activity, was calculated by summing weighted scores from leisure, household, and occupational activity subscales. Participants’ activity levels were scored and divided into low and high categories, with higher scores indicating greater activity. The study divided participants into three income-based groups: those earning less than the minimum cost of living (MCL), those earning between the MCL and twice the MCL, and those earning at least twice the MCL, as defined by the Ministry of Health and Welfare, Republic of Korea, in November 2012.1 The MCL for a single-person household was set at 572,168 Korean Won per month (approximately US$ 507.9), with an additional 286,840 Korean Won (about US$ 254.6) per month added for each extra member in the household. Lifetime alcohol intake status (never/former/drinker) and smoking status (never/ex-smoker/smoker) were assessed through interviews conducted by trained researchers and a review of medical records. To ensure the accuracy of information, reliable informants were interviewed.



Measuring blood biomarkers

Following an overnight fast, blood samples were collected via venipuncture in the morning (08,00–09:00). Albumin, glucose, high-density lipoprotein (HDL)-cholesterol, and low-density lipoprotein (LDL)-cholesterol were determined using a COBAS c702 analyzer and dedicated reagents (Roche Diagnostics, Mannheim, Germany). Apolipoprotein E (apoE) was genotyped using a Seeplex ApoE ACE genotyping kit (Seegene, Seoul, Korea). The positivity for the apoE ε4 allele (APOE4) was defined as the presence of at least one ε4 allele.



Statistical analyses

Between-group comparisons for continuous data, encompassing demographic and clinical information, were conducted using two-tailed t-tests. Categorical data were analyzed through the chi-square test. Logistic regression analysis was performed to identify specific items within the 30-item GDS that could predict MCI. Stepwise logistic regression analyses were executed to pinpoint the GDS items minimizing the probability of misclassification between subjects with and without MCI, utilizing the likelihood ratio statistic for item entry and removal at p < 0.05 and p < 0.10. To assess the diagnostic accuracy of components of depression along with MMSE, multiple logistic regression analyses were performed with GDS-items and MMSE as the independent variables and MCI status as the dependent variable. Given potential confounders such as VRS, BMI, PASE, alcohol intake, smoking, and blood nutritional markers, including albumin, glucose, HDL- and LDL-cholesterol, all participants were systematically evaluated. Two models were tested, adjusting for covariates in a stepwise fashion. The first model included age, sex, education, APOE4, and VRS as covariates. The second model encompassed these covariates plus BMI, PASE, alcohol intake, smoking, albumin, glucose, and HDL- and LDL-cholesterol. We utilized the differences in −2 log likelihood (−2LL) for the statistical comparison of the predictive ability among various models with different numbers of independent variables (Lee et al., 2006). The −2LL is a measure derived from logistic regression analysis and is directly correlated with the contribution of variables to the distinction between groups; a smaller −2LL value suggests a superior predictive ability of the model. The probability distribution of −2LL difference between a simple (model 1) and a more complex model (model 2) can be approximated by a chi-square distribution with the difference between degrees of freedom ([image: Greek letter Delta symbol.]df = df2 − df1), where df1 and df2 represent the degrees of freedom of models 1 and 2, respectively. Consequently, the difference in −2LL enables a direct comparison of prediction models with different complexities (Hosmer, 1989). As part of sensitivity analyses, the same analyses were conducted for subjects exhibiting no moderate to extreme severe depressive symptoms (GDS score [image: A blurred close-up of a black opening quotation mark on a white background.] 23), employing a cutoff score derived from prior research (Yi, 2016). This approach was adopted as depression might exhibit greater discriminatory effects in individuals with MCI. To examine the relationship between the individual depression items, which were deemed significant in the aforementioned analyses, and overall cognitive function, we conducted regression analysis. In this analysis, each individual depression item was used as an independent variable and overall cognitive function as the dependent variable. Covariates were controlled using the two-step model approach as described above. Moreover, we explored the moderation effects of age, sex, APOE4, education, GDS, VRS, BMI, and PASE status on the relationships between the individual depression items and the overall cognitive function. We included two-way interaction term between the individual depression item and any one of the factors, as well as the individual depression item itself, as an independent variable in the regression model. For significant interactions, subsequent subgroup analyses were performed using an additional regression model for each subgroup divided by the moderation variable. All statistical analyses were carried out using SPSS Statistics software ver. 28 (IBM, Armonk, NY, United States).



Ethics statement

The current study protocol underwent review and approval by the institutional review board of Hallym University Dongtan Sacred Heart Hospital and was conducted in accordance with the principles outlined in the current version of the Declaration of Helsinki. Participants provided informed consent to participate in the study.




Results


Participants

The demographic and clinical characteristics of the study population are presented in Tables 1, 2. Among the 196 nondemented adult participants, 113 were classified as CN, and 83 were diagnosed with MCI.



TABLE 1 Participant characteristics according to clinical diagnosis status.
[image: A table presents characteristics of participants divided into three groups: overall, cognitively normal (CN), and mild cognitive impairment (MCI). It includes data on age, gender, education, MMSE score, APOE4 positivity, vascular risk score, BMI, income, physical activity, alcohol and smoking status, blood nutritional markers, GDS score, and CERAD cognition score. Statistical significance is noted for some characteristics, marked with p-values. The table provides mean values and standard deviations for specific characteristics.]



TABLE 2 Participant characteristics according to helplessness status.
[image: A detailed table presents characteristics of two groups: non-helplessness and helplessness, along with overall data. Categories include demographics, health indices (like MMSE score, APOE4 positivity, BMI), and lifestyle factors (e.g., alcohol and smoking status). Statistical values with standard deviations are provided for each group, alongside p-values for significance. Data notes mention measurement methods like chi-square and Fisher exact test for analysis.]



Selection of predictive GDS items for MCI diagnosis

Following the models obtained through stepwise logistic regression analyses, GDS item #10 (helplessness: “Do you often feel helpless?”; odds ratio = 4.531, 95% CI = 2.218 to 9.258, p < 0.001) and GDS item #14 (subjective memory problems: “Do you feel you have more problems with memory than most?”; odds ratio = 1.999, 95% CI = 1.040 to 3.840, p = 0.038) were extracted from the 30-item GDS as having significant contributions to the diagnostic accuracy for MCI (Table 3).



TABLE 3 Multiple logistic regression analyses of helplessness and subjective memory problems for MCI diagnosis.
[image: Table displaying odds ratios (OR), 95% confidence intervals (CI), p-values, and R² for GDS items #10 (helplessness) and #14 (subjective memory problems). For GDS item #10, Model 1 shows OR of 3.692, CI 1.911-7.133, p < 0.001, R² 0.198. Model 2 shows OR of 4.531, CI 2.218-9.258, p < 0.001, R² 0.269. For GDS item #14, Model 1 shows OR of 1.993, CI 1.057-3.756, p = 0.033, R² 0.128. Model 2 shows OR of 1.999, CI 1.040-3.840, p = 0.038, R² 0.166. Adjustments for confounding variables are noted in footnotes.]



Impact of GDS items alone and in combination with MMSE on MCI diagnosis accuracy

Initially, helpless item (GDS item #10) and subjective cognitive problem item (GDS item #14) (referencing the results from the aforementioned stepwise logistic regression analyses), along with MMSE (recognized as one of the best objective cognitive tools for predicting MCI diagnosis), were selected as candidate independent variables for logistic regression analyses to compare models. The analyses proceeded in three steps (Table 4). In the first step, three one-candidate models were tested: Model H (including helpless item); Model S (including subjective memory problems item); and Model M (including MMSE). Two one-candidate models, specifically Model H and Model M, demonstrated statistical significance, with Model M exhibiting the highest classification accuracy and the smallest −2LL among the three models. Additionally, Model H displayed the highest classification accuracy and the smallest −2LL among the two one-candidate models with a depression component. In the second step, the −2LL was compared between each one-candidate model and the corresponding two-candidate models, which included MMSE and either helpless item or subjective memory problems item. The MCI diagnostic accuracy of both Model HM (helplessness + MMSE) including helpless item and MMSE, and Model SM (subjective memory problems + MMSE) including subjective memory problems item and MMSE, was significantly superior to that of Model M (MMSE), which had the highest classification accuracy and smallest −2LL among the three one-candidate models. In the third step, the three-candidate model, Model HSM (helplessness + subjective memory problems + MMSE), including all three variables, was compared with Model HM or Model SM. Model HSM was significantly superior to Model SM, but not to Model HM. The ultimately selected logistic regression model for MCI diagnosis was Model HM (helplessness + MMSE) (Table 5). These findings were corroborated by a sensitivity analysis performed after excluding participants with no moderate to extremely severe depressive symptoms (Table 6).



TABLE 4 Logistic regression analysesa to select appropriate models for MCI diagnosis.
[image: Table showing classification accuracy, negative two log likelihood, chi-squared, p-values, and degrees of freedom for three models. Models assessed are: One candidate models (H, S, M), two candidate models (HM, SM), and a three candidate model (HSM). Significant differences are noted, with p-values and accuracy differences between models.]



TABLE 5 The ultimately selected regression analyses of combined helpless item and MMSE for MCI diagnosis.
[image: A table comparing two models (Model 1 and Model 2) assessing helplessness and MMSE (Mini-Mental State Examination). For each model, GDS item #10 and MMSE are evaluated with OR, 95% CI, and p-values presented. Model 1 shows an R² of 0.349, with GDS item #10 having an OR of 4.078, 95% CI from 1.986 to 8.373, and p-value <0.001; MMSE shows an OR of 0.725, CI from 0.632 to 0.832. Model 2 shows an R² of 0.415, with GDS item #10 having an OR of 5.392, CI from 2.431 to 11.959, and MMSE an OR of 0.711, CI from 0.616 to 0.820; all p-values are <0.001. Adjustments for various factors are noted.]



TABLE 6 The ultimately selected regression analyses of combined helpless item and MMSE for MCI diagnosis with no moderate to extreme severe depressive symptoms (n = 181).
[image: Table displaying results from two models examining the relationship between helplessness and MMSE with odds ratios (OR), confidence intervals (CI), p-values, and R² values. Model 1 includes helplessness (OR: 4.499, 95% CI: 2.038 to 9.932, p < 0.001) and MMSE (OR: 0.728, 95% CI: 0.631 to 0.840, p < 0.001) with R² = 0.366. Model 2 shows helplessness (OR: 6.132, 95% CI: 2.543 to 14.788, p < 0.001) and MMSE (OR: 0.707, 95% CI: 0.608 to 0.822, p < 0.001) with R² = 0.425. Adjustments for various factors are indicated.]



Investigation of the association between helplessness, subjective memory problem, and cognitive decline

The multiple linear regression analyses revealed that helplessness was associated with lower TS, with this association remaining significant even after adjusting for potential confounders (B = −5.300, SE = 1.899, β = −0.162, p = 0.006) (Table 7). Subjective memory problem was also associated with lower TS (B = −3.557, SE = 1.680, β = −0.109, p = 0.036) (Table 7, Model 1). However, this association ceased to be significant after adjusting for potential confounders (Table 7, Model 2).



TABLE 7 Results of multiple linear regression analyses of the associations between helplessness, subjective memory problems, and cognitive decline.
[image: A table showing the total score of CERAD with four rows for two GDS items: "helplessness" and "subjective memory problems". Each item has two models with columns for B, SE, β, and p-values. "Helplessness" in Model 1 shows B as -5.724, SE as 1.887, β as -0.175, p as 0.003; Model 2 shows B as -5.300, SE as 1.899, β as -0.162, p as 0.006. "Subjective memory problems" in Model 1 shows B as -3.557, SE as 1.680, β as -0.109, p as 0.036; Model 2 shows B as -3.177, SE as 1.667, β as -0.097, p as 0.058. Non-helplessness and non-subjective memory problems are used as references.]



Influence of physical activity on the association between helplessness and cognitive decline

The analysis revealed a significant interaction between helplessness and physical activity, indicating that physical activity influences the relationship between hKelplessness and TS (B = 0.090, SE = 0.042, β = 0.225, p = 0.034). On the other hand, interactions between helplessness and other factors such as age, sex, APOE4, VRS, and BMI was not significant (Table 8). Further subgroup analysis indicated that helpless was significantly linked to TS only among participants engaging in lower level of physical activity (B = −7.291, SE = 2.862, β = −0.216, p = 0.013). However, this relationship was not observed in participants with higher level of physical activity (Table 9).



TABLE 8 Results of multiple linear regression analyses including helplessness[image: Please upload the image or provide a URL so I can generate the alternate text for you.]one covariate interaction term, predicting cognitive decline.
[image: A table showing the total score of CERAD with variables such as Helplessness, Age, Sex, APOE4, BMI, VRS, and Physical Activity. The columns include B, SE, β, and p-values. Notable values include Helplessness with B = -44.930, SE = 22.641, β = -1.375, p = 0.049, and Helplessness × Physical Activity with B = 0.090, SE = 0.042, β = 0.225, p = 0.034. The table indicates statistical relationships between Helplessness and various factors. CERAD stands for Consortium to Establish a Registry for Alzheimer’s Disease.]



TABLE 9 Results of multiple linear regression analyses of the associations between helplessness and cognitive decline according to physical activity status.
[image: Table showing the total score of CERAD for participants with low and high physical activity. For low activity, helplessness in Model 1a shows B = -7.627, SE = 2.802, β = -0.226, p = 0.008, and in Model 2b, B = -7.291, SE = 2.862, β = -0.216, p = 0.013. For high activity, Model 1a shows B = -3.543, SE = 2.652, β = -0.114, p = 0.185, and Model 2b shows B = -3.207, SE = 2.800, β = -0.103, p = 0.255. Non-helplessness is the reference in both low and high physical activity groups.]



Investigation of the association between overall GDS and MCI diagnosis

Multiple logistic regression analyses revealed that overall GDS contributes to the diagnostic accuracy for MCI (odds ratio = 1.071, 95% CI = 1.024 to 1.121, p = 0.003) (Supplementary Table S1).



Impact of overall GDS alone and in combination with MMSE on MCI diagnosis accuracy

The Model G (incorporating overall GDS alone) exhibited high diagnostic accuracy for MCI (Supplementary Table S2). Furthermore, the MCI diagnostic accuracy of Model GM (combining overall GDS and MMSE) was significantly superior to that of Model M (Supplementary Table S2).



Impact of helplessness alone and in combination with TS on MCI diagnosis accuracy

The Model H and Model T (incorporating TS alone) exhibited high diagnostic accuracy for MCI (Supplementary Table S2). Furthermore, the MCI diagnostic accuracy of Model HT (combining helplessness and TS) was significantly superior to that of Model T (Supplementary Table S3).




Discussion

This study in nondemented adults was conducted to assess the relationship between individual components of depression within GDS items for diagnosing MCI and overall cognitive decline. It also sought to compare the diagnostic accuracy of a combined depression components and MMSE against the use of MMSE alone. Furthermore, the study explored the link between individual depression components and overall cognitive function, as indicated by the TS.

Our findings from logistic regression analyses of one-candidate models revealed that both ‘subjective cognitive problem item’ (GDS item #14) and MMSE exhibited diagnostic accuracy for MCI. Furthermore, analyses of two-candidate models demonstrated that the combination of ‘subjective cognitive problem item’ and MMSE displayed superior diagnostic accuracy for MCI compared to MMSE alone. These findings align with the results of prior studies (Tombaugh and McIntyre, 1992; Mackin et al., 2012; Choe et al., 2018; Arevalo-Rodriguez et al., 2021). A study demonstrated that the presence of subjective memory problems was equivalent to the MMSE in terms of detecting MCI or early AD (Choe et al., 2018). A longitudinal study with a 3-year follow-up period revealed that the experience of heightened subjective memory problems had a more significant influence than depressive symptoms in the progression to dementia (Mackin et al., 2012). In addition, the MMSE has reported limitations in clinical and research settings despite its extensive use in cognitive impairment screening (Tombaugh and McIntyre, 1992). Consequently, efforts have been made to enhance diagnostic accuracy by incorporating alternative scales (Breton et al., 2019) and additional tests (Xu et al., 2002). A review study has affirmed that relying solely on the MMSE for early detection of AD is not sufficient (Arevalo-Rodriguez et al., 2021). This has prompted research into more comprehensive approaches for improved cognitive assessments.

Interestingly, the present study showed that ‘helpless item’ (GDS item #10) alone and the combination of ‘helpless item’ and MMSE had the excellent accuracy for diagnosing MCI. The findings of the present study are indeed intriguing, revealing that ‘helpless item’ alone and the combination of ‘helpless item’ with MMSE displayed excellent accuracy in diagnosing MCI. This study introduces novel insights for addressing the limitations often associated with the use of MMSE in diagnosing MCI. The present study also demonstrated that helpless was significantly associated with overall cognition, with this association being moderated by physical activity. Notably, the cognitive decline related to helplessness was more evident in cases of lower physical activity, but could be alleviated through higher physical activity, bearing important clinical consequences. Collectively, these findings underline the importance of emotional factors, especially helplessness, in the context of AD and related cognitive decline. Such insights are crucial in refining cognitive assessments and could enhance strategies for early identification and prevention of conditions like MCI within the AD spectrum as well as in combating cognitive decline.

Feelings of helplessness is an emotional state where one perceives a lack of control over current life events and involve a lack of efforts to escape from uncontrolled stress (Grant, 1978; Ejdemyr et al., 2021; Song and Vilares, 2021). This differs from hopelessness, which is marked by a negative outlook on future outcomes (Ejdemyr et al., 2021). Feelings of helplessness are intimately linked to the psychological model of ‘learned helplessness’ as a framework for understanding depression, and exhibit high face, construct, and predictive validity in animal models of depression (Vollmayr and Gass, 2013). In animal experiments, loss of control over stress is frequently employed as depression models (Yao et al., 2019). It is established that more stress is experienced in situations where control is absent later on, compared to situations where there is no control from the beginning (Hanson et al., 1976). Concerning the mechanism underlying the relationship between helplessness and MCI or AD-related cognitive decline, feelings of helplessness arising from uncontrollable chronic stress are believed to contribute to the cumulative disturbance of homeostatic mechanisms. These mechanisms include the hypothalamic–pituitary–adrenal (HPA) axis, glucocorticoid receptor, and amyloid-beta or tau proteins. Consequently, uncontrollable chronic stress might be associated with an elevated risk of developing both depression and AD (Leonard, 2010; Kurakin and Bredesen, 2020; Saeedi and Rashidy-Pour, 2021; Sharma et al., 2021; Lyons et al., 2022). More specifically, alterations in the HPA axis, a significant contributor to depressive disorders, are linked to feelings of helplessness (Holsboer, 2000). Conversely, findings from an experimental study in mice propose that a reduction in glucocorticoid receptor expression is associated with sensitivity to stress and the development of learned helplessness (Ridder et al., 2005). Early damage to the HPA axis is recognized in AD, and abnormalities in glucocorticoid receptors have been associated with amyloid-beta pathology in AD animal models (Canet et al., 2020). There is a suggestion of a glucocorticoid response element in the promoter region of the gene encoding amyloid precursor protein, affecting the amyloid-beta pathway in response to stress (Lahiri, 2004). Additionally, excess glucocorticoids are known to impact tau phosphorylation (Yan et al., 2010). Collectively, feelings of helplessness arising from uncontrolled stressors may exert a shared influence on depressive disorders and AD. Their shared homeostatic dysfunctions suggest a potential link between helplessness and the pathogenesis of AD, possibly playing a pivotal role in the mechanisms of depression and AD.



Strengths and limitations

This study is the first to demonstrate that the emotional component of depression, specifically helplessness, exhibits excellent diagnostic accuracy for MCI, either alone or in combination with MMSE. The findings remained robust even after adjusting for potential confounders such as biological, environmental, and blood nutritional biomarkers. The findings were also confirmed validated through sensitivity analysis, which involved excluding participants without moderate to extremely severe depressive symptoms. Additionally, the study revealed that helplessness was associated with lower overall cognition. This association was pronounced in condition of lower physical activity, but not in that of higher physical activity. From a clinical standpoint, the findings suggest potential utility in enhancing the diagnostic accuracy of MCI and AD-related cognitive decline compared to existing methods. Moreover, the cognitive decline associated with helplessness is more pronounced in instances of lower physical activity and can be offset by higher physical activity, which has significant clinical implications.

Nevertheless, our study had some limitations. The study’s cross-sectional nature prevented the confirmation of a causal relationship. To address potential reverse causality, we excluded individuals with severe medical conditions or moderate to extremely severe depression that could impact cognition. Since all participants had no severe medical conditions and were less severely depressed, reverse causality could not account for our observation of the relationship between helplessness and cognitive decline. Nevertheless, additional long-term follow-up studies are necessary to elucidate the causal relationships. While the study did not observe a significant link between other components of depression and the diagnosis of MCI or cognitive decline, this absence of correlation might be attributed to insufficient statistical power due to the size of the sample.

In conclusion, our research with older adults reveals that helplessness among individual depression components is highly effective in diagnosing MCI and is associated with reduced cognitive function. It is recommended that clinicians consider emotional factors like helplessness, in addition to MMSE and subjective memory problems, in assessing MCI and cognitive decline associated with AD.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethic statement

The studies involving humans were approved by Institutional Review Board of Hallym University Dongtan Sacred Heart Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

BL: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. YC: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. G-HS: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. MK: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. SK: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. HK: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. JH: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. DY: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. JK: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by grants from the Hallym University Research Fund (grant no. HURF-2020-56, HURF-2022-13, and HURF-2023-36), Whanin Pharm. Co., Ltd. (grant no. 7S200401366S000100), and the Ministry of Science and ICT, Republic of Korea (grant no. NRF-2020R1G1A1099652). The funding sources had no role in the study design, data collection, data analysis, data interpretation, writing of the manuscript, or decision to submit it for publication.



Acknowledgments

We thank the GLAD study participants and their caregivers.



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1378676/full#supplementary-material



Footnotes

1   http://www.law.go.kr




References
	 Albert, M. S., DeKosky, S. T., Dickson, D., Dubois, B., Feldman, H. H., Fox, N. C., et al. (2011). The diagnosis of mild cognitive impairment due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement. 7, 270–279. doi: 10.1016/j.jalz.2011.03.008 
	 Arevalo-Rodriguez, I., Smailagic, N., Roqué-Figuls, M., Ciapponi, A., Sanchez-Perez, E., Giannakou, A., et al. (2021). Mini-mental state examination (MMSE) for the early detection of dementia in people with mild cognitive impairment (MCI). Cochrane Database Syst. Rev. 7:CD010783. doi: 10.1002/14651858.CD010783.pub3
	 Barnes, D. E., Alexopoulos, G. S., Lopez, O. L., Williamson, J. D., and Yaffe, K. (2006). Depressive symptoms, vascular disease, and mild cognitive impairment: findings from the cardiovascular health study. Arch. Gen. Psychiatry 63, 273–279. doi: 10.1001/archpsyc.63.3.273
	 Bellou, V., Belbasis, L., Tzoulaki, I., Middleton, L. T., Ioannidis, J. P. A., and Evangelou, E. (2017). Systematic evaluation of the associations between environmental risk factors and dementia: an umbrella review of systematic reviews and meta-analyses. Alzheimers Dement. 13, 406–418. doi: 10.1016/j.jalz.2016.07.152 
	 Bennett, S., and Thomas, A. J. (2014). Depression and dementia: cause, consequence or coincidence? Maturitas 79, 184–190. doi: 10.1016/j.maturitas.2014.05.009
	 Breton, A., Casey, D., and Arnaoutoglou, N. A. (2019). Cognitive tests for the detection of mild cognitive impairment (MCI), the prodromal stage of dementia: meta-analysis of diagnostic accuracy studies. Int. J. Geriatr. Psychiatry 34, 233–242. doi: 10.1002/gps.5016 
	 Bruscoli, M., and Lovestone, S. (2004). Is MCI really just early dementia? A systematic review of conversion studies. Int. Psychogeriatr. 16, 129–140. doi: 10.1017/S1041610204000092 
	 Byers, A. L., and Yaffe, K. (2011). Depression and risk of developing dementia. Nat. Rev. Neurol. 7, 323–331. doi: 10.1038/nrneurol.2011.60 
	 Canet, G., Pineau, F., Zussy, C., Hernandez, C., Hunt, H., Chevallier, N., et al. (2020). Glucocorticoid receptors signaling impairment potentiates amyloid-β oligomers-induced pathology in an acute model of Alzheimer's disease. FASEB J. 34, 1150–1168. doi: 10.1096/fj.201900723RRR
	 Choe, Y. M., Byun, M. S., Lee, J. H., Sohn, B. K., Lee, D. Y., and Kim, J. W. (2018). Subjective memory complaint as a useful tool for the early detection of Alzheimer's disease. Neuropsychiatr. Dis. Treat. 14, 2451–2460. doi: 10.2147/NDT.S174517 
	 Choe, M. A. K. J., Jeon, M., and Chae, Y.-R. (2010). Evaluation of the Korean version of physical activity scale for the elderly (K-PASE). Korean J. Women Health Nurs. 16:47. doi: 10.4069/kjwhn.2010.16.1.47
	 DeCarli, C., Mungas, D., Harvey, D., Reed, B., Weiner, M., Chui, H., et al. (2004). Memory impairment, but not cerebrovascular disease, predicts progression of MCI to dementia. Neurology 63, 220–227. doi: 10.1212/01.WNL.0000130531.90205.EF 
	 Ejdemyr, I., Hedstrom, F., Gruber, M., and Nordin, S. (2021). Somatic symptoms of helplessness and hopelessness. Scand. J. Psychol. 62, 393–400. doi: 10.1111/sjop.12713 
	 Grant, R. L. (1978). The value of "learned helplessness" in understanding depression. Am. J. Psychiatry 135, 625–6625. doi: 10.1176/ajp.135.5.625a 
	 Hanson, J. D., Larson, M. E., and Snowdon, C. T. (1976). The effects of control over high intensity noise on plasma cortisol levels in rhesus monkeys. Behav. Biol. 16, 333–340. doi: 10.1016/S0091-6773(76)91460-7 
	 Harerimana, N. V., Liu, Y., Gerasimov, E. S., Duong, D., Beach, T. G., Reiman, E. M., et al. (2022). Genetic evidence supporting a causal role of depression in Alzheimer's disease. Biol. Psychiatry 92, 25–33. doi: 10.1016/j.biopsych.2021.11.025 
	 Holsboer, F. (2000). The corticosteroid receptor hypothesis of depression. Neuropsychopharmacology 23, 477–501. doi: 10.1016/S0893-133X(00)00159-7
	 Hosmer, D. (1989). Applied logistic regression. Toronto: John Wiley & Sons.
	 Jorm, A. F. (2000). Is depression a risk factor for dementia or cognitive decline? A review. Gerontology 46, 219–227. doi: 10.1159/000022163
	 Kim, J. Y., Park, J. H., Lee, J. J., Huh, Y., Lee, S. B., Han, S. K., et al. (2008). Standardization of the korean version of the geriatric depression scale: reliability, validity, and factor structure. Psychiatry Investig. 5, 232–238. doi: 10.4306/pi.2008.5.4.232 
	 Kurakin, A., and Bredesen, D. E. (2020). Alzheimer's disease as a systems network disorder: chronic stress/dyshomeostasis, innate immunity, and genetics. Aging (Albany NY) 12, 17815–17844. doi: 10.18632/aging.103883 
	 Lahiri, D. K. (2004). Functional characterization of amyloid beta precursor protein regulatory elements: rationale for the identification of genetic polymorphism. Ann. N. Y. Acad. Sci. 1030, 282–288. doi: 10.1196/annals.1329.035
	 Lee, J. H., Lee, K. U., Lee, D. Y., Kim, K. W., Jhoo, J. H., Kim, J. H., et al. (2002). Development of the Korean version of the consortium to establish a registry for Alzheimer's disease assessment packet (CERAD-K): clinical and neuropsychological assessment batteries. J. Gerontol. B Psychol. Sci. Soc. Sci. 57, P47–P53. doi: 10.1093/geronb/57.1.P47
	 Lee, D. Y., Lee, K. U., Lee, J. H., Kim, K. W., Jhoo, J. H., Kim, S. Y., et al. (2004). A normative study of the CERAD neuropsychological assessment battery in the Korean elderly. J. Int. Neuropsychol. Soc. 10, 72–81. doi: 10.1017/S1355617704101094 
	 Lee, D. Y., Youn, J. C., Choo, I. H., Kim, K. W., Jhoo, J. H., Pak, Y. S., et al. (2006). Combination of clinical and neuropsychologic information as a better predictor of the progression to Alzheimer disease in questionable dementia individuals. Am. J. Geriatr. Psychiatry 14, 130–138. doi: 10.1097/01.JGP.0000192487.58426.d2
	 Leonard, B. E. (2010). The concept of depression as a dysfunction of the immune system. Curr. Immunol. Rev. 6, 205–212. doi: 10.2174/157339510791823835 
	 Luis, C. A., Loewenstein, D. A., Acevedo, A., Barker, W. W., and Duara, R. (2003). Mild cognitive impairment: directions for future research. Neurology 61, 438–444. doi: 10.1212/01.WNL.0000080366.90234.7F
	 Lyons, C. E., Zhou, X., Razzoli, M., Chen, M., Xia, W., Ashe, K., et al. (2022). Lifelong chronic psychosocial stress induces a proteomic signature of Alzheimer's disease in wildtype mice. Eur. J. Neurosci. 55, 2971–2985. doi: 10.1111/ejn.15329 
	 Mackin, R. S., Insel, P., Aisen, P. S., Geda, Y. E., Weiner, M. W., and Initiative, A. D. N. (2012). Longitudinal stability of subsyndromal symptoms of depression in individuals with mild cognitive impairment: relationship to conversion to dementia after 3 years. Int. J. Geriatr. Psychiatry 27, 355–363. doi: 10.1002/gps.2713 
	 Milwain, E. J., and Nagy, Z. (2005). Depressive symptoms increase the likelihood of cognitive impairment in elderly people with subclinical Alzheimer pathology. Dement. Geriatr. Cogn. Disord. 19, 46–50. doi: 10.1159/000080971 
	 Morris, J. C. (1993). The clinical dementia rating (CDR): current version and scoring rules. Neurology 43, 2412–2414. doi: 10.1212/WNL.43.11.2412-a
	 Morris, J. C., Heyman, A., Mohs, R. C., Hughes, J. P., van Belle, G., Fillenbaum, G., et al. (1989). The consortium to establish a registry for Alzheimer's disease (CERAD). Part I. Clinical and neuropsychological assessment of Alzheimer's disease. Neurology 39, 1159–1165 
	 Nakata, E., Kasai, M., Kasuya, M., Akanuma, K., Meguro, M., Ishii, H., et al. (2009). Combined memory and executive function tests can screen mild cognitive impairment and converters to dementia in a community: the Osaki-Tajiri project. Neuroepidemiology 33, 103–110. doi: 10.1159/000222092 
	 Ridder, S., Chourbaji, S., Hellweg, R., Urani, A., Zacher, C., Schmid, W., et al. (2005). Mice with genetically altered glucocorticoid receptor expression show altered sensitivity for stress-induced depressive reactions. J. Neurosci. 25, 6243–6250. doi: 10.1523/JNEUROSCI.0736-05.2005 
	 Sachdev, P. S., Lipnicki, D. M., Kochan, N. A., Crawford, J. D., Thalamuthu, A., Andrews, G., et al. (2015). The prevalence of mild cognitive impairment in diverse geographical and Ethnocultural regions: the COSMIC collaboration. PLoS One 10:e0142388. doi: 10.1371/journal.pone.0142388 
	 Saeedi, M., and Rashidy-Pour, A. (2021). Association between chronic stress and Alzheimer's disease: therapeutic effects of saffron. Biomed. Pharmacother. 133:110995. doi: 10.1016/j.biopha.2020.110995 
	 Seo, E. H., Lee, D. Y., Lee, J. H., Choo, I. H., Kim, J. W., Kim, S. G., et al. (2010). Total scores of the CERAD neuropsychological assessment battery: validation for mild cognitive impairment and dementia patients with diverse etiologies. Am. J. Geriatr. Psychiatry 18, 801–809. doi: 10.1097/JGP.0b013e3181cab764 
	 Sharma, V. K., Singh, T. G., Garg, N., Dhiman, S., Gupta, S., Rahman, M., et al. (2021). Dysbiosis and Alzheimer's disease: A role for chronic stress? Biomol. Ther. 11:678. doi: 10.3390/biom11050678 
	 Song, X., and Vilares, I. (2021). Assessing the relationship between the human learned helplessness depression model and anhedonia. PLoS One 16:e0249056. doi: 10.1371/journal.pone.0249056 
	 Tombaugh, T. N., and McIntyre, N. J. (1992). The mini-mental state examination: a comprehensive review. J. Am. Geriatr. Soc. 40, 922–935. doi: 10.1111/j.1532-5415.1992.tb01992.x
	 Vollmayr, B., and Gass, P. (2013). Learned helplessness: unique features and translational value of a cognitive depression model. Cell Tissue Res. 354, 171–178. doi: 10.1007/s00441-013-1654-2 
	 Washburn, R. A., Smith, K. W., Jette, A. M., and Janney, C. A. (1993). The physical activity scale for the elderly (PASE): development and evaluation. J. Clin. Epidemiol. 46, 153–162. doi: 10.1016/0895-4356(93)90053-4 
	 Xu, G., Meyer, J. S., Thornby, J., Chowdhury, M., and Quach, M. (2002). Screening for mild cognitive impairment (MCI) utilizing combined mini-mental-cognitive capacity examinations for identifying dementia prodromes. Int. J. Geriatr. Psychiatry 17, 1027–1033. doi: 10.1002/gps.744 
	 Yan, J., Sun, X. B., Wang, H. Q., Zhao, H., Zhao, X. Y., Xu, Y. X., et al. (2010). Chronic restraint stress alters the expression and distribution of phosphorylated tau and MAP2 in cortex and hippocampus of rat brain. Brain Res. 1347, 132–141. doi: 10.1016/j.brainres.2010.05.074 
	 Yao, L., Li, Y., Qian, Z., Wu, M., Yang, H., Chen, N., et al. (2019). Loss of control over mild aversive events produces significant helplessness in mice. Behav. Brain Res. 376:112173. doi: 10.1016/j.bbr.2019.112173 
	 Yesavage, J. A., Brink, T. L., Rose, T. L., Lum, O., Huang, V., Adey, M., et al. (1982). Development and validation of a geriatric depression screening scale: a preliminary report. J. Psychiatr. Res. 17, 37–49. doi: 10.1016/0022-3956(82)90033-4 
	 Yi, S. W. (2016). Depressive symptoms on the geriatric depression scale and suicide deaths in older middle-aged men: A prospective cohort study. J. Prev. Med. Public Health 49, 176–182. doi: 10.3961/jpmph.16.012 


Copyright
 © 2024 Lee, Choe, Suh, Keum, Kim, Kim, Hwang, Yi and Kim. 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: 07 August 2024
doi: 10.3389/fnagi.2024.1401818





	[image: Icon showing a bookmark symbol with a downward arrow inside a circle, above the text "Check for updates" in black font, on a gray background.]

Detection of neurophysiological markers of cognitive reserve: an EEG study

Osamu Katayama1,2,3*, Yaakov Stern4, Christian Habeck4, Annabell Coors4, Sangyoon Lee1, Kenji Harada1, Keitaro Makino1, Kouki Tomida1, Masanori Morikawa1, Ryo Yamaguchi1, Chiharu Nishijima1, Yuka Misu1, Kazuya Fujii1, Takayuki Kodama3 and Hiroyuki Shimada1

1Department of Preventive Gerontology, Center for Gerontology and Social Science, National Center for Geriatrics and Gerontology, Obu, Aichi, Japan

2Japan Society for the Promotion of Science, Chiyoda-ku, Tokyo, Japan

3Department of Physical Therapy, Graduate School of Health Sciences, Kyoto Tachibana University, Oyake, Yamashina-ku, Kyoto, Japan

4Columbia University Vagelos College of Physicians and Surgeons, New York, NY, United States

Edited by
Kristin Rene Krueger, Rush University Medical Center, United States

Reviewed by
Davide Balos Cappon, Harvard Medical School, United States
Frigyes Samuel Racz, The University of Texas at Austin, United States

*Correspondence
Osamu Katayama, katayama.o@ncgg.go.jp

Received 16 March 2024
Accepted 26 July 2024
Published 07 August 2024

Citation
 Katayama O, Stern Y, Habeck C, Coors A, Lee S, Harada K, Makino K, Tomida K, Morikawa M, Yamaguchi R, Nishijima C, Misu Y, Fujii K, Kodama T and Shimada H (2024) Detection of neurophysiological markers of cognitive reserve: an EEG study. Front. Aging Neurosci. 16:1401818. doi: 10.3389/fnagi.2024.1401818

Background and objectives: Cognitive reserve (CR) is a property of the brain that allows for better–than–expected cognitive performance relative to the degree of brain change over the course of life. However, neurophysiological markers of CR remain under-investigated. Electroencephalography (EEG) features may function as suitable neurophysiological markers of CR. To assess this, we investigated whether the dorsal attention network (DAN) and ventral attention network (VAN) activities, as measured during resting–state EEG, moderate the relationship between hippocampal volume and episodic memory.



Methods: Participants were recruited as part of the National Center for Geriatrics and Gerontology–Study of Geriatric Syndromes. Hippocampal volume was determined using magnetic MRI, and episodic memory was measured using word lists. After testing the effect of hippocampal volume on memory performance using multiple regression analysis, we evaluated the interactions between hippocampal volume and DAN and VAN network activities. We further used the Johnson–Neyman technique to quantify the moderating effects of DAN and VAN network activities on the relationship between hippocampal volume and word list memory, as well as to identify specific ranges of DAN and VAN network activity with significant hippocampal–memory association.
Results: A total of 449 participants were included in this study. Our analysis revealed significant moderation of DAN with a slope of β = −0.00012 (95% CI: −0.00024; −0.00001, p = 0.040), and VAN with a slope of β = 0.00014 (95% CI: 0.00001; 0.00026, p = 0.031). Further, we found that a larger hippocampal volume was associated with improved memory performance, and that this association became stronger as the DAN activity decreased until a limit of DAN activity of 944.9, after which the hippocampal volume was no longer significantly related to word-list memory performance. For the VAN, we found that a higher hippocampal volume was more strongly associated with better memory performance when VAN activity was higher. However, when VAN activity extended beyond −914.6, the hippocampal volume was no longer significantly associated with word-list memory.
Discussion: Our results suggest that attentional networks help to maintain memory performance in the face of age-related structural decline, meeting the criteria for the neural implementation of cognitive reserve.
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1 Introduction

Cognitive reserve (CR) is a property of the brain that allows for better cognitive performance than could be expected given the degree of life–course brain changes, brain injury, or disease (Stern et al., 2023). Typically, measures such as childhood intelligence quotient (IQ) (Deary et al., 2004), educational history (Bennett et al., 2003), and occupational exposure (Habeck et al., 2019) have been examined as proxy markers of CR (Song et al., 2022), as research has shown that they are associated with improved cognitive performance, given the same degree of age–related brain changes (Stern et al., 2023). Overall, higher CR may delay cognitive decline and the onset of dementia. However, investigation of proxy CR markers such as childhood IQ, educational history, and occupational exposure, do not provide information on the neural implementation of CR. Therefore, in the present study, we investigated whether differential expression of the dorsal attention network (DAN) and ventral attention network (VAN) could be involved in CR by moderating the impact of differences in hippocampal volume on memory performance.

Prior research has established a close relationship between the hippocampal volume and memory function (Laakso et al., 2000), while hippocampal atrophy has been shown to be associated with decreased verbal memory capacity (Walhovd et al., 2004). A decline in episodic memory is the most common cognitive function-related symptom in patients diagnosed with Alzheimer’s disease (AD) (Albert, 2011). In mild cognitive impairment (MCI), which is considered as a transitional period between healthy aging and AD dementia, the subcategory of patients with impaired memory function (amnestic MCI) has been shown to be at a high risk of transitioning to AD (Petersen et al., 2001). As such, the assessment of both immediate and delayed episodic memory is important for the early detection of cognitive decline (Hamel et al., 2015).

Many studies have investigated brain activation patterns using resting–state (rs) functional MRI (fMRI). Further, an increasing number of reports have investigated statistical differences in the activity of the dorsal attention network (DAN) and ventral attention network (VAN) among healthy subjects, subjects with MCI, and patients with AD, using rs–fMRI (Zhang et al., 2015; Wu et al., 2022). Further, the trajectory of an individual’s brain network composition over time, as measured by fMRI, has been shown to be independent of AD–related genetic risk factors (APOE status), AD–related pathology (cerebrospinal fluid phosphorylated tau, and cortical amyloid), and cortical thinning. However, this trajectory was found to be related to educational history. As such, the trajectory of an individual’s brain network composition has been proposed as a unique indicator of brain health in old age (Chan et al., 2021). Since the development of software to analyze brain networks using electroencephalography (EEG) (Pascual-Marqui et al., 2011), it has become possible to easily capture brain networks, such as the DAN and VAN, using rs–EEG (Aoki et al., 2023; Caravaglios et al., 2023).

Herein, we tested whether DAN and VAN could serve as direct neurophysiological markers for CR. DAN and VAN were measured using an EEG, a technique suitable for assessing the neural implementation of CR in community–dwelling older adults because it is non-invasive, relatively inexpensive, has few restrictions on the measurement location, and does not require a special license for measurement. Herein, we derived the DAN and VAN activity levels from rs–EEG, which have been shown to begin to change in patients with MCI, based on EEG measured at rest (Aoki et al., 2023; Caravaglios et al., 2023), and further tested whether they moderate the relationship between hippocampal volume and episodic memory performance. If so, it would suggest that specific EEG measures could be considered as neurophysiological markers of CR. If this were the case, these easily measured EEG markers could also help to determine the effectiveness of intervention studies aimed at preventing dementia by increasing CR.



2 Materials and methods


2.1 Study design

This investigation represents part of an ongoing study by the National Center for Geriatrics and Gerontology–Study of Geriatric Syndromes (NCGG–SGS) (Shimada et al., 2022a) to investigate health promotion for older adults in Aichi prefecture in Japan. The NCGG–SGS is a cohort study aimed at establishing a screening system for geriatric syndromes and validating evidence–based interventions to prevent them.



2.2 Standard protocol approvals, registrations, and participant consents

The research protocol was approved by the ethics committee of the National Center for Geriatrics and Gerontology (Approval Number: 1440–6). This study adhered to the principles outlined in the Declaration of Helsinki. All participants provided written informed consent prior to study inclusion.



2.3 Participants

Our inclusion criteria were as follows: a total of 449 participants (249 women; mean age: 74.0 years, standard deviation [SD]: 5.5 years; age range: 65–87 years) were recruited from the “Self–Management Activity Program for the Older” study (Shimada et al., 2022b). Exclusion criteria were as follows: (1) did not wish to participate for this study (n = 2409); (2) MRI measurements contraindicated (such as metals, implants, or stents) (n = 189); (3) notable or unstable medical conditions (panic disorder or claustrophobia) (n = 45); (4) significant neurological background (such as epilepsy, brain tumors, or stroke) (n = 88); (5) missing questionnaires on MRI measurements (n = 30); and (6) MRI or EEG measurements have not been taken (n = 386). Of the initial 3,596 participants, 3,147 were excluded based on these criteria (see Figure 1). The participants’ global cognitive function was evaluated using the Mini–Mental State Examination (MMSE) (Folstein et al., 1975). The measures described in the following sections were assessed in all participants.
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FIGURE 1
Flow diagram of sample selection.




2.4 Episodic memory assessments

Cognitive function was assessed using the National Center for Geriatrics and Gerontology Functional Assessment Tool (NCGG–FAT) (Makizako et al., 2013). Episodic memory was assessed using word-list memories I [immediate recognition] and II [delayed recall]. Immediate recognition and delayed recall involved the processing of a 10–word target list. To assess immediate recognition, participants were instructed to memorize 10 words, each shown for 2s on a tablet PC. Afterwards, a total of 30 words, including 10 target and 20 distracter words, were shown, and the participants were asked to identify the 10 target words (word list memory I). This procedure was repeated thrice. The mean number of correct answers was calculated using scores ranging from 0 to 10. Additionally, participants were instructed to recall (write down) the 10 target words after approximately 20 min (word list memory II). The total number of recalled target words was then recorded. One point was given for each correctly recalled word completed within 60 seconds, with a maximum score of 10 (Makizako et al., 2013). We subsequently calculated the episodic memory composite score using the sum of the immediate and delayed recognition scores (score range: 0–20) (Bae et al., 2020).



2.5 MRI acquisition and image processing and analysis

MRI was performed using a 3T Siemens MAGNETOM Trio Tim scanner (Siemens Medical Solutions, Erlangen, Germany), equipped with a 12-channel head coil. A three-dimensional T1-weighted magnetization prepared rapid acquisition gradient echo sequence was obtained in the sagittal plane with the following parameters: repetition time = 1800 ms, echo time = 1.99 ms, flip angle = 9°, 160 slices with a thickness of 1.1 mm, voxel size = 1.0 × 1.0 × 1.1 mm, image matrix = 256 × 256 mm, and field of view = 250 mm. The scans lasted for 4 min and 6 s each. Image processing was performed using FreeSurfer version 71 on a Linux server running Ubuntu version 20.04 (Fischl et al., 2002). The automated processing pipeline involves several steps, including elimination of non-brain tissues, Talairach transformation, segmentation of gray and white matter tissues, intensity normalization, correction of cortical surface topology, and deformation of surfaces to enhance the accuracy of tissue boundary placement. The brain volumes (mm3) of the left and right hippocampi were computed from this data. Subsequently, to normalize the hippocampal volume, we divided the combined volume of the left and right hippocampi by the estimated total intracranial volume.



2.6 rs–EEG recording and analysis

The participants underwent rs–EEG recordings for 5 min, during which they were instructed to keep their eyes closed while remaining awake throughout the recording. Spontaneous cortical electrical activity was measured using a high-quality mobile dry-based 19-channel EEG system (CGX Quick-20r; Cognionics Inc.) and sampled at a rate of 500 Hz. EEG signals were acquired with electrodes placed according to the International 10–20 system (specifically, Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, T6, Fz, Cz, and Pz) using an ear reference. Electrode impedances were maintained below 10 kΩ. Bandpass filtering ranging from 0.53 to 120 Hz with a 60 Hz notch filter were applied using Brain Vision Analyzer software 2.2 (Brain Products, Munich, Germany).

We investigated the EEG data using exact low–resolution brain electromagnetic tomography (eLORETA), an open–source academic software available at http://www.uzh.ch/keyinst/loreta.htm (Pascual-Marqui et al., 2011). The eLORETA technique is used to estimate the cortical electrical patterns from scalp electrical potentials recorded at each electrode site. It can accurately identify any focal source within the brain by employing specific weights in a weighted minimum-norm inverse solution. While arbitrary distributions can be localized with reasonable accuracy based on the principles of linearity and superposition, the current iteration of eLORETA utilizes 6239 cortical gray matter voxels, with a spatial resolution of 5 mm within a realistic head model (Fuchs et al., 2002). The lead field was finally calculated based on anatomical labels corresponding to Brodmann areas. eLORETA uses a realistic head model to estimate the focal source, and it is widely used in a variety of EEG data research papers (Hata et al., 2016; Piano et al., 2017; Ikeda et al., 2019). The frequency bands under investigation (delta [2–4 Hz], theta [4–8 Hz], alpha [8–13 Hz], beta [13–30 Hz], and gamma [30–60 Hz]) aligned with those used in previous studies (Aoki et al., 2015, 2019; Katayama et al., 2023). Neural activity was calculated as the global field power value (Pascual-Marqui, 2002).

To identify spectral components that were maximally spatially independent, we conducted eLORETA–independent component analysis (ICA) on the eLORETA localization images, following the method outlined by Aoki et al. (2015, 2023), which is available in the eLORETA software. The eLORETA–ICA method decomposes non–Gaussian cortical electrical activity into independent components (ICs) across various frequency bands. It is a superior option for EEG data compared to alternative decomposition methods such as principal component analysis or correlation analysis (Bell and Sejnowski, 1997; Hyvärinen and Oja, 2000). eLORETA–ICA is capable of independently analyzing EEG activity in different frequency bands, allowing simultaneous and unambiguous identification of signals in multiple frequency bands (Aoki et al., 2015; Caravaglios et al., 2023). Conventional structural source localization methods, on the other hand, focus primarily on spatial resolution and are limited in their ability to discriminate frequency bands. We used eLORETA’s realistic head model because we want to apply our analysis method to future CR measurements in community–dwelling older adults who do not have MRI measures available. Therefore, we decided to use eLORETA’s realistic head model instead of estimating the focal source of EEG data by modeling individual anatomical structures from MRI measurements. The technical details of the eLORETA–ICA have been previously detailed by Pascual-Marqui et al. (2011). The mean localization image was computed for each participant across different frequency bands using the respective data that were subsequently concatenated. To discern a set of maximally independent components within the eLORETA spectrocortical electrical activity across a cohort of subjects, we employed group ICA using eLORETA–ICA software (Pascual-Marqui and Biscay-Lirio, 2011). The data matrix comprised subjects × (concatenated frequency bands and spatial dimensions [cortical voxels]). More precisely, the 5–frequency (delta, theta, alpha, beta, and gamma) source images derived from eLORETA for each subject were represented in a voxel-by-frequency matrix format, denoted as Nv × Nf, where Nv = 6239 (total number of voxels generated by eLORETA) and Nf = 5 (total number of frequency bands). ICA was subsequently applied to this data matrix to identify the maximally independent spectrocortical components (Cardoso, 1989; Cichocki and Amari, 2002). The ICs were subsequently arranged based on their total power and depicted using a color coding system for each frequency band. In this color-coded map, red and blue denote an increase and decrease in power, respectively, corresponding to enhanced IC activity. It is crucial to understand that ICA comprises two components: spectrocortical networks shared across all subjects and a set of “loadings” (i.e., network activities) unique to each subject. For an individual subject, these loadings (i.e., network activities) were used to quantify the contribution of each network to their specific spectrocortical activity. Furthermore, after identification of the spectrocortical networks common across a broad sample of subjects, these can be applied to the activity of any new subject, thereby generating loadings (i.e., network activities) specific to that individual (Aoki et al., 2019). That is, we used network activities as IC loading in the regression equation as follows: word list memory ∼ IC loading + covariates + interactions.



2.7 Confounding factors

Variables with a potential impact on episodic memory performance include demographic characteristics, chronic diseases, physical function, depressive symptoms, and living conditions associated with cognitive decline in older adults (Livingston et al., 2020; Collyer et al., 2022). As such, our multiple regression model included the following covariates: age, sex, years of education, heart disease, diabetes, hypertension, hyperlipidemia, number of medications, walking speed, 15-item Geriatric Depression Scale (GDS) score (Yesavage, 1988), living alone, and work status. Information on chronic diseases was obtained by a qualified nurse through a face–to–face interview with the participants. GDS scores and information on living alone and work status were assessed in face–to–face interviews with trained study assistants.



2.8 Statistical analysis

First, we tested the effect of hippocampal volume on memory performance using multiple regression analysis (“Main Effects”). Each multiple regression model included word list memory as the dependent variable and hippocampal volume as the independent variable, and was adjusted for age, sex, years of education, heart disease, diabetes, hypertension, hyperlipidemia, number of medications, walking speed, GDS score, living alone, and work status as covariates. The DAN and VAN network activities were subsequently evaluated in the same model after replacing the hippocampal volume with the DAN and VAN network activity. We evaluated the interactions between hippocampal volume and DAN and VAN network activity by adding the hippocampal volume x DAN and VAN network activity Interaction Terms in the model (“Interaction Terms”). For analyses where significant hippocampal volume × DAN and VAN network activity interaction (p < 0.05) was noted, we performed a post-hoc analysis using the Johnson–Neyman (JN) method to quantify the moderating effects of these network activities on the relationship between hippocampal volume and word list memory, as well as to identify the relevant ranges of DAN and VAN network activity (Chou et al., 2023). Overall, we identified a significant hippocampal–memory association. Finally, Spearman’s rank correlation coefficient was used to calculate the correlation coefficient between DAN and VAN activities. For all analyses, the significance level was set at p < 0.05. All analyses were performed using R version 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria).




3 Results


3.1 Association between hippocampal volume and word list memory performance

Table 1 presents the demographic information of the participants. Larger hippocampal volume was associated with better memory performance (β = 0.154 (95% CI: 0.055; 0.253, p = 0.002, see Table 1).


TABLE 1 The demographic information of the participants.
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3.2 eLORETA–ICA

Using eLORETA–ICA to analyze the rs–EEG data of 449 participants, we found that the number of independent components varied from 11 to 15. eLORETA–ICA does not calculate objective criteria or similarity measures to quantify the goodness of fit. In other words, there is no automatic matching to a template, based on spatial correlation or overlap. Therefore, IC selection was performed visually based on spatial maps, as in previous studies using eLORETA–ICA (Aoki et al., 2015, 2019; Jancke and Alahmadi, 2016; Caravaglios et al., 2023). This technique has been used in studies of functional brain networks using independent component analysis. Based on previous literature (Corbetta and Shulman, 2002; Corbetta et al., 2008; Tosoni et al., 2023), we selected ICs corresponding to DAN (IC–14) and VAN (IC–15) from a spatial map of ICs. To ensure the highest possible reliability of the visual inspection, we also checked whether the brain regions reported to contribute to VAN and DAN were included in the corresponding ICs. In addition, we led three researchers independently select the ICs for DAN and VAN and compared their level of agreement. Where there were differences in the selected ICs, they were discussed to reach consensus among the 3 researchers. Furthermore, we confirmed that the selected ICs were consistent with the functional properties of DAN and VAN. Three ICs turned out to represent artifact activities (IC–1, IC–4, and IC–12). These artifacts included an occipital baseline shift at the occipital cortex in the delta frequency band (IC–1 and IC–4) and an electromyogram at the temporal cortex in the gamma frequency band (IC–12) (Aoki et al., 2015). The mean values of DAN and VAN activity were 2727.5 ± 743.9 μV2/M4/Hz and 9618.3 ± 734.4 μV2/M4/Hz, respectively. The coefficient (Rs) and P value (p) of the correlation between DAN and VAN activities was Rs = −0.79, p < 0.001. The DAN consisted of bilateral beta and gamma activity in the bilateral superior parietal lobes and anti-correlated beta activity in the right temporoparietal junction, while the VAN consisted of beta activity in the right occipital to inferior parietal lobes and gamma activity in the left occipital and left inferior temporal lobes (Figure 2 and Table 2).


[image: Four panels labeled A, B, C, and D show brain images with colored regions. Panel A highlights SPL, IPS, and IPL in red and blue. Panel B shows SPL and IPS in red. Panel C marks IPL, MFG, SMG, TPJ, STG, and VC, with various colors. Panel D highlights MTG, ITG, and VC in red. Gray background.]

FIGURE 2
Images of the DAN and the VAN in their specified frequency bands were obtained by applying eLORETA–ICA to the EEG data. (A) beta of the DAN image; (B) gamma of the DAN image; (C) beta of the VAN image; (D) gamma of the VAN image. DAN, dorsal attentional network; VAN, Ventral attentional network.



TABLE 2 The coordinates of DAN and VAN regions.

[image: A table listing data across several columns: Network, IC, Frequency Band, and MNI coordinates (X, Y, Z), Brodmann area, and Structure. Networks include DAN and VAN with ICs 14 and 15. Frequency Bands are Beta and Gamma. The MNI coordinates vary, as do Brodmann areas (ranging from 7 to 42) and Structures like SPL, IPL, MFG, and others. The note includes acronym definitions for the networks and structures.]



3.3 DAN and VAN as moderators of the association between hippocampal volume and word list memory performance

Overall, we found a significant moderation of DAN on the hippocampus-memory association with a slope of β = −0.00012 (95% CI: −0.00024; −0.00001, p = 0.040, see Table 3) and of VAN with a slope of β = 0.00014 (95% CI: 0.00001; 0.00026, p = 0.031, see Table 3). Overall, we found no significant main effect of DAN or VAN, whereas the main effect of hippocampal volume remained significant in both models.


TABLE 3 Main and interaction effects of hippocampal volume and attentional networks.

[image: Table showing results of multiple regression models predicting word list memory. Each model includes different independent variables such as hippocampal volume, DAN activity values, and VAN activity values. The table provides standardized regression coefficients (β), 95% confidence intervals (CI), and p-values. Notable findings include significant p-values (<0.05) for hippocampal volume in Models 1, 4, 5, and 6. Interactions between variables are included, such as hippocampal volume with DAN and VAN. DAN is dorsal attention network; VAN is ventral attention network.]

The JN plot shows the size and significance of the slope of the hippocampal volume on memory performance for all observed levels of the moderator variables, DAN (see Figure 3A), and VAN (see Figure 3B) activity. Overall, the larger the hippocampal volume, the better the memory performance. However, once DAN activity exceeded 944.9, hippocampal volume was no longer significantly associated with word list memory capacity (see Figure 3A). For VAN, hippocampal volume was no longer significantly associated with word list memory when VAN activity was less than −914.6 (Figure 3B).


[image: Two Johnson-Neyman plots illustrate the relationship between hippocampal volume and word list memory. Plot A shows the effect of DAN activity, while Plot B shows VAN activity. Shaded areas represent significance: blue for p less than 0.05, and pink for not significant. Vertical axes indicate the slope of hippocampal volume effect, and horizontal axes measure respective activity levels. Black lines denote data range.]

FIGURE 3
Interaction between the hippocampal volume and the DAN and the VAN for word list memory in regression model. (A,B) The Johnson–Neyman plot indicates the size and significance of the slope of hippocampal volume on word list memory throughout all observed levels of the DAN and the VAN activity. DAN, dorsal attention network; VAN, ventral attention network.





4 Discussion

Overall, in the present study, we found a significant association between the hippocampal volume and word-list memory performance, which is consistent with the results of previous studies (Laakso et al., 2000; Walhovd et al., 2004). Further, the DAN and VAN activities detected by eLORETA–ICA were found to moderate the relationship between hippocampal volume and word-list memory performance. In particular, a high DAN activity and low VAN activity at rest supported the maintenance of episodic memory function in the presence of a lower hippocampal volume, as they were associated with a higher degree of independence of memory performance from hippocampal volume. Therefore, these measures may serve as neurophysiological markers of CR.

Beta and gamma activities observed in the DAN and VAN have been suggested to play important roles in attention, working memory, and long–term memory (Jensen et al., 2007; Marco-Pallarés et al., 2015). It has further been suggested that DAN activity is related to memory performance (Kragel and Polyn, 2015); however, we added the novel observation that DAN and VAN activity moderate the impact of lower hippocampal volume on memory performance. In a recent report, functional connectivity has been identified between the hippocampus and the DAN and VAN networks. It has been reported that these networks may modulate the hippocampus to switch between external and internal attention (Poskanzer and Aly, 2023). Therefore, it is possible that DAN and VAN activity may moderate the effect of hippocampal volume on word list memory. However, since this study is only a cross-sectional analysis, reverse causality cannot be ruled out. Activity in the DAN is believed to support the selection of sensory stimuli based on internal goals or expectations (goal–driven attention), as well as to link selected sensory stimuli to appropriate motor responses (Corbetta et al., 2008). The VAN works in the opposite manner to the DAN, primarily leading the detection of salient and behaviorally relevant stimuli in the environment (stimulus–driven attention) (Corbetta et al., 2008). Indeed, one rs–fMRI study confirmed that VAN connectivity is increased in the inattentive subtype of attention-deficit hyperactivity disorder (Sanefuji et al., 2017). It has further been reported that DAN and VAN interact dynamically to control information processing (Suo et al., 2021). Specifically, the role of DAN as a “network gate” that facilitates top–down attention processing by suppressing VAN and eliminating irrelevant bottom–up information has been identified (Pini et al., 2022). It has further been shown that the attention network of patients with amnestic MCI is selectively degenerated; specifically, functional connectivity is reduced in the DAN, whereas functional connectivity is maintained or enhanced in the VAN (Qian et al., 2015; Zhang et al., 2015). It has also been suggested that DAN plays an important role in facilitating top–down processes that suppress irrelevant information, that is, VAN control is diminished in AD (Pini et al., 2022). In this study, there was a significant strong negative correlation between DAN and VAN activities. However, the negative correlation between DAN and VAN activity values is only the result of the correlation analysis between the summarized 5-minute activities and does not directly imply an antiphase relationship observed in real time between the two networks. In other words, mean component activities of DAN and VAN activities are negatively correlated in this study, but it is not clear that real-time activity within subjects is anticorrelated. In future work, we would like to further clarify the dynamic relationship between attentional networks by examining the time course of DAN and VAN activities over the entire rs–EEG time course, to calculate the antiphase between the time courses of both networks in each time window.

The results of examining the significant range of the interaction using JN showed that while the main effect of hippocampal volume on memory performance was significant within a certain range for DAN, it became non-significant as DAN activity increased. Conversely, for VAN, the main effect of hippocampal volume on memory performance became non-significant as the VAN activity decreased. Overall, the JN technique is not useful in certain situations where the significance regions are small or the confidence intervals are so wide as to become practically useless, as, in such cases, the error variance is too large and/or the sample sizes are insufficient to provide adequate information (Potthoff, 1964). The simplest procedure for investigating the significance of interactions is the pick-a-point (Rogosa, 1980) or simple slope (Aiken et al., 1991) method. However, these methods select arbitrary values for the moderator variable, yielding information only for these arbitrary points (Carden et al., 2017). As such, the use of the more complex JN technique may provide a better resolution for clarifying interactions than traditional techniques, given that this technique examines significance along the continuum of values of the moderator, and delineates the slope of the relationship across each value (Garcia-Hermoso et al., 2021). Overall, these findings suggest that the activity patterns of high DAN and low VAN activity, or attentional networks, help to maintain memory performance in the presence of a lower hippocampal volume, as they make memory performance more independent of hippocampal atrophy, and may contribute to future research on dementia prevention.

Our findings are in line with those of previous studies reporting that IQ and education, traditionally treated as proxy markers for CR, are positively associated with DAN activity (Franzmeier et al., 2018; Koyama et al., 2020). Furthermore, DAN and VAN activities have been found to be associated with global cognitive function (Wang et al., 2015; Mao et al., 2020). It is therefore conceivable that high CR (high IQ and education levels) leads to increased DAN and decreased VAN activity, and that this activation pattern is associated with better memory performance and global cognitive function. It has further been suggested that rs–EEG activity differs across educational levels, with more-educated individuals exhibiting greater neuroprotective activity (Babiloni et al., 2020). Our results extend these findings by subjecting activity in attentional networks directly to the rigorous CR test suggested by the Reserve and Resilience Framework (Stern et al., 2020), and determining the optimal range for the moderation effect. These results further suggest that the attentional network is related to the neurophysiological background of reported CR proxy markers. As such, EEG measurement, which is non-invasive, relatively inexpensive, and allows measurements with minimal spatial constraints in community–dwelling older adults, has the potential to contribute to the assessment of CR. In the future, it would be exciting to examine the longitudinal changes in CR using rs–EEG, which is highly feasible in large cohort studies. The activity levels of the DAN and VAN may represent the neural implementations of the CR, which may help explain the results of intervention studies aimed at preventing dementia by increasing CR in terms of DAN and VAN activity.

This study had several limitations. First, the interaction effects of hippocampal volume with DAN and VAN are both significant but small, potentially limiting the generalizability and clinical relevance of the results. In addition, for the generalizability and clinical relevance of the results, further investigation of source estimation using anatomical structural data from each individual’s MRI images would be useful. Modulatory effects of transcranial magnetic stimulation (TMS) and repeated transcranial direct current stimulation (tDCS) on attentional networks have been reported (Sacca et al., 2023; Massironi et al., 2024). As such, it may be useful to conduct future studies to clarify whether modulating the DAN and VAN through interventions, such as TMS and tDCS, are effective at maintaining good memory performance in the presence of age-related brain pathologies.

Next, the DAN activity is inversely correlated with the default mode network (DMN) activity, and a growing number of reports have indicated that this inverse correlation is related to cognitive function (Kelly et al., 2008; Franzmeier et al., 2017; Wang et al., 2019). Therefore, further studies are needed to disentangle the contributions of each brain network by including the activity of the DMN together with the activity of the DAN and VAN. In addition, this cross–sectional study did not examine the association between longitudinal changes in cognitive function. To address this limitation, a 30–month follow–up examination is currently underway to examine the relevance of baseline attentional network activity to longitudinal changes in the relationship between hippocampal volume and episodic memory performance. Finally, this study focused solely on the relationship between the hippocampal volume and episodic memory performance. Therefore, it would be of interest to test whether DAN and VAN network activities moderate the association between other brain regions and cognitive performance.



5 Conclusion

Herein, we show that the noninvasive and relatively inexpensive eLORETA–ICA approach for analyzing rs–EEG data may be suitable for capturing the neural implementation of CR. rs–EEG measurement is easy to perform and is not limited by the measurement environment. Our study suggests that CR can be measured in community–dwelling older adults using this technique. Neurophysiological markers of CR measured by rs–EEG may help to identify individuals at high risk of developing dementia, as well as to monitor the efficiency of specific interventions to promote attention network activity, such as TMS and tDCS, which has been reported to modulate DAN and VAN activity.
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Multifactorial lifestyle approaches could be more effective than a single factor for maintaining cognitive function. This study investigated the association of combining cognitively stimulating leisure activities (CSLAs), including puzzles, quizzes, and cognitive training games, with intake of long-chain polyunsaturated fatty acids (LCPUFAs), including docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and arachidonic acid (ARA), on cognitive function in the older Japanese individuals without dementia. Participants were community-dwelling Japanese individuals without a self-reported history of dementia (n = 906, aged 60–88 years) from datasets of a 2-year longitudinal study (baseline: 2006–2008 and follow-up: 2008–2010). CSLA engagement and LCPUFA intake were divided into high and low groups according to frequency (≥once/week and <once/week) for CSLA engagement and median intake level for LCPUFA intake according to sex, then categorized into four groups. The associations of multivariate-adjusted odds ratio (OR) for a cognitive decline, shown as a decrease in the Mini-Mental State Examination score by 2 or more points, and the combination of CSLA engagement with LCPUFA intake were assessed using a multiple logistic regression model. Subgroup analysis involved participants with low DHA and EPA intakes (n = 303; median intake, 325 mg/day), mirroring those in North America. The HIGH-CSLA/HIGH-ARA group cumulatively yielded a lower OR for cognitive decline (0.41; 95% confidence interval, 0.25–0.70) than did the LOW-CSLA/LOW-ARA group (p for trend = 0.001). In the subgroup analysis, the OR for the HIGH-CSLA/HIGH-DHA group was notably reduced (0.31; 95% confidence interval, 0.11–0.87; p for trend = 0.025) compared with the LOW-CSLA/LOW-DHA group. High CSLA engagement frequency combined with high ARA intake may cumulatively reduce the risk of cognitive decline among older Japanese individuals. Furthermore, combining CSLA engagement frequency with DHA intake could have a positive association with maintaining cognitive function among older individuals, particularly those with low DHA and EPA intakes.
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1 Introduction

Age-related cognitive decline is a common concern for older people in a super-aged society. The World Health Organization recommends 12 lifestyle changes, including cognitive activities and healthy diets, to reduce cognitive decline risk in older people (World Health Organization, 2019). In general, cognitively stimulating leisure activities (CSLAs) such as crossword or number puzzles and cognitive training games are often used by older individuals with the expectation of maintaining cognitive function. The relationship between cognitive function and CSLA has been studied in older people without dementia. Several interventional studies showed that CSLA, such as word or number puzzles (Jackson et al., 2012; Murphy et al., 2014) and cognitive training games (Nouchi et al., 2012; Hardy et al., 2015) for 4–16 weeks, improved some aspects of cognitive function. In 2-year longitudinal studies, a positive correlation between the frequency of crossword puzzles and sudoku engagement and performance of subsequent cognitive function was found in 65-year-old and older European people (n = 16,572) (Litwin et al., 2016).

Furthermore, appropriate nutrient intake through a healthy diet also helps maintain cognitive function. Studies have been conducted to understand the relationship between age-related cognitive decline and long-chain polyunsaturated fatty acids (LCPUFAs), primarily from fish, eggs, and meat. LCPUFA, such as docosahexaenoic acid (DHA) and arachidonic acid (ARA), are major components of brain phospholipids. Although their levels in the brain decrease with aging (Söderberg et al., 1991; Carver et al., 2001; McNamara et al., 2008; Freemantle et al., 2012; Tokuda et al., 2014), supplementation with these fatty acids could recover their levels (Tokuda et al., 2014). Several randomized controlled trials (RCTs) have reported the positive effects of DHA, eicosapentaenoic acid (EPA), and ARA supplementation on cognitive function in older individuals without dementia (Ishikura et al., 2009; Yurko-Mauro et al., 2010; Lee et al., 2013; Witte et al., 2014; Tokuda et al., 2015). Furthermore, longitudinal studies have shown that higher DHA, EPA, and ARA intakes were associated with a lower risk for cognitive decline in community-dwelling older Japanese people (Horikawa et al., 2021; Tokuda et al., 2022). The amount of dietary intake of DHA and EPA ranges widely between countries, with the average amount of LCPUFA in Western countries, such as North America, estimated to be at least one-third that of Japanese individuals who have one of the highest DHA and EPA intakes in the world (Kawashima, 2019). Notably, the association between brain health and DHA and EPA intake appeared stronger in populations with lower DHA and EPA intake, akin to that observed in North Americans (Tokuda et al., 2022).

In recent years, multifactorial lifestyle interventions have been focused on as a more effective solution to prevent cognitive decline. The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) study showed that the 2-year multidomain intervention, including cognitive training and nutritional intervention (e.g., increased fish consumption), improved the global cognitive function in older individuals without dementia (Ngandu et al., 2015). In a longitudinal observational study, a 10-year population-based cohort revealed that a healthy lifestyle partially constructed of cognitive activities (e.g., games at least two times a week) and healthy diets (e.g., daily intake of fish, meat, and eggs) was associated with slower memory decline in cognitively normal older Chinese individuals (Jia et al., 2023). Although these studies show the possibility of combined CSLA with LCPUFA intake being more beneficial to prevent cognitive decline than each activity alone, the association of cognitive decline with a combination of CSLA and LCPUFA has not been studied in older individuals regardless of high or low DHA and EPA intake.

Hence, we hypothesize that high-frequency engagement in CSLA combined with a high intake of LCPUFA may cumulatively reduce the risk of age-related cognitive decline among older Japanese individuals. Furthermore, the subpopulation with DHA and EPA intakes as low as that in the countries with low fish intake, such as North America, could show a stronger positive association of the combination with the preservation of cognitive decline in the Japanese population.

Therefore, the purpose of this study was to evaluate the association of combining CSLA engagement with LCPUFA intake and age-related cognitive decline in older Japanese individuals. The present 2-year longitudinal survey from the National Institute for Longevity Sciences-Longitudinal Study of Aging (NILS-LSA), a Japanese population-based prospective cohort study, was performed to investigate the association of combining CSLA (such as word/number puzzle, quiz, and cognitive training game) engagement with LCPUFA (DHA, EPA, and ARA) intake at baseline and risk of cognitive decline among community-dwelling older Japanese individuals. Additionally, a subgroup analysis based on DHA and EPA intake, comparable to levels in countries with low fish consumption, was conducted within the Japanese population.



2 Materials and methods


2.1 Study design

The data was obtained from the NILS-LSA, a Japanese population-based prospective cohort study, which included detailed questionnaires, medical check-ups, anthropometric measurements, physical fitness tests, and nutritional examinations to assess the normal aging process. Participants in the first wave (1997–2000) of the NILS-LSA included 2,267 men and women aged between 40 and 79 years (Shimokata et al., 2000). Participants were followed up every 2 years until the seventh wave of the examination, which was completed in 2012; a follow-up survey is still ongoing. Participants included randomly selected, age- and sex-stratified individuals from Obu City and Higashiura Town in the Aichi Prefecture, in cooperation with the local governments. Selected men and women were invited by mail to an explanatory meeting about the examination procedures. Participation was limited to those who understood all examination procedures and provided written informed consent. When participants could not attend the follow-up investigations, the same number of age- and sex-matched random samples were recruited, excluding individuals aged more than 79 years.



2.2 Study population

Participants in this 2-year follow-up survey were selected from the sixth (July 2008 to July 2010) and seventh (July 2010 to July 2012) waves of the NILS-LSA by referring to our previous study (Tokuda et al., 2022). The baseline and follow-up data were taken from the sixth and seventh wave surveys, respectively. Of the 2,302 participants aged 40 years or older in the baseline survey, exclusions were based on the following criteria: those who did not participate in the seventh wave (n = 315); those whose age was less than or equal to 59 years at the sixth wave because our analysis included only older participants (n = 906); those with a self-reported history of dementia at the sixth wave (n = 5); those with Mini-Mental State Examination (MMSE) scores less than or equal to 23 at the sixth wave (n = 66); those who took EPA drugs (EPADEL®) composed of purified EPA ethyl ester (n = 11); those with missing data for nutritional assessment variables at the sixth wave (n = 65); and those with missing data for the other variables analyzed in this study (n = 28). Based on these criteria, longitudinal data from 906 Japanese individuals (460 men and 446 women) aged between 60 and 88 years were available for analysis. The Committee of Ethics of Human Research of the National Center for Geriatrics and Gerontology approved this study (Approval number: 1322), and all the methods were performed in accordance with relevant guidelines and regulations. Written informed consent was obtained from all participants.



2.3 Cognitively stimulating leisure activity

The items of the questionnaire for leisure activities in the NILS-LSA were developed by referring to various administrative surveys and a study (Verghese et al., 2003) that surveyed the leisure activities of older adults. Leisure activities including word puzzles (e.g., crosswords), number puzzles (e.g., sudoku), and cognitive training games were categorized as CSLA in the previous study (Ferreira et al., 2015). According to the cited study, leisure activities such as crosswords, sudoku, answering quizzes, and cognitive training games were defined as CSLA in this study. The activities mentioned above were collectively gathered as CSLA when administering the questionnaire survey. CSLA in this study consisted of voluntary activities where individuals seriously attempted to find answers in their daily lives, primarily engaging in these activities alone. The CSLA was implemented as content from newspapers, magazines, TV programs, computers, game consoles, and other similar sources. Research psychometrists assessed the frequency with which each participant engaged in CSLA using a questionnaire survey with the following responses: “never,” “once or several times a year,” “once or several times a month,” “once a week,” “several times a week,” or “every day.” Participants were asked to provide information about their engagement in these activities during the year before study participation.



2.4 Nutritional assessment

Nutritional intake per day, including LCPUFA intake and the use of supplements, was assessed using a 3-day dietary record in the sixth wave of the study. The dietary record was completed over 3 continuous days (2 weekdays and 1 weekend day) (Imai et al., 2000). Participants completed the records at home and returned them within a month. The food was either weighed separately on a kitchen scale before cooking, or portion sizes were estimated accordingly. Participants took photographs of their meals before and after eating. The average 3-day food and nutrient intake was calculated according to the Standard Tables of Food Composition in Japan (2010) (Ministry of Education Culture Sports Science and Technology, 2010). Alcohol intake in the previous year was assessed using a food frequency questionnaire. The present study focused on three fatty acids (DHA, EPA, and ARA) as representative LCPUFAs. We created an original supplement database based on the nutritional information of the supplement products used because these supplements often included the LCPUFAs. A new dietary supplement database was developed for the NILS-LSA based on information obtained from the study participants and an additional intensive investigation that was conducted separately (Imai et al., 2006). We asked dietary supplement users to bring these products to the study visit. In addition, when information on the nutrient content was not available to users, we tried to obtain it directly from the manufacturer or distributor of the products. We created a database of dietary supplements that included the names of products, manufacturers, distributors, and nutrient contents in standardized units, such as tablets or capsules. Finally, a database of 902 dietary supplements was constructed. In the actual examination, a self-administered questionnaire, in which we asked whether any dietary supplements had been taken in the previous year, was mailed to the participants. They were asked to record the data themselves at home before the study examination. During the examination, trained dietitians reviewed the questionnaire through an interview that took approximately 10 min. If they had taken any dietary supplements, the name of the product, manufacturer or distributor, serving size and frequency of intake in the previous year were recorded. Nutritional supplements are defined as dietary supplements containing nutritional ingredients in non-natural food forms such as capsules, tablets, powders, and liquids. Energy and nutrient intakes from dietary supplements among “regular users” were estimated using the frequency, amount of intake, and nutrient content in the dietary supplement database. The amounts of LCPUFAs were calculated by adding the values from the dietary records and supplement products, including DHA, EPA, and ARA.



2.5 Assessment of cognitive decline

Cognitive function was assessed using the Japanese version of the MMSE (Folstein et al., 1975; Mori et al., 1985). Trained psychologists and researchers administered the test to each wave. The MMSE score ranges from 0 to 30, with higher scores indicating better cognitive function. To estimate a cognitive decline in the present study, a decrease in MMSE score by at least 2 (≤−2) points from baseline was regarded as age-related cognitive decline according to our previous study (Wang et al., 2014; Tokuda et al., 2022). This was in line with previous reports stating that a change in MMSE score by at least 2 points indicated a reliable change in longitudinal repeated assessments in older individuals (Hensel et al., 2007).



2.6 Other measurements

Both weight and height were measured on the examination day to calculate the body mass index (BMI, kg/m2). Trained interviewers used a questionnaire to assess physical activity regarding the intensity and frequency of activity over the preceding year (Kozakai et al., 2012). The mean amount of total physical activity per day was thus calculated [metabolic equivalents (MET), METs hour/day). A self-completed questionnaire, which was administered approximately 2 weeks before the examination day, was used to collect information on the participant’s history of hypertension (yes/no), dyslipidemia (yes/no), ischemic heart disease (yes/no), stroke (yes/no), diabetes (yes/no), education (≤9, 10–12, or ≥13 years of school), income (≥5.5 or <5.5 million yen/year), and smoking status (yes/no). Depressive tendency (yes/no; ≥16/<15) was assessed using the Japanese version of the CES-D questionnaire (Radloff, 1977; Shima, 1985).



2.7 Statistical analyses

All analyses were conducted with the Statistical Analysis System version 9.3 software (SAS Institute, Cary, NC, USA) for the period between 2022 and 2023. Baseline characteristics are expressed as means ± standard deviations (SDs) or median (interquartile range). Differences in baseline characteristics, frequency of CSLA, and LCPUFA intake among participants with and without cognitive decline were assessed the Chi-squared test for categorical variables and either Student’s t-test or the Wilcoxon rank-sum test for continuous variables. The main analysis estimated the association between the combination of CSLA engagement frequency with LCPUFA intake at baseline and cognitive decline. Prior to the combination assessment, the association between cognitive decline and CSLA engagement frequency or LCPUFA (DHA, EPA, and ARA) intake was evaluated separately. A decrease in the MMSE score by at least 2 points from the baseline was used as the objective variable. In terms of explanatory variables, CSLA engagement frequency was classified into three groups as follows: (1) high (≥2 times/week), “every day” and “several times a week”; (2) middle (≥once/month), “once a week” and “once or several times a month”; and (3) low (<once/month), “once or several times a year” and “never.” The high and middle group were compared with the low group as the reference. Furthermore, the LCPUFA intake at baseline was divided into tertiles according to sex and compared with the lowest tertile category as the reference. The multiple logistic regression model was used to analyze the odds ratio (OR) and 95% confidence interval (CI) for cognitive decline. The trend associations were assessed by entering dummy variables (–1, 0, 1) assigned to the three groups of CSLA engagement frequency or the tertiles of LCPUFA intake. In model 1, we adjusted for age, sex, education, medical history of hypertension, dyslipidemia, ischemic heart disease, stroke, and diabetes at baseline. Model 2 was further adjusted for confounding variables, including BMI, income, smoking status, alcohol consumption, physical activity, depressive tendency, and MMSE score at baseline. As in the previous study (Tokuda et al., 2022), sex and age were considered basic adjustment factors. Other adjustment factors that had been evaluated at baseline and were reported to be associated with cognitive function and risk of developing dementia were also selected (Livingston et al., 2020). For the combination analysis, we investigated whether CSLA engagement and LCPUFA intake had a cumulative association with the OR for cognitive decline. The combination analysis was performed only if the CSLA engagement frequency or LCPUFA intake each had a positive association with cognitive decline. We established four groups based on the combination of each CSLA group (HIGH or LOW) and LCPUFA intake group (HIGH or LOW). CSLA was divided into two groups according to the frequency of participation: “at least once a week” (HIGH) and “once or several times a month or less” (LOW) (Kurita et al., 2019). On the other hand, we established HIGH and LOW LCPUFA groups based on the median LCPUFA intake according to sex. The multiple logistic regression model was used to analyze the OR for cognitive decline and 95% CI for the three combinations groups (the HIGH-CSLA/HIGH-LCPUFA, HIGH-CSLA/LOW-LCPUFA, and LOW-CSLA/HIGH-LCPUFA groups) compared with the lower frequencies and intakes group (the LOW-CSLA/LOW-LCPUFA). To evaluate the cumulative association, the trend associations were assessed by entering dummy variables (–1, 0, 0, 1) assigned to the four groups. The analysis in models 1 and 2 was also performed. Additionally, we conducted a subgroup analysis focusing on DHA and EPA intakes comparable to those in Western countries, including North America. The average DHA and EPA intake in countries with low fish consumption is estimated to be at least one-third that of the Japanese (Kawashima, 2019). Therefore, participants with the bottom third DHA and EPA intake (n = 303) were set as the subgroup with low DHA and EPA intake. According to the analysis for the participants (n = 906), the LCPUFA intake at baseline was also divided into tertiles according to sex and compared with the lowest tertile category as the reference in the subgroup. For the combination analysis for CSLA and LCPUFA, DHA or EPA intake was divided into two groups (HIGHsub or LOWsub) based on each median DHA or EPA intake according to sex. Subsequent analyses were performed in the same manner as the analysis for the total participants described above. Two-sided p values >0.05 were regarded as statistically significant.




3 Results


3.1 Baseline characteristics of the participants

Table 1 shows the baseline characteristics of all participants and of those with or without a cognitive decline after 2 years. The mean age and percentage of men among the study population (n = 906) were 70.2 years and 50.8%, respectively. Approximately half of the participants did not engage in CSLA. The rates of CSLA engagement frequency according to the three groups were 16%, 31%, and 53% for the high, middle, and low groups, respectively. The baseline LCPUFA intakes (mean ± SD) according to the low, middle, and high tertiles were: 101 ± 25, 153 ± 19, and 222 ± 49 mg/day for ARA, respectively; 103 ± 57, 286 ± 59, and 614 ± 252 mg/day for EPA, respectively; and 217 ± 100, 523 ± 98, and 1,041 ± 360 mg/day for DHA, respectively (Table 2). Cognitive decline after 2 years was observed in 180 (19.9%) participants. There were significant differences in age, education, baseline MMSE score, and ARA intake between participants with and without a cognitive decline (Table 1).


TABLE 1 Baseline characteristics of the participants (n = 906).

[image: A table comparing baseline characteristics between participants with non-cognitive decline and cognitive decline. Categories include age, sex, BMI, education, alcohol intake, smoking status, physical activity, income, stroke, heart disease, hypertension, dyslipidemia, diabetes, MMSE, and depressive tendency. The table displays means, percentages, or interquartile ranges, and includes significance levels (p-values) for each characteristic. Notably, age and education show significant differences, with others displaying varied significance. Statistical measures used include the Chi-squared test and t-tests. Abbreviations are provided for variables like CSLA, ARA, EPA, and DHA.]


TABLE 2 Association between ORs for CD in 2 years and CSLA frequency or LCPUFA intakes.

[image: A table compares outcomes across different levels (low, middle, high) of CSLA and LCPUFA intake, using Models 1 and 2. It includes data on participant numbers, CD/NCD counts, odds ratios (OR), confidence intervals (95% CI), and p-values for trend. Categories analyzed are ARA, EPA, and DHA intake in mg/day. Both model adjustments include age, sex, education, medical history, and other health indicators.]



3.2 The OR for age-related cognitive decline and CSLA engagement frequency or LCPUFA intake at baseline

Table 2 shows the relationship between the OR for cognitive decline in 2 years and the CSLA engagement frequency or LCPUFA intake at baseline. After multivariable adjustment (model 2), the ORs among the low (<once/month), middle (≥once/month), and high (≥2 times/week) groups of CSLA were 1.000 (reference), 0.749 (95% CI: 0.504–1.114), and 0.539 (95% CI: 0.313–0.927), respectively. The significant trend association among the three groups in CSLA engagement (p for trend = 0.025) showed that higher CSLA engagement frequency was associated with a lower OR for cognitive decline. Regarding LCPUFA intake, the ORs for the low, middle, and high tertiles of ARA intake were 1.000 (reference), 0.659 (95% CI: 0.434–1.002), and 0.544 (95% CI: 0.352–0.840), respectively. The significant trend association assigned to the tertile of ARA intake (p for trend = 0.006) showed that higher ARA intake was associated with a lower OR for cognitive decline. No significant relationship was observed between the OR and DHA or EPA intake.



3.3 The OR for age-related cognitive decline and the combination of CSLA engagement with LCPUFA intake at baseline

The combination analysis was performed only if the CSLA engagement frequency or LCPUFA intake each had a frequency- or dose-dependent association with cognitive decline, respectively. The exposures for the combination were the CSLA engagement frequency and ARA intake at baseline because these were inversely associated with the OR for cognitive decline. The participants were divided into four groups based on the combination of CSLA frequency (HIGH and LOW) and ARA intake (HIGH and LOW). Divided into two groups for CSLA, the participants in the HIGH-CSLA (≥once/week) group and those in the LOW-CSLA (<once/week) group were 36% and 64% in all participants, respectively. Moreover, baseline ARA intake (means ± SD) divided into two groups based on median by sex were 114 ± 29 mg/day in the LOW-ARA group and 203 ± 49 mg/day in the HIGH-ARA group. After multivariable adjustment (model 2), the ORs for cognitive decline among each group with the LOW-CSLA/LOW-ARA group as a reference are shown in Figure 1 and Supplementary Table 1. The OR for the HIGH-CSLA/HIGH-ARA group was 58.5% lower compared to the reference group. The significant trend association among the four groups (p for trend = 0.001) showed that the decrease rate for the OR in the HIGH-CSLA/HIGH-ARA group was cumulatively larger than that in the HIGH-CSLA/LOW-ARA (42.4%) or LOW-CSLA/HIGH-ARA groups (40.7%).


[image: Graph displaying odds ratios (OR) for four groups plotted against a dashed line at OR 1.0. Values 0.593, 0.576, and 0.415 are marked with pink circles and vertical lines. Horizontal axis shows CSLA and ARA levels as low and high, with numbers 115, 207, 113, 197 under each group. A p-value for trend is 0.001.]

FIGURE 1
Association between ORs for cognitive decline in 2 years and a combination of CSLA engagement and ARA intake. The participants were divided into four groups based on a combination of CSLA frequency (HIGH: ≥once/week and LOW: <once/week) and ARA intake (HIGH: ≥median and LOW: <median): LOW-CSLA/LOW-ARA (n = 302), LOW-CSLA/HIGH-ARA (n = 280), HIGH-CSLA/LOW-ARA (n = 151), and HIGH-CSLA/HIGH-ARA (n = 173). Data are expressed as ORs and 95% confidence intervals. ORs are shown in a log scale. The baseline mean ARA intakes (mg/day) among the groups are shown. Multiple logistic regression model adjusted by model 2: age, sex, education, medical history (stroke, heart disease, hypertension, dyslipidemia, and diabetes), body mass index, smoking status, alcohol consumption, physical activity, income, depressive tendency, and baseline Mini-Mental State Examination. CSLA, cognitively stimulating leisure activity; ARA, arachidonic acid; OR, odds ratio.




3.4 The subgroup analysis by low DHA and EPA intakes

The subgroup analysis based on DHA and EPA intake as low as that in the countries with low fish intake was performed, and the baseline characteristics in the subgroup (n = 303) are shown in Supplementary Table 2. Mean intakes of DHA and EPA (220 and 105 mg/day, respectively) in the subgroup participants were one-third of those in all participants (594 and 335 mg/day, respectively). In addition, the baseline DHA and EPA intakes (mean ± SD) according to low, middle, and high tertiles were: 106 ± 41, 221 ± 43, and 330 ± 56 mg/day for DHA, respectively, and 38 ± 21, 105 ± 24, and 172 ± 32 mg/day for EPA, respectively. Supplementary Table 3 shows that a higher DHA intake was associated with a lower OR for cognitive decline (p for trend = 0.023). However, no significant association between EPA intake and cognitive decline was observed.

To evaluate the association between a cognitive decline and the combination of the CSLA engagement and DHA intake, the participants in the subgroup analysis were divided into four groups based on the combination of CSLA frequency (HIGH and LOW) and DHA intake (HIGHsub and LOWsub). The baseline DHA intake (mean ± SD) in the subgroup analysis, divided into two groups based on the median by sex, was 137 ± 57 mg/day in the LOWsub-DHA group and 303 ± 64 mg/day in the HIGHsub-DHA group. Figure 2 and Supplementary Table 4 show the multivariable-adjusted OR for cognitive decline among each group with the LOW-CSLA/LOW-DHAsub group as a reference. The OR in the HIGH-CSLA/HIGH-DHAsub group was 68.6% lower compared to the reference group (model 2). The significant trend association among the four groups (model 2, p for trend = 0.025) showed that the HIGH-CSLA/HIGH-DHAsub group had a cumulatively larger decrease rate for the OR compared to the HIGH-CSLA/LOW-DHAsub (41.7%) or LOW-CSLA/HIGH-DHAsub groups (25.2%).


[image: A forest plot showing odds ratios (OR) for CSLA and DHA groupings, with low and high subcategories. The OR values are 0.748, 0.583, and 0.314, represented with blue dots and vertical lines indicating confidence intervals. The x-axis lists subcategories with corresponding milligram per deciliter values: LOW LOW sub 133, LOW HIGH sub 309, HIGH LOW sub 143, HIGH HIGH sub 292. A dashed line marks an OR of 1.0. The p-value for trend is 0.025, indicating statistical significance.]

FIGURE 2
Association between cognitive decline and CSLA and DHA intake in the low DHA + EPA intake subgroup. The participants were divided into four groups based on a combination of CSLA frequency (HIGH: ≥once/week and LOW: <once/week) and DHA intake (HIGHsub: ≥median and LOWsub: <median): LOW-CSLA/LOWsub-DHA (n = 94), LOW-CSLA/HIGHsub-DHA (n = 96), HIGH-CSLA/LOWsub-DHA (n = 57), and HIGH-CSLA/HIGHsub-DHA (n = 56). Data are expressed as ORs and 95% confidence intervals. ORs are shown in a log scale. The baseline mean DHA intakes (mg/day) among the groups are shown. Multiple logistic regression model adjusted by model 2: age, sex, education, medical history (stroke, heart disease, hypertension, dyslipidemia, and diabetes), body mass index, smoking status, alcohol consumption, physical activity, income, depressive tendency, and baseline Mini-Mental State Examination. CSLA, cognitively stimulating leisure activity; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; OR, odds ratio.





4 Discussion

In this 2-year longitudinal study, we assessed the combined impact of CSLA—including word and number puzzles, quizzes, and cognitive training games—with LCPUFA intake (DHA, EPA, and ARA) on cognitive decline among community-dwelling older Japanese individuals (n = 906). This study showed that higher CSLA engagement frequency and higher ARA, but not DHA or EPA, intake were associated with lower risks of cognitive decline. Furthermore, it was found that the combination of high CSLA engagement with high ARA intake cumulatively yielded a lower risk for cognitive decline. In the subgroup analysis, higher DHA intake corresponded to a reduced risk of cognitive decline among participants (n = 303) with DHA and EPA intakes comparable to those in typical Western countries. In addition, the combination of high CSLA engagement frequency with high DHA intake was found to cumulatively lower the risk of cognitive decline.

Participants in our cohort study represented a population with a typical frequency of CSLA engagement and higher DHA and EPA intakes compared to other countries. In studies that identified crossword or sudoku puzzles as representative of CSLA, the proportion of participants engaging in CSLA at least once a week in this study (36%) aligned with that of 5,300 older Japanese individuals (34%) and 19,078 older UK individuals (37%) (Brooker et al., 2019a; Kurita et al., 2019). This suggests that the older Japanese individuals in the present study could be regarded as an older population with a general frequency of CSLA engagement. Regarding LCPUFA intake, participants in this study can be considered a population with higher DHA and EPA intake compared to those in other countries. The mean intake of DHA (594 mg/day) and EPA (335 mg/day) in this study was observed to be quite larger than that in countries with low fish intake, such as North America (DHA, 60–190 mg/day; EPA, 20–50 mg/day), while it aligned to that of countries with high DHA and EPA intake such as Finland (DHA, 420–510 mg/day; EPA, 160–190 mg/day) (Kawashima, 2019). Therefore, we conducted a subgroup analysis based on DHA and EPA intakes that were as low as those in countries with low fish intakes. The mean intake of DHA and EPA in the subgroup population was 220 and 105 mg/day, respectively, which was comparable to that in the North American population (Kawashima, 2019). This consistency suggests that the subgroup population was matched to the target group in the present study.

As for the relationship between CSLA engagement or LCPUFA intake and maintaining cognitive function, the results in the 2-year longitudinal study aligned with those from previous studies. Several RCTs showed that CSLAs, such as word or number puzzles and cognitive training games, 5–7 days/week for 4–16 weeks, improved some cognitive domains (Jackson et al., 2012; Nouchi et al., 2012; Murphy et al., 2014; Hardy et al., 2015). Moreover, longitudinal and cross-sectional studies reported that CSLAs once a month to every day had positive associations with cognitive functions (Litwin et al., 2016; Brooker et al., 2019a,b; Kurita et al., 2019). Our findings showed that CSLA engagement at least twice a week reduced the risk of cognitive decline by 46% compared with less than once a month. Although the validity of the frequency of CSLA in this study could be supported by a range of previous studies, the suitable frequency and implementation time per session remain unclear. Further studies are needed to evaluate minimum levels of CSLA engagement in maintaining cognitive function in older individuals without dementia.

In terms of LCPUFA intake, this study showed that ARA intake exhibited an inverse association with the risk of cognitive decline in community-dwelling older Japanese individuals. This finding could be supported by several RCTs and longitudinal observational studies in countries with high DHA and EPA intake. In fact, the efficacy of ARA supplementation on cognitive function has been reported in RCTs in older Japanese individuals without dementia (Ishikura et al., 2009; Tokuda et al., 2015). Furthermore, it has been reported that ARA intake at baseline was inversely associated with the risk of cognitive decline after 2–4 years in community-dwelling older Japanese individuals (Horikawa et al., 2021; Tokuda et al., 2022). In terms of dietary sources of ARA, animal products such as eggs, fish, and meat include ARA. Japanese people have a balanced intake of ARA from a variety of animal products (Kawashima, 2019). The previous study showed that the sources of ARA intake were egg (ca. 30%), fish (ca. 30%–40%), and meat (ca. 25%) in older Japanese people (Kawabata et al., 2011). In contrast, the present longitudinal study found no significant association between the risk of cognitive decline and DHA or EPA intake in the same participants. Previous RCTs and longitudinal observational studies have shown that DHA and EPA intake had a protective association with cognitive decline in older individuals (Yurko-Mauro et al., 2010; Lee et al., 2013; Daiello et al., 2015; Wei et al., 2023). However, these studies were mainly conducted in countries with low fish intake (such as United States, Netherlands, France, and Malaysia). The discrepancy might be attributed to the variance in baseline DHA and EPA intakes between countries with low and high fish consumption. It appears that the protective correlation of DHA and EPA intake against cognitive decline is more pronounced in populations with insufficient DHA and EPA levels compared to those with adequate intakes. This hypothesis gains partial support from the subgroup analysis conducted in this study, where a higher DHA intake correlated with a reduced risk of cognitive decline among individuals with low DHA and EPA levels, akin to those observed in North American populations. However, an inverse association of cognitive decline with DHA intake was also reported in community-dwelling older Japanese individuals without any range restriction of DHA and EPA intake (Horikawa et al., 2021). Taken together, DHA intake may reduce the risk of cognitive decline in older individuals without dementia and with low fish intake more than in those with high fish intake. Furthermore, it was suggested that the association between cognitive decline and the intake of DHA should be carefully evaluated, especially in a population with high DHA and EPA intakes.

Recently, the FINGER study has heightened focus on multifactorial approaches to maintain cognitive function (Ngandu et al., 2015). To the best of our knowledge, this is the first study to investigate the combination of CSLA engagement and LCPUFA intake on cognitive function in older individuals without dementia. This study found that the combination of high CSLA engagement (≥1/week) with high ARA intake (ca. 200 mg/day) yielded a 59% risk reduction of cognitive decline compared with that of low CSLA engagement (<1/week) with low ARA intake (ca. 110 mg/day). Furthermore, the trend association analysis showed that the risk reduction of cognitive decline in high CSLA engagement with high ARA intake (59%) individuals was larger than that in high CSLA engagement (42%) or high ARA intake (41%) individuals alone. This suggests that the combination of high CSLA engagement frequency and high ARA intake could cumulatively contribute to maintaining cognitive function in older individuals without dementia. Regarding CSLA engagement and DHA intake, it was observed that the combination of high CSLA engagement frequency with high DHA intake cumulatively reduced the risk of cognitive decline in the population with low DHA and EPA intakes. This finding was partially supported by the previous study in China, where DHA and EPA intakes are lower than those in Japan (Kawashima, 2019). The COAST study reported that a healthy lifestyle, partially constructed of CSLA (games at least twice/week) and healthy diets (daily intake of fish, meat, and eggs), was associated with slower memory decline for 10 years in cognitively normal older Chinese individuals (Jia et al., 2023). These studies suggest that the combination of high CSLA engagement with appropriate LCPUFA (DHA and ARA) intake could be more beneficial in preventing age-related cognitive decline than CSLA engagement or LCPUFA intake alone in older individuals. Further studies are required to clarify this possibility.

In terms of the mechanism of the combination of high CSLA engagement and high LCPUFA (DHA and ARA) intake on a lower risk of cognitive decline, no promising hypotheses have been presented. Although cellular and molecular mechanisms are difficult to explain, it may be plausible that CSLAs and LCPUFAs contribute to the same cognitive domain; therefore, their combination strengthens their individual effect on reducing the risk of cognitive decline. Several interventional studies showed that CSLAs improved executive function, processing speed, and working memory (Jackson et al., 2012; Nouchi et al., 2012; Murphy et al., 2014; Hardy et al., 2015). As for LCPUFAs, the efficacy of supplementation of DHA and ARA on attention and working memory in older individuals without dementia has also been reported (Ishikura et al., 2009; Lee et al., 2013; Tokuda et al., 2015). The prefrontal cortex is a well-known region associated with executive function, attention, and working memory (Criaud and Boulinguez, 2013; Rabinovici et al., 2015). Based on the results of the previously mentioned intervention studies, it is possible that CSLAs and LCPUFA intake cooperated to maintain prefrontal cortex function and may have been involved in reducing the risk of global cognitive decline. Another potential mechanism is that the combination of functional and organic approaches may have a cumulative effect on cognitive function in older individuals. Additionally, the brain’s DHA and ARA decrease with age (Söderberg et al., 1991; Carver et al., 2001; McNamara et al., 2008; Freemantle et al., 2012; Tokuda et al., 2014), and supplementation of these LCPUFAs could recover their levels (Tokuda et al., 2014). This suggests a possibility that adding a functional approach of cognitive stimulation to the organic approach of supplementing DHA and ARA, which decrease in the brain with aging, may cooperatively produce additive effects in attenuating age-related cognitive decline. Aside from the combination analysis, the present study did not find that EPA had a protective association with cognitive decline in older Japanese individuals without dementia, regardless of the population with high or low DHA and EPA intake. This finding may be understandable as major LCPUFAs in brain phospholipids are constructed with DHA and ARA, not EPA (Chen and Bazinet, 2015). In fact, DHA, but not EPA supplementation, improved executive functions in older individuals with mild cognitive impairment (Sinn et al., 2012). However, further studies are needed to clarify the strength of the contribution of DHA or EPA intake on maintaining cognitive function in older individuals without dementia.

The present study had strengths. To the best of our knowledge, this is the first study to report a positive association between the risk of cognitive decline and the combination of CSLA engagement with LCPUFA intake in older individuals. Next, the amount of LCPUFA intake at baseline reflected real-life values because it was calculated not only from the daily diet but also from supplements. However, this study also had several limitations. First, CSLA cannot be categorized into activities such as crosswords, quizzes, and cognitive training games because relevant activities were collected together as CSLA when questionnaires were used. Second, the CSLA in this study may somewhat differ from the cognitive training game designed for improving cognitive function in the previous RCTs. The CSLA included crosswords, sudoku, answering quizzes, and cognitive training games, which were primarily recreational activities, not specifically designed to improve cognitive function. Careful consideration may be needed when comparing these activities. Furthermore, the engagement times of CSLA in a session cannot be shown because of a lack of available data although the load on cognitive activity time per session would be quite important to affect cognitive decline. A standard engagement time per session and frequency in a week would be important information for social implementation. Further studies are necessary to set a standard of CSLA for reducing the risk of age-related cognitive decline. Third, a 2-year follow-up period may not be an adequate interval to observe the influences of exposure on cognitive decline. Fourth, the MMSE is a screening tool for dementia and not a diagnostic tool. Cognitive decline was evaluated only by the MMSE. Although the MMSE is widely used to assess global cognitive function, this study was unable to evaluate the association between specific cognitive domains and CSLA or LCPUFA intake. Fifth, the frequency of CSLA engagement and LCPUFA intake were obtained from one baseline assessment. Therefore, CSLA frequency and habitual daily intake may change during the follow-up period. Sixth, the association between LCPUFA levels in blood at baseline and the risk of cognitive decline was not evaluated because there was no data on blood LCPUFA levels. However, it was assumed that there is a positive correlation between blood and intake levels. A positive correlation between the dietary intake of DHA and EPA and their blood levels has, in fact, been reported (Hodson et al., 2008). Interventional studies have shown a dose-dependent correlation between ARA intake and changes in blood ARA levels (Kawashima, 2019). Further studies on the association between cognitive decline and blood LCPUFA levels are required. Finally, the findings in this study are based on the data from participants who could be followed up for 2 years. The participants lost to follow-up were older, had lower education levels, a higher prevalence of diabetes, lower MMSE scores, and higher depressive tendency (data not shown). It is uncertain whether the results would remain consistent if the lost to follow-up group were included. Given these limitations, intervention studies are needed to confirm whether the combination of CSLA as a leisure activity and LCPUFA intake improves cognitive function in older adults for the next step.



5 Conclusion

In conclusion, a high CSLA engagement frequency combined with a high ARA intake was associated with a cumulatively reduced risk of cognitive decline among older Japanese individuals. Furthermore, a combination of high CSLA engagement frequency with a high DHA intake could have a positive association with cumulatively maintaining cognitive function among older individuals with low DHA and EPA intakes, such as those seen in countries with low fish intake. Hence, combining high CSLA engagement with appropriate intake of LCPUFAs (DHA and ARA) may be more beneficial for preventing age-related cognitive decline in older individuals than either CSLA engagement or LCPUFA intake alone. Further interventional studies are required to clarify the findings of this study.
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Introduction: Numerous studies have highlighted cognitive benefits in lifelong bilinguals during aging, manifesting as superior performance on cognitive tasks compared to monolingual counterparts. Yet, the cognitive impacts of acquiring a new language in older adulthood remain unexplored. In this study, we assessed both behavioral and fMRI responses during a Stroop task in older adults, pre- and post language-learning intervention.
Methods: A group of 41 participants (age:60–80) from a predominantly monolingual environment underwent a four-month online language course, selecting a new language of their preference. This intervention mandated engagement for 90 minutes a day, five days a week. Daily tracking was employed to monitor progress and retention. All participants completed a color-word Stroop task inside the scanner before and after the language instruction period.
Results: We found that performance on the Stroop task, as evidenced by accuracy and reaction time, improved following the language learning intervention. With the neuroimaging data, we observed significant differences in activity between congruent and incongruent trials in key regions in the prefrontal and parietal cortex. These results are consistent with previous reports using the Stroop paradigm. We also found that the amount of time participants spent with the language learning program was related to differential activity in these brain areas. Specifically, we found that people who spent more time with the language learning program showed a greater increase in differential activity between congruent and incongruent trials after the intervention relative to before.
Discussion: Future research is needed to determine the optimal parameters for language learning as an effective cognitive intervention for aging populations. We propose that with sufficient engagement, language learning can enhance specific domains of cognition such as the executive functions. These results extend the understanding of cognitive reserve and its augmentation through targeted interventions, setting a foundation for future investigations.
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1 Introduction

In recent years, the prevention of cognitive decline in normal or pathological aging has emerged as a paramount focus of many neuropsychological studies (Di Nuovo et al., 2020; Oosterhuis et al., 2023). This is particularly important given the increasing aging population (Kanasi et al., 2016; Osareme et al., 2024) and the prevalence of age-related cognitive disorders (Lopez and Kuller, 2019). The role of non-pharmaceutical interventions in mitigating the progression of cognitive decline is crucial. Unlike pharmacological treatments, which often target specific symptoms or stages of cognitive diseases, non-pharmaceutical interventions offer a holistic approach with the potential for broader applicability and fewer side effects (Dyer et al., 2018). Non-pharmaceutical interventions which encompass a variety of options from lifestyle modifications to cognitive training (Šneidere et al., 2024); and dietary adjustments are considered proactive strategies to preserve cognitive function (Klimova et al., 2017) and strengthen cognitive reserve (Bott et al., 2019).

Cognitive reserve, a fundamental concept in healthy aging, refers to the brain’s resilience to neuropathological damage (Scarmeas and Stern, 2003; Cammisuli et al., 2022; Savarimuthu and Ponniah, 2024). Emerging evidence suggests that higher cognitive reserve is associated with greater ability to compensate for age-related brain changes and pathology, thereby mitigating the manifestation of clinical symptoms (Tucker and Stern, 2011). This resilience is believed to stem from a variety of life-long experiences, including education, occupational complexity, and engagement in cognitively stimulating activities such as music, games, reading and so forth (Liberati et al., 2012; Savarimuthu and Ponniah, 2024).

Among the factors contributing to cognitive reserve, bilingualism has emerged as a significant area of interest in the past decade (Bialystok, 2021). There is behavioral and neuroimaging evidence that lifelong bilingualism enhances cognitive reserve (Craik et al., 2010; Schweizer et al., 2012). Bilingual individuals engage in constant cognitive exercises, such as switching between languages and inhibiting one language while using another (Green and Abutalebi, 2013). This cognitive exercise over a lifetime is believed to strengthen neural networks and enhance cognitive flexibility (Barbu et al., 2018). Further, there is evidence that the cognitive demand associated with managing two languages contributes to the development of higher cognitive reserve (Bialystok et al., 2007; Gallo and Abutalebi, 2024) and therefore delaying the onset of age-related cognitive decline and neurodegenerative diseases (Bialystok et al., 2016, 2024).

Many researchers agree on the underlying reasons why bilingualism might contribute to enhanced cognitive reserve. Engaging in bilingualism requires the navigation of complex linguistic structures, managing two linguistic systems simultaneously, requiring inhibitory control and therefore continuously engaging executive control functions, such as task switching and inhibition (Kroll and Bialystok, 2013; Gallo and Abutalebi, 2024). These cognitive demands are hypothesized to lead to structural and functional brain changes, including in areas involved in executive control and language processing (García-Pentón et al., 2014). Additionally, the constant management of dual language systems is believed to enhance neural plasticity and efficiency. This may provide a neurological buffer against age-related cognitive decline (Del Maschio et al., 2018).

Despite the body of evidence for cognitive advantages of lifelong bilingualism in aging, research on the cognitive effects of second language (L2) acquisition in older adults is still in its infancy. In a recent systematic review on the role of bilingualism in executive functions in healthy older adults, out of 24 studies, nine provided full support for the bilingual advantage, while four indicated a bilingual disadvantage. The remaining studies neither fully supported nor refuted the bilingual advantage, presenting mixed results across various domains. However, when analyzing specific domains of executive functions, bilingualism is consistently associated with an advantage in inhibition, particularly evidenced by performance in the Stroop test and the Simon task (Degirmenci et al., 2022).

A few studies have reported that L2 learning in older adults can lead to improvements in global cognition (Antoniou et al., 2013) and specific cognitive tasks such as memory, attention, and executive functioning (Meltzer et al., 2023), potentially offering a protective mechanism against cognitive decline. This enhancement is often attributed to the cognitive stimulation and neural plasticity induced by the complexities of acquiring a new language (Li et al., 2014), which in turn may boost cognitive reserves (Antoniou et al., 2013).

The cognitive demands of second language (L2) acquisition is well established by theoretical models such as the dynamic model (Abutalebi and Green, 2007; Korenar and Pliatsikas, 2023), and experimental research (Ghazi Saidi et al., 2013; Fukuta and Yamashita, 2015; Ghazi-Saidi and Ansaldo, 2017a,b; Li and Xu, 2023). Learning a new language entails extensive engagement of various cognitive systems, particularly those involved in memory, attention, and executive functioning (Ghazi Saidi et al., 2013; Ghazi-Saidi and Ansaldo, 2017a,b). This engagement is hypothesized to not only activate and strengthen these cognitive areas but also potentially induce neuroplastic changes within the brain.

The Stroop task is an excellent choice for measuring the cognitive effects of language learning for several reasons. First, the Stroop task is designed to assess executive function, particularly cognitive control and inhibition (Egner and Hirsch, 2005; Guarino et al., 2020). Learning a new language requires similar cognitive skills, such as controlling attention between different language systems and inhibiting one language system while using another (Kroll et al., 2008; Green and Abutalebi, 2013; Hirosh and Degani, 2018). The Stroop task is also known to activate several brain regions associated with language processing, attention, and executive function (Ye and Zhou, 2009; Heidlmayr et al., 2020). Therefore, learning a new language may improve performance on the Stroop task. Second, given that Stroop task involves processing words and colors, it inherently taps into language processing areas of the brain (Hertrich et al., 2021). Further, the Stroop test has been identified as a tool to measure cognitive health at aging (Gajewski et al., 2020). Stroop has been recommended as an efficient tool for early detection of cognitive impairment in individuals with subjective cognitive complaints (Rao et al., 2023). In addition, Stroop has been identified as a tool to distinguish individuals with Mild Alzheimer’s disease (AD) from non-AD individuals as well as mild versus severe AD (Lin and Lai, 2024). Cognitive aging is associated with compromised interference control (Gajewski et al., 2020; Rao et al., 2023; Lin and Lai, 2024). Thus, the Stroop task provides an objective measure to assess a specific cognitive domain at baseline and after the intervention. Any significant change in performance on the Stroop task from pre to post intervention can be attributed to cognitive changes potentially induced by the language learning process.



2 Methods


2.1 Design and procedure

In this study, we used a pre-post intervention design with functional magnetic resonance imaging (fMRI) to explore the neural effects of language learning in older adults. The study was initiated by conducting baseline fMRI scans for all participants to establish a neurological benchmark. Following this, the participants underwent an online language learning program. Participants were monitored daily for their performance and retention. After completion of the intervention, a second set of fMRI scans was conducted to identify any neural changes attributable to the intervention. This pre-post design allows for the assessment of neural adaptations in response to new language acquisition in older adults. The fMRI data were analyzed using standard neuroimaging techniques to observe changes in brain activity, with a particular focus on regions associated with language processing and cognitive control.

This study was approved by the UNL Institutional Review Board (IRB), Research Compliance Services, Office of Research & Economic Development, University of Nebraska-Lincoln. The University of Nebraska at Kearney IRB acknowledged and honored the site agreement to cede IRB review to the University of Nebraska-Lincoln IRB regarding this study, under the SMART IRB Master Common Reciprocal Institutional Review Board Authorization Agreement. Per this agreement the UNL IRB serves as the reviewing IRB and the UNK IRB as the relying IRB.



2.2 Participants

Our participant cohort consisted of 41 healthy, monolingual individuals, aged between 60 and 80 years (M = 66.63, SD = 4.7, min = 60; max = 77), all residing in a predominantly monolingual environment in Nebraska. All participants had at least 14 years of education (M = 17.5, SD = 2.94). All participants were white caucasian, mirroring the demographics of the rural Nebraskan population. All ethnic minorities were excluded based on proficiency in two or more languages.



2.3 Inclusion and exclusion criteria

Inclusion criteria consisted of being monolingual English-speaking adults, aged 60–80 years of any gender, race or ethnicity, with an electronic device and access to the internet, with normal or corrected vision and hearing, no memory or learning problems, no diagnosed depression or neurological disorders. In addition, we only included right-handed individuals to control for left-hemisphere dominance. All participants were fully vaccinated for COVID-19 given that data were collected shortly after COVID-19 restrictions were lifted to avoid putting older adults at additional risk of exposure to COVID-19. Participants who were claustrophobic or did not have the ability to report to the Center for Brain, Biology and Behavior in Lincoln, NE, or did not pass the MRI compatibility screener were excluded. All participants had computer skills to enroll in the intervention program and access to the internet and a device. All participants were screened using Montreal Cognitive Assessment (MoCA) and participants who did not score above the cut-off of 26 were excluded.

The Language Experience & Proficiency Questionnaire (LEAP-Q) (Marian et al., 2007; Kaushanskaya et al., 2020) was used to screen for second language knowledge, use and exposure. LEAP-Q is a self-report toolbox to collect data on language knowledge, use and exposure for all languages spoken by an individual. Scores range 0–10, and scores above 7 are taken as a measure of bilingual proficiency; a score of 0 indicates monolingualism. Only participants with a score of 0 or 1 (minimal knowledge and at vocabulary level) were included.



2.4 Intervention

Participants engaged in an online language learning program, Rosetta Stone1, in which they selected a language of their choice to learn. Rosetta Stone is a comprehensive computer-assisted language learning software developed by Rosetta Stone Ltd. This software employs an immersive method, inspired by the naturalistic way individuals learn their first language (Work, 2014; Zheng, 2024). The approach is characterized by the absence of translations or explicit grammar instructions, instead relying on visual, auditory, and textual cues in the target language to convey meaning and foster language comprehension and production. This methodology aligns with the communicative approach to language teaching, which emphasizes the importance of interaction and using the language for real-life communication purposes. This method mirrors the way a baby learns their mother tongue, emphasizing immersion and natural acquisition. As a result, the writing system is initially excluded from the learning process. For this reason, we did not exclude languages with different writing systems. We used the educational version of Rosetta Stone which provided us with the possibility of monitoring the adherence to the program with detailed information about the number of minutes engaged in the program, a detailed statistics about the activities in which the participant engaged, the number of times each activity was repeated and scores on tests at the end of each lesson and each level. Among the 26 different options available, participants selected Spanish, French, German, Italian, and Japanese, in order of popularity.

The cognitive effects of second language (L2) learning are not directly tied to the specific language being learned. Instead, L2 learning enhances broader cognitive functions, including memory, attention, problem-solving, and executive functions (Ghazi Saidi et al., 2013; Guo and Ma, 2023). These cognitive processes are fundamental to overall cognitive functioning and are not exclusive to the specific L2. Managing two linguistic systems improves executive control mechanisms, such as task switching, inhibitory control, and cognitive flexibility, which are general cognitive skills (Gallo and Abutalebi, 2024; Han et al., 2024). Consequently, the cognitive benefits of L2 learning, such as improved working memory and attentional control (Bialystok and Craik, 2022), are transferable to other cognitive domains, enhancing overall cognitive performance (Waldie et al., 2009; Antoniou, 2019; Gallo and Abutalebi, 2024; Han et al., 2024).

The intervention spanned a duration of 4 months. Participants were instructed to engage in language learning 5 days per week, at a dose of 90 min per day. The online platform provided flexibility for participants to learn at their own pace and in a familiar environment, potentially enhancing adherence to the program. To ensure a consistent and effective learning experience, we offered optional monthly zoom meetings to participants. These meetings provided them with an opportunity to meet other participants, ask questions and share their experiences. Adherence to the intervention protocol was closely monitored. As administrators, we had access to log-in and time and type of language learning activities. We collected data on daily activities, and test results. At the end of each lesson, there was a test. Participants could proceed with the lesson only if they passed the test with 80% accuracy or above. This data was then used to assess the fidelity of the intervention and its potential impact on the cognitive abilities of the participants.



2.5 Pre/post Assessment

The Pre/Post assessment included in the scanner was the Stroop task, that measures cognitive control and executive function (Kane and Engle, 2003; Bari and Robbins, 2013). The assessment task was conducted in English, the participants’ mother tongue. Testing in the participants’ dominant language is crucial for the accuracy of neuropsychological assessment results (e.g., Brown and Weisman de Mamani, 2017; Momková and Jurásová, 2017; Stålhammar et al., 2022).



2.6 Stroop task

Two primary hypotheses have been proposed to explain the cognitive effects of bilingualism. The Bilingual Inhibitory Control Advantage (BICA) hypothesis suggests that bilinguals exhibit better performance in tasks requiring conflict resolution, such as incongruent conditions in Stroop or flanker tasks. On the other hand, the Bilingual Executive Processing Advantage (BEPA) hypothesis proposes a broader cognitive benefit, indicated by faster response times in both congruent and incongruent trials of cognitive control tasks. Evidence exists supporting both hypotheses (Hilchey and Klein, 2011). This study is based on the BICA hypothesis, as the Stroop task is more extensively supported in the literature compared to other tasks (Waldie et al., 2009; Rodríguez-Pujadas et al., 2014; Costumero et al., 2015; Teubner-Rhodes et al., 2019).

The color-word Stroop task (Stroop, 1935; Scarpina and Tagini, 2017) is a well-established neuropsychological test designed to evaluate cognitive control and executive function (Kane and Engle, 2003; Bari and Robbins, 2013). During the Stroop task, participants are presented with words denoting colors that are printed in congruent or incongruent colors (e.g., the word “red” printed in blue). They were required to identify the color of the “ink,” not the word itself, which requires the inhibition of an automatic reading response. Specifically, the congruent trials included the names of colors that appeared in the same color that they read. The incongruent trials included the names of colors that appeared in a different color that they read. The participants were instructed to always pick the color of the word on the monitor (i.e., the “ink”), and ignore what the word “read.” The neutral condition consisted of the words “when,” “so” and “for” which were presented in different colors on the monitor. Participants were instructed to respond with a right index finger key press for when the color of the word was yellow, a right middle finger key press when the color of the word was red, and a right ring finger key press when the color of the word was green. The task was displayed to participants via a screen visible through a mirror mounted on the head coil.

The Stroop task paradigm was previously used in a number of studies (MacLeod, 1991; Kane and Engle, 2003). Our custom version of the Stroop task consisted of 108 trials, divided into three conditions with each condition consisting of 36 trials. Stimuli were presented with E-prime version 2.0 software (Psychology Software Tools, Pittsburgh, PA). Trials were presented in a pseudorandom order to control for sequence effects: (1) Neutral Condition: Departing from the traditional non-word letter strings, our task incorporated common English words such as “When,” “So,” and “Like.” These words, which do not inherently relate to colors, were presented in yellow, red, or green. This adaptation aimed to control the impact of familiarity and semantic content on the participants’ response times and accuracy. (2) Congruent Trials: For these trials, color words such as “Yellow,” “Red,” and “Green” were displayed in their respective colors. The semantic and visual congruence would expedite response times, leveraging the alignment between the word meaning and its visual presentation. (3) Incongruent Trials: These trials featured color words in contrasting colors, thereby inducing the Stroop effect. Each color word was repeated 12 times in each of the three incongruent colors, resulting in a total of 36 trials for each condition.

Each trial commenced with blank screen for 1,000 milliseconds (ms) to eliminate any afterimages or lingering visual distractions. Subsequently, a fixation signal was displayed for 200 ms to centralize the participant’s gaze and stabilize their visual field in preparation for the stimulus. The target letter string was then presented at the center of the screen for 1,500 ms, allowing a uniform duration for participant responses. Post-response, the inter-trial interval (ITI) varied randomly between 3,000 to 7,000 ms prior to the onset of the next stimulus. This variable ITI was implemented to prevent participants from anticipating the timing of stimuli, ensuring that responses were spontaneous. Response times and accuracy were recorded by the E-prime software. These metrics are integral for analyzing the Stroop effect’s magnitude (MacLeod, 1991; Kane and Engle, 2003).

Prior to entering the MRI environment, we explained the task to the participants. Participants also practiced a short version of the same task outside of the MRI environment. The only differences from the MRI Stroop task was that participants were seated at a desk and used a keyboard to respond.



2.7 MRI acquisition

MRI data were collected using a 3 T Siemens Skyra scanner with a 32-channel head coil at the Center for Brain, Biology and Behavior at the University of Nebraska-Lincoln. A T1-weighted high resolution anatomical scan (TR = 2.2 s, TE = 3.37 ms, flip angle = 7°, FOV = 256 mm/100% phase, 192 slices, slice thickness = 1 mm) was collected for precise alignment of functional data. We also collected multiband echo-planar data (TR = 1 s, TE = 29.8 ms, flip angle = 60°, FOV = 210 mm/100% phase, slice thickness = 2.5 mm, 51 interleaved slices, multiband acceleration factor = 3) during in-scanner task performance (one run of 490 s prior to language learning and one run of 490 s following the language learning intervention).



2.8 fMRI preprocessing

Neuroimaging data were reconstructed using dcm2niix (Li et al., 2016). Following reconstruction, data preprocessing was completed using Analysis of Functional Neuroimages (AFNI) software (Cox, 1996). Code for the neuroimaging data processing and analysis is available at: https://github.com/dhschultz29/L2_learning_in_older_adults. Preprocessing consisted of despiking, slice time correction, non-linear transformation of anatomical data to MNI152_2009 template space, alignment of functional data to the transformed anatomical data, volume registration in which each volume is registered to the volume with the minimum outlier fraction, spatial smoothing using a 4 mm full-width at half maximum Gaussian filter, scaling the mean of each voxel’s time course to 100, and using a general linear model with three task regressors (correct congruent trials, correct incongruent trials, and correct neutral trials), 12 motion estimates (3 planes, 3 rotations, and their derivatives) from volume registration as regressors of no interest, and up to a sixth-order polynomial to model baseline and drift, all completed with the afni_proc.py function. We modeled hemodynamic response functions using the “BLOCK” basis function at the onset of each correct trial of each condition. We set the duration of the function to 1 s. Consecutive pairs of volumes where the Euclidean norm of the motion derivatives exceeded 0.4 were “scrubbed” and eliminated from analysis (Power et al., 2012) along with the first 4 TRs of the run. The mean beta weight for each condition was extracted for each participant, voxel, and time point for subsequent statistical analysis.




3 Data analysis


3.1 Behavioral data analysis

We calculated mean accuracy and reaction time data for congruent and incongruent trials for each participant. We ran an ANOVA with time (pre and post-language learning) and condition (congruent and incongruent) as repeated measures in JASP (ver. 0.16.2) (Love et al., 2019). The Holm-Bonferroni method was used for post hoc tests.



3.2 fMRI data analysis

We compared activation estimates for congruent and incongruent trials prior to the language learning intervention and following the language learning intervention using the 3dMVM function in AFNI (Chen et al., 2014). Participant was considered a random factor, condition and time point were modeled as within participant factors. We set a voxel-wise p-value threshold of 0.0001 for the main effects of condition (congruent/incongruent), time (pre-intervention, post-intervention), and the interaction of condition and time. We used a cluster-based approach to account for multiple comparisons for each of the main effects and the interaction (Forman et al., 1995). We estimated the smoothness of the residual time series and calculated the mean spatial autocorrelation parameters (ACF) across participants at pre-intervention (mean ACF = 0.7946, 2.1355, 4.8919) (Cox et al., 2017) and ten thousand random maps with these smoothness parameters were generated and thresholded at a voxelwise p < 0.001. The largest surviving cluster for each of these simulations was recorded and used to estimate the probability of a false positive. Based on these estimates we applied a cluster threshold to our data at a voxel-wise p-value of 0.001 and a minimum cluster size of seven voxels sharing either a face or an edge (NN = 2). This results in a corrected alpha of p < 0.05. Unthresholded statistical maps for the condition and time main effects, as well as the condition by time interaction can be found here: https://neurovault.org/collections/NLPFUQRB/.




4 Results


4.1 Adherence: exposure and use

Participants were encouraged to spend 60–90 min per day on language learning but were not restricted in the maximum amount of time they could spend. Given the importance of exposure and use on the neurocognitive effects of language learning (Ghazi Saidi et al., 2013, 2017; Ansaldo et al., 2015; Ghazi Saidi and Ansaldo, 2015, 2017a,b; Berroir et al., 2017; Carroll, 2017; Surrain and Luk, 2019; Olson, 2024), we monitored the amount of time that the participants used the online program. The mean cumulative time dedicated to the intervention by our participants was 4,885 min (min = 1,218; max = 14,522), with a standard deviation of 2,470 min, while the average time spent per day was 66.5 min, accompanied by a standard deviation of 25.1 min.



4.2 Proficiency

Each language program is divided into three levels, with participants required to take a proficiency test before advancing to the next level. We collected data on their test scores, which showed an average score of 96%. This indicates that all participants achieved a high proficiency level in the language lessons.



4.3 Behavioral results

An ANOVA with time (pre and post-language learning) and condition (congruent and incongruent) as repeated measures with the accuracy data identified a significant main effect for condition, F (1,40) = 25.373, p < 0.001, characterized by increased accuracy on congruent trials relative to incongruent trials. There was also a significant main effect for time, F(1,40) = 5.219, p = 0.028, characterized by more accurate performance after language learning relative to before. We also found a significant condition by time interaction, F(1,40) = 8.203, p = 0.007, characterized by a greater difference in accuracy between congruent and incongruent trials before, t = 5.756, p < 0.001, and less difference in accuracy between congruent and incongruent trials after language learning, t = 2.37, p = 0.061 (Figure 1A).

[image: Bar graphs labeled A and B compare pre and post data for congruent and incongruent conditions. Graph A displays accuracy percentages, with higher congruent performance post-test. Graph B shows reaction times in milliseconds, with faster times in congruent conditions post-test. Asterisks indicate significant differences.]

FIGURE 1
 Performance on the Stroop task increases from pre to post language learning. (A) The difference between accuracy on congruent and incongruent trials decreases following language learning. (B) The difference between reaction time on congruent and incongruent trials decreases following language learning. Asterisks indicate interaction p-value <0.05.


An ANOVA with time (pre and post-language learning) and condition (congruent and incongruent) as repeated measures with the reaction time data identified a significant main effect for condition, F(1,40) = 218.813, p < 0.001, characterized by faster reaction time on congruent trials relative to incongruent trials. We also found a significant condition by time interaction, F(1,40) = 10.010, p = 0.003, characterized by a difference in reaction time between incongruent trials pre-language learning and post-language learning with faster reaction time post-language learning, t = 3.213, p = 0.004, and no difference in reaction time between pre-and post-language learning on congruent trials, t = 0.192, p = 0.849. There was not a significant main effect for time, F(1,40) = 3.752, p = 0.06, (Figure 1B).



4.4 fMRI results


4.4.1 Stroop main effect

Voxel-wise analysis of the fMRI data was conducted using 3dMVM in AFNI. The multivariate modeling approach identified a main effect for condition (incongruent vs. congruent trials). All significant clusters were characterized by greater responses on incongruent trials relative to congruent trials. We identified significant differences between incongruent and congruent trials in portions of the lateral prefrontal cortex, parietal cortex, and the anterior cingulate, consistent with previous studies using the Stroop task (Song and Hakoda, 2015; Huang et al., 2020; Mill et al., 2020; Figure 2 and Table 1).

[image: Series of brain scans displaying cross-sectional images at various Z-axis coordinates, ranging from -33 to 57. Regions with increased activity are highlighted in orange, with a color scale indicating F values from 12.6 to 50.]

FIGURE 2
 Increased activation for incongruent relative to congruent trials in the Stroop task. The main effect for condition (incongruent vs. congruent) is displayed. All significant results were characterized by greater activation for the incongruent relative to congruent condition. Cluster corrected p-value <0.05.




TABLE 1 Significant activation clusters from the Stroop task.
[image: A table listing brain structures with statistical details. Columns include Structure, Direction, Hemisphere, F-statistic, Volume (in cubic millimeters), and MNI Coordinates (X, Y, Z). Structures listed include inferior frontal gyrus, middle frontal gyrus, precentral gyrus, among others, with corresponding coordinates and statistics. F-statistic reflects center of mass values, with "I > C" indicating incongruent was greater than congruent.]



4.4.2 Time main effect and condition by time interaction

We did not observe any significant clusters for the main effect of time (pre vs. post-language learning), and we did not find any significant clusters for the condition (incongruent and congruent) by time (pre and post-language learning) interaction.



4.4.3 Time spent with the language learning program is related to changes in activity during Stroop task

The literature on bilingualism (Carroll, 2017; Surrain and Luk, 2019; Olson, 2024), and our previous neuroimaging study results (Ghazi Saidi et al., 2013, 2017; Ansaldo et al., 2015; Ghazi Saidi & Ansaldo, 2015, 2017a,b; Berroir et al., 2017) suggest that three main factors impact cognitive processes in bilingual speakers: use, exposure, and proficiency. The results on participants’ performance in this study indicated that all participants achieved a high proficiency level (an average of % 96 on all proficiency tests). However, the time spent on the language learning program, reflecting exposure and use, varied among participants (min = 1,218; max = 14,522; M = 4,885; SD = 2,470 min). Although within the design of this study it is not possible to tease apart exposure and use, we used the cumulative time tracked by the language learning software, as a variable that reflects exposure and use combined.

Therefore, we examined the possibility of whether the amount of time each participant spent using the language learning program had an effect on the changes in task-evoked activity from baseline to after the language learning intervention. First, we calculated a metric of change in activation over time. We calculated the difference score between incongruent and congruent conditions for each time point. Then we subtracted the pre-difference score from the post-language learning difference score [(post incongruent – post congruent) – (pre incongruent – pre congruent)]. The result is a measure where higher values reflect a greater difference between incongruent and congruent post-language learning relative to pre. This measure was calculated for four regions (right and left lateral prefrontal cortex and right and left parietal cortex, see Figure 3A) that showed a main effect for task condition, and which have been previously implicated in performance during the Stroop task. Finally, we used Spearman rank correlation to examine the relationship between changes in activation from pre to post-language learning and the total amount of time each participant spent using the language learning program. The change in activation was positively correlated with time spent on the language learning program, rho = 0.527, p < 0.001 (Figure 3B), in the left prefrontal cortex and the left parietal cortex, rho = 0.397, p = 0.01 (Figure 3C). There was also a positive relationship between changes in activity and time spent on the language learning program in the right lateral prefrontal cortex, rho = 0.454, p = 0.003, (Figure 3D) and the right parietal cortex, rho = 0.367, p = 0.018 (Figure 3E).

[image: Brain activation maps and scatter plots analyze the correlation between activation changes and time spent in minutes. Brain images (A) show activation at Z = 33 and Z = 51, highlighting areas in orange. Scatter plots (B to E) illustrate correlations: left lateral PFC (rho = 0.527, p < 0.001), left parietal cortex (rho = 0.397, p = 0.01), right lateral PFC (rho = 0.454, p = 0.003), and right parietal cortex (rho = 0.367, p = 0.018). Each plot displays a positive correlation with significance levels shown.]

FIGURE 3
 Changes in Stroop activation are related to the amount of time spent on the language learning program. (A) Changes in Stroop task activation were extracted from four clusters identified in the main effect for condition. These clusters were selected based on their involvement in the Stroop task in previous studies as well as from the main effect of condition in the current study. Correlation between the change in Stroop activity and the time participants spent with the language learning program in the (B) Left lateral prefrontal cortex, (C) Left parietal cortex, (D) Right lateral prefrontal cortex, and (E) Right parietal cortex.


We observed that changes in Stroop activation were related to the amount of time people spent on the language learning program. Next we examined whether time spent on the language learning program was related to the change in performance on the task. Based on the fMRI results, we hypothesized that increases in behavioral performance would be positively correlated with the amount of time spent on the language learning program. We calculated a behavioral change score for both accuracy and reaction time. This behavioral change score followed the same logic as that used for the fMRI activation change score. However, as improvements in performance over time result in more similar accuracy and reaction time for congruent and incongruent times (see Figure 1), we reversed the subtraction operations so that more positive scores could be interpreted as increases in performance from pre to post intervention for both accuracy and reaction time. Therefore, the formula for accuracy was [(pre congruent – pre incongruent) – (post congruent – post incongruent)]. Additionally, there was greater between-participant variability in reaction times, so to account for this variability we calculated the change score as a proportion of the difference between incongruent and congruent trials pre-intervention. Thus, the formula for reaction time was [(pre incongruent – pre congruent) – (post incongruent – post congruent)/(pre incongruent – pre congruent)]. Next, we correlated the behavioral change scores with the amount of time spent on the language learning program. As our hypothesis was that this relationship would be positive, we used a one-tailed test. We did not observe a significant relationship between time spent on the language learning program and improvements in either accuracy or reaction time on the Stroop task, smallest one-tailed p = 0.199.

While we did not observe a significant linear relationship between time spent on the language learning program and improvements in Stroop performance, we split participants into two groups, those who spent more time with the language learning program and those who spent less time. Participants were placed in these groups if they spent more or less than the mean amount of time with the language learning program (4,885 min or ~ 81.5 h). Then we evaluated whether or not these groups were characterized by different levels of improvement on Stroop task performance (as described above). We found that the group who spent more time with the language learning program showed greater increases in Stroop accuracy from pre to post-intervention, t(39) = 1.846, one-tailed p = 0.036. We did not observe any differences in reaction time performance between the groups who spent more or less time with the language learning program, t(39) = −1.036, one-tailed p = 0.153. These data suggest that time spent with the language learning program was related to greater accuracy gains from pre to post-intervention on the Stroop. While the effect on reaction time was not significant, it was in the opposite direction as the accuracy effect which may be suggestive of a speed/accuracy trade off.





5 Discussion

We hypothesized that learning a new language could serve as a beneficial intervention to boost cognitive performance for older adults. By leveraging the cognitive complexity inherent in acquiring a new language, we hypothesized that L2 learning would lead to specific cognitive domains such as executive functions, such as enhanced cognitive control, and quicker information processing.

We observed a significant condition (congruent vs. incongruent) by time (pre and post-language learning) interactions on measures of accuracy and reaction time for the Stroop task. These interactions were characterized by an increase in accuracy and a decrease in reaction time on incongruent trials post intervention. Changes in performance on incongruent trials, which require conflict management (e.g., “red” written in green ink), reflect enhanced executive functioning. In contrast, congruent trials, which do not involve conflict (e.g., “red” written in red ink), showed no significant change from pre to post-language learning. This suggests the changes observed on incongruent trials are not general practice effects; but related to the intervention.

Behavioral results showed the Stroop effects and an improved performance post intervention as compared to pre intervention. Specifically, pre-post intervention comparisons reflected that the performance in Stroop task was more accurate post intervention as compared to pre intervention and the accuracy of the incongruent trials, which require more cognitive control, were improved and closer to the easier congruent trials which are less demanding in terms of conflict management. Response times showed a similar effect to accuracy suggesting language learning influenced processing speed as well. Together, these data support the idea that Stroop performance improves following language learning.

The functional neuroimaging results support the behavioral results. The activation maps regarding contrasts between incongruent and congruent trials are consistent with previous studies using the Stroop task (Song and Hakoda, 2015; Huang et al., 2020; Mill et al., 2020), with greater activations for the incongruent trials reflecting higher cognitive demand required for processing incongruent trials. The significant activations observed were in parts of the lateral prefrontal cortex, parietal cortex, and the anterior cingulate, all of which are involved in executive function, inhibitory control, conflict management and working memory (De Pisapia et al., 2006; Ardila, 2019; Friedman and Robbins, 2022), cognitive domains required for processing the Stroop task (Ye and Zhou, 2009; Heidlmayr et al., 2020).

While we did not observe any significant effect of time (pre vs. post-language learning), or for the interaction (condition by time), we did observe a relationship between changes in the brain activity during Stroop task and the amount of time participants spent on language learning. Specifically, we found a positive relationship between changes in brain activity and time spent on the language learning program in the right lateral prefrontal cortex, the left prefrontal cortex and the left parietal cortex, as well as the right lateral prefrontal cortex. This suggests that the time spent on learning a new language can modulate activation related to the Stroop task in regions included in the frontoparietal network (FPN).

The FPN and cingulate play major roles in the organization of executive function, including working memory, conflict management, inhibitory control, and planning (Friedman and Robbins, 2022; Menon and D’Esposito, 2022). The FPN, with its flexible hubs, specially in the right hemisphere, is instrumental in modulating activity across various distributed systems, such as visual, limbic, and motor networks, to align with goals of task in hand, directly supporting working memory and task-switching capabilities (Cole et al., 2014). On the other hand, the cingulo-opercular network (CON) is crucial for maintaining task sets, enabling sustained cognitive performance across different tasks (Hausman et al., 2022). The CON functions through connections with other hub regions, including the anterior cingulate and anterior insula, which are associated with better performance in working memory, inhibition, and set-shifting tasks (Bush and Shin, 2006; Hausman et al., 2022). Together, these networks form part of a superordinate cognitive control system that includes the dorsolateral prefrontal, anterior cingulate, and parietal cortices, underpinning a broad array of executive functions (Niendam et al., 2012). Patterns of activity in regions of these networks can contain information about diverse task rules across multiple domains illustrating how they may function to orchestrate goal-directed behavior (Ito et al., 2017; Schultz et al., 2022). This superordinate network can describe how the executive function system with a common infrastructure can cater to the requirements of a network-specific and domain-specific demands of a particular task.

Both dorsolateral prefrontal and parietal cortex have been consistently reported as key brain areas associated with Stroop task performance that are involved in cognitive control and interference control (Huang et al., 2020). Dorsolateral prefrontal and parietal cortex are consistently implicated in Alzheimer’s disease and mild cognitive impairment (Morbelli et al., 2013; Giovacchini et al., 2019), and as critical brain areas related to cognitive reserve (Ye and Zhou, 2009; Dodich et al., 2018; Giovacchini et al., 2019). Interestingly, these brain areas have been reported as important brain areas that contribute to the cognitive advantage in lifelong bilinguals as compared to monolingual peers. The current results suggest that learning a new language in older adults for 4 months may improve Stroop performance. These results may also suggest that learning a new language in older adults can contribute to improving cognitive reserve and may contribute to postponing or slowing cognitive decline.

These results are consistent with studies that have explored a similar research question. Specifically, to date, there are four studies that have explored the cognitive effect of language learning in older adults (Bubbico et al., 2019; Wong et al., 2019; Nilsson et al., 2021; Meltzer et al., 2023). These studies use different measures and therefore the results are not easy to compare. Nevertheless, all four studies evidence some improvement post intervention (language learning) in a specific cognitive domain (Nilsson et al., 2021; Meltzer et al., 2023) or global cognition (Bubbico et al., 2019; Wong et al., 2019). Meltzer et al. (2023) reported a behavioral study in 76 older adults aged 65–75, similar to the results of our study, and found that Stroop accuracy improved after 16 weeks of either language learning with Duolingo or with an equivalent amount of non-language cognitive training. These results are consistent with what we observed in the current study. However, Meltzer et al. (2023) report that the non-language cognitive training condition resulted in improvements in reaction time on the Stroop while Duolingo did not. These results are in contrast to the current study where we did observe an effect of language learning on reaction time on the Stroop task. It is unclear whether potential differences in the dose, duration, intensity of the intervention, or an additional factor, may contribute to this difference.

Another study examined the neurocognitive effects of four-month second language learning program on the brain function of healthy elderly individuals (age 59–79) in a behavioral and neuroimaging study (Bubbico et al., 2019). They reported the behavioral impact as limited to global cognition. However, post-program, participants showed increased resting state functional connectivity in the right inferior frontal gyrus, right superior frontal gyrus, and left superior parietal lobule. Collectively, these brain areas are involved in numerous processes including: inhibitory control, decision making, attentional control, processing indirect language components such as emotional aspects, (Simonet, 2014; Eriksen and Zacharov, 2016), maintaining and manipulating information in working memory, as well as in directing attention (Manelis and Reder, 2014), and spatial attention and orientation (Heinen et al., 2017). In the current study, the contrast between incongruent and congruent trials on the Stroop task yielded activation of left lateral prefrontal cortex, and right lateral prefrontal cortex, as well as the left and the right parietal cortex. Although not a precise overlap, the activation map we observed is consistent with many of the regions showing changes in resting-state connectivity by Bubbico et al. (2019).

Altogether, in line with the previous reports (Bubbico et al., 2019; Meltzer et al., 2023), we provide evidence that even short-term language learning interventions can significantly reorganize and enhance neural network functions in older adults, contributing to better cognitive performance in specific executive function tasks such as the Stroop task. It is important, however, to note that while Stroop performance improved from pre to post-intervention and brain activity was modulated by the amount of time people spent with the language learning program, the dose dependent effects of time spent on the language learning program and improvements in Stroop performance were tenuous. Future studies should determine the optimal intensity, frequency, duration and intensity of language learning programs as an effective cognitive intervention in older adults.

We argue that language learning with sufficient dose, intensity and frequency can be considered as an effective cognitive intervention for promoting healthy aging. Based on our understanding of cognitive reserve (Stern, 2002, 2009, 2021; Stern et al., 2020; Nelson et al., 2021) and the factors that can contribute to strengthening cognitive reserve (Stern et al., 2020), this intervention may potentially counteract the cognitive decline associated with aging through the enhancement of brain plasticity and functional connectivity. The latter hypothesis remains to be tested.

As a side note, our results provide further evidence to recognize the Stroop test as a valuable tool for assessing cognitive health in aging populations. The Stroop test has been recommended for early detection of cognitive impairment in individuals with subjective cognitive complaints (Gajewski et al., 2020; Rao et al., 2023); as well as for differentiating individuals with mild Alzheimer’s disease (AD) from non-AD individuals, and to distinguish between mild and severe AD (Lin and Lai, 2024).



6 Conclusion

We bring evidence that language learning at older ages may boost cognitive control performance, as measured by improvements in the Stroop task. This enhancement is associated with functional neuroplasticity in cognitive control areas of the brain, indicating that acquiring a new language may actively influence function in these crucial regions. Specifically, these changes are observable improvements in tasks that require attentional control, such as the Stroop task, reflecting the transfer of cognitive gains from language learning to other cognitive domains. These results align with the theory of cognitive reserve, suggesting that intellectually stimulating activities like language learning can bolster the brain’s resilience to age-related decline. However, we also acknowledge that the extent of these benefits depends on the dose of language engagement, highlighting the importance of the amount and intensity of learning in realizing cognitive advantages. These results present a promising avenue for non-pharmaceutical intervention for aging related cognitive decline, offering an accessible, low cost and potentially enjoyable approach to maintaining and enhancing cognitive health in the aging population. As populations globally are experiencing increased longevity, understanding how to maintain cognitive health in later life is of paramount importance.


6.1 Limitations and future research

Our study has a few limitations. First, our study’s design involved 41 participants, and is likely too small to allow for broad generalizations. In addition, Dichotomization of data may increase the risk of obtaining a false positive result (Altman and Royston, 2006). Second, our study employed a pre-post intervention design without incorporating a control group or control condition, limiting our ability to isolate the intervention effect from other potential influencing factors such as practice effects. In addition, a lack of control groups limits drawing a strong conclusion for the causality of the intervention effects, including a placebo effect, or controlling for confounding factors such as interaction with the researchers or the logistics of the language program such as logging in and out, and following instructions, as well as limiting the generalizability of our findings. The challenges associated with conducting randomized trials on second language acquisition as a cognitive intervention in older adults, have limited research in this area. Future research approaches with bigger samples and designs that include control conditions are required. Third, this study potentially exhibits self-selection sample bias, as the personality types of the participants and demographic homogeneity could have influenced the composition of our sample. The participants were homogeneously white Caucasian, which is reflective of the population characteristics of Nebraska. Future multi-site studies should include all races and different ethnicities. In addition, our sample consisted of older adults with moderate to high education levels (M = 17.5, SD = 2.94). Higher education level may have impacted the learning process or the cognitive demand required for learning a new language, and thus the results. Future studies should explore the effect of education level on the cognitive effect of language learning. Further, the ethnic minorities were excluded due to their proficiency in two or more languages. Future research should look at the cognitive effects of a third language in bilinguals of different ethnicities. Finally, our priority was to allow participants to select the language of their choice. This approach does not account for the effect of language distance. Future studies should explore the language distance effect. Thus, comprehensive research on cognitive effects of language learning is required to support our evidence for cognitive benefits of learning a new language in older adults. Further research can provide invaluable insights into cognitive aging, offering strategies not only for individual cognitive health but also for societal well-being.
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Background: Untreated hearing loss has an effect on cognition. It is hypothesized that the additional processing required to compensate for the sensory loss affects the cognitive resources available for other tasks and that this could be mitigated by a hearing device.
Methods: The impact on cognition of cochlear implants (CIs) was tested in 100 subjects, ≥60 years old, with bilateral moderately-severe to profound post linguistic deafness using hearing aids. Data was compared pre and 12 and 18 months after cochlear implantation for the speech spatial qualities questionnaire, Mini Mental State Examination (MMSE), Trail making test B (TMTB) and digit symbol coding (DSC) from the Wechsler Adult Intelligence Scale version IV and finally the timed up and go test (TUG). Subjects were divided into young old (60–64), middle old (65–75) and old old (75+) groups. Cognitive test scores and times were standardized according to available normative data.
Results: Hearing significantly improved pre- to post-operatively across all age groups. There was no change post-implant in outcomes for TMTB, TUG or MMSE tests. Age-corrected values were within normal expectations for all age groups for the TUG and MMSE. However, DSC scores and TMTB times were worse than normal. There was a significant increase in DSC scores between baseline and 12-months for 60- to 64-year-olds (t[153] = 2.608, p = 0.027), which remained at 18 months (t[153] = 2.663, p = 0.023).
Discussion: The improved attention and processing speed in the youngest age group may be a consequence of reallocation of cognitive resources away from auditory processing due to greatly improved hearing. The oldest age group of participants had cognition scores closest to normal values, suggesting that only the most able older seniors tend to come forward for a CI. Severe to profoundly deaf individuals with hearing aids or cochlear implants were still poorer than age-equivalent normally hearing individuals with respect to cognitive flexibility, attention, working memory, processing speed and visuoperceptual functions. Due to a lack of data for the TUG, TMTB and DSC in the literature for hearing impaired individuals, the results reported here provide an important set of reference data for use in future research.
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Introduction

Europe and Asia have the highest proportion of individuals over the age of 65 and the lowest birth rates. The Unites States is also approaching a similar demographic (Population Reference Bureau, 2019). Hearing loss and cognitive decline are two issues which face an aging population. Disabling hearing loss as defined by the World Health Organization (WHO), affects 6% of the world’s population, with the majority of this group being adults over the age of 65 (World Health Organization, 2021). Dementia prevalence is also thought to be around 6% for men and 8% for women over the age of 70 years (Nichols et al., 2022). Consequentially, age related hearing loss and Alzheimer’s are both top 10 contributors to the burden of disease for those aged 75 and over (Vos et al., 2020). Better understanding of the prevention and effective treatment of these two diseases is therefore of the utmost importance for global public health policy.

Furthermore, recent evidence has shown that hearing loss and cognitive impairment are related (Fuller-Thomson et al., 2022). Those with untreated hearing loss have significantly poorer cognition, with the magnitude of the deficit associated with the degree of hearing loss (Lin et al., 2011; Amieva et al., 2015; Taljaard et al., 2016). Thus, hearing loss is listed as the largest possible modifiable risk factor for dementia (Mukadam et al., 2019; Livingston et al., 2020). Although a link between cognitive decline and hearing loss seems to be clear, the mechanisms by which this occurs are not. There are a few hypotheses postulated for this, and multiple factors may be combined a detailed discussion can be found in Tarawneh et al. (2022). The first theory postulates that both diseases share a common third-party cause. If this was solely the case, both diseases would be expected to progress regardless of any hearing loss treatment. The second theory is that sensory deprivation resulting in loss of input to the cortex causes the restructuring of auditory and cognitive systems, affecting both hearing and cognition. This theory would certainly lend itself to the restoration of hearing input being effective in halting progression, although effects are unlikely to be reversable. As an adjunct to this, a third proposed mechanism includes an interaction between the altered auditory cognition due to hearing loss and Alzheimer’s disease (Griffiths et al., 2020). The third theory is that cognitive load is increased by the additional processing required to compensate for the sensory loss resulting in less available capacity for other cognitive processes. It is hypothesized that if this cognitive load could be reduced with corrective amplification such as a hearing aid or cochlear implant, functions such as cognitive processing speed and ability may be restored. However, current evidence to support this hypothesis is mixed. Finally, the loss of social interaction and increased loneliness associated with hearing loss may increase or accelerate cognitive decline (Cuda et al., 2024).

A meta-analysis on the use of hearing restorative devices showed they were associated with a 19% decrease in the hazard of long-term cognitive decline over a duration ranging from 2 to 25 years, with a 3% improvement in cognitive test scores in the short term (Yeo et al., 2022). Although evidence in a review by Carasek et al. (2022) supports the conclusions of Yeo et al. (2022) and Yang et al. (2022) found no significant effects of hearing devices on cognitive decline (Carasek et al., 2022; Yang et al., 2022). A recent controlled randomized study showed that fitting hearing aids reduced cognitive impairment in a subgroup of older adults at increased risk for cognitive decline and with lower baseline cognitive function (Lin et al., 2023). However, the hearing aid did not reduce 3-year cognitive decline for the total cohort. Additionally, a large prospective longitudinal cohort study showed that hearing aid users had significantly better cognitive performance at 3 years post-fitting than a control group of older adults with untreated hearing loss or normal hearing (Sarant et al., 2024).

Cochlear implants (CI) can restore hearing input for those with bilateral severe to profound hearing impairment when hearing aids are no longer sufficient. As well as enhanced speech recognition and ability to communicate verbally, they improve quality of life and reduce loneliness and hearing handicap (Cuda et al., 2024). What is currently not clear is if CIs can bring additional gains in cognition to those who are already wearing hearing aids. Research specifically focused on CIs has provided mixed evidence of their cognitive benefits (Claes et al., 2018). Huge variation exists in the tests used in different studies and small groups or sub-groups of subjects were used in many analyses, which were not powered to look at specific cognitive outcomes. Individual studies have shown some cognitive benefits of CIs in a range of areas and tests such as spatial working memory, attention and cognitive flexibility, word list tasks, clock drawing, inhibition and recall and verbal fluency (Mosnier et al., 2015; Jayakody et al., 2017; Sarant et al., 2019; Issing et al., 2021; Mertens et al., 2021). However, no consensus exists and any evidence that improving hearing with a CI has additional benefits for cognition are limited (Claes et al., 2018; Hamerschmidt et al., 2023).

Here we analyze data from the study described by Marx et al. (2020) which monitored a variety of healthy-aging domains including hearing ability, physical and mental health and cognition in a large prospectively recruited cross-cultural sample of adults aged ≥60 years old pre- and post-cochlear implantation. Results on functional outcomes were reported in Cuda et al. (2024). The primary hypothesis explored in the current paper was that providing CI treatment in the elderly would improve cognition, compared to the preimplant condition. The effect of CIs was studied in the context of normal cognition scores and those of hearing-impaired individuals with hearing aids.



Materials and methods

This was an observational repeated-measures, single-subject, study where each subject acts as his/her own control. Subjects ≥60 years old with bilateral post linguistic onset of moderately severe to profound deafness, who met all local criteria for unilateral cochlear implantation, were recruited and evaluated as part of their routine clinical visits. Recruitment was from November 2017 to March 2022. Implant clinics of multiple nationalities were chosen for their experience and existing capacity to recruit and treat elderly CI candidates within a reasonable time frame for the study. All subjects who had been assessed as suitable for a CI and had already decided to proceed with a CI manufactured by Cochlear Ltd. and met the study criteria were invited to participate. Full criteria for study participation are given in the broader study protocol (Marx et al., 2020). All enrolled subjects independently gave their written informed consent for participation in the study and ethics approval was given by the Comitato Etico (AVEN) Area Vasta Emilia Nord, Piacenza, Italy.


Measures

Subjects were assessed in a variety of domains both before and at 12 and 18 months post-implantation. The protocol allowed for a variation of 1 month from the scheduled follow up session. Baseline values were collected less than 2 months before surgery. Due to the multi-lingual nature of the study, speech perception measures for the group could not be combined. Therefore, subjective hearing performance was assessed using the speech spatial qualities questionnaire (SSQ). This is a self-assessment scale comprised of 49 questions divided into three subcategories: speech (comprehension), spatial (hearing in space) and quality (speech and sounds) (Gatehouse and Noble, 2004). Each question is scored on a 10-point rating scale, with higher numeric values reflecting greater ability for the responder. A clinically significant difference on this measure is set at a rating change of 1.0 between test intervals for each overall subcategory score (Noble and Gatehouse, 2006).

Cognition was assessed using four cognitive tests:

	(1) Mini Mental State Examination (MMSE) is a 30-point screening test used to estimate the severity and progression of cognitive impairment, and to follow the course of cognitive changes in an individual over time (Folstein et al., 1975). The MMSE examines functions including, attention, calculation, recall, language, orientation and ability to follow simple commands. A cut off score of 24 to indicate normal function was used with a sensitivity of 0.85 and a specificity of 0.9 (Creavin et al., 2016).
	(2) Digit-Symbol-Coding (termed Coding here) from the Wechsler Adult Intelligence Scale version IV (WAIS- IV) (Wechsler, 2008) is a neuropsychological test sensitive to brain damage, dementia, age and depression, primarily assessing processing speed. It consists of nine digit-symbol pairs followed by a list of digits. Under each digit the subject should write down the corresponding symbol as fast as possible. The number of correct symbols within the allowed 120 s is measured. Coding shows a strong decline with age.
	(3) Trail making test B (TMTB) is a neuropsychological test assessing executive function requiring skills of attention, concentration, processing speed and mental flexibility (Reitan and Wolfson, 1985). This test consists of 25 circles distributed over a sheet of paper. The circles include both numbers (1 – 13) and letters (A – L); the subject draws lines to connect the circles in an ascending pattern, with the task of alternating between the numbers and letters (i.e., 1-A-2-B-3-C, etc.). The time the patient takes to connect the “trail” is their score.
	(4) Balance and cognition were assessed using the timed up and go test (TUG). This measures the time (in seconds) a person takes to stand up from a standard armchair, walk three meters (i.e., 10 feet), turn around, walk back to the chair, and then sit down again (Podsiadlo and Richardson, 1991). The TUG test is associated with global cognition and executive function (Donoghue et al., 2012). Poor TUG scores are associated with an increased risk of future dementia occurrence (Lee et al., 2018). The TUG also assesses balance. One of the complications associated with cochlear implantation is disruption of the vestibular system and temporarily impaired balance (Colin et al., 2018). This could have a greater impact on those who are elderly and at risk of falls.

Subjects were evaluated in their native languages (Italian, French, Spanish, Arabic or Hebrew). Certificated forwards/backwards translation was carried out by external professional translation providers. Written instructions as well as verbal instructions were provided to all participants for all the tests, to mitigate the effects of hearing loss on the understanding of the task.

Normative data for the cognitive measures was taken from the relevant manuals and publications. The Trail making test and symbol coding task are relatively new clinical measures for the hearing-impaired population. Therefore, a systematic review was conducted to identify data for these measures for hearing impaired individuals using a hearing aid or CI in order to provide comparative data for this study. A PubMed search was conducted on 18/09/23 using the search string: (Cognition[Title/Abstract] OR “Cognitive decline” OR “Cognitive impairment” AND (“Hearing treatment” OR “hearing aid” OR “hearing aids” OR “cochlear implant” OR “cochlear implants” OR “cochlear implantation”) AND ((english[Filter]) AND (2013:2023[pdat]))) NOT (children[Title/Abstract] OR pediatric[Title/Abstract] OR paediatric[Title/Abstract]) Filters: English, from 2013 - 2023 Sort by: Publication Date. 167 studies were identified, of which 112 were relevant and went forward to full text assessment. Forty studies reported digit symbol coding or TMTB scores and went forward for further review. Studies were included for comparison where data was reported for a sample where all the subjects in the cohort used a hearing aid or a CI and the raw values were specified for the symbol coding test from the WAIS- IV or TMT-B. Hearing loss was required to be measured using a pure tone audiogram and not to be self-reported. Studies with duplicate or overlapping samples were excluded.



Statistical methods

Cognitive measures Digit-Symbol-Coding, TMTB and MMSE, and TUG times were standardized (converted to z-scores) according to available norms based on age group, education level and sex.

MMSE scores were reversed and then log transformed according to the method of Huppert et al. (2005). Transformed scores were standardized according to age and gender based on mean and standard-deviation interval data from Table 1 in Huppert et al. (2005).



TABLE 1 Characteristics of the 98 subjects included at baseline.
[image: Table showing characteristics of individuals with hearing implants. Sex: Female 43 (44.4%), Male 55 (55.6%). Implant side: Left 32 (32.7%), Right 66 (67.3%). Hearing loss type: Mixed 7 (7.1%), Sensorineural 91 (92.9%). Onset: Progressive 82 (83.7%), Sudden 15 (15.3%), Congenital 1 (1%). Severity: Moderate 2 (2.0%), Severe 27 (27.6%), Profound 69 (70.4%). Etiology includes Unknown 60 (61.2%) and others. Pre-implant hearing aid use: Bilateral 70 (71.4%). Education: Post-secondary 55 (56.1%). Work status: Retired 76 (77.6%). Source: ASHA.]

TUG times were transformed according to age-range using obtained data from Table 2 reported in the meta-analysis by Bohannon (2006). Standard deviations for the normative data by age-range were computed from 95% confidence limits and sample sizes. One data point with a TUG of 460 s was removed from the analysis as it exceeded the plausible time frame for the task.



TABLE 2 Main effects and interaction effects.
[image: Table showing data from linear mixed model analyses of SSQ total scores and standardized cognitive outcome measures. The table includes columns for "Time point," "Age group," and "Time-point x age-group," each with degrees of freedom (DF), F-values, and p-values. Bolded p-values, less than 0.05, include SSQ at Time point (p < 0.001) and TMTB at Age group (p = 0.013).]

TMTB times were log transformed (Gurgel et al., 2022). Age and education level means and standard deviations for log transformed times were obtained by fitting probability density functions to the log transformed decile data, provided in Tombaugh (2004).

Standardized WAIS-IV digit-symbol coding scores were obtained by looking up raw scores in tables by age-range provided in the WAIS-IV Technical and Interpretive Manual (Wechsler, 2008).

Transformed z-scores were analyzed using a linear mixed effects model. All available data was used for visits and age groups, together with their interaction, as fixed effects. Missing data is assumed to be missing at random, i.e., the reason for being missing does not relate to the outcome measure.

A visual inspection of normal quantile plots was included to assess the normality of the errors and random effects. Tukey pairwise comparisons were used to compare all pairs of time points. A 5% significance level was used throughout.




Results


Subjects

One hundred subjects were originally recruited. However, two subjects were identified post-hoc as not meeting inclusion/exclusion criteria and were excluded from the analysis. Characteristics of the 98 subjects are outlined in Table 1.

Seven subjects had no follow-up data. Reasons given for this included loss to follow-up (n = 3), protocol deviation (n = 2), consent withdrawn (n = 1), and investigator decision (n = 1).

Mean age (standard deviation, SD) was 71.7 (7.6) (range 60–91) years, mean age at onset of severe hearing loss was 65.2 (12.3) (range 9–88) years. Duration of severe to profound hearing loss was a mean of 7.2 (10.2) years with a median of 3 years. Three subjects reported having two native languages and 42 reported being fluent in at least one other language. Subjects reported typically healthy lifestyles with 86% non-smokers, 70% reporting drinking 4 times a month or less and 70% active daily or weekly with most taking up to 3 h of gentle exercise per week. Mean body mass index (SD) was 26 (4.3) (range 17–41), indicating an overweight cohort, on average. Scores on the Geriatric Depression Scale-15 indicated that 90% had either no (72%) or mild (18%) depression.



Subjective hearing performance

SSQ total scores varied significantly with time point, but not by age group, with no significant interaction (Table 2). Mean SSQ total scores increased significantly at 12-months (t[164] = 9.27, p < 0.001), with no significant further increase to 18-months (t[163] = 0.757, p = 0.730). Hearing performance also improved in all three sub domains. Paired comparisons indicated that all scales improved statistically and clinically significantly from baseline to 12 months and 18 months (all p < 0.001 for Speech and Spatial, and p < 0.01 for Qualities), but not between 12 and 18 months (Table 3).



TABLE 3 Raw scores for the Speech Spatial Qualities questionnaire.
[image: Table displaying mean scores and standard deviations for "Speech," "Spatial," "Qualities," and "Total" across three time points: Baseline (n=97), 12 months (n=85), and 18 months (n=82). Scores range from 1.96 to 5.41. Maximum score is 10.]



Cognitive tests

Subjects were divided into the same three age groups used in the previous publication with young old defined as 60–64 years, based on the United Nations definition of old, middle old (65–75 years) and old old (75+ years) (Cuda et al., 2024). Age was not considered as a continuous variable due to the possibility of non-linear age effects and poor distribution of age across the sample.

Table 4 reports raw score summaries for all the outcome measures, overall and by age group to serve as a reference. Scores on both the TMTB and the WAIS IV coding test are affected by education level and/or age. Consequently, scaling individual scores by the mean value for age and education level allowed for accurate comparisons to be made across visits and within age groups. Transformed scores are also provided in Supplementary File 1 so that meaningful statistical comparisons can be made in the future.



TABLE 4 Cognition results reporting raw score summaries for each of the outcome measures overall and by age group at each time point.
[image: A table displaying cognitive and motor test scores across baseline, 12 months, and 18 months for three age groups. Tests include the Mini Mental State Examination, WAIS-IV Symbol Coding Test, Trail Making Test, and Timed Up and Go. Each section presents mean, standard deviation, and range for ages 60-64, 65-75, and 75-93, detailing sample sizes for each period.]



MMSE

There was no statistically significant or clinically meaningful change in MMSE scores following implantation (Table 2). MMSE scores for the sample were comparable to normative values by age range (Figure 1). Baseline scores indicated that 75% of subjects recruited had no cognitive impairment at baseline with mean scores of 26.77 (SD 2.89) range 17–30 (Table 4).

[image: Three charts displaying age-normed z-scores for cognitive tests across three age groups: 60-64, 65-74, and 75-91 years. Each chart includes Mini-Mental State, Timed Up-and-Go, Trail Making B, and Digit-Symbol Coding tasks. Black squares represent baseline, blue circles represent 12 months, and red circles represent 18 months. Horizontal lines indicate score variability.]

FIGURE 1
 Standardized scores for cognitive test battery by age group. Points indicate estimated marginal means with 95% simultaneous confidence intervals. Arrowhead indicates the interval extends below −3. A confidence interval that includes zero indicates performance in line with expectation for normally hearing individuals of the same age. Negative scores indicate performance is worse than normal.




Digit symbol coding task

WAIS-IV coding scores standardized for age did not vary significantly across time points or by age group, however, there was a significant interaction between time-point and age-group (Table 2). Post-hoc comparisons revealed a significant increase in coding score between baseline and 12-months for 60- to 64-year-olds (t[153] = 2.608, p = 0.027, Figure 1). This increase remained stable to 18-months (t[153] = 2.663, p = 0.023). There was no increase in the other age groups.

Comparison to values for age equivalent normally hearing subjects showed that coding scores for the subjects in the 60–64 and 65–74 year age groups were statistically significantly below normal, both before and after implantation, with mean scores at least 0.5 standard deviations below normal (Figure 1). The 60–64 years group had the poorest coding score at baseline compared to the other age groups, with mean standardized scores nearly two standard deviations below the age equivalent normal values. After implantation, scores improved by almost one standard deviation.

The literature review conducted to identify other scores for the digit symbol coding data task for hearing impaired individuals identified only one paper where mean scores for the WAIS IV symbol coding task were reported in individuals using hearing aids or a CI (Figure 2; Knopke et al., 2021). Papers were excluded where the WAIS-R was used, where the time allocated for the coding test was 90 s. The WAIS III used 90 or 120 s for responses, however, the WAIS IV update made significant changes to the WAIS III digit symbol coding tasks, therefore comparisons to WAIS lll are also invalid (Ashendorf, 2012).

[image: Comparison chart showing the number of correct responses in 120 seconds for four groups: Knopke et al. with CI (mean age 78), Knopke et al. with HA (mean age 77), Current with CI (mean age 73), Current with HA (mean age 72). Each group is represented by a horizontal line with a diamond marker denoting the mean. Responses range between 30 and 60 correct answers.]

FIGURE 2
 Mean symbol coding score and 95% confidence interval from the WAIS-IV. Data is represented for Knopke et al. (2021) study with HA before implantation and with the CI 12 months post- surgery and for the current study data. Higher scores indicate better performance. Y axis labels indicate study, device (mean age). HA, hearing aid; CI, cochlear implant; yrs., years.




Trail making test B

Standardized TMTB scores did not vary significantly across time points. However, they did differ by age group (Table 2). Standardized TMTB scores were better and closer to normal for the old-old 75–91 year group compared with the young, 60–64 years group (t-ratio [88.1] = 2.662, p = 0.027). Differences for other paired comparisons were not significant (oldest vs. middle, t-ratio [90.0] = 2.429, p = 0.051; youngest versus middle, t-ratio [88.7] = 0.789, p = 0.820). Furthermore, standardized TMTB times for the younger and middle groups were statistically significantly lower than the norm (z-score < 0, Figure 1).

The systematic literature review only identified four papers reporting TMTB scores where all the subjects in the cohort used a hearing aid or a CI, hearing loss had been measured using audiometry and the raw values were reported (Mosnier et al., 2018; Huber et al., 2021; Gurgel et al., 2022; Wu et al., 2022). The Huber et al. (2021) study also included a sample of normally hearing individuals as well as data on CI recipients before and after surgery. Wu et al. (2022) paper was later excluded because a computerized administration of the TMTB was used, making the test easier than the pen and paper version used here. A forest plot comparing these studies to the current data is shown in Figure 3.

[image: Dot plot comparing the time to complete a task across different studies and conditions. Groups include individuals with hearing aids (HA), cochlear implants (CI), and normal hearing (NH), aged between seventy and eighty years. Time ranges from approximately fifty-five to one hundred eighty seconds. Each group is represented by a dot and line denoting the mean and confidence interval.]

FIGURE 3
 TMTB scores comparing current study with studies identified in the literature review. Lower scores indicate better performance. Scores are reported with hearing aid (HA) before implantation and with the cochlear implant (CI) at 12 months post-surgery. Mean values and 95% confidence intervals are shown. Y axis labels indicate study, device (mean group age in years). HA, hearing aid; CI, cochlear implant; NH, normally hearing.


Data for normally hearing subjects is also included from samples of normally hearing individuals from the Huber et al. (2021) study and the Tombaugh (2004) normative data for those aged 70–74 with at least 12+ years of education (Tombaugh, 2004; Huber et al., 2021).

The forest plot indicates that baseline TMTB scores with the hearing aid pre-CI surgery were higher (worse) for the current study than those reported for other cohorts in other studies, although postoperative CI scores were in line with previous reports.



Timed up and go

Age-corrected standardized TUG times did not vary significantly with time point or age group, and there was no significant interaction between time point and age group (Table 2). TUG mean z-scores were consistently just below the expected normal value regardless of whether or not subjects were wearing hearing aids prior to implantation or a CI afterwards.




Discussion

The subjective hearing performance reported via the SSQ showed a clinically and statistically significant improvement from baseline after CI implantation. Subjects’ subjective ability to hear speech, localize sounds and the overall quality of the sound increased from baseline to 12 months and 18 months, but did not improve further between 12 and 18 months. Improvements in hearing were independent of age group, with the old old reporting similar subjective improvements as the young old group.

At baseline, the study sample had high MMSE scores with 75% having no cognitive impairment. When compared to age-appropriate normal values, MMSE scores were in line with expectations from a random normal population sample (Huppert et al., 2005). This was not an unexpected result as CI criteria usually exclude those with chronic depression, dementia, and cognitive disorders and the number of subjects with any depression in this sample were low (Marx et al., 2020; Cuda et al., 2024). MMSE scores did not change significantly after implantation. This is comparable with other studies where no change on the MMSE was shown after 12 months of CI use (Mosnier et al., 2018; Huber et al., 2021; Gurgel et al., 2022). However, the MMSE was originally meant to be used as a quick screening tool for dementia in clinical settings and is known to be poor at detecting mild cognitive impairment (Baek et al., 2016).

The TUG test, assessing both balance and cognition, showed that the study population was approximately normal for their age and there was no change in scores between pre and post implant visits (Figure 1). This is in line with le Nobel et al. (2016) who did not find that balance, as measured with the TUG, was affected by the CI surgery (le Nobel et al., 2016). There is some evidence that those with hearing loss experience reduced balance function and scores were just below the expected norms for both hearing aids and the CI (Koh et al., 2015).

The literature review identified relatively few studies where TMTB or symbol coding tasks were reported for hearing impaired individuals. Thus, the results reported in Table 1 and the Supplementary File provide an important set of reference data for hearing aid and CI use. However, the sample only represent those severe to profoundly deaf hearing aid users who come forward for a CI and not the total population.

Analysis of the results of the TMTB and coding tests posed four main questions.

	1. Why were coding scores worse than normal for the 60–64 and 65–75 age groups?

Coding scores in the young old and middle old age groups were poorer than for the normal hearing group, regardless of whether hearing aids or cochlear implants were used. The young old group had the poorest baseline coding scores of nearly two standard deviations below normal. The coding task is part of the WAIS-IV Processing Speed Subtest and consists of three measured abilities, visual-motor coordination, motor and mental speed, and visual working memory (Wechsler, 2008). Good performance on the coding test requires intact motor speed, good attention, and visuoperceptual functions, including scanning and the ability to write or draw (i.e., basic manual dexterity). Processing speed is also related to other measures of cognitive ability such as working memory, and performance may also be affected by other executive functions such as planning and strategizing (Finkel et al., 2007; Jaeger, 2018). One theory for the impact of hearing loss on cognition is that the excessive cognitive load dedicated to auditory perceptual processing may cause structural changes to the brain, diverting cognitive resources away from other cognitive processes (Tarawneh et al., 2022). In studies using the digit symbol substitution test, hearing loss was independently associated with poorer scores (Golub et al., 2020; Chern et al., 2022). The greater the hearing loss, the worse the score. Those with hearing loss also show a more rapid decline in digit symbol coding scores than those without (Uchida et al., 2012). Even mild-to-moderate acquired hearing loss may limit individuals’ ability to orient and divide attention and flexibly allocate attentional resources (Golub et al., 2020; Chern et al., 2022; Bonmassar et al., 2023).

	2. Why might the implant improve coding scores for the young old group?

After implant, coding scores for the young old group improved statistically significantly at 12- and 18-months post-surgery by almost one standard deviation to values more in line with the 65–74-year-olds. There was no change in coding score pre and post implant for the middle old (65–74 years) and old old (75–91 years) age groups. Knopke et al. (2021) reported improved processing speed after implantation using the full test battery in the WAIS IV, but not for the symbol coding task in isolation (Knopke et al., 2021; Häußler et al., 2023). This could support the theory that the improved hearing provided by the CI released cognitive capacity, which could then be used to improve processing speed. It is possible that the young old group were still able to “bounce back” in a way that the middle and old old group no longer could. The younger cohort had the poorest baseline scores with their hearing aids and with the small sample sizes per group, it cannot be entirely discounted that the low scores pre-implantation for this group made it more likely that scores would increase (i.e., regression toward the mean).

	3. Why is TMTB much worse than normal for 60–64 and 65–75 age groups?

TMTB scores were much worse in comparison to normal for both the young old and middle old groups both before and after implantation. Overall, TMTB scores for the whole group at baseline with the hearing aid were also worse than the scores reported in the other studies retrieved from the literature review. The impact of hearing loss on working memory is thought to be related to the allocation of cognitive resources, which are normally used for tasks such as storing auditory information into memory, and decoding the speech signal (Rönnberg et al., 2008). The ability to manipulate working memory rather than processing speed is thought to contribute most to TMTB performance and is particularly important when speech input is degraded, as is the case when using hearing aid or a CI (Sánchez-Cubillo et al., 2009; Rönnberg et al., 2013). Working memory is a buffer that holds memories accessible while a task is performed (Breedlove and Watson, 2019). It enables the listener to retain relevant information while listening to speech. However, the more ambiguous or degraded a stimulus is, the more working memory is needed to gather sufficient information for decision making (Rönnberg et al., 2013). Trail B performance in older individuals also measures the ability to shift attention to a new task (Sánchez-Cubillo et al., 2009). Thus, poor TMTB scores for older severely hearing-impaired individuals may be indictive of poorer cognitive flexibility (Huber et al., 2020). Scaled scores for the TMTB showed that there was no evidence of a change after implant. This is in line with the literature where most studies have reported no change in TMTB scores at 1 year post implant (Mosnier et al., 2018; Huber et al., 2021; Völter et al., 2022). Only Gurgel et al. (2022) showed a significant change in scaled mean TMTB scores (Gurgel et al., 2022). Improvements in overall working memory after implantation have been observed in other studies using direct measures such as the operation span task, spatial working memory and the working memory index from the WAIS-IV (Jayakody et al., 2017; Knopke et al., 2021; Völter et al., 2022; Häußler et al., 2023). However, Häußler et al. (2023) only showed significant improvements in the working memory index of the WAIS-IV after 2 years of implant use, a longer follow up than used here (Häußler et al., 2023).

	4. Why is the oldest group closest to the normal scores for TMTB and coding?

TMTB times for the 75+ group were shorter and closer to normal than those of the 65–74 group (Figure 1). This trend toward more normal function in this old old group is also seen in the coding scores. The reasons for this are unknown. However, the nature of the CI selection process, where older, more frail adults, with cognitive delay tend not to be referred for implantation, may well have influenced these results. Utilization data shows that uptake of CIs in the old old is particularly poor with uptake rates of less than 1% of suitable candidates (Sorkin and Buchman, 2016). Thus, only the fittest and most able older adults may come forward to seek treatment.


Limitations

The sample was limited to those hearing-impaired adults who had been selected as suitable CI candidates. This excluded individuals with higher baseline levels of cognitive impairment or depression. The symbol coding test was the only test where a hearing test was reported to exclude those with undiagnosed hearing impairment from the sample used to calculate the normative values. Thus, normal values reported for the TMTB, TUG and MMSE may include individuals with undiagnosed hearing loss. The difference in scores between normally hearing individuals and hearing-impaired individuals may thus be greater than reported here. Instructions were given in written format, but we cannot exclude an impact of test presentation mode on scores. The follow up of 18 months was potentially not long enough to see greater changes in cognitive measures. Some of the study data was collected during a period where COVID-19 pandemic social distancing restrictions were in place, and subjects may not have been undertaking their normal activities and have had less appointments at the clinic. Although subjects all used cochlear implant devices manufactured by the same company, we expect these results to be relevant to all CI users regardless of device manufacturer.




Conclusion

Severe to profoundly deaf individuals with hearing aids or cochlear implants were poorer than age-equivalent normally hearing individuals with respect to cognitive flexibility, attention, working memory, processing speed and visuoperceptual functions. The cochlear implant improved executive function as measured in the symbol coding test in the 60–64 age group. The coding task relies to a lesser extent on working memory than the TMTB, but requires good manual dexterity, attention and processing speed.

We suggest that the greatly improved hearing provided by the cochlear implant likely improved attention and processing speed, as a consequence of reallocation of cognitive resources away from auditory processing and back to cognitive tasks in the youngest age group.

The oldest age group of participants had mean standardized cognition scores closest to normal values, suggesting that only the most able older seniors tend to come forward for a CI.

Further research is required into the effects of severe to profound hearing loss on cognition and should focus on specific areas of cognitive function as in this paper, moving away from more generalized screening tests such as the MMSE.
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Objective: This study investigates the causal relationship between moderate to vigorous physical activity and cognitive performance.
Methods: Genetic loci strongly related to moderate to vigorous physical activity from genome-wide association studies were used as instrumental variables. These were combined with genetic data on cognitive performance from different Genome-Wide Association Study (GWAS) to conduct a two-sample Mendelian randomization analysis. The primary analysis used inverse variance weighting within a random effects model, supplemented by weighted median estimation, MR-Egger regression and other methods, with results expressed as Beta coefficient.
Results: This study selected 19 SNPs closely related to physical activity as instrumental variables. The multiplicative random-effects Inverse-Variance Weighted (IVW) analysis revealed that moderate to vigorous physical activity was negatively associated with cognitive performance (Beta = −0.551; OR = 0.58; 95% CI: 0.46–0.72; p < 0.001). Consistent results were obtained using the fixed effects IVW model (Beta = −0.551; OR = 0.58; 95% CI: 0.52–0.63; p < 0.001), weighted median (Beta = −0.424; OR = 0.65; 95% CI: 0.55–0.78; p < 0.001), simple mode (Beta = −0.467; OR = 0.63; 95% CI: 0.44–0.90; p < 0.001), and weighted mode (Beta = −0.504; OR = 0.60; 95% CI: 0.44–0.83; p < 0.001). After adjusting for BMI, smoking, sleep duration, and alcohol intake frequency, the multivariate MR analysis also showed a significant association between genetically predicted MVPA and cognitive performance, with Beta of −0.599 and OR = 0.55 (95% CI: 0.44–0.69; p < 0.001).
Conclusion: The findings of this study indicate that genetically predicted moderate to vigorous physical activity may be associated with a decline in cognitive performance.
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Introduction

A growing body of research suggests that physical activity has a significant impact on cognitive performance. However, establishing a causal relationship between physical activity and cognitive performance remains challenging due to confounding factors such as socioeconomic status, education, and access to healthcare. Cognitive performance refers to the brain’s ability to process and interpret information, encompassing essential functions such as reasoning, attention, thinking, reading, and learning (Gale et al., 2010). This critical aspect of brain function is linked to various health outcomes, including morbidity, mortality, mental disorders, coronary heart disease (CHD), and certain cancers (Gale et al., 2010; Hart et al., 2003; Jaycox et al., 2009; Lawlor et al., 2008a). In recent years, the prevalence of risk factors such as aging, obesity, and unhealthy lifestyles (e.g., smoking, excessive alcohol consumption, irregular sleep patterns, etc.) has been associated with a decline in cognitive performance (Albert et al., 2011; Colcombe and Kramer, 2003; Salthouse, 1996; Elias et al., 2003; Gunstad et al., 2007; Smith et al., 2011; Eckardt et al., 1998; Strine and Chapman, 2005). It is believed that individuals who engage in frequent physical activity in their early years are more likely to maintain a more active lifestyle in the middle and even old age. Additionally, research indicates that physical exercise and activity during early life can lead to beneficial changes in the brain, reducing the likelihood of cognitive deficits later in life (Sabia et al., 2017; Scarmeas and Stern, 2004). Therefore, identifying interventions or factors that can mitigate cognitive decline early is crucial for reducing the risk of cognitive-related diseases.

Physical activities encompass a range of daily activities such as walking, work exertion (da Silva et al., 2018), recreational activities, household chores, and more intense physical activities like running, dancing, and competitive sports. Work-related physical activity contributes most of overall physical activity, particularly for lower-income groups with household incomes below the median of $36,000 (Matsushita et al., 2015; Suminski et al., 2011). Numerous studies have consistently demonstrated the positive effects of moderate physical activity on cognitive performance (Cotman and Berchtold, 2002; Ngandu et al., 2015; Chen et al., 2016; Weaver and Jaeggi, 2021; Wollseiffen et al., 2016). For instance, a large cohort study from Brazil found that adolescents engaging in moderate to vigorous physical activity (MVPA) tend to exhibit higher cognitive performance (Esteban-Cornejo et al., 2015). Additionally, research indicates that older adults with higher levels of physical activity experience a slower decline in cognitive performance (Albert et al., 2011; Gauthier et al., 2011). However, a systematic review of studies found that the effects of physical activity on cognitive performance are inconsistent, with limited conclusive evidence supporting a positive impact of physical activity on cognition. It is inaccurate to generalize that physical activity universally improves cognitive performance, as the type, amount, frequency, and duration of physical activity can have varying effects (Barbosa et al., 2020; Donnelly et al., 2016; Latino and Tafuri, 2023). Some studies suggest that high-intensity physical activity may lead to a decline in cognitive performance (Samuel et al., 2017). Even the most rigorous studies on brain cognitive health, such as those employing population-based cohorts with longitudinal follow-up or natural experiments, may exhibit biases. These biases can arise from attrition (e.g., higher dropout rates among individuals with the outcome of interest), self-selection (e.g., lifestyle and exercise behavior changes following cognitive impairment in older adults), and residual confounding (Besser et al., 2021). In summary, the evidence from the aforementioned studies primarily relies on observational correlations, leaving the causal relationship between physical activity and cognitive performance uncertain.

While randomized controlled trials (RCTs) are the gold standard for establishing causal relationships, ethical and practical challenges often limit their feasibility in studying the effects of exercise on cognitive performance. Despite the established correlation between physical activity and cognitive performance, causality remains difficult to ascertain due to potential confounding factors. To overcome these limitations, this study employs Mendelian Randomization (MR) to investigate the causal relationship between physical activity and cognitive performance. MR leverages the principle of random gene allocation, as outlined by Mendel’s second law, to assess causal relationships between exposures and outcomes (Smith and Ebrahim, 2003). By using genetic variants associated with specific exposures as instrumental variables, MR minimizes confounding and reverse causality biases that often challenge traditional observational studies (Richmond and Smith, 2022).

In this study, a two-sample MR approach was utilized, drawing on data from Genome-Wide Association Studies (GWAS) to assess the independent role of moderate-to-vigorous physical activity (MVPA) in cognitive performance (Hu et al., 2023). Additionally, a multivariable Mendelian Randomization (MVMR) analysis was performed to evaluate the causal effect of MVPA on cognitive performance while adjusting for other risk factors, including BMI, smoking, alcohol consumption, and sleep patterns.



Methods


Study design

The study comprised five components: (1) Identifying genetic variants as instrumental SNPs for exposure data through screening; (2) Collecting instrumental SNPs for outcome data from a genome-wide association study database focused on cognitive performance; (3) Integrating instrumental SNPs from the exposure and outcome datasets; (4) Conducting two-sample Mendelian randomization analyses and multivariate Mendelian randomization analyses; and (5) Conducting sensitivity analyses to evaluate the robustness of the Mendelian randomization analysis. To ensure valid causal estimates from the Mendelian analyses, the selected single nucleotide polymorphisms (SNPs) as genetic instruments for physical activity must satisfy three assumptions: (A) strong association with physical activity, (B) no association with confounding factors of the exposure-outcome relationship, and (C) exclusive influence on cognitive performance risk through the exposure of physical activity (see Figure 1).
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FIGURE 1
 The overview of the study design.




Data sources for physical activity and cognitive performance

Genetic instruments for MVPA were obtained from a GWAS conducted by Klimentidis et al. (2018) on a sample of 377,234 individuals in Europe descent, comprising both males and females. Physical activity levels were assessed using self-reported data collected via a touchscreen questionnaire. Participants were asked: “In a typical week, how many days did you do 10 min or more of moderate activities like carrying light loads or cycling at a normal pace (excluding walking)?” For vigorous activities, they were asked: “In a typical week, how many days did you do 10 min or more of vigorous activities like fast cycling, aerobics, or heavy lifting?” Those who reported engaging in such activities on at least 1 day were then asked how many minutes they usually spent on these daily activities, including work, leisure, travel, and housework (Klimentidis et al., 2018). MVPA was quantified by multiplying the total number of minutes of moderate physical activity per week by four and the total number of minutes of vigorous physical activity per week by eight, corresponding to their metabolic equivalents, as previously described (Bassett, 2003; Ekelund et al., 2006). Data are available for download on the ieu website at https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST006097/.

Summary-level genetic data for cognitive performance was collected by the Cognitive Genomics Consortium (COGENT) (Lee et al., 2018). The COGENT consortium performed a GWAS for cognitive performance in 257,841 individuals, and these results were meta-analyzed with published results from the UK Biobank (Lee et al., 2018). The participants included in the study were individuals of European descent, ranging in age from 16 to 102 years. Cognitive performance was measured using the first unrotated component derived from at least three neuropsychological tests. These tests include digit span for working memory, logical memory for verbal declarative memory, and digit symbol coding for processing speed. Population-specific genotypic principal components were included as covariates (Trampush et al., 2017). Fluid intelligence was assessed using the verbal numerical reasoning test in the UK Biobank, which evaluates participants’ ability in numerical reasoning and verbal comprehension. Estimates are reported in standard deviation (SD) units per SNP.

Additionally, the UK Biobank provides data on three other cognitive tests: reaction time, pairs matching, and prospective memory (Lee et al., 2018). The cohorts participating in the GWAS mentioned above obtained ethics approval from the respective ethical review boards and informed written consent from all participants (Zonneveld et al., 2023). Data on Cognitive Performance can be downloaded from https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST006572/.



SNP selection

This study defined a genome-wide significance level of P < 5 × 10−8.To filter out weak instrumental variables, the potency of each SNP as an instrumental variable was assessed using the formula provided in a previous study to calculate the F statistic (Papadimitriou et al., 2020). An F > 10 was required for effective selection. SNPs with significant linkage disequilibrium needed to be removed to satisfy the independence assumption. An r2 value of 1 indicates complete linkage disequilibrium between the two SNPs, while an r2 value of 0 indicates complete linkage balance. In this study, the parameter r2 was set to 0.001, and kb was set to 10,000. This represents the removal of SNPs with an r2 value greater than 0.001 within a range of 10,000 kb. Consequently, instrumental variables with no linkage effect were screened from the different MVPA data.



Statistical analysis

The principal analysis was conducted with an inverse-variance weighted (IVW) multiplicative random-effects model. A series of sensitivity analyses were performed to calculate the error variance using a fixed IVW, an MR-Egger regression, a weighted median, a simple mode, and a weighted mode to account for potential invalid instrument bias or pleiotropy (Hu et al., 2023). Invalid instrument bias was assessed using the weighted median model, which provided consistent results even when up to 50% of the weight was derived from invalid SNPs (Burgess et al., 2017). MR-Egger regression analysis was used to detect and correct for directional pleiotropy, and the intercept from MR-Egger was assessed to determine whether horizontal pleiotropy existed (Bowden et al., 2015). Funnel plots were also used to identify potential horizontal pleiotropy by assessing asymmetry. A multivariable MR analysis was conducted to adjust for BMI and smoking as adjustment factors. Heterogeneity among the included SNPs was assessed using Cochrane’s Q value. SNPs individually were examined for their impact on the overall causal estimate by performing a leave-one-out sensitivity analysis. The “TwoSampleMR” and “MVMR” packages in R version 4.2.3 were used for all analyses.




Results

After confirming a strong correlation and resolving any potential chain imbalance, 1.5 million items associated with MVPA were extracted for further analysis. Table 1 presents the basic characteristics of the 19 SNPs linked to physical activity. In this table, “Chr” denotes chromosomal information, “NEA/EA” represents the non-effect and effect alleles, respectively, and “Beta” indicates the effect size of the MVPA-associated SNPs. The F statistics corresponding to individual SNPs in this study range from 30 to 52, with all F > 10. This suggests that the instrumental variables used are robust, thereby reducing the likelihood of weak instrument bias and reinforcing the reliability of the study’s findings.



TABLE 1 Characteristics of SNPs associated with physical activity.
[image: Table of single nucleotide polymorphisms (SNP) data. Columns include SNP identifiers, chromosome numbers, effect alleles, non-effect alleles, beta values, standard errors, P-values, and F statistics. Each row lists specific SNP data across different chromosomes, showing their potential genetic associations.]

As shown in Figure 2, genetically predicted MVPA had a significant effect on cognitive performance under the multiplicative random-effects inverse-variance weighted (IVW) model, with a Beta coefficient of −0.551 and odds ratio (OR) of 0.58 (95% confidence interval [CI]: 0.46–0.72; p = 0.000). Consistent results were obtained using the fixed effects IVW model (OR = 0.58; 95% CI: 0.52–0.63; p < 0.001), weighted median (Beta = −0.424; OR = 0.65; 95% CI: 0.55–0.78; p < 0.001), simple mode (Beta = −0.467; OR = 0.63; 95% CI: 0.44–0.90; p < 0.001), and weighted mode (Beta = −0.0.504; OR = 0.60; 95% CI: 0.44–0.83; p < 0.001). After adjusting for BMI, smoking, sleep duration, and alcohol intake frequency, the multivariate MR analysis also showed a significant association between genetically predicted MVPA and cognitive performance, with a Beta coefficient of −0.599 and OR = 0.55 (95% CI: 0.44–0.69; p < 0.001). However, only the MR-Egger model results indicated that MVPA did not significantly affect cognitive performance, with a Beta coefficient of −0.0.463 and OR of 0.63 (95% CI: 0.25–1.56; p = 0.330).
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FIGURE 2
 Associations between MVPA and cognitive performance. CI, confidence interval; OR, odd ratio; b, Beta; nsnp, number of SNP nsnp number.


In addition, the sensitivity analysis results indicated the absence of pleiotropy in this study (p = 0.85). The MR-PRESSO test (p = 0.193) also yielded consistent results, as visualized in Figure 3D, where the funnel plot for the IVW method exhibited symmetry, indicating no presence of horizontal pleiotropy. Furthermore, scatter plots and forest plots based on all single nucleotide polymorphisms (SNPs) are presented in Figures 3A,B, respectively. In contrast, Figure 3C displays the sensitivity analysis results for the leave-one-out method.
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FIGURE 3
 Scatter plot (A), forest plot (B), leave-one-out sensitivity analysis (C), and funnel plot (D) of the association of MVPA with cognitive performance.




Discussion

This study employed a two-sample MR analysis using genetic instruments derived from large-scale genome-wide association studies data to strengthen the causal inference. MR leverages gene variation associated with a target exposure to estimate causality. By relying on the random assignment of genetic variation from parents and offspring, MR helps overcome the limitations of observational studies, thereby reducing the potential for confounding (Lawlor et al., 2008b). Since genetic variation is determined at conception, the method minimizes the risk of reverse causation. If MVPA has a causal effect on cognitive performance, genetic variants associated with physical activity should also be linked to cognitive performance. The study investigates the relationship between MVPA and cognitive performance. The approach utilizes genetic information to evaluate the causal relationship between MVPA and cognitive performance, mitigating confounding factors. The findings suggest that MVPA may have a detrimental effect on cognitive performance. Despite being widely recognized for its benefits in improving cognitive performance and preventing cognitive impairment, this study indicates that there might not be a direct causal relationship between physical activity and cognitive performance enhancement. Therefore, recommendations to promote physical activity may have an uncertain impact on improving cognitive performance improvement.

The mechanisms by which physical activity enhances cognitive performance can be explained on macro and cellular levels. On a macro level, individuals who engage in regular physical activity are often involved in cognitively stimulating activities such as gardening, hiking, or outdoor sports. These activities frequently include cognitive components, such as reading about outdoor sports, and increase social interaction, further stimulating cognitive processes and enhancing cognitive performance (Robitaille et al., 2014; Berchtold et al., 2005; Hall et al., 2000). Cross-sectional studies have consistently shown a positive correlation between physical activity and cognitive performance (Reas et al., 2019). Aerobic exercise and strength training have improved executive function, memory, and verbal fluency. Longitudinal studies also suggest that more excellent physical activity is associated with a slower decline in overall cognitive performance, memory, attention, and processing speed (Wang et al., 2023). On a cellular and physiological level, physical activity may exert its effects through several mechanisms. It stimulates the production of brain-derived neurotrophic factor (BDNF), crucial for cognitive performance and brain development (Khan and Hillman, 2014). BDNF supports neuronal cell survival, facilitates synaptic plasticity, and promotes neurogenesis and neuronal differentiation, all contributing to improved cognitive performance (Griffin et al., 2011). Physical activity leads to a rapid and sustained increase in mature BDNF protein and signaling in the brain (Hall et al., 2000; Berchtold et al., 2005), which in turn raises serum concentrations of these neurotrophins and enhances cognitive performance through regulatory mechanisms (Tyrrell and Pereira, 1980). In a study examining the effects of different interventions on BDNF levels in healthy older adults, 19 participants engaged in 35 min of physical exercise, cognitive training, and mindfulness exercises. The study compared the changes in serum BDNF levels among the three intervention groups. The results revealed a significantly higher increase in serum BDNF levels in the physical exercise group compared to the cognitive training and positive thinking group (Hakansson et al., 2017).

Research consistently highlights the positive impact of physical activity on the hippocampus, a brain region crucial for declarative memory consolidation, spatial orientation, and emotion regulation. Biologically, there is a positive correlation between hippocampal size and cognitive abilities, with a larger hippocampal volume generally being advantageous (Anblagan et al., 2018; Konishi et al., 2017; Reuben et al., 2011). Studies have shown that physical activity can increase hippocampal size in adults, thereby enhancing cognitive performance (Liu and Nusslock, 2018). The hippocampus, located deep within the brain’s medial temporal lobe, plays a critical role in cognitive performance (El-Falougy and Benuska, 2006; Geinisman et al., 1995). Impairment in the structure and function of the hippocampus can contribute to cognitive performance declines and cognitive deficit development (Geinisman et al., 1995). In a randomized controlled trial involving 120 older adults, aerobic exercise training increased the volume of the anterior hippocampus, leading to improvements in cognitive performance. The study observed a 2% increase in hippocampal volume due to exercise training, counteracting age-related volume loss and its associated adverse effects (Erickson et al., 2011). A study focusing on physically inactive older adults found that a physical activity intervention, including increased daily walking, increased hippocampal volume (Varma et al., 2015). Regarding the relationship between the BDNF gene and the hippocampus, the BDNF gene contains two main alleles that produce varying amounts of protein products. These products regulate neurons in the brain, including those in the hippocampus, influencing hippocampal volume and cognitive behavioral traits (Frodl et al., 2014; Marrocco et al., 2020; Palasz et al., 2020; Vilor-Tejedor et al., 2020).

However, there is ongoing debate regarding the effects of physical activity on cognitive performance. Research has shown that the relationship between the intensity, type, and amount of exercise and its impact on BDNF levels or cognitive performance is not always straightforward. While several physiological mechanisms suggest that physical activity may enhance cognition, others propose that it could negatively affect cognitive performance. Given that these mechanisms are complex and sometimes conflicting, current scientific understanding and technology have yet to describe the relationship between physical activity and cognition precisely.

Certain studies have indicated that intense and strenuous exercise can disrupt the body’s metabolism and physiological processes, negatively impacting cognitive performance (Aguiló et al., 2005). During physical activity, the rapid metabolism of oxygen produces reactive oxygen species (ROS) as a metabolic by-product. High levels of ROS accumulated during continuous intense exercise can lead to oxidative damage and increase neuronal mortality (Radak et al., 2016). While moderate physical activity enhances the body’s antioxidant defense system, excessive ROS generated from intense exercise may detrimentally affect cognitive performance if accumulated in excess (Mastaloudis et al., 2001). A cohort study on adolescents found that those engaged in high-intensity physical activity had lower cognitive scores, suggesting a negative impact of such exercise on cognitive performance during adolescence (Esteban-Cornejo et al., 2015). Additionally, a population-based study reported that extending exercise beyond 1 h could decrease cognitive performance. This effect might be linked to dehydration or hypoglycemia during acute exercise, as increased sweating and elevated body temperature can lead to water and electrolyte loss, impairing cognitive performance such as decision-making and perceptual tasks (Brisswalter et al., 2002). In a study involving older adults, 105 participants were randomly assigned to high-intensity interval training (n = 33), moderate-intensity continuous training (n = 24), or a control group (n = 48). The findings suggested that high-intensity interval exercise might negatively affect the hippocampus and overall cognitive performance (Pani et al., 2021). Furthermore, a large, nationally representative six-year longitudinal study on school sports participation revealed that increased participation had a negative effect on students’ performance in standardized tests (Marsh and Kleitman, 2003). Another study assessing an intensive physical education program found that intense intermittent aerobic exercise negatively impacted children’s numerical speed and accuracy in cognitive tasks such as simple addition problems (Travlos, 2010).

Given the inconsistent evidence regarding the causal relationship between physical activity and cognitive performance in previous studies, the present study conducted an MR analysis to explore this relationship at the genetic level. Additionally, external factors such as age, environment, lifestyle, diet, and comorbidities interact with the genome through epigenetic modifications. These modifications regulate gene expression across various tissues without altering the underlying DNA sequence (Barati et al., 2022). Research has shown that changes in the epigenome can contribute to cognitive disorders (Strafella et al., 2018). Thus, epigenetic changes might influence the relationship between physical activity-related SNPs and cognitive performance. To account for potential epigenetic influences, relevant risk factors such as sleep duration, alcohol consumption, BMI, and smoking were identified through a literature review and adjusted for in a multivariate MR analysis. The findings of this study indicate that genetically predicted MVPA may be associated with a decline in cognitive performance.

However, several potential positive biological adaptation pathways suggest that physical activity may help maintain cognitive performance throughout individual development. Aerobic exercise can modulate neurotransmission, promote angiogenesis, enhance neurotrophic factors and synaptic plasticity, and facilitate neurogenesis, thereby improving cerebrovascular function (Blomstrand et al., 1989; Isaacs et al., 1992; Farmer et al., 2004). The health benefits of physical activity are well-documented, including improved physical fitness, reduced disease risk, and enhanced quality of life. In both adults and adolescents, increased physical activity is strongly associated with positive subjective health outcomes (Mountjoy et al., 2011). Self-reported health status, which encompasses illness experience, physical ability, health behaviors, living situation, and self-esteem, has been shown to predict mortality (Idler and Benyamini, 1997). Regular physical activity can lower mortality risk in coronary heart disease patients and improve their functional and emotional wellbeing (Rodriguez et al., 1994; Haapanen et al., 1997; Lee et al., 2000). Studies on individuals with diabetes have shown moderate-intensity physical activity enhances metabolism (Lee et al., 2015), while high-intensity physical activity is particularly effective for cardiovascular health and blood sugar control (Jelleyman et al., 2015).

Furthermore, increasing physical activity is an effective strategy for improving the physical and mental health of the elderly (Scarmeas et al., 2001; Gilovich et al., 2002; Feldman et al., 2015). Physical activity benefits the elderly by enhancing physical and mental health, social adaptation, activity levels, and nutritional status. It can extend healthy life expectancy, improve quality of life, and boost overall wellbeing (Cui et al., 2021). For example, a meta-analysis of 36 studies found that elderly individuals participating in physical activity programs reported significantly higher levels of mental health, including emotional wellbeing, self-perception, and life satisfaction, compared to non-participants (Netz et al., 2005). Given the overall health benefits of physical activity, promoting it in the general population remains justified despite concerns about reduced cognitive performance. However, caution is advised with prolonged MVPA to mitigate potential negative impacts on cognitive performance. Future research should explore the effects of different types and intensities of exercise at the genetic level to identify the most beneficial forms for cognitive performance and overall health while minimizing the risk of cognitive decline.

It is important to acknowledge certain limitations of this study. Firstly, the research focused exclusively on the unidirectional impact of physical activity on cognitive performance. However, literature suggests a potentially more complex bidirectional relationship between physical activity and cognitive performance. For instance, some studies have found that a decline in cognitive resources is associated with lower levels of moderate physical activity (Cheval et al., 2020) and that a bidirectional relationship exists between physical activity and executive function in older adults (Daly et al., 2015). Moreover, cognitive resources have been shown to moderate the negative impact of perceived poor neighborhood conditions on older adults’ self-reported physical activity (Cheval et al., 2019). Future research should employ bidirectional Mendelian randomization to address these complexities to investigate the reciprocal causal relationship between physical activity and cognitive ability. This approach will provide a more nuanced understanding of how physical activity and cognitive performance interact and offer valuable scientific evidence for developing more effective public health policies and interventions.
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Background: Working memory (WM) loss, which can lead to a loss of independence, and declines in the quality of life of older adults, is becoming an increasingly prominent issue affecting the ageing population. Transcranial direct current stimulation (tDCS), a non-invasive brain stimulation technique, is emerging as a potential alternative to pharmacological treatments that shows promise for enhancing WM capacity and May enhance the effects of cognitive training (CT) interventions.
Objective: The purpose of this meta-analysis was to explore how different tDCS protocols in combination with CT enhanced WM in healthy older adults.
Methods: Randomized controlled trials (RCTs) exploring the effects of tDCS combined with CT on WM in healthy older adults were retrieved from the Web of Science, PubMed, Embase, Scopus and the Cochrane Library databases. The search time period ranged from database inception to January 15, 2024. Methodological quality of the trials was assessed using the risk-of-bias criteria for RCTs from the Cochrane Collaboration Network, and RevMan 5.3 (Cochrane, London, United Kingdom) was used for the meta-analysis of the final literature outcomes.
Results: Six RCTs with a total of 323 participants were ultimately included. The results of the meta-analysis show that tDCS combined with CT statistically significantly improves WM performance compared to the control sham stimulation group in healthy older adults [standard mean difference (SMD) = 0.35, 95% CI: 0.11–0.59, I2 = 0%, Z = 2.86, p = 0.004]. The first subgroup analysis indicated that, when the stimulus intensity was 2 mA, a statistically significant improvement in WM performance in healthy older adults was achieved (SMD = 0.39, 95% CI: 0.08–0.70, I2 = 6%, Z = 2.46, p = 0.01). The second subgroup analysis showed that long-term intervention (≥ 10 sessions) with tDCS combined with CT statistically significantly improved WM compared to the control group in healthy older adults (SMD = 0.72, 95% CI: 0.22–1.21, I2 = 0%, Z = 2.85, p = 0.004).
Conclusion: tDCS combined with CT statistically significantly improves WM in healthy older adults. For the stimulus parameters, long-term interventions (≥ 10 sessions) with a stimulation intensity of 2 mA are the most effective.
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 transcranial direct current stimulation; older adult; working memory; cognitive training; cognitive function


1 Introduction

From 2020 to 2030, the number of people aged >60 years is expected to increase from 1 billion to 1.4 billion, according to statistics provided by the World Health Organization. By 2050, the global population aged >60 years will double to 2.1 billion people (Sanderson et al., 2017). In other words, the centre of gravity of the global population distribution is shifting toward older population groups, a phenomenon known as population ageing. With this ageing population growth, more older adults than ever are facing a decline in a range of cognitive functions, including working memory (WM) and attention (Grover et al., 2023; Assecondi et al., 2022; Antonenko et al., 2022; Antonenko et al., 2018; Antonenko et al., 2023; Aksu et al., 2023). It has been well documented that some cognitive abilities decline with age, even among healthy older adults without neurological disorders or dementia (Woods et al., 2018), leading to impairments in various cognitive domains, including attention, language, and WM (Hyer et al., 2015). WM decline is particularly prevalent in this population. WM performance involves frontal lobe, hippocampal and temporal lobe structures, with a specific importance of the prefrontal cortex (PFC) (D'esposito and Postle, 2015), which regulates a variety of executive functions required for higher-level cognitive task performance.

Working memory requires temporary storage and online manipulation and control of information (Brunoni and Vanderhasselt, 2014). Over the past few decades, the concept of WM has become well known and has been increasingly emphasized and widely used. It has been described as the cognitive center of human beings, and it is one of the most active research areas in cognitive psychology and cognitive neuroscience at present (Baddeley, 2010; Baddeley, 2000). In fact, WM also refers to a fundamental short-term cognitive process, but it emphasizes the connection between short-term memory and the work that the current person is engaged in (Baddeley, 2010). As people age, memory tends to decline. Some studies suggest that regular cognitive training (CT) can slow the decline of WM, but not all research supports this finding (Hyer et al., 2015). WM training has been proposed as an important cognitive training intervention for older adults that May benefit not only WM, but also other cognitive processes associated with it (Teixeira-Santos et al., 2022; Thams et al., 2020). Common WM tasks include n-back, digit span, and letter-spanning tasks (Nissim, 2019).

In older adults, this decline in memory capacity can have a significant negative impact on activities of daily living – for example, knowing the time to take medications, paying bills, traveling out of the house versus staying home, or completing daily errands. Such age-related cognitive deficits, driven by declines in WM, have a profound impact on activities of daily living and quality of life in older adults (Hsu et al., 2015). Thus, there is an urgent need for effective interventions to stop or slow this cognitive decline. One intervention proposed to reduce cognitive decline is CT. CT includes a set of psychological methods that involve behavioral interventions that help to build new neural networks designed to protect brain function from age-related decline (Joubert and Chainay, 2018). CT interventions can be delivered in paper-and-pencil, and computerized versions (Clare and Woods, 2008). It includes training of specific cognitive functions like WM and attention, and also is intended to trigger long-term cognitive effects that May slow the decline of WM and help maintain independence in daily life (Nissim, 2019). These interventions May activate pre-existing cognitive reserves and promote neuroplasticity in various regions of the brain, including the frontoparietal network and the hippocampus—key regions for learning, and memory formation (Raimo et al., 2023; Elmasry et al., 2015)—which are likely improving WM in older adults. It has been shown that CT May improves cognitive performance in healthy older adults (Raimo et al., 2023), and a systematic review assessing MCI the therapeutic benefits of CT in randomized clinical trials (RCTs) came to similar conclusions (Antonenko et al., 2018). These findings provide evidence for the feasibility and usability of CT.

While some forms of CT have been shown to be promising for WM improvement in healthy older adults, CT is most frequently used as an adjunctive treatment for psychological deficits in people with cognitive decline (Woods et al., 2018). There are also other methods, such as Transcranial direct current stimulation, that can help improve WM (Assecondi et al., 2022; Brunoni and Vanderhasselt, 2014; Teixeira-Santos, et al., 2022). Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique, that delivers a constant current to targeted areas of the brain through surface electrodes applied to the scalp (Polanía et al., 2018). Relevant mechanisms of action include an enhancement of cortical excitability by subthreshold neuronal membrane depolarization via anodal tDCS, while cathodal tDCS results in reduced excitability via neuronal membrane hyperpolarization with conventional protocols (Nitsche and Paulus, 2001). With prolonged stimulation protocols, anodal tDCS induces long-term potentiation (LTP) -like plasticity, while cathodal tDCS induces long-term depression (LTD) -like plasticity (Gonzalez et al., 2021). Mechanistically, prolonged anodal tDCS enhances the activity of n-methyl-d-aspartate (NMDA) receptors, increases glutamate concentration, and decreases γ-aminobutyric acid (GABA) concentration (Nitsche and Paulus, 2001; Park et al., 2014). Because of its role in altering excitability and inducing plasticity, tDCS has been shown to improve a variety of cognitive processes, including executive function, and is therefore a promising tool for enhancing the effects of CT. For cognitive decline or mild cognitive impairment (MCI), tDCS has also been shown to improve cognitive abilities (Teixeira-Santos et al., 2022; Prehn and Flöel, 2015; Cheng et al., 2015; Thams et al., 2020; Stephens and Berryhill, 2016; Šimko et al., 2021; Antonenko et al., 2019). And a large number of studies of cognitive improvement with tDCS have been conducted in experimental research and clinical settings (Antonenko et al., 2019; Brooks et al., 2021; Figeys et al., 2022).

Since CT and tDCS share cognitive facilitation, it is conceivable that both interventions May have a synergistic effect on WM in healthy older adults, improving WM, when applied together (Krebs et al., 2021). One study found that tDCS combined with CT led to significant improvements of cognitive performance in older adults with dementia (Byeon, 2019). Moreover, in a randomized double-blind crossover trial that explored the cognitive–behavioral aftereffects of tDCS combined with CT in healthy older adults, the results showed that, compared to sham stimulation, anodal tDCS improved performance accuracy of WM training (Šimko et al., 2021). Previous meta-analyses, such as the one by Indahlastari et al. (2021), have explored the efficacy of tDCS interventions in WM and other cognitive domains. However, our study further examines the specific combination of tDCS and CT in improving WM in older adults.



2 Methods

A systematic review and meta-analysis was performed according to the recommendations of the Cochrane group (Higgins et al., 2011), which included a literature search, screening of eligible articles according to inclusion and exclusion criteria, data extraction of outcome indicators and other relevant variables for the included articles, assessment of the quality of the risk and analysis of the results, as described below. This review and meta-analysis was conducted according to Preferred Reporting Items for Systematic Reviews and Meta-analyses guidelines (Higgins et al., 2011; Jayawant et al., 2011).


2.1 Literature search

We systematically searched for respective studies in PubMed, the Web of Science, Cochrane Library, Scopus and Embase databases. These databases were chosen due to their comprehensive coverage and relevance to our research topic, encompassing a wide range of biomedical, clinical, and scientific literature. The search time period was from database inception to January 15, 2024. Keywords used for the literature search included (‘transcranial direct current stimulation’ OR ‘anodal stimulation tDCS’ OR ‘tDCS’ OR ‘electric stimulation’ OR ‘non-invasive brain stimulation’ OR ‘transcranial magnetic stimulation’ OR ‘stimulation tDCS, anodal’) AND (‘cognitive training’ OR ‘training, cognitive’ OR ‘brain training’ OR ‘training, brain’ OR ‘cognitive rehabilitation’ OR ‘memory training’ OR ‘rehabilitation, cognitive’ OR ‘training, memory’) AND (‘older’ OR ‘elderly, frail’ OR ‘frail elderly’ OR ‘frail older adults’ OR ‘adults, frail older’ OR ‘frail older adult’ OR ‘older adult, frail’ OR ‘older adult’ OR ‘older adults’ OR ‘elders, frail’). These keywords were selected to capture a broad range of relevant studies involving tDCS and CT in older adults. Additionally, we explored other relevant references in the retrieved articles to ensure a comprehensive review of the literature.



2.2 Inclusion and exclusion criteria

Initial screening was performed by two researchers, who first read the titles and abstracts of the selected studies and then read the full texts to exclude literature that did not meet the inclusion criteria in order to determine the final inclusion status of all studies. When the two researchers did not agree, a third researcher will need to discuss the inclusion of this literature with the research. Studies were required to follow the PICOS principles for inclusion (P: population, I: intervention, C: comparator, O: outcome, S: study design), as follows: (1) participants needed to be healthy older adults >60 years old with a cognitive function score (Mini-mental State Examination/Montreal Cognitive Assessment) score of >22 points; (2) the intervention approach was CT combined with tDCS; (3) passive controls (sham stimulation) were involved; (4) outcome indicators included WM evaluations; (5) a RCT experimental design was applied; and (6) articles were published in English language. Exclusion criteria were (1) non-English language literature; (2) duplicate literature; (3) literature for which full texts were not available; (4) literature from which relevant data could not be extracted; (5) non-RCTs; and (6) literature in which trial endpoint metrics were not relevant to WM.



2.3 Data extraction

The following data were extracted from the included studies: (1) authors and year of publication; (2) characteristics of subjects (mean values of age, years of education, basic cognitive health indicators and their respective standard deviation values); (3) intervention parameters (frequency, intensity, duration and stimulation electrode position); (4) CT characteristics; and (5) outcome indicators (results before and after the intervention).



2.4 Evaluation of literature quality

The Cochrane Risk-of-Bias Assessment Tool was used to evaluate the quality of the included eligible literature. The level of risk of bias was categorized as either low risk, high risk or unknown risk of bias (Higgins et al., 2011). The risk of bias was evaluated according to the following six aspects: selection bias (random sequence generation, allocation concealment), measurement bias, follow-up bias, reporting bias, implementation bias and other biases (Yue et al., 2022). The risk-of-bias plot visualises the reliability of the included studies, showing how many studies were rated as having a low, unclear or high risk of bias (Huo et al., 2021).



2.5 Statistical analysis

Studies were collated and analyzed according to the tDCS and CT intervention, the number of tDCS interventions and the protocols employed, along with subgroup analyses. The outcome indicator was the change in the value of the WM task (n-back or digit span).

RevMan 5.3 (Cochrane, London, United Kingdom) was used to statistically analyze the outcome indicators of the included literature. The indicators included in the selected literature are continuous variables, so the weighted mean difference (WMD) or standardized mean difference (SMD) was used. As an indicator of the effect scale, WMD was used if the numerical variables were obtained from the same measurement method and SMD was used for comparisons including different tasks (Green et al., n.d.). The heterogeneity of studies was examined by quantitative evaluations via Cochrane’s Q and I2. I2 < 25% indicated insignificant heterogeneity, 25% < I2 < 50% indicated low heterogeneity, 50% < I2 < 75% indicated moderate heterogeneity, and I2 > 75% indicated high heterogeneity (Yue et al., 2022). When p > 0.1 and I2 < 50%, it was concluded that there was little heterogeneity between studies and these were analyzed by fixed-effects modeling. For larger heterogeneity between studies, random-effects modeling was applied (Yue et al., 2022). Sensitivity analyses were performed using a study-by-study approach to exclude individual study data, and publication bias was assessed by direct observation through funnel plots. p < 0.05 was determined as significance threshold with the exception of subgroup analyses, where it was set to p < 0.1 (Richardson et al., 2019).




3 Results


3.1 Literature retrieval

The literature search and screening process is shown in Figure 1. Initial search results (n = 329 articles) were obtained from the Web of Science, PubMed, Scopus, EBSCO, the Cochrane Library and Embase, and duplicate literature (n = 241) was subsequently excluded. The remaining studies (n = 88) were screened, and 52 papers were additionally excluded as they did not meet the inclusion criteria. The remaining 36 articles were read in their entirety. After excluding studies that did not meet the inclusion criteria of this study (n = 19), were part of a systematic review or meta-analysis (n = 4), were not RCTs (n = 3), had no full-text version available (n = 2) or had incomplete data (n = 2), six articles were ultimately included in the analysis of this study.

[image: Flowchart depicting the process of selecting studies for a meta-analysis. Identification phase shows records from databases: Web of Science (55), PubMed (43), Scopus (34), Cochrane Library (121), and Embase (76), totaling 329. After removing 241 duplicates, 88 records were screened. Screening led to 52 exclusions for not meeting inclusion criteria. Retrieval phase included 36 reports; 30 were excluded: irrelevant content (19), systematic review (4), not RCT (3), no full text (2), missing data (2). Finally, 6 studies were included in the meta-analysis. No records were identified from other methods.]

FIGURE 1
 PRISMA flow diagram of literature search strategies.




3.2 Study characteristics

For the included studies, the following data are listed in Table 1: author and year of publication, number of participants, age and duration of education, basic cognitive scores, number of interventions, stimulation electrode positions, and primary outcome indicators. In the selected six studies not only tests of WM performance, but also tests of other cognitive functions were carried out; however, in the present study, only the WM task metrics were considered. Two of the publications applied a digit span task for WM performance measures (Teixeira-Santos et al., 2022; Stephens and Berryhill, 2016), while the remaining four publications used the n-back test task (Park et al., 2014; Antonenko et al., 2022; Jones et al., 2015; Perceval et al., 2020). In all six studies, the interventions were tDCS combined with CT. The most frequently stimulated brain area was the DLPFC at an intensity of 2 mA in four papers (Teixeira-Santos et al., 2022; Park et al., 2014; Stephens and Berryhill, 2016; Hausman et al., 2023) and 1 mA in two papers (Stephens and Berryhill, 2016; Antonenko et al., 2022; Perceval et al., 2020). The number of interventions ranged from 5 to 10, and the stimulation duration ranged from 10 to 30 min. Characteristics of the included studies are given in Table 1.



TABLE 1 Descriptive characteristics of the included studies.
[image: A table comparing various studies on cognitive function interventions. Columns list details like the number of participants, mean age, mean MMSE/MoCA scores, stimulation protocols, electrode positions, intervention frequency, follow-up duration, cognitive outcome measures, type of intervention, CT characteristics, and blinding methods. Each study has distinct methodologies and outcome measures.]



3.3 Quality assessment

Two researchers independently assessed the quality of the included studies and resolved discrepancies through discussion. The quality of the included studies was assessed via a Cochrane Collaboration tool (Higgins et al., 2011), and, as shown in the risk-of-bias graph, low risk dominated in the domains of selection bias, performance bias, detection bias and reporting bias. Allocation concealment was not reported in most of the included studies. For blinding, triple-blinding was reported in only one study (Hausman et al., 2023). Two studies used single blindness and three studies used double blindness. The overall quality of the included studies was relatively good, as shown in Figure 2.

[image: Bar chart illustrating risk of bias for various categories in a study. Categories include selection, performance, detection, attrition, reporting, and other biases. Most categories show a low risk of bias highlighted in green. Allocation concealment and blinding of outcome assessment have sections marked in yellow for unclear risk and red for high risk. The chart includes a legend at the bottom indicating color coding for low, unclear, and high risk of bias.]

FIGURE 2
 Summary of risk of bias by domain.




3.4 Sensitivity analysis

In order to verify the reliability of the results, we excluded the six studies one by one and checked for each exclusion if it had a significant effect on the pooled results. Sensitivity analysis showed that no exclusion of a single study relevantly affected the results of this meta-analysis, implying that the current analysis results had good stability.



3.5 Meta-analysis results


3.5.1 Effects of tDCS combined with CT on WM

Due to the low heterogeneity of this meta-analysis (p > 0.5, I2 < 50%), it was performed using a fixed model. SMD was used as the effect scale indicator because of the different measurement units of each data set. The results show that active tDCS combined with CT statistically effectively improved WM in healthy older adults compared to the control protocol [SMD = 0.35, 95% confidence interval (CI) = 0.11–0.59, I2 = 0%, Z = 2.86, p = 0.004, Figure 3].

[image: Forest plot showing a meta-analysis of six studies comparing an experimental group with a control group. Each study lists mean, standard deviation, total participants, and weight. Standard Mean Difference (SMD) with 95% confidence intervals is provided. The overall result shows a combined SMD of 0.35 [0.11, 0.59], favoring tDCS. Heterogeneity is low with Chi-square = 3.38, degrees of freedom = 5. Test for overall effect shows Z = 2.86, p = 0.004. Confidence intervals are represented with horizontal lines on the plot.]

FIGURE 3
 Forest plot depicting the effect of CT combined with actDCS vs. stDCS on working memory in healthy older adults. actDCS, active transcranial direct current stimulation; stDCS, sham transcranial direct current stimulation.




3.5.2 Effects of stimulus intensity on WM

A subgroup analysis of the WM performance of healthy older adults was performed according to the stimulus intensity (1 vs. Two mA). Heterogeneity was low after subgroup and fixed model analyses, so fixed model analysis was used. When the stimulus intensity was 2 mA, it statistically significantly improved WM in healthy older adults (SMD = 0.39, 95% CI = 0.08–0.70, I2 = 6%, Z = 2.46, p = 0.01), while no significant performance improvement emerged with a stimulus intensity of 1 mA. There was no statistically significant subgroup differences [Chi2 = 0.17, p = 0.68 (> 0.1), Figure 4].

[image: Forest plot showing standardized mean differences in two subgroups. The first subgroup (1 mA) includes studies by Antonenko et al. 2022 and Perceval et al. 2020, showing no significant effect. The second subgroup (2 mA) includes studies by Nissim et al. 2019, Park et al. 2014, Stephens et al. 2016, and Teixeira-Santos et al. 2022, showing a moderate effect favoring tDCS. Overall, the total effect favors tDCS, with a standardized mean difference of 0.35 and a 95% confidence interval of 0.11 to 0.59. Heterogeneity is low across all studies.]

FIGURE 4
 Forest plot of subgroup analysis by a different model of stimulus intensities (1 mA, 2 mA). tDCS, transcranial direct current stimulation.




3.5.3 Effects of different numbers of interventions on WM

A total of 6 trails was included in this subgroup analysis, of which 4 studies had <10 interventions, and 2 studies had > = 10 interventions. A subgroup analysis of the WM capacity of healthy older adults was performed according to the number of interventions (< 10 vs. ≥ 10 sessions). Heterogeneity was low (I2 = 0) after subgroup analysis, and this a fixed model analysis was used. The outcome measures showed that > = 10 stimulation sessions (SMD = 0.72, 95% CI = 0.22–1.21, I2 = 0%, Z = 2.85, p = 0.004) had a statistically significant improving effect on WM performance in healthy older adults. In contrast, < 10 stimulation sessions (SMD = 0.24, 95% CI = −0.04-0.51, I2 = 0%, Z = 1.69, p = 0.09) did not significantly improve WM performance in healthy older adults. The test for subgroup differences showed a statistically significant subgroup effect [Chi2 = 2.79, p = 0.09 (< 0.1), Figure 5] (Richardson et al., 2019). This indicated that different numbers of interventions modified the effect of the real, compared with sham group.
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FIGURE 5
 Forest plot of subgroup analysis by a different model of number of interventions (< 10 times, > = 10 times). tDCS, transcranial direct current stimulation.





3.6 Publication bias

A possible publication bias in this study was examined by a funnel plot (Figure 6). The symmetry of the funnel plot implies the absence of a relevant bias.

[image: Funnel plot displaying data points as circles, with the standard error (SE) of the standardized mean difference (SMD) on the vertical axis and SMD on the horizontal axis. Dashed lines outline the funnel shape, indicating potential publication bias.]

FIGURE 6
 A funnel plot showing publication bias among included studies.





4 Discussion

In total, six randomized sham-controlled trials with different numbers of stimulation sessions, and different stimulus parameters were included. The results of the quality assessment indicate that all of these studies were of sufficiently high quality. All studies used standard randomization and blinding methods, and described the employed methods adequately. Funnel plot analysis also showed a low risk of publication bias.

Previous meta-analyses supported the cognitive benefits of tDCS (Indahlastari et al., 2021). We extend these findings by examining the WM benefits of tDCS combined with CT in healthy older adults. This approach provides new insights into how combining tDCS with cognitive interventions may enhance cognitive outcomes in this population. The results showed that combined CT with a stimulus intensity of 2 mA and >=10 tDCS stimulations statistically significantly improved WM in healthy older adults compared to sham stimulation. This result indicates that specific tDCS parameters are critical for intervention effectiveness. The combination of 2 mA stimulation intensity and CT not only promotes new connections between nerve cells in the brain, but also triggers significant excitatory changes in the cerebral cortex, thus promoting neuroplasticity and memory consolidation (Benzing and Schmidt, 2017; Albizu et al., 2023; Antonenko et al., 2019). In addition, a greater number of stimuli (10 or more) may provide a cumulative effect, continuously enhancing brain function (Hanley et al., 2020). After each stimulation, the strengthening of neuronal connections and optimization of the neural network may take some time to consolidate with repeated stimulation, thereby achieving significant effects after multiple stimulations (Fröhlich et al., 2014; Müller et al., 2022). In our study, we found that null findings in individual studies might be attributed to the following factors: (1) effect sizes smaller than the study was powered to detect; (2) random variance; (3) the use of suboptimal stimulation parameters, such as fewer sessions and current intensities below 2 mA. These factors should be considered when interpreting null results. A meta-analysis of CT combined with non-invasive brain stimulation (NIBS) found that joint application did not produce improvements in overall cognition, although all studies reported positive effects of CT on overall cognition (Begemann et al., 2020). In the analytical discussion, it is noted that fewer studies were included in this meta-analysis. Future studies need to recruit larger samples to ensure sufficient statistical power for analyzing the effects of CT combined with tDCS. Compared to healthy older adults, in the results of Leung's meta-analysis, tDCS poles and CT had a moderately significant effect on WM in patients with Parkinson's with improved executive function and sustained improvement at follow-up after three months (Lawrence et al., 2017). Some studies have found significant improvements in cognition in older people with NIBS, with one study finding that high-frequency repetitive transcranial magnetic stimulation was more effective than tDCS combined with CT in improving overall cognition, including WM, and dementia patients may respond better to repetitive transcranial magnetic stimulation and tDCS than MCI patients (Müller et al., 2022; Liu et al., 2020). However, there are fewer studies of NIBS approaches other than tDCS and most have smaller sample sizes, so future studies should explore the effects of NIBS combined with CT on WM in healthy older adults.A large body of evidence suggests that NIBS favors cognitive improvement and maintenance, and that tDCS in particular have a greater impact on WM (Hara et al., 2021; Razza et al., 2023). However, different stimulus intensities and number of interventions can have different effects on WM improvement (Figeys et al., 2022; Arciniega et al., 2018). Subgroup analyses were conducted for this purpose in order to identify the reasons for heterogeneity between studies. In the first subgroup analysis the results showed that 1 mA tDCS combined with CT had no significant improvement in WM, whereas 2 mA tDCS combined with CT statistically significantly improved WM. A study by Reinhart and Woodman (Reinhart and Woodman, 2014) similarly found that a tDCS intensity of 2 mA was significantly better than the 1 mA group and the sham group in enhancing WM task performance. This is consistent with our meta-analysis results, supporting the effectiveness of 2 mA intensity in inducing neural excitability changes and enhancing cognitive function. In contrast, the study by Gill et al. (2015) did not find significant improvement in WM with tDCS 1 mA intensity, further emphasizing the importance of adequate intensity. Stephens (Stephens and Berryhill, 2016) showed that, while participants who received tDCS with intensities of 1 or 2 mA showed improvements in the training task later in the intervention, 2-mA tDCS led to significantly larger in tasks related to WM at the 1-month follow-up. Functional neuroimaging studies in humans have previously demonstrated that the frontal and parietal cortices are activated during the performance of WM tasks (Nissim, 2019). Enhanced frontoparietal connectivity May be a mechanism supporting WM capacity (Park et al., 2014; Edin et al., 2009). When the stimulus intensity reaches 2 mA, tDCS enhances the coherence between these areas, resulting in a more significant improvement in WM (Cheng et al., 2015; Stephens and Berryhill, 2016; Šimko et al., 2021; Assecondi et al., 2022; Brambilla et al., 2021).

We also performed subgroup analysis regarding the number of intervention sessions, studies by Fröhlich et al. (2014) also noted that longer cycles of tDCS (e.g., 10 or more sessions) had more pronounced effects in enhancing cognitive function. Their research indicates that repetitive stimulation can produce cumulative effects, gradually enhancing WM function by repeatedly strengthening neural connections. This is consistent with the results of our meta-analysis, emphasizing the importance of continuous multiple stimulation. However, short-term interventions (e.g., fewer than five sessions), such as the study by Nilsson et al. (2015), did not observe significant improvement effects, possibly due to the insufficient number of stimulations to produce a cumulative effect. Therefore, we believe that the number of interventions is an important factors for improving WM in older adults (Katz et al., 2017). If the number of stimulation interventions increases, the excitability increases in their motor cortex, which induces higher levels of stress hormones and increases the production of new neurons in the hippocampus as a way to improve learning and memory (Antonenko et al., 2019; Arciniega et al., 2018).

The current findings indicates that tDCS combined with CT offers a promising new approach to improving WM decline in healthy elderly people. Although tDCS combined with CT statistically significantly improved WM in older adults, the effect size was small (0.35). Specifically, while this improvement is statistically significant, its practical significance and impact on WM performance or quality of life May be limited. Thus, further research is needed to examine whether longer training times or different tDCS parameters May produce greater effects. Additionally, future studies should include an assessment of the clinical significance of the effect size to determine whether such small improvements are sufficient to provide substantial benefits. As the limits of safe stimulation have not be defined so far and no serious adverse effects have been reported, thus strengthening of protocols might be possible and follow-up assessment to consider long-term risks and benefits (Edin et al., 2009; Wassermann et al., 1998). In addition to uncovering safety issues, several open questions should be addressed in future research with appropriate experimental designs. Firstly, future research should further validate the long-term effects of 2 mA and more than 10 sessions of stimulation, and explore the response differences among different individuals, such as those of varying ages and cognitive levels. Second, previous studies have shown that other NIBS, such as tACS, TMS, in combination with CT can also significantly enhance the training effect (Ditye et al., 2012; Volkmann et al., 2013; Rabey and Dobronevsky, 2016), but fewer studies have been involved compared to tDCS, and thus there is a need to assess the effects of more NIBS on the aging brain when used in conjunction with CT or other behavioral interventions. Thirdly, it is important to determine the different physiological responses to brain stimulation in people of different ages so that the stimulation programme can be adjusted if necessary. There is also a need to analyze different population subgroups with long-term follow-up to identify the target populations that will benefit most from stimulation and to determine the sustainability of the beneficial effects. Finally, it is necessary to better elucidate the underlying neural mechanisms involved in the positive effects induced by stimulation.

There are some other concerns that need to be taken into account in the present study. First, there are fewer studies of tDCS combined with CT for WM in healthy older people, so the number of studies included was only 6, which May affect the accuracy of the results. Second, the reliability of the results May be affected by the fact that the older population has different ages and levels of health, and different ways of testing the outcome indicators. Thirdly, the article only includes literature in English which may result in a lack of relevant research data.



5 Conclusion

This systematic review and meta-analysis indicate that tDCS as an intervention has a significant effect in combination with CT on improving WM in older adults. tDCS based on the results of this analysis there are hints that an intensity of 2 mA, and interventions including more than 10 sessions are better suited than lower dosages, and number of sessions to improve and enhance WM in healthy older adults.



6 Implications and prospects

This meta-analytic study found that tDCS combined with CT improved WM in older adults, when specific protocols were applied. Some limitations of this analysis should however be considered. First, the included studies were methodologically heterogeneous, including stimulation protocols, participant inclusion criteria, and experimental design. Second, only a relatively minor number of studies was available for the analysis. In the future, the effects of different tDCS protocols (stimulation duration, intensity and frequency) on WM as well as cognitive performance with regard to other domains in older adults with different health conditions should be explored. Further studies need to conducted to provide a more comprehensive and accurate theoretical basis for tDCS interventions aimed to improve cognitive functions in older adults.



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/s.



Author contributions

YL: Data curation, Writing – original draft. SW: Data curation, Writing – review & editing. MN: Visualization, Writing – review & editing. TY: Data curation, Writing – review & editing. VZ: Visualization, Writing – review & editing. FQ: Conceptualization, Visualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The funding for this research was provided by the Fundamental Research Funds for the Central Universities (the Laboratory of Exercises Rehabilitation Science, 2023KFZX002), (2024YDXL004), and the Research Foundation for Advanced Talents of Beijing Sport University (3101037).



Conflict of interest

MAN was in the Scientific Advisory Boards of Neuroelectrics, and Precisis.

The remaining 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
	 Aksu, S., Hasırcı Bayır, B. R., Sayman, C., Soyata, A. Z., Boz, G., and Karamürsel, S. (2023). Working memory improvement after transcranial direct current stimulation paired with working memory training in diabetic peripheral neuropathy. Appl. Neuropsychol. Adult. 16, 969–974. doi: 10.1080/23279095.2022.2164717 
	 Albizu, A., Indahlastari, A., Huang, Z., Waner, J., Stolte, S. E., Fang, R., et al. (2023). Machine-learning defined precision tdcs for improving cognitive function. Brain Stimul. 16, 969–974. doi: 10.1016/j.brs.2023.05.020 
	 Antonenko, D., Fromm, A., Thams, F., and Flöel, A. (2023). Combination of transcranial direct current stimulation with cognitive training in older adults: behavioral and neuronal effects. Brain Stimul. 16:169. doi: 10.1016/j.brs.2023.01.166

	 Antonenko, D., Hayek, D., Netzband, J., Grittner, U., and Flöel, A. (2019). Tdcs-induced episodic memory enhancement and its association with functional network coupling in older adults. Sci. Rep. 9:2273. doi: 10.1038/s41598-019-38630-7 
	 Antonenko, D., Külzow, N., Sousa, A., Prehn, K., Grittner, U., and Flöel, A. (2018). Neuronal and behavioral effects of multi-day brain stimulation and memory training. Neurobiol. Aging 61, 245–254. doi: 10.1016/j.neurobiolaging.2017.09.017 
	 Antonenko, D., Thams, F., Grittner, U., Uhrich, J., Glöckner, F., Li, S. C., et al. (2022). Randomized trial of cognitive training and brain stimulation in non-demented older adults. Alzheimer's Dementia 8:e12262. doi: 10.1002/trc2.12262

	 Antonenko, D., Thams, F., Uhrich, J., Dix, A., Thurm, F., Li, S. C., et al. (2019). Effects of a multi-session cognitive training combined with brain stimulation (TrainStim-cog) on age-associated cognitive decline-study protocol for a randomized controlled phase Iib (Monocenter) trial. Front. Aging Neurosci. 11:200. doi: 10.3389/fnagi.2019.00200 
	 Arciniega, H., Gözenman, F., Jones, K. T., Stephens, J. A., and Berryhill, M. E. (2018). Frontoparietal tdcs benefits visual working memory in older adults with low working memory capacity. Frontiers in aging. Neuroscience 10:10. doi: 10.3389/fnagi.2018.00057

	 Assecondi, S., Hu, R., Kroeker, J., Eskes, G., and Shapiro, K. (2022). Older adults with lower working memory capacity benefit from transcranial direct current stimulation when combined with working memory training: a preliminary study. Front. Aging Neurosci. 14:1009262. doi: 10.3389/fnagi.2022.1009262 
	 Baddeley, A. (2000). The episodic buffer: a new component of working memory? Trends Cogn. Sci. 4, 417–423. doi: 10.1016/S1364-6613(00)01538-2 
	 Baddeley, A. (2010). Working memory. Curr. Biol. 20, R136–R140. doi: 10.1016/j.cub.2009.12.014

	 Begemann, M. J., Brand, B. A., Ćurčić-Blake, B., Aleman, A., and Sommer, I. E. (2020). Efficacy of non-invasive brain stimulation on cognitive functioning in brain disorders: a meta-analysis. Psychol. Med. 50, 2465–2486. doi: 10.1017/S0033291720003670 
	 Benzing, V., and Schmidt, M. (2017). Cognitively and physically demanding exergaming to improve executive functions of children with attention deficit hyperactivity disorder: a randomised clinical trial. BMC Pediatr. 17:8. doi: 10.1186/s12887-016-0757-9 
	 Brambilla, M., Dinkelbach, L., Bigler, A., Williams, J., Zokaei, N., Cohen Kadosh, R., et al. (2021). The effect of transcranial random noise stimulation on cognitive training outcome in healthy aging. Front. Neurol. 12:625359. doi: 10.3389/fneur.2021.625359 
	 Brooks, H., Oughli, H. A., Kamel, L., Subramanian, S., Kloeckner, J., Blumberger, D., et al. (2021). Enhancing cognition in older persons: a pilot clinical trial of mindfulness-based stress reduction (Mbsr) and transcranial direct current stimulation (tdcs). Am. J. Geriatr. Psychiatry 29, S105–S106. doi: 10.1016/j.jagp.2021.01.102

	 Brunoni, A. R., and Vanderhasselt, M.-A. (2014). Working memory improvement with non-invasive brain stimulation of the dorsolateral prefrontal cortex: a systematic review and meta-analysis. Brain Cogn. 86, 1–9. doi: 10.1016/j.bandc.2014.01.008 
	 Byeon, H. (2019). Combined effects of tdcs and language/cognitive intervention on the naming of dementia patients: a systematic review and Meta-analysis. Public Health 49, 822–829.

	 Cheng, C. P., Chan, S. S., Mak, A. D., Chan, W. C., Cheng, S. T., Shi, L., et al. (2015). Would transcranial direct current stimulation (tdcs) enhance the effects of working memory training in older adults with mild neurocognitive disorder due to Alzheimer's disease: study protocol for a randomized controlled trial. Trials 16:479. doi: 10.1186/s13063-015-0999-0 
	 Clare, L., and Woods, B. (2008). Cognitive rehabilitation and cognitive training for early-stage Alzheimer’s disease and vascular dementia. Cochrane Collab. 4:CD003260. doi: 10.1002/14651858.CD003260

	 D'esposito, M., and Postle, B. R. (2015). The cognitive neuroscience of working memory. Annu. Rev. Psychol. 66, 115–142. doi: 10.1146/annurev-psych-010814-015031 
	 Ditye, T., Jacobson, L., Walsh, V., and Lavidor, M. (2012). Modulating behavioral inhibition by tdcs combined with cognitive training. Exp. Brain Res. 219, 363–368. doi: 10.1007/s00221-012-3098-4 
	 Edin, F., Klingberg, T., Johansson, P. R., McNab, F., Tegnér, J., and Compte, A. (2009). pnas.0901894106. PNAS 106, 6802–6807. doi: 10.1073/pnas.0901894106 
	 Elmasry, J., Loo, C., and Martin, D. (2015). A systematic review of transcranial electrical stimulation combined with cognitive training. Restor. Neurol. Neurosci. 33, 263–278. doi: 10.3233/RNN-140473

	 Figeys, M., Villarey, S., Leung, A. W. S., Raso, J., Buchan, S., Kammerer, H., et al. (2022). Tdcs over the left prefrontal cortex improves mental flexibility and inhibition in geriatric inpatients with symptoms of depression or anxiety: a pilot randomized controlled trial. Front. Rehab. Sci. 3:3. doi: 10.3389/fresc.2022.997531

	 Fröhlich, F., Sellers, K. K., and Cordle, A. L. (2014). Targeting the neurophysiology of cognitive systems with transcranial alternating current stimulation. Expert. Rev. Neurother. 15, 145–167. doi: 10.1586/14737175.2015.992782 
	 Gill, J., Shah-Basak, P. P., and Hamilton, R. (2015). It's the thought that counts: examining the task-dependent effects of transcranial direct current stimulation on executive function. Brain Stimul. 8, 253–259. doi: 10.1016/j.brs.2014.10.018 
	 Gonzalez, P. C., Fong, K. N. K., and Brown, T. (2021). Transcranial direct current stimulation as an adjunct to cognitive training for older adults with mild cognitive impairment: a randomized controlled trial. Ann. Phys. Rehabil. Med. 64:101536. doi: 10.1016/j.rehab.2021.101536 
	 Green, S., Higgins, J. P., Alderson, P., Clarke, M., Mulrow, C., and Oxman, A. D. (n.d.). Introduction. Cochrane Handbook for Systematic Reviews of Interventions, 1–9.

	 Grover, S., Fayzullina, R., Bullard, B. M., Levina, V., and Reinhart, R. M. G. (2023). A meta-analysis suggests that tacs improves cognition in healthy, aging, and psychiatric populations. Sci. Transl. Med. 15:eabo2044. doi: 10.1126/scitranslmed.abo2044 
	 Hanley, C. J., Alderman, S. L., and Clemence, E. (2020). Optimising cognitive enhancement: systematic assessment of the effects of tdcs duration in older adults. Brain Sci. 10, 304–314. doi: 10.3390/brainsci10050304 
	 Hara, T., Shanmugalingam, A., McIntyre, A., and Burhan, A. M. (2021). The effect of non-invasive brain stimulation (Nibs) on attention and memory function in stroke rehabilitation patients. Diagnostics 11, 227–243. doi: 10.3390/diagnostics11020227

	 Hausman, H. K., Alexander, G. E., Cohen, R., Marsiske, M., DeKosky, S. T., Hishaw, G. A., et al. (2023). Primary outcome from the augmenting cognitive training in older adults study (act): a tdcs and cognitive training randomized clinical trial. Brain Stimul. 16, 904–917. doi: 10.1016/j.brs.2023.05.021 
	 Higgins, J. P. T., Altman, D. G., Gotzsche, P. C., Juni, P., Moher, D., Oxman, A. D., et al. (2011). The Cochrane Collaboration's tool for assessing risk of bias in randomised trials. BMJ 343:d5928-d. doi: 10.1136/bmj.d5928 
	 Hsu, W.-Y., Ku, Y., Zanto, T. P., and Gazzaley, A. (2015). Effects of noninvasive brain stimulation on cognitive function in healthy aging and Alzheimer's disease: a systematic review and meta-analysis. Neurobiol. Aging 36, 2348–2359. doi: 10.1016/j.neurobiolaging.2015.04.016 
	 Huo, L., Zhu, X., Zheng, Z., Ma, J., Ma, Z., Gui, W., et al. (2021). Effects of transcranial direct current stimulation on episodic memory in older adults: a Meta-analysis. J. Gerontol. B Psychol. Sci. Soc. Sci. 76, 692–702. doi: 10.1093/geronb/gbz130 
	 Hyer, L., Scott, C., Atkinson, M. M., Mullen, C. M., Lee, A., Johnson, A., et al. (2015). Cognitive training program to improve working memory in older adults with mci. Clin. Gerontol. 39, 410–427. doi: 10.1080/07317115.2015.1120257

	 Indahlastari, A., Hardcastle, C., Albizu, A., Alvarez-Alvarado, S., Boutzoukas, E. M., Evangelista, N. D., et al. (2021). A systematic review and Meta-analysis of transcranial direct current stimulation to remediate age-related cognitive decline in healthy older adults. Neuropsychiatr. Dis. Treat. 17, 971–990. doi: 10.2147/NDT.S259499 
	 Jayawant, N., Mandrekar, P., Sumithra, J., and Mandrekar, P. (2011). Systematic reviews and Meta-analysis of published studies an overview and best practices. J. Thorac. Oncol. 6:3.

	 Jones, K. T., Stephens, J. A., Alam, M., Bikson, M., and Berryhill, M. E. (2015). Longitudinal neurostimulation in older adults improves working memory. PLoS One 10:e0121904. doi: 10.1371/journal.pone.0121904 
	 Joubert, C., and Chainay, H. (2018). Aging brain: the effect of combined cognitive and physical training on cognition as compared to cognitive and physical training alone–a systematic review. Clin. Interv. Aging 13, 1267–1301. doi: 10.2147/CIA.S165399 
	 Katz, B., Au, J., Buschkuehl, M., Abagis, T., Zabel, C., Jaeggi, S. M., et al. (2017). Individual differences and long-term consequences of tdcs-augmented cognitive training. J. Cogn. Neurosci. 29, 1498–1508. doi: 10.1162/jocn_a_01115 
	 Krebs, C., Peter, J., Wyss, P., Brem, A. K., and Klöppel, S. (2021). Transcranial electrical stimulation improves cognitive training effects in healthy elderly adults with low cognitive performance. Clin. Neurophysiol. 132, 1254–1263. doi: 10.1016/j.clinph.2021.01.034 
	 Lawrence, B. J., Gasson, N., Bucks, R. S., Troeung, L., and Loftus, A. M. (2017). Cognitive training and noninvasive brain stimulation for cognition in Parkinson’s disease: a Meta-analysis. Neurorehabil. Neural Repair 31, 597–608. doi: 10.1177/1545968317712468 
	 Liu, Y., Yin, M., Luo, J., Huang, L., Zhang, S., Pan, C., et al. (2020). Effects of transcranial magnetic stimulation on the performance of the activities of daily living and attention function after stroke: a randomized controlled trial. Clin. Rehabil. 34, 1465–1473. doi: 10.1177/0269215520946386 
	 Müller, D., Habel, U., Brodkin, E. S., and Weidler, C. (2022). High-definition transcranial direct current stimulation (Hd-tdcs) for the enhancement of working memory – a systematic review and meta-analysis of healthy adults. Brain Stimul. 15, 1475–1485. doi: 10.1016/j.brs.2022.11.001 
	 Nilsson, J., Lebedev, A. V., and Lövdén, M. (2015). No significant effect of prefrontal tdcs on working memory performance in older adults. Front. Aging Neurosci. 7:7. doi: 10.3389/fnagi.2015.00230

	 Nissim, N. R. (2019). Neural effects of transcranial direct current stimulation paired with cognitive training on working memory, vol. 11. University of Florida Graduate School.

	 Nissim, N. R., O’Shea, A., Indahlastari, A., Kraft, J. N., von Mering, O., Aksu, S., et al. (2019). Effects of transcranial direct current stimulation paired with cognitive training on functional connectivity of the working memory network in older adults. Front. Aging Neurosci. 11:340. doi: 10.3389/fnagi.2019.00340

	 Nitsche, M. A., and Paulus, W. (2001). Sustained excitability elevations induced by transcranial dc motor cortex stimulation in humans. Neurology 57, 1899–1901. doi: 10.1212/WNL.57.10.1899 
	 Park, S. H., Seo, J. H., Kim, Y. H., and Ko, M. H. (2014). Long-term effects of transcranial direct current stimulation combined with computer-assisted cognitive training in healthy older adults. Neuroreport 25, 122–126. doi: 10.1097/WNR.0000000000000080 
	 Perceval, G., Martin, A. K., Copland, D. A., Laine, M., and Meinzer, M. (2020). Multisession transcranial direct current stimulation facilitates verbal learning and memory consolidation in young and older adults. Brain Lang. 205:104788. doi: 10.1016/j.bandl.2020.104788 
	 Polanía, R., Nitsche, M. A., and Ruff, C. C. (2018). Studying and modifying brain function with non-invasive brain stimulation. Nat. Neurosci. 21, 174–187. doi: 10.1038/s41593-017-0054-4

	 Prehn, K., and Flöel, A. (2015). Potentials and limits to enhance cognitive functions in healthy and pathological aging by tdcs. Front. Cell. Neurosci. 9:355. doi: 10.3389/fncel.2015.00355

	 Rabey, J. M., and Dobronevsky, E. (2016). Repetitive transcranial magnetic stimulation (rtms) combined with cognitive training is a safe and effective modality for the treatment of Alzheimer’s disease: clinical experience. J. Neural Transm. 123, 1449–1455. doi: 10.1007/s00702-016-1606-6 
	 Raimo, S., Cropano, M., Gaita, M., Maggi, G., Cavallo, N. D., Roldan-Tapia, M. D., et al. (2023). The efficacy of cognitive training on neuropsychological outcomes in mild cognitive impairment: a Meta-analysis. Brain Sci. 13, 1510–1537. doi: 10.3390/brainsci13111510 
	 Razza, L. B., Luethi, M. S., Zanão, T., de Smet, S., Buchpiguel, C., Busatto, G., et al. (2023). Transcranial direct current stimulation versus intermittent theta-burst stimulation for the improvement of working memory performance. Int. J. Clin. Health Psychol. 23:100334. doi: 10.1016/j.ijchp.2022.100334 
	 Reinhart, R. M. G., and Woodman, G. F. (2014). Enhancing long-term memory with stimulation tunes visual attention in one trial. Proc. Natl. Acad. Sci. 112, 625–630.

	 Richardson, M., Garner, P., and Donegan, S. (2019). Interpretation of subgroup analyses in systematic reviews: a tutorial. Clin. Epidemiol. Glob. Health 7, 192–198. doi: 10.1016/j.cegh.2018.05.005

	 Sanderson, W. C., Scherbov, S., and Gerland, P. (2017). Probabilistic population aging. PLoS One 12:e0179171. doi: 10.1371/journal.pone.0179171 
	 Šimko, P., Pupíková, M., Gajdoš, M., and Rektorová, I. (2021). Cognitive aftereffects of acute tdcs coupled with cognitive training: an fmri study in healthy seniors. Neural Plast. 2021, 1–10. doi: 10.1155/2021/6664479 
	 Stephens, J. A., and Berryhill, M. E. (2016). Older adults improve on everyday tasks after working memory training and Neurostimulation. Brain Stimul. 9, 553–559. doi: 10.1016/j.brs.2016.04.001 
	 Teixeira-Santos, A. C., Moreira, C. S., Pereira, D. R., Pinal, D., Fregni, F., Leite, J., et al. (2022). Working memory training coupled with transcranial direct current stimulation in older adults: a randomized controlled experiment. Front. Aging Neurosci. 14:827188. doi: 10.3389/fnagi.2022.827188 
	 Thams, F., Kuzmina, A., Backhaus, M., Li, S. C., Grittner, U., Antonenko, D., et al. (2020). Cognitive training and brain stimulation in prodromal Alzheimer’s disease (ad-stim)—study protocol for a double-blind randomized controlled phase Iib (monocenter) trial. Alzheimer's Res. Ther. 12, 142–153. doi: 10.1186/s13195-020-00692-5

	 Volkmann, J., Albanese, A., Antonini, A., Chaudhuri, K. R., Clarke, C. E., Bie, R. M. A., et al. (2013). Selecting deep brain stimulation or infusion therapies in advanced Parkinson’s disease: an evidence-based review. J. Neurol. 260, 2701–2714. doi: 10.1007/s00415-012-6798-6 
	 Wassermann, E. M., Wedegaertner, F. R., Ziemann, U., George, M. S., and Chen, R. (1998). Crossed reduction of human motor cortex excitability by 1-Hz transcranial magnetic stimulation. Neurosci. Lett. 250, 141–144. doi: 10.1016/S0304-3940(98)00437-6 
	 Woods, A. J., Cohen, R., Marsiske, M., Alexander, G. E., Czaja, S. J., and Wu, S. (2018). Augmenting cognitive training in older adults (the act study): design and methods of a phase iii tdcs and cognitive training trial. Contemp. Clin. Trials 65, 19–32. doi: 10.1016/j.cct.2017.11.017 
	 Yue, T., Wang, Y., Liu, H., Kong, Z., and Qi, F. (2022). Effects of high-intensity interval vs. moderate-intensity continuous training on cardiac rehabilitation in patients with cardiovascular disease: a systematic review and Meta-analysis. Front. Cardiovascular Med. 9:9. doi: 10.3389/fcvm.2022.845225



Copyright
 © 2024 Lv, Wu, Nitsche, Yue, Zschorlich and Qi. 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.










	
	BRIEF RESEARCH REPORT
published: 03 October 2024
doi: 10.3389/frdem.2024.1451310






[image: image2]

The COM-B model: a cross-sectional survey assessing capability, opportunities, and motivation to follow the MIND diet among informal female caregivers of people with Alzheimer's disease and related dementias

Jacqueline Guzman1* and Susan Aguiñaga2


1Cancer Center, Medical College of Wisconsin, Milwaukee, WI, United States

2Department of Health and Kinesiology, University of Illinois Urbana-Champaign, Champaign, IL, United States

Edited by
Kristin Rene Krueger, Rush University Medical Center, United States

Reviewed by
Monica Lauren Parker, Emory University, United States
 Jaime Perales-Puchalt, University of Kansas Medical Center, United States
 Brenna Renn, University of Nevada, Las Vegas, United States

*Correspondence
 Jacqueline Guzman, jguzman@mcw.edu

Received 19 June 2024
 Accepted 19 September 2024
 Published 03 October 2024

Citation
 Guzman J and Aguiñaga S (2024) The COM-B model: a cross-sectional survey assessing capability, opportunities, and motivation to follow the MIND diet among informal female caregivers of people with Alzheimer's disease and related dementias. Front. Dement. 3:1451310. doi: 10.3389/frdem.2024.1451310






Introduction: Caring for a person with Alzheimer's disease or dementia has been correlated with poor dietary patterns in caregivers. Dietary patterns like The Mediterranean-DASH diet intervention for neurodegenerative delay (MIND) diet have the potential to reduce the negative health outcomes associated with caregiving. Our objective was to assess capabilities, opportunities, and motivation of caregivers to follow the MIND diet using the COM-B model approach.
Method: Female caregivers (n = 299, mage = 37.7 ± 13.7) participated in an online survey. Majority were White (72%) and cared for someone with Alzheimer's disease (42.6%). The survey included at least one question for each of the 6 COM-B subcomponents: psychological capability, physical capability, social opportunity, physical opportunity, reflective motivation, and automatic motivation.
Results: Most caregivers were not consuming the MIND diet as only 8.4% reported normally eating the MIND diet items. Caregivers (36.5%) were slightly confident or not confident at all in cooking and eating the MIND diet. Participants (67.1%) reported that consuming the MIND diet would somewhat to very much be supported by friends and family. Budget, time, and transportation were selected as the main barriers. Budget, cooking skills, access to food and stores, and family support were the main facilitators.
Discussion: Strategies to increase capability, opportunities, and motivation for the MIND diet are needed to improve caregivers' health. Future MIND diet interventions should improve budget planning and cooking skills of caregivers (capabilities), make MIND diet food items accessible to them (opportunity) and incorporate social support from family and friends (motivation).
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Introduction

Millions of Americans provide care for an older adult including providing care for family members or friends with Alzheimer's disease and related dementias (ADRD; Alzheimer's Association, 2023). Specifically, over 11 million women in the U.S either live with or care for someone with ADRD (Alzheimer's Association, 2023). Compared to any other caregivers, caregivers of people with ADRD experience more challenging, more intense, and longer-term caregiving situations (Alzheimer's Association, 2023; Kapoor et al., 2020; Ory et al., 1999). According to the Alzheimer's Association, on average, caregivers of people with ADRD provide more care hours than non-ADRD caregivers because people with ADRD require higher levels of care related to activities of daily living and instrumental activities of daily living and exhibit more behavioral problems (Alzheimer's Association, 2023). Often, caregivers forgo their own health for those they care for. Caregivers of people with ADRD experience higher levels of stress and depression compared to other caregivers (Watson et al., 2019). They also have higher prevalence of chronic conditions including hypertension, arthritis, and heart disease (Wang et al., 2014). Additionally, they have been shown to have stress-related cognitive dysfunction (Allen et al., 2017; Correa et al., 2016; Oken et al., 2011), increased risk for anxiety (Watson et al., 2019), poor sleep quality (Gao et al., 2019; Cupidi et al., 2012), poorer quality of life (Andreakou et al., 2016), and poorer health behaviors (Vitaliano et al., 2003).

Poor health behaviors include poor dietary patterns that can further negatively impact health. About 15% of caregivers report eating no more than two meals per day (Rabinowitz et al., 2007), and othersreport eating unhealthy foods including fast food due to the lack of time or as a coping mechanism (Wang et al., 2019). In a study by Rullier et al. (2013) it was found that 32.1% of family caregivers of people with ADRD were at risk of malnutrition and 5.4% of the caregivers were malnourished. Dietary patterns like the Mediterranean-DASH diet intervention for neurodegenerative delay (MIND) diet have the potential to reduce negative health outcomes associated with caregiving, unfortunately this has not been explored in caregivers of people with ADRD.

The MIND diet is a dietary pattern that is tailored for neuroprotection including the most compelling evidence in the diet-dementia research. It is a combination of the Mediterranean diet and the Dietary Approaches to Stop Hypertension (DASH) diet. The MIND diet consists of 10 brain healthy food groups (green leafy vegetables, other vegetables, nuts, berries, beans, whole grains, fish, poultry, olive oil, and wine [1 glass/d]) (Morris et al., 2015). For safety, the wine recommendation was removed in the MIND diet trial (Liu et al., 2021). The MIND diet also recommends limited intake of 5 food groups (high saturated fat or sugar intakes, such as red meat and meat products, butter, whole fat cheese, pastries and sweets and fried and fast foods) (Morris et al., 2015). Following the MIND diet might help caregivers alleviate some of the negative effects of caregiving. Previous studies in non-caregivers have shown association between the MIND diet and fewer depressive symptoms (Cherian et al., 2021), reduced risk of cognitive impairment (Morris et al., 2015) and improved sleep (Campanini et al., 2017; Castro-Diehl et al., 2018; Godos et al., 2019; Mamalaki et al., 2018; Zuraikat et al., 2020).

Few studies have explored barriers and facilitators of adopting healthy dietary patterns like the MIND diet including the Mediterranean and the DASH diets. For instance, a systematic review by Tsofliou et al. (2022) examined barriers and facilitators to the Mediterranean diet in both Mediterranean and non-Mediterranean countries. They found that barriers included lack of knowledge or misconceptions about the diet, cultural preferences and traditions, busy lifestyles, and limited availability of Mediterranean diet components in local stores. This latter issue was specifically noted in studies from non-Mediterranean countries like the U.S., U.K., Australia, and Netherlands (Tsofliou et al., 2022). Additionally, the high cost of food like fresh fruits, vegetables, and fish was identified as a barrier (Tsofliou et al., 2022). Cost can be a significant barrier especially for people living in impoverished areas where there might already be limited food choices. A study assessing cost of Spanish graduate students to follow the Mediterranean diet or Western diet, a diet high in trans fats and refined sugars, found that the Mediterranean diet was more expensive (Lopez et al., 2009). Economic constraints can lead to consumption of less healthy diets. Similarly, barriers to the DASH diet include cost, poor cooking skills, and lack of support from household members (Tyson et al., 2023). In a study including low-income Latinos and African Americans with type 2 diabetes, participants reported lack of nutrition education was an impediment to make informed dietary choices and following a healthy diet (Bross et al., 2022). This indicates that people may not follow these diets not due to lack of will, but because they lack access, and the necessary tools and skills.

Furthermore, facilitators to the Mediterranean and DASH diets include increased awareness of the benefits of the diet, social support from family and friends, and integration of the diet items into traditional meals (Tsofliou et al., 2022). Family and friends can be crucial support as they can motivate people to continue to make better dietary choices (Ferranti et al., 2013; Laiou et al., 2020). Also, encouraging people to incorporate healthier items to their traditional meals might be easier than to encourage people to adopt a new dietary pattern (Tsofliou et al., 2022). Other facilitators to adopt healthy dietary patterns include having access to healthy foods, living alone or with supportive household member and having willpower and motivation for change (Tyson et al., 2023). Understanding individual and external factors that influence behaviors change is key when promoting the adoption of dietary patterns like the MIND diet.

The Capability, Opportunity, Motivation-Behavior (COM-B) model is at the core of an overarching framework called the Behavior Change Wheel, which is a three-stage approach to designing a behavior change intervention (Michie et al., 2011). The COM-B model states that behavior change involves modifying one or more of its components: capability, opportunity, and motivation (Michie et al., 2011). The model components are further divided which results in 6 total subcomponents: psychological capability, physical capability, physical opportunity, social opportunity, reflective motivation, and automatic motivation (Michie et al., 2011). These subcomponents were defined by Michie et al. (2011) as:

	• Capability is a person's psychological and physical ability to engage in a specific behavior. Psychological ability relates to the thought process of engaging in a specific behavior for example knowledge and understanding. It can also be physical, for example, having the physical skills, strength, or stamina to perform the behavior.
	• Opportunity reflects outside factors that make a behavior possible. Physical opportunity relates to environmental influences for a particular behavior and social opportunities relate to cultural factors influencing behavior.
	• Motivation is a brain process that influences and directs behavior. Reflective motivation relates to evaluation, planning, and goals. Automatic motivation relates to emotions and impulses that arise from learning or innately.

The COM-B model has been used before to explore barriers and facilitators to physical activity in obese pregnant women (Bentley et al., 2019) and to explore barriers and facilitators to the adoption of the MIND diet in 40–50 year old men and women living in Northern Ireland and Italy (Timlin et al., 2021). There have not been studies assessing the relationship between the MIND diet and caregivers' health, but the MIND diet has the potential to improve caregivers' physical and psychological health. The aim of this study was to assess capability, opportunities, and motivation of informal female caregivers of people with ADRD to follow the MIND diet using the COM-B approach.



Materials and methods

The iCARE study was a cross-sectional online survey study on informal female caregivers of people with ADRD.

Eligibility criteria to participate in iCARE included (1) identifying as women of at least 18 years of age; (2) providing at least 10 h of unpaid care per week to a family member or friend living in the community with ADRD.

Participants for the iCARE study were recruited using the Cloud Research Prime Panels online platform. Cloud research is an online platform where people across the U.S. register to participate in online survey research. Demographics of respondents in Cloud Research are diverse and comparable to U.S. adult population in terms of gender, age, race, ethnicity, and Census region (Chandler et al., 2019). Therefore, this type of online convenience sample can yield generalizable findings. Information about the present study was sent to potential participants living in the U.S through Cloud Research. Study information and survey was available in English and Spanish; however, all participants completed the survey in English. First, women were presented with the study title and identifying words for the study. After receiving the initial recruitment notification, interested individuals selected the study link which presented them with more information about the study and inclusion criteria. Those who decided to participate were then presented with the informed consent which they signed electronically before beginning the survey. This study was approved by the University of Illinois at Urbana-Champaign Institutional Review Board and informed consent was obtained from all participants.

The analytical sample of the present study included 299 caregivers (Table 1). Initially, 1,137 potential participants responded the inclusion criteria questions. Of those, 489 respondents did not meet the inclusion criteria. Respondents who met the inclusion criteria, 648, proceeded to read the study consent form and 459 participants provided electronic consent. Data from 78 participants was removed because the age of the care recipient was < 30. According to the National Institute on Aging, although rare, early-onset Alzheimer's can begin as early as 30 years of age. Data from other 82 participants was removed because they had a rate of completion of < 80% of the survey.


TABLE 1 Caregiver's characteristics.

[image: Table displaying demographic characteristics of a sample. Mean age is 37.7 years. Average BMI is 28.3. Education levels range from less than high school to postgraduate. Annual household income varies from less than $35,000 to over $75,000. Racial distribution includes White (71.9%), Black or African American (17.7%), Asian (3.3%), among others. Ethnicity is 85.8% Non-Latino. Relationships to care recipients include daughter (30.9%) and friend (30.2%).]

Information about caregivers' age, height, weight, education, income, race, and ethnicity was collected. Care recipient's demographic information was also collected including sex, age, and relationship to caregiver. Caregivers were asked to report on the care recipient's ADRD diagnosis by selecting from a list of possible diagnosis (Table 2).


TABLE 2 Care recipient's characteristics.

[image: Table displaying demographic and diagnostic data of a study population of 299 individuals. Average age is 68.7 years. Females comprise 74.2% and males 25.8%. Diagnoses include Alzheimer's disease (42.4%), mixed dementia (20.9%), Parkinson’s disease (8.1%), dementia with Lewy bodies (5.1%), and others. Some have no known diagnosis but exhibit memory difficulties (11.8%).]

Constructs of the COM-B model were assessed using a modified interview/focus group guide from Timlin et al. (2021) (see Supplementary material). Participants were asked the same questions as in the study of Timlin et al. (2021), but answers were presented in Likert scales and multiple choice. Participants received a short paragraph of information introducing them to the MIND diet and the MIND diet items before answering questions regarding the MIND diet. The questionnaire included at least one question for each of the 6 COM-B subcomponents: psychological capability, physical capability, social opportunity, physical opportunity, reflective motivation, and automatic motivation. Questions explored whether eating the MIND diet items was something participants were normally doing (e.g., 0 = never, 4 = always), confidence in cooking/eating the MIND diet (e.g., 0 = not confident at all, 4 = very confident), extent to which family would encourage/discourage the MIND diet (0 = not at all, 4 = very much), barriers, and facilitators to consume the MIND diet, and feelings about the MIND diet. When assessing barriers and facilitators participants were provided with a list and asked to select all the barriers and facilitators that applied to them. This list included: (1) access to food and stores, (2) transportation, (3) season, (4) budget or money, (5) time, (6) cooking skills, (7) culture, (8) family, (9) caregiving, and (10) friends. They were also given the option to add other barriers and facilitators. The list was created based on MIND diet barriers and facilitators reported by Timlin et al. Caregiving was added to the list as this relates specifically to the current sample.


Analysis

Descriptive statistics were calculated for demographic data, including means and standard deviations for continuous variables and frequencies for categorical variables. Frequencies and percentages were computed to report survey questions results. All statistical analyses were performed with SPSS software, version 29.

Data from participants responding at the extremes as “Never” and “Always” to the questions, “To what extent is eating MIND diet, foods something you normally do? Do you eat MIND diet foods each day?” was assessed (n = 97) for differences between those who responded “rarely,” “sometimes,” and “often.” There were no statistically significant differences regarding age, education, and income for those who reported “never” and “always” and those responding “rarely,” “sometimes,” and “often” (ps > 0.05).




Results

Caregivers' and care recipients' characteristics are detailed in Tables 1, 2. Briefly, participants were 299 female caregivers of people with ADRD who were on average 37.7 ± 13.7 years old (18–78 years old), White (72%), 58.5% with overweight or obesity, and had an annual household income < $35,000 dollars (50.2%). They provided care for a female (74.2%), on average 68.7 ± 15.0 years old (30–102 years old), and with Alzheimer's disease (42.6%).


Capability and motivation

When asked about whether eating MIND diet foods is something they normally do, 8.4% of participants reported it was something they always do, 95% CI (0.05, 0.12) and 24.1% reported never eating MIND diet foods, 95% CI (0.19, 0.29). Only 11.4% of participants reported that friends and family will not at all support eating the MIND diet, 95% CI (0.08, 0.15). Whereas 67.1% of them reported that consuming the MIND diet would somewhat to very much be supported by friends and family, 95% CI (0.62, 0.72). Thirty-six percent of the participants also reported they were slightly confident or not at all confident to be able to eat or cook MIND diet items, 95% CI (0.31, 0.42). Fifty-seven percent of participants felt somewhat good or extremely good about eating the MIND diet, 95% CI (0.52, 0.63).



Opportunity

In relation to friends and family, 56.9% of participants responded that their family or friends would somewhat to very much encourage them to eat MIND diet foods, 95% CI (0.52, 0.63) and 4.7% of participants responded that their family or friends would very much discourage them from eating the MIND diet, 95% CI (0.02, 0.07). The three most common barriers to the MIND diet were budget (28.0%), time (12.3%), and transportation (11.0%). The three most common facilitators to the MIND diet were budget (23.5%), cooking skills (12.3%) and access to food and stores (11.2%) or family support (11.2%; Figure 1).


[image: Two pie charts compare barriers and facilitators related to food access. For barriers, the largest segments are budget at 28%, transportation at 11%, and time at 12%. For facilitators, budget is 24%, cooking skill is 12%, and family is 11%. Both charts include segments for season, caregiving, and access to food stores.]
FIGURE 1
 Barriers and facilitators to consuming the MIND diet.





Discussion

The purpose of the present study was to assess capability, opportunities, and motivation of informal female caregivers of people with ADRD to follow the MIND diet using the COM-B approach. The study showed caregivers of people with ADRD have the motivation to consume the MIND diet as 57% of the sample felt somewhat good or extremely good about the MIND diet. Interventions that promote the MIND diet might be well received by this population. However, the results also showed that caregivers are not consuming the MIND diet. Less than 10 percent of the sample reported eating the MIND diet items regularly and about a quarter of the sample reported never eating the MIND diet items. These results are consistent with the typical American diet. According to the report for the 2020–2025 dietary guidelines for Americans, the typical American diet is too high in calories, contains added sugars saturated fats, and sodium (USDA and USDHHS, 2020). Americans also have low intake of vegetables, fruits, dairy, and whole grains, and the most consumed protein foods include beef, chicken, pork, processed meats, and eggs (USDA and USDHHS, 2020). Similar results have been reported in a study by Wang et al. (2019) where caregivers reported lack of healthy eating and constantly eating fast foods, sweets, and meat.

A third of the sample of caregivers in this study also reported low confidence or no confidence at all in eating or cooking the MIND diet items. Since eating some of the MIND diet items is not something they regularly do, caregivers might not feel confident in cooking these items. Health literacy and nutrition knowledge has the potential to influence nutrition patterns. The use of food labels has been positively associated with nutrition knowledge, vegetable consumption, and less sugar sweetened soda intake (Persoskie et al., 2017). In a community-based nutrition education program for adult men and women, there was a significant increase in fruit and vegetable consumption and decrease in fat intake after participating in a Full Plate Diet intervention (Downes et al., 2019). This intervention included a nutrition program to increase awareness of the consumption of nutrient-dense foods and high-fiber foods to increase satiety and reduce calorie intake for weight loss and thereby improve health. In another study, an intervention for caregivers to improve diet of people with dementia showed that increased nutritional knowledge for dementia significantly improved caregivers' healthy eating behavior (Hsiao et al., 2020).

The majority of the caregivers responded that their family and friends would encourage them to follow the MIND diet, and that they would not be discouraged by family or friends to consume the MIND diet items. Social support from family and friends to adopt new diets is important as eating can be a social activity and dietary practices can provide a sense of belonging to a certain group (Hendricks et al., 1988). In a previous study by Timlin et al. (2021) on barriers and facilitators to uptake the MIND diet, family support was reported as a barrier. In the present study family was cited as one of the top three facilitators to follow the MIND diet. Social networks have been positively associated with healthy eating and better diet quality in women (Mötteli et al., 2017; Shand et al., 2021) and for caregivers it can be a source of motivation.

Caregivers in this study reported budget as both a barrier and facilitator to the MIND diet. Several environmental factors influence nutrition including socio-economic status, access to healthful foods, and food security. According to a study by Jutkowitz et al. (2017), the total lifetime cost of care for a person with ADRD from diagnosis, at a mean age of 83, is $373,527 (2020 dollars). Families contribute about 70% of that amount in the form of unpaid care, medication, food, and other expenses (Jutkowitz et al., 2017). This has a great impact on the finances of caregivers as it is estimated that 41% of caregivers have a household income of $50,000 or less (Alzheimer's Association, 2023). In this study, half of the participants had an annual household income of < $35,000. Studies have shown that healthful foods cost more than less healthy options (Drewnowski, 2010; Wilde and Llobrera, 2009). Lower socio-economic status has also been associated with energy-dense, nutrient-poor diets, which contributes to poorer health (Darmon and Drewnowski, 2008). Food apartheid, referred to as the systemic and intentional inequities in food access and quality that disproportionately affect marginalized populations, contribute to food insecurity. In many minoritized neighborhoods across the U.S., there is a lack of grocery stores and finding healthy foods can be expensive and difficult (Grigsby-Toussaint et al., 2010). The combination of the economic cost of caregiving and low socio-economic status puts caregivers at higher risk of poor nutrition and health.

Caregivers also listed time as a major barrier to the MIND diet which is consistent with the barriers in the healthy eating literature (DiSantis et al., 2016; Welch et al., 2009; Yeh et al., 2008). In a study exploring fruit and vegetable consumption among a diverse multi-ethnic population in the U.S. perceived lack of time due to long working hours (Yeh et al., 2008). Furthermore, long time spent cooking has also been cited as a barrier to consuming a healthier diet (Yeh et al., 2008). Informal ADRD caregivers provided ~18 billion hours of unpaid care in 2022 (Alzheimer's Association, 2023). This is an average of 30 h per week based on average state minimum wage and average cost of a home health aide (Alzheimer's Association, 2023). Caregivers experiencing significant caregiving strain and those providing extensive care might have less time to prepare meals, leading them to choose unhealthy options like fast food (Wang et al., 2019). Based on the results from this study, caregivers have social opportunities to engage in the MIND diet as they report they would have support from family and friends to eat MIND diet items, but they lack physical opportunities including budget and time.

This study has some limitations. First, we did not collect information on dietary intake of caregivers. Therefore, we do not know whether caregivers were consuming the MIND diet items. Information from a food frequency questionnaire or a food diary is needed to understand which MIND diet items caregivers are already consuming, and which items need intervention. Second, the survey nature of the study did not allow for further elaboration on participant answers. For example, we were not able to assess if caregivers did not feel confident in eating and cooking the MIND diet items because of lack of access to the foods, their cooking skills, or other reasons. Future studies are needed to understand current MIND diet patterns of caregivers of people with ADRD. Another limitation is that our sample included only female caregivers. Data from the Alzheimer's Association shows one third of ADRD caregivers are men (Alzheimer's Association, 2023). Therefore, our findings may not be generalizable to male caregivers. Additionally, participants were recruited from an online platform only, therefore, this sample may not be representative of all caregivers. Future studies may consider including both male and female caregivers within online platforms and beyond to examine the MIND diet. Our study also had several strengths, including focusing on a population that is understudied. In nutrition-dementia research, the focus is often the person with ADRD, and few studies have included caregivers (Rabinowitz et al., 2007; Rullier et al., 2013, 2014; Torres et al., 2010; Wang et al., 2019). Nutrition and dietary patterns of the caregivers is an important issue as caregivers' nutrition can influence the health outcomes of the person with ADRD (Rullier et al., 2013, 2014). Another strength is that the study investigated a dietary pattern that has not been explored among caregivers. The MIND diet has the potential to benefit the physical and psychological health of caregivers.

MIND diet interventions for female caregivers of people with ADRD are needed. Components of social support should be incorporated in these interventions especially from family and friends (motivation) to aid in the adoption of new dietary patterns. There should also be a focus on budget planning and improving cooking skills (capability), as well as making MIND diet food items accessible (opportunity) to ADRD caregivers. Understanding how to increase capability, opportunities, and motivation for the MIND diet is needed to improve caregivers' health.


Implications for public health

The findings in this study highlight significant public health implications. Caregivers face multiple challenges that negatively impact their health including poor dietary patterns. The MIND diet has the potential to improve caregiving-related health problems including depressive symptoms, stress related cognitive dysfunction, and poor sleep. Caregivers in this study reported they have the motivation to follow the MIND diet, however, they also report low consumption of MIND diet items. Public health initiatives should focus on increasing knowledge and skills related to healthy eating. Educational programs can provide strategies for making small changes and incorporating more MIND diet items into their diets as it has been shown that even adhering moderately to the MIND diet offers health benefits (Morris et al., 2015). Caregivers also reported budget and access to food/stores as a barrier to consuming the MIND diet. Public health policies must aim to increase accessibility to affordable, healthy food options, particularly for those in low-income and rural areas. Strategies can include providing subsidized access MIND diet foods, as well as partnerships with local businesses to ensure that items are available and affordable. Caring for a person with ADRD can have a great impact on the finances of caregivers. They contribute not only with unpaid care but also in other expenses like paying for housing, medication, and food. The combination of the economic cost of caregiving and low socio-economic status puts caregivers at higher risk of poor nutrition and health. Improving the health of caregivers through diet has the potential to improve the quality of life for both caregivers and the person they care for.
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Objective: This study investigates the associations and mediating pathways between grip strength, cognitive function, and depression in middle-aged and elderly individuals in China.
Methods: Utilizing data from the 2011 China Health and Retirement Longitudinal Study (CHARLS), we employed logistic regression and mediation analysis to examine the relationships and mediating factors between grip strength, cognitive function, and depression, while adjusting for potential confounders.
Results: The study included 6,841 participants, of whom 1,734 (25.35%) exhibited symptoms of depression. Our findings indicate that weak grip strength is significantly associated with an increased risk of depression (OR: 1.57, 95% CI: 1.32–1.87) among the middle-aged and elderly population. Conversely, good cognitive function was found to be protective against depression (OR: 0.94, 95% CI: 0.93–0.95). Grip strength indirectly affected depression through cognitive function, accounting for 9.4% of the total effect (β = −0.008, 95% CI [−0.013, −0.004]). This mediating effect was 23.8% in men (β = −0.013, 95% CI [−0.020, −0.007]); and 23.2% in those aged 60 years and over (β = −0.015, 95% CI [−0.022, −0.009]).
Conclusion: This study highlights that weak grip strength increases risk of depressive symptoms, and adequate cognitive function can mitigate the association between weak grip strength and an increased risk of depression among middle-aged and elderly individuals in China. Psychological care for elder adults with weak grip strength and poor cognitive function should be strengthened.
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Introduction

Depression is a significant mental health concern and is increasingly recognized as a leading cause of disabling mental disorders worldwide (GBD 2019 Diseases and Injuries Collaborators, 2020). The World Health Organization has predicted that by 2030, depression will become one of the most impactful global health issues (Dwyer et al., 2020). In China, which is undergoing rapid population aging, more than 54 million individuals are affected by depression, as reported by World Health Organization (2017). The prevalence of depression is particularly high among the middle-aged and elderly, those aged 45 and above (Lei et al., 2014), with a detection rate of 20.6% in the population over 60 years old (Wang et al., 2023). Moreover, the incidence of depression increases with age (Yang, 2007). Depression not only significantly impairs the quality of life of affected individuals (Ji et al., 2023) but also increases the risks of suicide (Ruggieri, 2020), type 2 diabetes (Semenkovich et al., 2015), cardiovascular diseases, and overall mortality (Krittanawong et al., 2023). Therefore, understanding the etiology and pathophysiology of depression, particularly in the middle-aged and elderly population in China, is of great public health importance. However, our understanding of depression is still incomplete, and more effective treatment methods are needed (Malhi and Mann, 2018). Identifying risk factors for depression and implementing effective interventions and management strategies are therefore crucial.

Among various factors associated with depression, the impact of weak grip strength on depressive symptoms has recently gained attention (Fukumori et al., 2015; Lee et al., 2018; Marques et al., 2020). However, research data on the correlation between grip strength and depression in elderly populations are limited, and the nature of this association remains unclear. Studies by Zhang et al. (2023) and Brooks et al. (2018), using data from the China Health and Retirement Longitudinal Study (CHARLS) and the National Health and Nutrition Examination Survey (NHANES), suggest a negative correlation between grip strength and depression, after adjusting for confounding factors. Conversely, Zhang et al. (2021) found in a cross-sectional study that the risk of depression decreased with increasing grip strength, but the association was not significant when handgrip strength (HGS) exceeded 36.5 kg. In contrast, studies by Stessman et al. (2017) and Taekema et al. (2010) observed a weak or non-existent predictive role of declining grip strength in the onset of depression in older adults. This suggests that the relationship between muscle strength and depression may be influenced by the psychological adaptation process during aging. It is therefore essential to understand the association between grip strength levels and depression among middle-aged and elderly individuals in China to inform the development of intervention measures.

Additionally, recent evidence suggests a strong association between cognitive function and depressive symptoms, with better cognitive states in older individuals linked to good emotional states (Kaczorowska et al., 2024; Rock et al., 2014). Studies by Ferri et al. (2021) and Christensen et al. (2018) have shown that cognitive impairments in executive function, memory, and attention are common in individuals with depression, and that alleviating these cognitive deficits can contribute to improving depression symptoms. Moreover, research has shown a connection between grip strength and cognitive function (Yang et al., 2022). A study in rural China found that lower handgrip strength (HGS) and HGS asymmetry are independently associated with lower cognitive function (Feng et al., 2023), and studies by Firth et al. (2018) indicate a significant correlation between higher grip strength in older individuals and better cognitive performance (Jin et al., 2022). However, the association between grip strength and cognitive function in the elderly has not reached a consensus. Cui et al. (2021) reported that in older adults, grip strength is positively correlated with recall and memory performance but not with general cognitive function. In contrast, some studies have found no relationship between grip strength and cognitive dysfunction (Sibbett et al., 2018; Doi et al., 2019). This discrepancy may be due to the complexity of motor function and needs further investigation. Our study aims to explore the potential mediating pathways between grip strength, cognitive function, and depression in middle-aged and elderly Chinese adults using data from the China Health and Retirement Longitudinal Study (CHARLS).



Materials and methods


Data source

This study is based on data from the China Health and Retirement Longitudinal Survey (CHARLS). CHARLS conducted a comprehensive baseline survey across the nation utilizing a probability-proportional-to-size (PPS) sampling method. This extensive survey gathered a wide array of information, including respondents’ basic demographic details, their family’s data, and insights into their education, employment, income, marital status, and health status. In addition, CHARLS incorporated an extensive set of 13 physical measurements and also undertook blood sample collection. Each stage of this survey was subject to stringent quality control measures, establishing CHARLS as a vital and authoritative source for investigating the array of health issues facing China’s elderly population. The data from this extensive survey is publicly available and can be accessed at http://charls.pku.edu.cn. The CHARLS project was conducted with full approval from the Peking University Biomedical Ethics Committee (IRB0000001052-11015), ensuring ethical compliance, and informed consent was duly obtained from all individuals who participated in the survey (Zhao et al., 2014).

For this particular study, we used the data from the 2011 CHARLS survey, which originally consisted of 17,708 participants. We had to exclude some participants from our analysis due to missing data in key areas such as grip strength, cognitive function (which included aspects like orientation, memory, calculation, and drawing), and depression scores. Additionally, we also excluded participants who had missing values in covariate data crucial for our sample analysis. After applying these exclusion criteria, our study eventually included data from 6,841 participants, which was sufficient for a robust analysis (Figure 1).

[image: Flowchart depicting participant selection for analysis. Initially, 17,708 participants in 2011; 13,965 included after variable combination. Missing information for grip strength, orientation, memory, BMI, cognitive function, computation, drawing, gender reduced the number to 6,941. After excluding 87 under 45 years old and 13 with missing age data, 6,841 participants remained for final analysis.]

FIGURE 1
 Flow chart of the selection of study participants.




Variable selection


Demographic characteristics

The demographic characteristics of the survey participants were meticulously extracted from two specific modules of the CHARLS follow-up questionnaire: the “Basic Information” module and the “Family” module. This extraction process yielded vital information such as the participants’ gender, age, marital status, and their level of educational attainment.



Grip strength

The measurement of grip strength was conducted using a specialized isometric dynamometer (Yuejian TM WL-1000, Nantong, China) (Bao et al., 2022). Participants were instructed to perform this test while standing, using either their dominant or non-dominant hand, based on their preference. They were required to keep their elbow positioned at a precise right angle (90°) and then exert force by squeezing the handle of the dynamometer for several seconds. This process was repeated to allow two measurements for both the right and left hands, and the highest value recorded in kilograms was used for analysis. We then categorized grip strength based on gender and body mass index (Mak et al., 2023), employing a binary scale where 0 indicated a normal grip strength level, and 1 indicated a comparatively weak grip strength (Supplementary Table S1).



Cognitive function

Cognitive function was evaluated based on the methodology employed in the American Health and Retirement Study (HRS) (Crimmins et al., 2011). This comprehensive assessment involved evaluating four key dimensions of cognitive function: orientation, calculation, memory, and drawing ability. The orientation assessment involved questions about the current year, month, day, day of the week, and the season, with each correct answer scoring 1 point, making a total possible score of 5 points. The calculation dimension required participants to perform serial subtractions, starting from 100 and subtracting 7 each time, up to five iterations. Each successful subtraction earned them 1 point. The memory assessment involved presenting 10 random words to each participant, with their immediate recall capacity being evaluated based on the number of words they could immediately recollect. Following this, the participants completed the depression scale survey, after which their calculation and drawing abilities were tested. An assessment of delayed word recall was then conducted. The total memory score was a combination of both immediate and delayed word recall, with each correctly recalled word earning 1 point. The drawing test involved presenting participants with a picture of two overlapping pentagons, which they were then asked to replicate accurately. Successful replication earned the participant 1 point. The total score for cognitive function was thus calculated as the sum of scores from these four dimensions: orientation (5 points), calculation (5 points), memory (20 points), and drawing (1 point), giving a total possible score of 31 points. The scoring criteria followed for this assessment were aligned with the methodology used in the American Health and Retirement Study (Cao et al., 2021).



Depression symptoms

The assessment of depression was carried out using the 10-item Center for Epidemiologic Studies Depression Scale (CES-D). Each item on this scale was rated on a frequency scale ranging from 0 to 3 (Gabriel et al., 2021). The scale’s specifics were as follows: 0 was used to indicate rare or no occurrence of a symptom (less than 1 day per week), 1 indicated the symptom occurred some or a little of the time (1–2 days per week), 2 was used for occasions or a moderate amount of the time (3–4 days per week), and 3 indicated the symptom was present all of the time (5–7 days per week). On this scale, the occurrence of positive emotions or behaviors was scored in a reverse manner. The scores of all 10 items were summed to obtain a total score, which ranged from 0 to 30, with higher scores indicating more severe symptoms of depression. Individuals who had a CES-D score of 10 or higher were considered to be participants with depressive symptoms.



Covariates

This study included a range of additional covariates, such as age, follow-up time, education level, smoking habits, alcohol consumption, body mass index (BMI), hypertension, fall-related injuries, lipid abnormalities, diabetes or elevated blood sugar, cancer or malignant tumors, heart disease, stroke, nearsightedness and farsightedness, injuries, hearing issues, memory-related disorders, etc. Categories like hearing, vision, and life satisfaction were divided into three levels: “poor, moderate, good.” Marital status was categorized as married (living with a spouse) or unmarried (separated, divorced, widowed, or never married). Permanent residence was classified as urban or rural. Other variables were dichotomized into a simple “yes or no” format.




Statistical analysis

The characteristics of the sample were thoroughly measured and subjected to a descriptive analysis. To identify differences between groups with and without depressive symptoms at baseline, variance t-tests were employed for numerical variables, and chi-square tests were used for categorical variables. The variables are presented in different formats for clarity: continuous variables are shown as medians, with the interquartile range (25–75%) in parentheses, while categorical variables are expressed as counts (percentages). To determine the associations between grip strength groups, cognitive function, and depressive symptoms, both binary logistic regression and multiple linear regression analyses were employed. These analyses produced effect estimates and 95% confidence intervals (CI). Three distinct models were introduced for this purpose: Model 1, which was unadjusted; Model 2, which was adjusted for Gender, Age, BMI; and Model 3, which was adjusted for the variables in Model 2, as well as additional factors like Education, Permanent address, Marital status, Hypertension, Dyslipidemia, Diabetes, Psychiatric problems, Smoking, and Alcohol consumption. Additionally, Pearson correlation analysis was conducted to examine the relationships between the variables involved in this study.

Mediation analysis was a significant component of this module, and it was performed using the Mediation package available in R. The bootstrap method was employed to estimate confidence intervals for the mediation effects. The significance of these mediation effects was determined based on whether the confidence interval included 0 (indicating non-significance) or did not include 0 (indicating significance). Furthermore, to assess the stability of results and examine gender and age differences in the associations between grip strength, cognitive function, and depressive symptoms, subgroup analyses of the binary logistic regression models were conducted, with these analyses being segmented by gender (male and female) and age groups (<60 and ≥ 60). For all analyses conducted in this study, a significance level of p < 0.05 was considered statistically significant. The analytical processes were carried out using two software programs: SPSS 26.0 and R (version 4.2.2).




Results


Baseline characteristics analysis of the sample

Table 1 showcases the baseline characteristics of the participants from the China Health and Retirement Longitudinal Study (CHARLS) database. Among the 6,841 subjects included in this analysis, 1,734 individuals (25.35%) exhibited depressive symptoms. A total of 6,077 (88.8%) participants were classified in the normal grip strength group, while 764 (11.2%) fell into the weak grip strength group. The analysis revealed that participants who were female, lived in urban areas, were unmarried (widowed/separated/single), had lower educational levels, poor hearing, and poor vision, and belonged to the weak grip strength group, had a heightened risk of developing depressive symptoms (p < 0.001). Moreover, individuals with hypertension, diabetes, chronic lung diseases, kidney disease, digestive disease, and psychiatric problems also displayed an increased risk of depression (p < 0.05).



TABLE 1 Characteristics of study participants stratified by depressive symptoms.
[image: A table compares characteristics of individuals with and without depression. Variables include age, gender, grip strength, education, urban versus rural living, marital status, smoking and alcohol habits, and various health conditions like hypertension and diabetes. Sleep quality, hearing, life satisfaction, BMI, memory metrics, vision, and cognitive function are also listed. The table includes statistical significance values.]



Associations of grip strength and cognitive function with depression

Table 2 delineates the relationship between grip strength levels, cognitive function, and depression. After adjusting for various confounders, it was found that older adults in the weak grip strength group were more likely to develop depressive symptoms compared to those in the normal grip strength group (OR: 1.57, 95% CI: 1.32–1.87). Enhanced cognitive function (OR: 0.94, 95% CI: 0.93–0.95), along with better orientation (OR: 0.87, 95% CI: 0.83–0.93), memory (OR: 0.94, 95% CI: 0.92–0.95), computation (OR: 0.90, 95% CI: 0.87–0.93), and drawing abilities (OR: 0.93, 95% CI: 0.92–0.94), were identified as protective factors against depression.



TABLE 2 Associations of grip strength and cognitive function with depression.
[image: Table showing variables Grip strength, Cognitive function, and Drawing across Models 1, 2, and 3 with p-values. Grip strength: Weak increases across models; Cognitive function includes Orientation, Memory, and Computation, with changes noted; Drawing: 0 and 1 point values change across models. P-value is less than 0.001 for all. Models adjust for various factors listed below the table.]



The bivariate correlations for all variables

Table 3 presents the bivariate correlations for all variables. It was observed that grip strength and cognitive function (including memory, drawing, orientation, computation) were negatively associated with depression. On the other hand, grip strength showed a positive association with depression, justifying further moderated mediation analysis.



TABLE 3 Correlation for the main variables.
[image: Table showing correlation coefficients between seven variables: grip strength, depression, cognitive function, memory, drawing, orientation, and computation. Significant negative correlation exists between depression and grip strength (-0.148) and cognitive function (-0.133). Positive correlations are seen between cognitive function and memory (0.874), and computation (0.628), among others. Significance is indicated by three asterisks, denoting p<0.001.]



Mediating effects of cognitive function in the association between grip strength and depression

The results illustrated the impact of grip strength on depression through cognitive function, while controlling for 11 covariates potentially associated with the study variables (Table 4). Grip strength level was a significant negative predictor of depression (β = −0.088, p < 0.001), and a significant positive predictor of cognitive function (β = 0.220, p < 0.001). Additionally, a negative correlation was found between cognitive function and depression (β = −0.133, p < 0.001). The indirect influence of grip strength on depression through cognitive function was also revealed (β = −0.008, 95% CI [−0.013, −0.004]), accounting for 9.4% of the effect.



TABLE 4 The moderated mediating effect of grip strength class on depression by cognitive function.
[image: A table presents the relationship between grip strength class and five mediators: Drawing, Memory, Orientation, Computation, and Cognitive function. It shows total, indirect, and direct effects with coefficients and 95% confidence intervals, and proportion mediated percentages. Total effect coefficients are around -0.087 to -0.088, indirect effects range from -0.008 to -0.000, direct effects are between -0.080 and -0.086, with proportions mediated from 0.3% to 9.4%. Analyses adjusted for demographics and health factors. Significance levels: ***p<0.001, **p<0.05, *p>0.05.]



Sensitivity and subgroup analyses

The sensitivity analysis was enhanced by conducting subgroup analyses stratified by gender and age. These analyses disclosed no significant age or gender differences in the relationship between weak grip strength, cognitive function, and the incidence of depression. Cognitive function mediates the relationship between grip strength and the prevalence of depression, and the neutralizing effect is more pronounced in men and people aged 60 and over (Supplementary Tables S2, S3).




Discussion

This study represents a pioneering exploration into the mediating role of cognitive function in the relationship between grip strength and the incidence of depression among middle-aged and elderly individuals in China. Our research findings underscore that weak grip strength, after accounting for potential confounding factors, is a notable risk factor for depression within this demographic group (OR: 1.57, 95% CI: 1.32–1.87). In contrast, an elevated level of cognitive function (OR: 0.94, 95% CI: 0.93–0.95) emerges as a protective factor against depression among the middle-aged and elderly population in China. Interestingly, our results indicate that cognitive function partially mediates the relationship between grip strength and the incidence of depression.

The utility of grip strength as a straightforward, economical risk stratification tool is well-recognized, particularly in clinical settings. Its simplicity, portability, and low cost make it an attractive tool for assessing individual health risks (Zare et al., 2023). Previous research into grip strength and depression has indicated that weak grip strength might be a risk factor for depression in middle-aged and elderly individuals (Muhammad and Maurya, 2022; López-Bueno et al., 2023). These studies have suggested a dose–response relationship between grip strength and depression risk, highlighting a negative correlation between grip strength and the risk of depression. Our study aligns with these findings, as we discovered that individuals with weaker grip strength, after adjusting for potential confounding factors, have a 1.45 times higher odds of developing depression (Ashdown-Franks et al., 2019). Elderly individuals in the lowest quartile of muscle strength are more prone to experiencing symptoms of depression and suicidal thoughts (Han et al., 2019). Our study extends these insights by stratifying grip strength based on body mass index (BMI) and identifying weak grip strength levels under different BMI conditions (Mak et al., 2023). We delved into analyzing the relationship between the weak grip strength group and the incidence of depression, suggesting that weak grip strength levels can be a useful indicator for monitoring depression in the middle-aged and elderly population. Our findings advocate for primary healthcare providers to regularly assess grip strength levels in this demographic, especially those with weak grip strength, and to implement appropriate interventions, such as scientific physical exercise or resistance training, to alleviate depression.

The association between cognition and grip strength is also a critical aspect of our findings. Epidemiological studies have established that weaker grip strength is linked to cognitive decline, an increased risk of mental illnesses, and dementia. For example, an analysis involving 190,406 adult participants from the UK Biobank revealed a correlation between hand grip strength and measures of neurocognitive health in both males and females (Duchowny et al., 2022). In populations with depression, cognitive tasks like reaction time and working memory have shown associations with maximum grip strength, influencing the risk of dementia (Firth et al., 2018). The reciprocal relationship between grip strength and cognition is also evident in some studies suggesting that muscle strength deficits lead to cognitive decline (Taekema et al., 2010; McGough et al., 2013). However, this perspective is challenged by conflicting findings in other studies (Abellan van Kan et al., 2013; Ukegbu et al., 2014; Gallucci et al., 2013) that propose individuals with better cognitive abilities exhibit superior handgrip strength (HGS) values compared to those with poorer cognitive abilities. There is significant evidence indicating an association between cognitive changes and reduced grip strength (HGS) (Silva and Menezes, 2016). Cognitive impairments affect the muscle strength of older individuals, influencing their functional capacity and subsequent dependency. A decline in inhibitory function and grip strength is evident in middle-aged individuals, showing a significant correlation (Adamo et al., 2020). A recent study involving 5,995 Korean participants confirmed a bidirectional relationship between grip strength and cognitive function, suggesting a common pathway between these two structures (Kim et al., 2019). This suggests that grip strength can be a supplementary measure for assessing cognitive abilities in older adults.

Furthermore, our study indicates an increase in the likelihood of depression with cognitive decline, with individuals experiencing cognitive decline at an elevated risk of progressing to mild cognitive impairment (MCI) and dementia (Shimada et al., 2014). Numerous longitudinal studies have identified a decline in cognitive abilities among elderly individuals with symptoms of depression or diagnosed depression (Guan et al., 2020; Dotson et al., 2020). The level of cognitive functioning not only influences the severity of depressive symptoms but also impacts the types of symptoms reported (Brailean et al., 2016). Research exploring broader cognitive indicators has encompassed areas such as memory, executive function, reasoning, and processing speed (Jiang et al., 2022). The severity of depressive symptoms is often associated with poorer cognitive performance in neuropsychological tests, revealing specific domain deficits in memory, attention, executive function, and processing speed (Jamieson et al., 2019). The relationship between depression, brain abnormalities, and cognitive decline is dynamic over time, necessitating an analysis of cognitive decline across various domains to investigate subtle early changes related to mental states. These factors may be intricately linked to the complexity of neural and motor functions.

Importantly, our study indicates that cognitive function acts as an intermediary in the relationship between weak grip strength and the likelihood of depression. In our analysis, mediation analysis revealed a significant pathway involving grip strength levels, cognitive function, and depressive status. Further subdivision of cognitive function indicators for mediation analysis revealed that, apart from drawing ability, memory, orientation, and calculation—three cognitive abilities—demonstrated significant mediation effects on the relationship between grip strength and depressive symptoms in middle-aged and elderly individuals (p < 0.001). This finding offers new evidence in the existing literature, suggesting that grip strength may positively impact subsequent depression through the cognitive abilities of older adults, including memory, orientation, and calculation. Subgroup analyses in the present study showed that this mediating effect was more pronounced in men as well as in the elderly population aged 60 years and older, which could help guide better clinical diagnosis and management of depression in the context of concomitant low grip strength and cognitive function. Although the mechanisms supporting the impact of cognitive function on the association between grip strength and depressive symptoms are not yet fully understood, several hypotheses have been proposed, both biologically and psychologically. One plausible mechanism linking grip strength to depression involves low-grade inflammation, a condition prevalent in approximately one-fourth of individuals with depression, with over half of these individuals exhibiting mild elevations in C-reactive protein levels (Osimo et al., 2019; Kunutsor et al., 2022). In a study, inflammatory factors (plasma interleukin (IL)-6 and C-reactive protein (CRP)) were shown to be associated with midlife cognition through changes in brain morphology (Marsland et al., 2015). Physical exercise or resistance training, known to increase muscle strength and reduce systemic inflammation, can also improve cognitive function, thereby contributing to the alleviation of depressive symptoms (Verhoeven et al., 2016). Another crucial factor that may influence the relationship between depression and cognition is age-related structural changes in the brain, particularly hippocampal volume loss. Older individuals with depression and reduced hippocampal volume are at a greater risk of cognitive decline (Baksh et al., 2021). Brain-derived neurotrophic factor (BDNF) plays a role in regulating hippocampal plasticity, and its deficiency is implicated in the pathophysiology of depression. BDNF is considered essential for maintaining hippocampal integrity and cognition (Kanellopoulos et al., 2011). Depression is associated with low levels of brain-derived neurotrophic factor (BDNF), which is crucial for emotional processing, memory, and learning (Brunoni et al., 2008). Evidence suggests that the lack of BDNF plays a significant role in the pathophysiology of depression, and exercise-induced increases in BDNF can improve hippocampal atrophy, consequently enhancing cognitive functions such as memory (Erickson et al., 2012), thus supporting the notion of reducing depression. Beyond the impact of exercise on improving inflammation and neurotrophic factors, in psychological terms, exercise may contribute to a sense of mental well-being. Various psychosocial factors may also influence susceptibility to illness. For instance, a robust physique may be associated with reduced psychological distress (i.e., stress and negative impacts) and better mental health (i.e., optimism and self-esteem) (Rodriguez-Ayllon et al., 2018). Individuals engaged in regular exercise are more likely to foster supportive social relationships, potentially reducing the severity of depression (Hallgren et al., 2017). Therefore, comprehensive research is needed in the future to understand how different factors mediate the relationship between grip strength and depression.

Our research findings may have potential theoretical implications for attenuating and improving depressive symptoms in middle-aged and elderly individuals. Weak grip strength levels can serve as an indicator for monitoring depression susceptibility in this population. Primary healthcare practitioners should regularly assess grip strength levels in middle-aged and elderly individuals, with particular attention to those with weak grip strength. Grip strength can be enhanced through physical exercise or resistance training (Khodadad Kashi et al., 2023). Simultaneously, cognitive functions can be improved through activities such as exercise games (Rosenberg et al., 2010), meditation (Nash and Newberg, 2013), music (Hars et al., 2014), and dance therapy (Murrock and Graor, 2014). These interventions aim to mitigate the relationship between low grip strength levels and the risk of depression.


Limitations

While this study draws on a nationally representative sample of middle-aged and elderly individuals in China, providing novel insights into the moderating role of cognitive function in the relationship between grip strength and depressive symptoms, it is not without its limitations. Firstly, the cross-sectional nature of this study precludes the ability to infer causal or bidirectional relationships among grip strength, cognition, and depression. This limitation is significant as it restricts the understanding of the temporal sequence of these associations. Secondly, the reliance on self-reported data for many variables, including sociodemographic and health-related factors, introduces the potential for recall bias. Participants’ recollections may not always be accurate, which could affect the reliability of the findings. Lastly, while the study made efforts to adjust for various potential confounders, there remains the possibility that other unmeasured factors, such as dietary patterns (Marx et al., 2021), levels of inflammation (Verhoeven et al., 2016), and additional indicators, might have influenced the results. Future research endeavors should consider a more comprehensive approach, possibly incorporating longitudinal designs, to better understand the intricate relationships between depression and its related risk factors.




Conclusion

This cross-sectional study, utilizing data from the China Health and Retirement Longitudinal Study (CHARLS), found evidence that weak grip strength is associated with an increased risk of depressive symptoms among middle-aged and older adults. Importantly, the study also finds that higher cognitive function may mitigate this association, particularly in older men. These findings underscore a potentially important role for grip strength measurement in the assessment of depression risk in older adults. Targeted interventions, possibly focusing on enhancing grip strength and cognitive function, should be explored as they may help in reducing the risk and severity of depressive symptoms in middle-aged and older adults.
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Background: Studies have shown the positive impact of perceived social support on cognitive function among older adults in rural areas. However, existing studies often overlook the impact of different support sources. This study aimed to explore the relationship between the diverse sources of perceived social support and cognitive function.
Methods: Participants were drawn from the Guizhou Rural Older Adults’ Health Study (HSRO) in China. We included 791 participants who participated in a baseline survey in 2019 and a 3-year follow-up survey. Perceived social support was investigated from the six main sources (friend, relative, children, spouse, sibling, and neighbor). Hierarchical linear regression models were used to observe the effects of diverse sources of perceived social support and their combinations on cognitive function.
Results: Cognitive function was positively associated with perceived support from children, friends, and neighbors. A positive association was found between cognitive function and increases in each additional source [β = 0.75 (95%CI: 0.51, 0.98), p < 0.001]. Older adults who perceived support from both children and friends showed better cognitive function [β = 2.53 (95%CI: 1.35, 3.72), p < 0.001]. The perception of support from spouse, siblings, and relatives did not show a statistically significant association with cognitive function among older adults in rural areas.
Conclusion: This study found that the association between different sources of perceived social support and cognitive function was varied. This study provides scientific evidence that personalized support strategies may benefit in promoting cognitive health in rural older adults.

Keywords
 perceived social support; cognitive function; older adults; rural areas; hierarchical linear regression model


1 Introduction

Cognitive function plays a crucial role in determining the quality of life as a vital dimension of healthy aging (Fang et al., 2015). Cognitive deterioration in older adults causes an array of mental health issues, including delirium, depression, and Alzheimer’s disease (Gauthier et al., 2006; Insel and Badger, 2002). It is estimated that dementia prevalence will triple to 132 million individuals by 2050, highlighting the necessity for interventions aimed at cognitive preservation and dementia prevention to mitigate the challenges to public health and social welfare (World Health Organization, 2021).

Perceived social support refers to the emotional experience and satisfaction that an individual feels respected, supported, and understood within the social network (Kelly et al., 2017; Lu et al., 2019), which has been shown a positive effect on the cognitive function of older adults (Doreste-Mendez et al., 2023; Posis et al., 2023; Kotwal et al., 2016). Although the precise mechanism is unknown, the stress buffer hypothesis could explain this association. In rural areas, older adults suffer from a compounded challenge: lower socioeconomic status, poorer health behaviors, and multiple disease risks (e.g., hypertension, diabetes) — all of which are potential contributors to dementia (Brooks et al., 2023; Dugani et al., 2021; Fu et al., 2023; Ziller and Milkowski, 2020). Perceived social support reduces negative reactions to stressful experiences and negative subjective self-evaluations of cognition, reduces inflammatory responses, contributes to healthy behaviors, and in turn affects cognitive function (Gellert et al., 2018; Ihle et al., 2020; Kuiper et al., 2017; Berkman et al., 2000). With scarce resources in rural areas, the cognitive health of older adults is more susceptible to the protective effects of perceived social support in their social networks (Chen et al., 2024; Harling et al., 2020; Peng et al., 2023). Notably, the effect sizes of perceived social support from diverse sources in a social network on older adults’ cognitive function vary, as well as inevitably being influenced by cultural contexts (Du et al., 2023; Ge et al., 2017; Yin et al., 2020). In addition, different sources of perceived support in social networks may vary in their effects on various aspects of stress buffering (Lee and Goldstein, 2016; Krause, 1986), potentially interacting to influence cognitive health collectively. However, there is limited evidence on whether the diversity of perceived social support (i.e., the accumulation or different combinations of sources of perceived social support) is beneficial to the cognitive health of rural older adults. Therefore, more detailed studies are needed to fill this knowledge gap on the effects of the diversity of sources on cognitive function among older adults in rural areas.

We hypothesized that the sources of perceived social support would affect cognitive function differently among older adults, and further investigated the relationship between distinct patterns of sources (i.e., different combinations of sources) of perceived social support and cognitive function. Using longitudinal data from the Guizhou Rural Older Adults’ Health Study (HSRO) in China, we hope to reveal whether specific types of social support or their unique combination of modalities are critical for maintaining or improving cognitive health in rural older adults.



2 Methods


2.1 Study design and participants

This was a longitudinal research design with participants from the Guizhou Rural Older Adults’ Health Study (HSRO) in China. The HSRO is a population-based study that employs a multistage cluster sampling approach, selecting participants from 12 villages in Guizhou, China, to ensure a representative sample. Eligible participants were community volunteers who were aged ≥60 years and had been long-term inhabitants of the location (at least >6 months). Data on sociodemographic, healthy behavior, psychology, and healthcare services were collected. The study utilized a longitudinal survey design with a baseline survey T0 (2019) and a follow-up survey T1 (2022), which included 1,795 older adults at baseline and 792 older adults at follow-up. Participants were excluded due to incomplete information on cognitive function. Ultimately, a total of 791 older adults were included in the longitudinal survey. Details about HSRO can be found elsewhere (Chen et al., 2024; Chen et al., 2023). The study was approved by the Ethics Committee of Guizhou Medical University, and all participants signed an informed consent form.



2.2 Cognitive function

Cognitive function was consistently assessed by the Chinese version of the Mini-Mental State Examination (MMSE) in surveys (Folstein et al., 1975). The Chinese version of the MMSE is widely used in China for the clinical diagnosis of cognitive impairment and has shown adequate validity and reliability in this population, with an interrater correlation coefficient of 0.998 (Li et al., 1989). The MMSE evaluates several cognitive domains including orientation, episodic memory, language ability, attention and computation, and visual construction. We summarized all cognitive scores to reflect participants’ cognitive function (0–30). Orientation (0–10) involved assessing knowledge of time (day, month, year, season, and the day of the week) and location (state, county, town, or city, building floor, and place name). Immediate (0–3) and delayed (0–3) recall were assessed by memorizing a set of words. Language ability (0–8) contained naming objectives (0–2), following orders (0–3), repeating (0–1), reading (0–1), and writing sentences (0–1). Attention and computational power (0–5) were tested by consecutive subtractions of 100–7 (0–5). Visual construct (0–1) is measured by drawing overlapping pentagons.



2.3 Sources of perceived social support

In the HSRO, sources of perceived social support were collected comprehensively in three aspects: In case of an emergency, who do you think would be willing to (1) listen to you; (2) give console and care; (3) help you solve practical problems? Sources include parents, spouse, children, siblings, relatives, friends, neighbors, colleagues, formal official organizations (e.g., government), informal official organizations (e.g., charitable organizations, communities), and other supporters. When participants reported multiple individuals with whom they had the same source, these individuals were treated as one source. Perceived support was assessed from each source, categorizing each source into dichotomous variables: no perceived support and perceived support (at least one aspect is met).

To ensure sufficient statistical power in the statistical analyses of sources of perceived social support, sources with a frequency exceeding 10% (number of participants with perceived support) were selected for further analysis, including friends, siblings, relatives, children, spouse, and neighbor, with details in Supplementary Table S1.



2.4 Covariates

The following measurements served as potential covariates: (1) socio-demographic characteristics, including gender, age, economic status (annual household income), marital status, empty nest status, and formal educational level; (2) health-related behaviors, including chronic disease conditions, self-reported health, body mass index (BMI), depression symptoms, and limitations on activities of daily living (ADL).

Information on chronic diseases included hypertension, diabetes, dyslipidemia, heart disease, stroke, lung disease, arthritis or rheumatism, dermatosis, digestive disease, and asthma. Limitations were considered as 1 or more dependencies in ADL, including dressing, eating, housing, walking, and 10 other items (Lawton and Brody, 1969). Depression symptoms were measured by the Patient Health Questionnaire-2 (PHQ-2), with scores of 3 and more defined as positive (Kroenke et al., 2003). Empty nesters are defined as older adults who have no children or have not lived with their children for more than 1 year. The categorization of annual household income is based on the data from the official website of the National Bureau of Statistics: http://www.stats.gov.cn/. The definitions and codes for variables are detailed in Supplementary Table S2.



2.5 Statistical analyses

The descriptive statistics were presented with categorical variables shown as proportions, and continuous variables displayed with means and standard deviations (SD). Repeated measures ANOVA is used for longitudinal comparisons between different groups to examine variation in data at different time points.

Further, hierarchical linear regression models (HLM) were conducted to correct the cluster effect of educational level on MMSE assessments among older adults (Hoffman and Walters, 2022; Li et al., 2016). The Intraclass correlation coefficient (ICC) for cognitive function in this study was 0.456, indicating that moderate variability in cognitive function is explained by differences in educational level. Maximum likelihood estimation was used for each model to ensure comparability through fit indices (Luke, 2004), like the Akaike information criterion (AIC). There was a chance that marital status (Yin et al., 2020) and empty nest status (Xu et al., 2023; Zhao et al., 2021) affect both perceived social support and cognitive function, they were included as confounders in the statistical model, and generalized variance inflation factors (GVIFs) were used to check for multicollinearity in the model. Additionally, we conducted a subgroup analysis by gender and age to test the robustness of our results. We found that adding random slopes did not improve the model, therefore, we used a random intercept to ensure the simplicity and accuracy of the model. All statistical analyses were conducted by R version 4.3.3, with a significance level of 0.05.




3 Results


3.1 Sample characteristics

The study included 791 participants, consisting of 318 men and 473 women, with an average age of 70.67 years (SD = 5.89). The characteristics of the analytical sample are illustrated in Table 1. The average number of years of schooling was 2.76 (SD = 3.08), of which 697 (88.12%) participants had received primary education or less, indicating a generally low level of educational attainment in this cohort. A majority of the older adults, amounting to 62.83%, were in partnered status. There were 26 participants (3.29%) with limitations on ADL and 113 (14.29%) had depressive symptoms. Participants who were older empty nesters were 422 (53.35%). Of all sources, children (70.42%) are the most common source of perceived support for older adults, followed by neighbors (60.56%) and spouse (53.35%). BMI and self-reported health were not statistically associated with changes in MMSE scores at the baseline and follow-up.



TABLE 1 The characteristics of study participants.
[image: Table displaying characteristics with counts and percentages, MMSE scores (mean and standard deviation) at baseline and follow-up, F-test values, and p-values. Categories include gender, age, education, economic status, marital status, chronic conditions, BMI, limitations on ADLs, depressive symptoms, self-reported health, empty nester status, and perceived social support from various sources. Bold values indicate statistically significant differences.]



3.2 The association between sources of perceived social support and cognitive function

The relationships between sources of perceived social support and cognitive function are shown in Table 2. In Model 1, where each source was estimated independently, perceived support from children (β = 1.21, p < 0.001, [image: \( R^2_p \), representing a mathematical notation with "R" squared and a subscript "p".]= 0.113), neighbors (β = 0.96, p < 0.001, [image: Mathematical notation showing \( R^2_p \), representing the squared correlation coefficient for portfolio returns.]= 0.085), and friends (β = 0.67, p < 0.01, [image: \( R^2_p \) in a mathematical format, representing a variable \( R \) squared with a subscript \( p \).]= 0.049) was significantly associated with cognitive function. Perceived support provided by spouses, siblings, or relatives was not significantly related to cognitive function. Except for covariates, all sources of support were controlled simultaneously in Model 2, and the associations of perceived support from children (β = 1.17, p < 0.001, [image: \( R^2_p \) in a mathematical expression, indicating a squared term related to the variable \( R \) with a subscript \( p \).]= 0.106), neighbors (β = 0.79, p < 0.001, [image: Mathematical expression showing uppercase "R" with a subscript "p" and a superscript "2".]= 0.072), and friends (β = 0.49, p < 0.05, [image: Mathematical notation displaying "R squared sub p", indicating a statistical measure or formula component.]= 0.044) with cognitive function remained robust (complete results was shown in Supplementary Table S3). Perceived support provided by spouse (p = 0.298), siblings (p = 0.114), or relatives (p = 0.728) was not significantly related to cognitive function. The results of GVIFs showed that there was no high correlation between the independent variables in Supplementary Table S4.



TABLE 2 Associations between the source of perceived social support and cognitive function.
[image: A table displaying results from two models. Fixed effects include various relations like children, neighbors, and friends, with coefficients (\(\beta\)) listed under minimally and fully adjusted scenarios for Models 1 and 2. Significant values: Children (\(1.31^{***}\), \(1.24^{***}\)), Neighbors (\(1.02^{***}\), \(0.81^{***}\)), Friends (\(0.71^{**}\), \(0.51^{*}\)). Model statistics include \(-2\) Log Likelihood and AIC values, with observations totaling 1,582 and 791 participants. Significance is denoted with asterisks: \(* p \leq 0.05\), \(** p \leq 0.01\), \(*** p \leq 0.001\).]



3.3 The association between combinations of source and cognitive function

We further analyzed the three sources of support (children, friends, and neighbors) that were statistically significant for cognitive function. These three sources of support formed a pattern of eight possible combinations (Supplementary Figure S1). Only 18.08, 7.96, and 3.16% of participants got perceived support from children, neighbors, and friends separately. Approximately 40.58% of participants got perceived support from two sources, while 16.81% of participants got perceived support from all three sources. Table 3 shows the associations between the different source patterns and cognitive function. The result of Model 1 demonstrated a significant positive association between cognitive function and growth in each additional source (as continuous variables) [β = 0.75(95%CI: 0.51, 0.98), p < 0.001, [image: Stylized depiction of the mathematical expression \( R_p^2 \) with a squared symbol.]= 0.067]. Trends between cognitive function and the number of cumulative sources persisted according to age and sex interactions (Supplementary Figure S2). In Model 2, meeting all three sources was significantly associated with superior cognitive function compared to those without support from all three (as categorical variables) [β = 2.27 (95%CI:1.48, 3.07), p < 0.001]. The strongest effect was observed in the combination of perceived support from both children and friends [β = 2.53 (95%CI, 1.35, 3.72), p < 0.001].



TABLE 3 Associations between perceived social support provided by child, neighbor, and friend and cognitive function.
[image: Table comparing two statistical models, Model 1 and Model 2, with multiple fixed effects including social support sources, gender, age, economic status, health status, and more. Each model shows the beta coefficients with confidence intervals and partial R-squared values for various predictors. Significant predictors like gender, age, and social support source are highlighted with asterisks indicating p-values. Model statistics include sample size, log likelihood, and AIC values.]




4 Discussion

Our hypothesis was supported by the findings which showed an association between perceived social support from diverse sources and cognitive function among rural older adults. Perceived support from children, neighbors, and friends was statistically associated with cognitive function. Furthermore, there was a positive association between cognitive function and growth in each additional source (i.e., there was a cumulative effect). Especially, the strongest effect was observed in the combination of perceived support from both children and friends. However, in the study, perceived social support provided by spouses, siblings, and relatives had no statistically significant relationship with cognitive function.


4.1 The association between sources of perceived social support and cognitive function

A study from China showed an association between perceived support from the family on cognitive function (Zhu et al., 2012). However, this study supports the finding that perceived support from children, but not from spouses, was associated with cognitive function in older adults. Traditionally, parents devote resources to raising their children when they are young and expect to receive care and support from their children when they are old (Pan et al., 2017), especially rural people, who have less financial income and are more dependent on their children in their later years. This expectation reflects not only emotional ties within the family but also the transfer of resources and responsibilities that contribute to a supportive family environment, which in turn benefits the older adults’ cognitive function (Khalaila and Litwin, 2011). Additionally, the role of neighbors has been less considered in previous literature. Older adults in rural areas have more neighborhood social capital than in urban communities (Han and Chung, 2022). Closer-knit community ties allow neighbors to build social bonds and help each other (i.e., reciprocity) (Campbell and Lee, 1992; Henning and Lieberg, 1996). This perceived social cohesion may have a positive effect on the cognitive health of older adults. Also, friends who share similar ages and experiences tend to socialize and confide in each other during leisure time as they age, which promotes cognitive stimulation and slows cognitive decline (Fratiglioni et al., 2000; Najar et al., 2019). We did not find a relationship between perceived social support from spouse, relatives, and siblings and cognitive function, possibly due to the inherent complex emotional entanglements and long-standing emotional baggage within these relationships (Khondoker et al., 2017). Additionally, interactions with these social connections may not enhance an individual’s social comparison and self-esteem as effectively as other social relationships. This suggests that social support from different sources may have its own unique nature and effects, indicating that we need to consider these differences more carefully in research and practice.



4.2 The association between combinations of source and cognitive function

Furthermore, we explored the association between the combination of perceived social support networks and cognitive function. A robust social support network not only alleviates stress and enhances mental health, but also improves life satisfaction and well-being (Nguyen et al., 2016). Multiple sources ensure the resilience of perceived social support, allowing for alternative sources to maintain social and emotional connections even if support from one party wanes. It emphasizes the importance of building and maintaining a social support network for cognitive health (Ellwardt et al., 2015). Perry et al. (2022) revealed that the proportion of non-relatives in a social network was positively associated with cognitive function. In this study, the accumulation of sources (children, friends, and neighbors) of perceived support correlates positively with cognitive function in the social support networks, suggesting that targeted strategies may be more effective in meeting the diverse social support needs of older adults. Notably, the strongest positive association between cognitive function and any combination of sources observed was perceived support from children and friends. This phenomenon may reflect the fact that support from children and friends may be more responsive to an individual’s needs and preferences. First, children and friends tend to have an in-depth understanding of older adults’ personalities, behaviors, and historical backgrounds and are therefore able to provide more personalized help and care. Second, perceived support from children and friends is essentially based on intimacy and long-term emotional investment. Such deep interaction may contribute to the maintenance of cognitive function (Harling et al., 2020).



4.3 Meaning of the study

Although previous studies showed that older adults in rural areas have a higher risk of cognitive impairment in later life (Harling et al., 2020; Harris et al., 2023; Liu et al., 2022), social support serves as a proxy for cognitive reserve and helps maintain cognitive function (Chen et al., 2024), thereby compensating for the decline in cognitive function in older adults in rural areas. The explorations conducted in this study provide valuable insights into understanding the association between diverse sources of perceived social support and cognitive function among older adults in rural areas. The positive effects of perceived social support on cognitive health have been recognized in earlier studies among older adults in rural areas, but often only a holistic concept was considered. Investigating combinations of sources is a novel and integrative perspective that has not yet been considered in the literature. These findings provide a foundation for future research into improving cognitive function in older adults in rural areas. In some non-rural areas, studies may differ regarding the content, form, and effects of social support, and the impact on cognitive health may be different, and older adults may be more dependent on the support of community services and public facilities (Miller, 2011; Wang et al., 2018). A deeper understanding of the mechanisms through which social support works would be beneficial in improving the quality of life of older adults and contributing to the process of healthy aging.



4.4 Limitations

Several limitations of this study should be considered. First, this study was conducted in southwest China, which may limit its applicability to other older adult groups. Second, these categorical labels for perceived social support might not accurately reflect the nuanced variations in the level of support experienced by participants. Additionally, MMSE as a measurement tool limited our ability to delve into more detailed analyses like the cognitive domain. Furthermore, the exposure variable for our outcomes was unbalanced with small cases for some categories (e.g., 3.16% of the sample from friends’ support only), which could affect the parameter estimates in these models. Finally, the retention rate of 44.12% in our study may potentially impact the generalizability of our findings and the conclusions drawn from the study, which needs to be addressed in future analyses.




5 Conclusion

This study found that the association between different sources of perceived social support and cognitive function was varied. Our findings suggest that three sources of perceived support from children, friends, and neighbors had positive impacts on cognitive function, with accumulative effects. The greatest effect was perceived support from both children and friends. This study provides scientific evidence for personalized support strategies to prevent or delay cognitive deterioration in rural older adults. It would be beneficial for clinicians to harness community resources to bolster perceived support, facilitating a comprehensive approach to the multifaceted requirements of older adults.



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 Ethics Committee of Guizhou Medical University. 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. The manuscript presents research on animals that do not require ethical approval for their study.



Author contributions

SG: Software, Writing – review & editing, Writing – original draft, Validation, Methodology, Formal analysis. JW: Writing – review & editing, Writing – original draft, Validation, Methodology, Formal analysis. QL: Writing – review & editing, Data curation. HC: Writing – review & editing, Data curation. ZJ: Writing – review & editing, Data curation. JH: Writing – review & editing, Data curation. XY: Writing – review & editing, Data curation. JY: Writing – original draft, Writing – review & editing, Validation, Supervision, Resources, Project administration, Funding acquisition, Conceptualization.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was sponsored by the National Natural Science Foundation of China (Grant no. 81860598). This study was supported by Guizhou Medical University, Guizhou Province, China.



Acknowledgments

The authors would like to acknowledge the efforts of the team members who assisted in the data collection process and all the participants involved in this study.



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1443689/full#supplementary-material



References
	 Berkman, L. F., Glass, T., Brissette, I., and Seeman, T. E. (2000). From social integration to health: Durkheim in the new millennium. Soc. Sci. Med. 51, 843–857. doi: 10.1016/s0277-9536(00)00065-4 
	 Brooks, G. A., Tomaino, M. R., Ramkumar, N., Wang, Q., Kapadia, N. S., O'Malley, A. J., et al. (2023). Association of rurality, socioeconomic status, and race with pancreatic cancer surgical treatment and survival. J. Natl. Cancer Inst. 115, 1171–1178. doi: 10.1093/jnci/djad102 
	 Campbell, K. E., and Lee, B. A. (1992). Sources of personal neighbor networks: social integration, need, or time? Soc. Forces 70, 1077–1100. doi: 10.1093/sf/70.4.1077
	 Chen, H., Hu, J., Gui, S., Li, Q., Wang, J., Yang, X., et al. (2024). Longitudinal validation of cognitive reserve proxy measures: a cohort study in a rural Chinese community. Alzheimers Res. Ther. 16:87. doi: 10.1186/s13195-024-01451-6 
	 Chen, H., Hu, J., Yang, X., Zhou, Q., Hu, Y., Tang, X., et al. (2023). Low levels of free triiodothyronine are associated with risk of cognitive impairment in older euthyroid adults. Sci. Rep. 13:22133. doi: 10.1038/s41598-023-49285-w 
	 Doreste-Mendez, R., Oberlin, L. E., Ilieva, I., Chen, S. Z., Gunning, F. M., and Solomonov, N. (2023). Perception of social support and cognitive performance in older adults with depression. JAMA Netw. Open 6:e233978. doi: 10.1001/jamanetworkopen.2023.3978 
	 Du, C., Dong, X., Katz, B., and Li, M. (2023). Source of perceived social support and cognitive change: an 8-year prospective cohort study. Aging Mental Health 27, 1496–1505. doi: 10.1080/13607863.2022.2126433 
	 Dugani, S. B., Mielke, M. M., and Vella, A. (2021). Burden and management of type 2 diabetes in rural United States. Diabetes Metab. Res. Rev. 37:e3410. doi: 10.1002/dmrr.3410 
	 Ellwardt, L., Van Tilburg, T. G., and Aartsen, M. J. (2015). The mix matters: complex personal networks relate to higher cognitive functioning in old age. Soc. Sci. Med. 125, 107–115. doi: 10.1016/j.socscimed.2014.05.007 
	 Fang, E. F., Scheibye-Knudsen, M., Jahn, H. J., Li, J., Ling, L., Guo, H., et al. (2015). A research agenda for aging in China in the 21st century. Ageing Res. Rev. 24, 197–205. doi: 10.1016/j.arr.2015.08.003 
	 Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). Mini-mental state. J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6
	 Fratiglioni, L., Wang, H.-X., Ericsson, K., Maytan, M., and Winblad, B. (2000). Influence of social network on occurrence of dementia: a community-based longitudinal study. Lancet 355, 1315–1319. doi: 10.1016/s0140-6736(00)02113-9 
	 Fu, Y., Zhang, S., Guo, X., Lu, Z., and Sun, X. (2023). Socioeconomic status and quality of life among older adults with hypertension in rural Shandong, China: a mediating effect of social capital. Front. Public Health 11:1248291. doi: 10.3389/fpubh.2023.1248291 
	 Gauthier, S., Reisberg, B., Zaudig, M., Petersen, R. C., Ritchie, K., Broich, K., et al. (2006). Mild cognitive impairment. Lancet 367, 1262–1270. doi: 10.1016/s0140-6736(06)68542-5
	 Ge, S., Wu, B., Bailey, D. E., and Dong, X. (2017). Social support, social strain, and cognitive function among community-dwelling U.S. Chinese older adults. J. Gerontol. A Biol. Sci. Med. Sci. 72, S16–S21. doi: 10.1093/gerona/glw221 
	 Gellert, P., Häusler, A., Suhr, R., Gholami, M., Rapp, M., Kuhlmey, A., et al. (2018). Testing the stress-buffering hypothesis of social support in couples coping with early-stage dementia. PLoS One 13:e0189849. doi: 10.1371/journal.pone.0189849 
	 Han, Y., and Chung, R. Y.-N. (2022). The role of neighborhood social capital on health and health inequality in rural and urban China. Prev. Med. 156:106989. doi: 10.1016/j.ypmed.2022.106989 
	 Harling, G., Kobayashi, L. C., Farrell, M. T., Wagner, R. G., Tollman, S., and Berkman, L. (2020). Social contact, social support, and cognitive health in a population-based study of middle-aged and older men and women in rural South Africa. Soc. Sci. Med. 260:113167. doi: 10.1016/j.socscimed.2020.113167 
	 Harris, M. L., Bennion, E., Magnusson, K. R., Howard, V. J., Wadley, V. G., McClure, L. A., et al. (2023). Rural versus urban residence in adulthood and incident cognitive impairment. Neuroepidemiology 57, 218–228. doi: 10.1159/000530961 
	 Henning, C., and Lieberg, M. (1996). Strong ties or weak ties? Neighbourhood networks in a new perspective. Scand. Hous. Plan. Res. 13, 3–26. doi: 10.1080/02815739608730394
	 Hoffman, L., and Walters, R. W. (2022). Catching up on multilevel modeling. Annu. Rev. Psychol. 73, 659–689. doi: 10.1146/annurev-psych-020821-103525 
	 Ihle, A., Rimmele, U., Oris, M., Maurer, J., and Kliegel, M. (2020). The longitudinal relationship of perceived stress predicting subsequent decline in executive functioning in old age is attenuated in individuals with greater cognitive reserve. Gerontology 66, 65–73. doi: 10.1159/000501293 
	 Insel, K. C., and Badger, T. A. (2002). Deciphering the 4 D's: cognitive decline, delirium, depression and dementia–a review. J. Adv. Nurs. 38, 360–368. doi: 10.1046/j.1365-2648.2002.02196.x
	 Kelly, M. E., Duff, H., Kelly, S., McHugh Power, J. E., Brennan, S., Lawlor, B. A., et al. (2017). The impact of social activities, social networks, social support and social relationships on the cognitive functioning of healthy older adults: a systematic review. Syst. Rev. 6:259. doi: 10.1186/s13643-017-0632-2 
	 Khalaila, R., and Litwin, H. (2011). Does filial piety decrease depression among family caregivers? Aging Mental Health 15, 679–686. doi: 10.1080/13607863.2011.569479 
	 Khondoker, M., Rafnsson, S. B., Morris, S., Orrell, M., and Steptoe, A. (2017). Positive and negative experiences of social support and risk of dementia in later life: an investigation using the English longitudinal study of ageing. J. Alzheimers Dis. 58, 99–108. doi: 10.3233/jad-161160 
	 Kotwal, A. A., Kim, J., Waite, L., and Dale, W. (2016). Social function and cognitive status: results from a US nationally representative survey of older adults. J. Gen. Intern. Med. 31, 854–862. doi: 10.1007/s11606-016-3696-0 
	 Krause, N. (1986). Social support, stress, and well-being among older adults. J. Gerontol. 41, 512–519. doi: 10.1093/geronj/41.4.512
	 Kroenke, K., Spitzer, R. L., and Williams, J. B. W. (2003). The patient health Questionnaire-2. Med. Care 41, 1284–1292. doi: 10.1097/01.mlr.0000093487.78664.3c
	 Kuiper, J. S., Oude Voshaar, R. C., Zuidema, S. U., Stolk, R. P., Zuidersma, M., and Smidt, N. (2017). The relationship between social functioning and subjective memory complaints in older persons: a population-based longitudinal cohort study. Int. J. Geriatr. Psychiatry 32, 1059–1071. doi: 10.1002/gps.4567 
	 Lawton, M. P., and Brody, E. M. (1969). Assessment of older people: self-maintaining and instrumental activities of daily living. Gerontologist 9, 179–186. doi: 10.1093/geront/9.3_Part_1.179 
	 Lee, C. Y., and Goldstein, S. E. (2016). Loneliness, stress, and social support in young adulthood: does the source of support matter? J. Youth Adolesc. 45, 568–580. doi: 10.1007/s10964-015-0395-9 
	 Li, H., Jia, J., and Yang, Z. (2016). Mini-mental state examination in elderly Chinese: a population-based normative study. J. Alzheimers Dis. 53, 487–496. doi: 10.3233/jad-160119 
	 Li, G., Shen, Y. C., Chen, C. H., Zhao, Y. W., Li, S. R., and Lu, M. (1989). An epidemiological survey of age-related dementia in an urban area of Beijing. Acta Psychiatr. Scand. 79, 557–563. doi: 10.1111/j.1600-0447.1989.tb10303.x 
	 Liu, C. C., Liu, C. H., Sun, Y., Lee, H. J., Tang, L. Y., and Chiu, M. J. (2022). Rural-urban disparities in the prevalence of mild cognitive impairment and dementia in Taiwan: a door-to-door Nationwide study. J. Epidemiol. 32, 502–509. doi: 10.2188/jea.JE20200602 
	 Lu, J., Zhang, C., Xue, Y., Mao, D., Zheng, X., Wu, S., et al. (2019). Moderating effect of social support on depression and health promoting lifestyle for Chinese empty nesters: a cross-sectional study. J. Affect. Disord. 256, 495–508. doi: 10.1016/j.jad.2019.04.003 
	 Luke, D. A. (2004). Multilevel modeling. Thousand Oaks, CA: Sage Publications.
	 Miller, N. A. (2011). Relations among home-and community-based services investment and nursing home rates of use for working-age and older adults: a state-level analysis. Am. J. Public Health 101, 1735–1741. doi: 10.2105/ajph.2011.300163 
	 Najar, J., Östling, S., Gudmundsson, P., Sundh, V., Johansson, L., Kern, S., et al. (2019). Cognitive and physical activity and dementia: a 44-year longitudinal population study of women. Neurology 92, e1322–e1330. doi: 10.1212/wnl.0000000000007021 
	 Nguyen, A. W., Chatters, L. M., Taylor, R. J., and Mouzon, D. M. (2016). Social support from family and friends and subjective well-being of older African Americans. J. Happiness Stud. 17, 959–979. doi: 10.1007/s10902-015-9626-8 
	 Pan, Y., Jones, P. S., and Winslow, B. W. (2017). The relationship between mutuality, filial piety, and depression in family caregivers in China. J. Transcult. Nurs. 28, 455–463. doi: 10.1177/1043659616657877 
	 Peng, C., Burr, J. A., and Han, S. H. (2023). Cognitive function and cognitive decline among older rural Chinese adults: the roles of social support, pension benefits, and medical insurance. Aging Ment. Health 27, 771–779. doi: 10.1080/13607863.2022.2088693 
	 Perry, B. L., McConnell, W. R., Peng, S., Roth, A. R., Coleman, M., Manchella, M., et al. (2022). Social networks and cognitive function: an evaluation of social bridging and bonding mechanisms. The Gerontologist 62, 865–875. doi: 10.1093/geront/gnab112 
	 Posis, A. I. B., Yarish, N. M., McEvoy, L. K., Jain, P., Kroenke, C. H., Saquib, N., et al. (2023). Association of Social Support with mild cognitive impairment and dementia among older women: the Women’s Health Initiative memory study. J. Alzheimers Dis. 91, 1107–1119. doi: 10.3233/jad-220967 
	 Wang, Y., Chen, Y. C., Shen, H. W., and Morrow-Howell, N. (2018). Neighborhood and depressive symptoms: a comparison of rural and urban Chinese older adults. Gerontologist 58, 68–78. doi: 10.1093/geront/gnx063
	 World Health Organization. (2021). Available at: https://www.who.int/publications/i/item/global-action-plan-on-the-public-health-response-to-dementia-2017---2025 (Accessed March 1, 2024).
	 Xu, S., Yang, X., Liu, J., Chong, M. K., Cheng, Y., Gong, W., et al. (2023). Health and wellbeing among the empty nest and non-empty nest elderly in China-results from a national cross-sectional study. PLoS One 18:e0291231. doi: 10.1371/journal.pone.0291231 
	 Yin, S., Yang, Q., Xiong, J., Li, T., and Zhu, X. (2020). Social support and the incidence of cognitive impairment among older adults in China: findings from the Chinese longitudinal healthy longevity survey study. Front. Psych. 11:254. doi: 10.3389/fpsyt.2020.00254 
	 Zhao, D., Li, J., Fu, P., Hao, W., Yuan, Y., Yu, C., et al. (2021). Cognitive frailty and suicidal ideation among Chinese rural empty-nest older adults: parent-child geographic proximity as a possible moderator? J. Affect. Disord. 282, 348–353. doi: 10.1016/j.jad.2020.12.111 
	 Zhu, S., Hu, J., and Efird, J. T. (2012). Role of social support in cognitive function among elders. J. Clin. Nurs. 21, 2118–2125. doi: 10.1111/j.1365-2702.2012.04178.x
	 Ziller, E., and Milkowski, C. (2020). A century later: rural public Health's enduring challenges and opportunities. Am. J. Public Health 110, 1678–1686. doi: 10.2105/ajph.2020.305868 


Copyright
 © 2024 Gui, Wang, Li, Chen, Jiang, Hu, Yang and Yang. 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: 17 October 2024
doi: 10.3389/fpubh.2024.1409614








[image: image2]

Factors influencing physical activity behavior in older adults with subjective cognitive decline: an empirical study using SEM and fsQCA methods

Wei Li1, Sixue Hong1, Yiping Chen2, Yang Zhao1 and Limei Wang1*


1International Medical Service Department, Peking Union Medical College Hospital (CAMS), Beijing, China

2School of Nursing, Shanxi Medical University, Taiyuan, China

Edited by
 Ayse Kuspinar, McMaster University, Canada

Reviewed by
 Lin Luo, Guizhou Normal University, China
 Rola Angga Lardika, Riau University, Indonesia
 Srinivasa Rao Pachava, Guru Nanak Dev University, India

*Correspondence
 Limei Wang, 632707811@qq.com 

Received 02 April 2024
 Accepted 30 September 2024
 Published 17 October 2024

Citation
 Li W, Hong S, Chen Y, Zhao Y and Wang L (2024) Factors influencing physical activity behavior in older adults with subjective cognitive decline: an empirical study using SEM and fsQCA methods. Front. Public Health 12:1409614. doi: 10.3389/fpubh.2024.1409614
 




Objectives: Despite the evident potential benefits of engaging in physical activity (PA) for older adults with subjective cognitive decline (SCD), their PA levels remains low. Previous research has predominantly focused on PA behaviors in individuals with dementia/mild cognitive impairment, with limited attention given to those with SCD. Therefore, this study aims to identify key factors influencing PA behavior in older adults with SCD based on the Self-Determination Theory (SDT) and the capability-opportunity-motivation (COM-B) model.
Methods: Three hundred and three individuals aged 60 and above with SCD participated in this study. A face-to-face structured questionnaire survey was conducted. Data were analyzed using Structural Equation Modeling (SEM) and Fuzzy Set Qualitative Comparative Analysis (fsQCA).
Results: SEM results indicate that PA social support primarily influences PA behavior through three indirect pathways: the separate mediating effect of basic psychological needs, the separate mediating effect of motivation, and the chained mediating effect of both. Physical literacy, on the other hand, influences PA behavior through the separate mediating effect of motivation. Necessary conditions analysis by fsQCA reveals that no single factor is necessary for promoting PA behavior in older adults with SCD, while sufficiency analysis identifies four different combinations of factors leading to PA behavior.
Conclusion: The model derived from the framework of SDT and the COM-B model effectively explains and predicts the interrelationships among variables. Physical activity behavior in older individuals with SCD is the result of multifactorial synergies.
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Introduction

Alzheimer’s disease (AD) is a common neurodegenerative disease that primarily affects the older adult and is a major cause of dementia. With the global aging population, the prevalence of AD is gradually increasing (1). Currently, AD dementia ranks among the top 10 global causes of death, yet there are no reliable methods for preventing, slowing down, or curing this disease. The costs associated with AD dementia almost exceed those of any other disease, with over 80% of these costs being covered by social care services and informal caregiving, posing a serious public health issue (2). Therefore, early intervention in the preclinical stages of AD dementia to modify or delay disease progression has become an urgent task for governments and researchers worldwide. Alzheimer’s disease is considered a gradual pathological process, divided into seven stages (Stages 0 to 6), reflecting the increasing severity of the disease. Stage 2 is characterized by subjective cognitive decline (SCD) (3), indicating the preclinical phase of AD dementia. In comparison to stage 1 (no cognitive impairment), Stage 2 involves mild neuronal damage, where cognitive function is not entirely normal but does not meet the criteria for mild cognitive impairment (MCI; Stage 3). During the SCD stage, individuals still maintain intact cognitive function and can employ compensatory mechanisms. Cognitive decline during this stage is reversible, making it the opportune time (as the secondary prevention) for prevention and intervention (4).

The prevalence of SCD among the older adult is significant. The Centers for Disease Control and Prevention (CDC) in the United States found that the prevalence of SCD is 9.9% among older adult individuals aged 64 to 74, and it increases to 14.3% among those aged 75 and older (5). A study conducted in China involving 2,689 participants revealed that 18.8% of adults aged 60 to 80 observed SCD (5). Increasingly, scholars advocate for early diagnosis and prevention, aiming to intervene as early as the preclinical stages of AD dementia. Therefore, SCD has become an important intervention target in the preclinical stages of AD dementia.

However, there are currently no effective drugs available to slow cognitive decline in older adult individuals with SCD. The World Health Organization’s “Guidelines on Risk Reduction of Cognitive Decline and Dementia” provide evidence-based intervention recommendations (6) to reduce modifiable risk factors for dementia, emphasizing that lack of physical activity is one of the significant risk factors. Evidence indicates that insufficient physical activity is the largest modifiable risk factor for dementia, accounting for 17.9% of the population-attributable risk. Physical activity is a promising non-pharmacological therapy and is the most cost-effective method among all modifiable risk factors. Increasing research has explored the role of physical activity in slowing cognitive decline (7). Although the effectiveness of physical activity in individuals with MCI and AD dementia remains controversial (8, 9), it has shown positive effects in the preclinical stages of MCI and AD dementia. Therefore, for older adult individuals with SCD, physical activity is now considered an effective method to reduce the risk of AD dementia.

However, older adults with SCD typically engage in less PA, and there is limited research specifically studying their PA behavior (10). Additionally, despite similarities in PA behavior between older adults with SCD and those with dementia/MCI, some known influencing factors in the latter group lack specific theoretical support (11), making it challenging to directly guide the PA behavior of older adults with SCD. Moreover, empirical research is less on the theoretical framework models of influencing factors for PA behavior in older adults with SCD, dementia, or MCI (12). In-depth exploration of the pathway mechanisms of PA behavior contributes to guiding community care practices and providing robust support to enhance the PA levels of older adults with SCD. In this study, we proposed a mediation model based on Self-Determination Theory (SDT) (13) and the Capability-Opportunity-Motivation (COM-B) model (14) to investigate factors influencing PA behavior in older adults with SCD. We included four variables—physical literacy, PA social support, basic psychological needs, and motivation—and explored their complex relationships with PA behavior. The aim was to fill the gap in the understanding of the influencing mechanisms of PA behavior in older adults with SCD through a comprehensive model.



Background

Currently, there is limited research directly exploring PA in older adults with SCD. One contributing factor may be the vague conceptualization of SCD (15). Consequently, research has predominantly focused on populations with dementia/MCI. However, due to the specific characteristics of SCD patients, such as the vulnerability resulting from cognitive decline (16), there is a certain overlap in the study of PA behaviors between older adults with SCD and older adults with dementia/MCI. In the scarcity of research on PA behaviors in older adults with SCD, studies on the influencing factors of PA behaviors in dementia/MCI patients lay a solid theoretical foundation for understanding and promoting PA in older adults with SCD.

The COM-B model emphasizes the importance of the external environment on individual behavior. According to the COM-B model, Opportunity includes social and environmental influences. As a crucial pathway in the COM-B model, individuals are influenced by opportunities (Opportunity), leading to the generation of motivation (Motivation), and subsequently engaging in PA behavior (Behavior). Therefore, the impact of the external environment on individual PA behavior is significant. A recent umbrella review (11) highlighted environmental resources for PA and social influences (collectively referred to as the external environment) as the two highest-rated factors affecting older adults with dementia/MCI. Thus, assessing the external environment of PA in older adults with SCD is crucial, with PA social support as a key component reflecting perceived external environmental support, serving as a vital indicator for evaluation (17, 18). PA social support includes support from family and friends, as well as physical support for physical activities, such as instrumental and informational support. External support not only creates objective conditions for older adults with SCD to engage in PA but also fosters motivation internalization through emotional and action support, promoting active and sustained participation in PA (19). It can be inferred that the greater the PA social support, the stronger the motivation for older adults with SCD to engage in PA, leading to the realization of PA.

In the COM-B model, PA social support directly promotes motivation; however, the process of motivation generation may be complex. According to self-determination theory, there is an important mediating factor between social support and motivation, namely basic psychological needs. Basic psychological needs encompass autonomy, competence, and relatedness. PA social support, by satisfying any of these basic psychological needs, leads to the internalization of external motivation and the reinforcement of intrinsic motivation, thereby promoting PA. Previous studies have consistently indicated that basic psychological needs not only promote the formation of PA behavior through motivation but also directly impact PA behavior. Therefore, the introduction of basic psychological needs variables can better explain how PA social support stimulates motivation, further clarifying intervention targets.

As another crucial pathway in the COM-B model, capability plays a significant role in promoting PA behavior. In previous literature, the assessment of PA capability in older adults with SCD or older adults with dementia/MCI has often used indicators like activities of daily living (ADL) (20), which focus on assessing an older individual’s self-care ability or the severity of their illness, rather than specifically targeting indicators related to PA ability. Physical literacy (21) refers to an individual’s ability to acquire and understand information about PA and health promotion throughout their life, utilizing this information to promote participation in physical activities and maintain comprehensive health. Although physical literacy research has predominantly focused on adolescents and adults (22), its significance in promoting healthy aging is substantial, embodying a holistic approach to physical and mental well-being. Physical literacy spans an individual’s entire life, allowing people of different ages to develop the knowledge, skills, and attitudes needed to participate in various activities. Thus, compared to one-dimensional indicators such as ADL, physical literacy better reflects the multidimensional aspects of PA ability in older adults, including knowledge, skills, attitudes, and more. Therefore, this study introduces physical literacy as a measure of capability in older adults with SCD for the first time, hypothesizing that higher levels of physical literacy correspond to stronger motivation for engagement in PA behaviors, leading to the realization of PA.

Current research has predominantly explored the influencing factors of PA behavior in older adults with dementia/MCI (23–25), without delving into the intricate internal operating mechanisms between these factors, failing to provide guidance on the mechanisms of action for influencing factors on PA behavior in older adults with SCD. Given that SCD represents a crucial secondary prevention stage in the progression toward dementia/MCI, promoting PA in this context is highly significant, and understanding the internal mechanisms of influencing factors on PA behavior is fundamental. This study seeks to investigate the operational mechanisms of influencing factors on PA behavior in older adults with SCD, aiming to identify a practical and effective intervention approach to inform the formation and promotion of lifelong PA behavior in this population. Therefore, the first focus of this study is on the internal operating mechanisms of PA social support on PA behavior in older adults with SCD. This study hypothesizes that PA social support positively predicts PA behavior in older adults with SCD, with the degree of basic psychological needs and motivation having a progressively linked mediating effect in this influence. The second focus is to explore the internal operating mechanisms of physical literacy on PA behavior in older adults with SCD. This study hypothesizes that physical literacy positively predicts PA behavior in older adults with SCD, with motivation serving as a mediating factor in this influence (Figure 1). Furthermore, to better reveal the causal configurations leading to physical activity behavior in older adults with SCD, we employed fsQCA analysis (26). Firstly, structural equation modeling (SEM) is proficient at scrutinizing linear associations among variables, highlighting straightforward and symmetrical connections between antecedents and outcomes. However, it falls short in illustrating intricate multifactorial and simultaneous causal relationships. Secondly, fsQCA proves beneficial for scrutinizing the consolidation of relationships and executing more comprehensive pathways. Thirdly, social phenomena are complex, and causal mechanisms may fluctuate under diverse conditions. Therefore, it is essential to systematically identify causal logics to better explain complex social phenomena. The combined analysis approach of SEM and fsQCA allows for a more comprehensive exploration of the mechanisms underlying the formation of physical activity behavior in older adult SCD individuals, providing practical insights for promoting physical activity in this population. The theoretical hypothesis diagram for this study is provided below (Figure 1).
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FIGURE 1
 Conceptual model. On the left is the conceptual model of SEM, and on the right is the conceptual model of fsQCA.




Methods


Study design

The study was an observational cross-sectional study. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement was used to report this observational study.



Setting and sampling

This research was carried out in a county town situated in Southeastern Fujian Province characterized by a significant migration of its young and middle-aged labor force and an increasing aging population during the period of July to November 2023. In the latest census of the county town, the population aged 60 and above was 82,859, constituting 19.61% of the total population. Our research team contacted the directors of residents’ committees in 15 communities within the town, seeking their cooperation in distributing notices about participating in the questionnaire survey. Special senior activity rooms were set up in respective community committees to facilitate older adults in completing the questionnaires. Eventually, directors from 12 communities agreed to collaborate with our research. As a token of appreciation, each older participant completing the SCD screening received a complimentary blood pressure measurement service and a small gift, specifically a pack of tissues. Furthermore, eligible older individuals completing the questionnaire received additional compensation in the form of a red envelope worth 50 RMB. Inclusion criteria for participants were: (1) age 60 years or older; (2) meeting the criteria for subjective cognitive decline (i.e., a score greater than 5 on the Subjective Cognitive Decline 9-item (SCD-9) questionnaire (27) and a Mini-Mental State Examination scale (28) score greater than or equal to 27); and (3) the ability to communicate in Mandarin or a local dialect. Exclusion criteria included: (1) participation in psychosocial interventions during the study period; (2) severe disability; and (3) severe liver or kidney disease or any known malignancy.

The sample size for this study was determined based on established guidelines for structural equation models (29), recognizing the need for a minimum of 10–20 participants per observed variable for structural equation analysis. In this study, we designated 20 participants for each of the 12 observed variables, including age, gender, marital status, place of residence, educational attainment, current smoking status, current alcohol consumption, personal monthly income, physical literacy, PA social support, basic psychological needs, and motivation. Accounting for a 10% rate of invalid questionnaires, the final minimum sample size was set at 267 participants. Throughout the survey process, 391 older adults who self-reported memory decline using the SCD-9 questionnaire were initially screened, with 323 meeting the criteria for SCD. Ultimately, 303 older adults with SCD completed the questionnaire survey, and no invalid questionnaires were identified, resulting in a response rate of 93.8%. Participants spent approximately 20–30 min completing the questionnaire. The ethical approval for this study were obtained from the institutional review board of Shanxi Medical University. Prior to participation, informed consent was obtained from all participants.



Measures


Socio-demographic characteristics

The general information form aims to collect socio-demographic data, including age, gender, marital status (married/living with partner or unmarried/widowed), place of dwelling (rural/urban), educational attainment (elementary school or below, middle school, high school or above), current smoking status (yes/no), current alcohol consumption (yes/no), and personal monthly income.



Physical activity behavior

The physical activity behavior of older adults with SCD were assessed from the perspectives of intensity, duration, and frequency, utilizing the Physical Activity Rating Scale-3 (PARS-3) developed by Liang (30). This scale employs a Likert 5-point scoring method, ranging from 1 (completely non-compliant) to 5 (completely compliant). The physical activity score is calculated as the product of intensity, duration minus one, and frequency. The score for physical activity ranges from 0 to 100, with 100 being the highest possible score. This scale has been widely applied across various age groups in China (31).



Physical literacy

We utilized the Perceived Physical Literacy Instrument (simplified Chinese version) to assess the physical literacy of older adults with SCD. Originally developed by scholar Whitehead (32), the Perceived Physical Literacy Instrument was later adapted for Chinese culture by Ma et al. (33) The instrument consists of three dimensions (Confidence and physical competence, Motivation, Interaction with the environment) and eight items. The instrument employs a 5-point Likert scale for scoring, with responses ranging from 1 (strongly disagree) to 5 (strongly agree). The total score ranges from 8 to 40. The higher the score, the higher the level of physical literacy. Cronbach’s alpha for reliability ranges from 0.79 to 0.83 (33). Prior to the formal survey, our research team conducted a validity test of the instrument among the older adult population, confirming its high validity in this demographic.



Basic psychological needs

In this study, we employed the Exercise Psychological Need Satisfaction Scale (PNSE), originally developed by Wilson et al. (34). Subsequently, Liu Lei and colleagues (35) conducted a validation study on this scale among older adult residents in Chinese nursing homes, establishing its reliability and validity. Consequently, the PNSE can be utilized to assess the psychological need satisfaction related to exercise among older adults in Chinese nursing homes. The PNSE comprises three dimensions: autonomy, competence, and relatedness needs, each consisting of six items, resulting in a total of 18 items. The scoring system for the scale utilized a 7-point rating, ranging from “completely disagree” to “completely agree,” with scores assigned between 1 and 7, respectively. Higher scores on the scale indicate an increased level of satisfaction with fundamental psychological needs.



Physical activity social support

The variable of “PA social support” was measured using the Social Support Scale developed by Taiwanese scholar Hong Huang-Jia et al. (36) as a Chinese version. It was later optimized by mainland Chinese scholar Duan Mengshuang (37) to suit the measurement of social support for PA among the older population in mainland China (38). This scale has since been validated in several dissertations by mainland scholars and has shown good reliability and validity. This scale is specifically designed to assess the support received by older adults for their physical activity behaviors. It includes four dimensions: family support, friend support, informational support, and instrumental support, comprising a total of 17 assessment items. It effectively evaluates the physical and social support required for the PA behaviors of the older adult. In this scale, which served as an independent variable, a 5-point Likert scale was employed. Responses ranged from “completely disagree” to “completely agree,” with scores ranging from 1 to 5. The total score ranges from 17 to 105, with higher scores indicate a higher level of PA social support.



Motivation

To investigate PA motivation in older adults with SCD, all participants completed the Shorten Motives for Physical Activity Measure-Revised (Shorten MPAM-R) questionnaire. The Motives for Physical Activity Measure-Revised (MPAM-R) was originally developed by Richard et al. in 1997 (39), comprising 30 items. To better suit the Chinese context, Chinese scholar Chen Shanping introduced this scale and conducted a simplified revision, resulting in the Shorten MPAM-R (40). The Shorten MPAM-R employs a 5-point Likert scale, ranging from 1 (lowest motivation) to 5 (highest motivation), to assess the extent to which personal motives. It has 15 items and includes 5 subscales: fun motivation (3 items), ability motivation (3 items), appearance motivation (3 items), health motivation (3 items), and social motivation (3 items). The total score ranges from 5 to 75, with higher scores indicating greater motivation and lower scores indicating lower motivation.




Data analysis

The data were analyzed using SPSS 27.0 and AMOS 23.0 (IBM Corp., Armonk, NY, USA). All variables in this study adhere to a normal distribution. Descriptive statistics for continuous data were computed using means and standard deviations (SD), while categorical variables were summarized with frequencies and proportions. In the univariate analysis, only age showed statistical significance (p < 0.05) and was included as a control variable in the subsequent SEM analysis. The total and specific indirect effects were computed using bootstrapping with 5,000 samples. Model fit indices for path analysis included the χ2 test, root mean square error of approximation (RMSEA) ≤ 0.08, comparative fit index (CFI) ≥ 0.95, and Tucker Lewis index (TLI) ≥ 0.95 (41).

Fuzzy-set qualitative comparative analysis is a type of Qualitative Comparative Analysis (QCA) method, which reveals asymmetric and complex causal relationships between antecedent variables and outcomes by constructing fuzzy set data (42). Given its suitability for small to medium-sized sample sizes, we followed the approach of previous researchers (43) and randomly selected half of the total sample of 303 cases (151 cases) for fsQCA data analysis. fsQCA presents results in the form of simple solutions, intermediate solutions, and complex solutions, and evaluates the degree of membership and explanatory power based on two parameters: consistency and coverage. The values of consistency and coverage range from 0 to 1. Acceptance is generally considered when the consistency level exceeds 0.75, with higher values indicating a higher level of explanatory power (44). In the fsQCA antecedent variables, to further explore the specific dimensions of PA social support in relation to the outcome variable, we included four dimensions of PA social support (family support, friend support, informational support, and instrumental support) as four antecedent variables, along with physical literacy, basic psychological needs, and motivation, totaling seven antecedent variables. This quantity is considered ideal for conducting fsQCA.




Results


Demographic information and correlation analysis

In this study, participants had an average age of 67.8 ± 5.1; among them, 56.8% were female participants. 78.9% of participants were married or living with a partner, and the majority of participants (69.3%) living in rural areas. Approximately half of the participants (50.5%) had an educational level of junior high school or above. 36.3% of participants smoked, and 28.1% consumed alcohol. Finally, nearly half of the participants (46.5%) reported a monthly personal income in the range of 2000–3,000 yuan (Table 1). As shown in Supplementary Table S1, PA behavior was positively correlated with PA social support (r = 0.425; p < 0.01), physical literacy (r = 0.392; p < 0.01), basic psychological needs (r = 0.447; p < 0.01), and motivation (r = 0.434; p < 0.01), with statistically significant differences.



TABLE 1 Characteristics of participants (n = 303).
[image: Table showing demographic and lifestyle variables with respective frequencies and percentages. Categories include gender, marital status, place of living, educational attainment, current smoking and drinking habits, and personal monthly income in RMB. For example, 56.8% are male, 78.9% are married or living with a partner, and 49.5% have primary education or below. 69.3% live in rural areas, 63.7% do not smoke, and 71.9% do not drink. Income distribution shows 46.5% earn between 2,000 and 3,000 RMB.]



Structural equation modeling results

Before conducting SEM, the balance method (45) was employed to bundle the measurement indicators of PA social support, Physical literacy, Basic psychological needs, and motivation into four latent variables, each comprising 4, 3, 3, and 5 measurement indicators, respectively. PA behavior served as the observed variable. Based on the theoretical frameworks of SDT and the COM-B model, the AMOS 26.0 software was used to construct an intermediate hypothesis model (Figure 2). The entire hypothesis model was tested using maximum likelihood estimation, revealing that the data in the selected predictive model conformed to univariate normal distribution. However, the overall predictive model did not adhere to multivariate normality. Correction was applied using the MI index method (46). After the correction, all fit indices of the model met the standard range, namely χ2/df = 2.461, RMSEA = 0.070, GFI = 0.909, CFI = 931, IFI = 0.932, TLI = 0.914, AGFI = 0.872. This indicates that the structural equation data fit well with the selected model.

[image: Diagram depicting a structural equation model showing relationships between physical activity social support, physical literacy, basic psychological needs, motivation, and physical activity behavior. Arrows indicate the direction and strength of influences, with values next to each arrow. Measurement errors are labeled as e1 to e18 and variables include A, C, R, Fas, Frs, Infs, and others depicted in rectangles. The model also includes age as a factor influencing PA behavior.]

FIGURE 2
 Factors influencing physical activity behavior in older adults with subjective cognitive decline. All relationships are significant. A, autonomy, C, competence; R, relatedness needs; Fas, family support; Frs, friend support; Infs, informational support; Inss, instrumental support; M, motivation; CPC, confidence and physical competence; IE, Interaction with the environment; HM, health motivation; APM, appearance motivation; FM, fun motivation; ABM, ability motivation; SM, social motivation. Model fit indices: x2/df = 2.461, RMSEA = 0.070, GFI 0.909, CF1931, IFI 0.932, TLI = 0.914, AGFI = 0.872.


From Figure 2 and Table 2, it can be observed that: (1) Regarding basic psychological needs, the impact of PA social support on basic psychological needs reached a significant level, with a standardized regression coefficient of 0.534 (p < 0.001); (2) In terms of motivation, the impact of basic psychological needs, PA social support, and physical literacy on motivation all reached significant levels, with standardized regression coefficients of 0.338 (p < 0.001), 0.290 (p < 0.001), and 0.192 (p = 0.004), respectively; (3) Concerning PA behavior, PA social support, physical literacy, basic psychological needs, and motivation all significantly influenced PA behavior, with standardized regression coefficients of 0.209 (p = 0.005), 0.150 (p = 0.039), 0.176 (p = 0.020), and 0.149 (p = 0.017), respectively.



TABLE 2 Path coefficients between variables (n = 303).
[image: Table displaying the relationships between constructs in a psychological study. It lists paths like "Basic psychological needs" to "PA social support" with statistical values: β (0.534), b (0.77), S.E. (0.101), C.R. (7.622), and p-value (<0.001). Other paths include "Motivation" and "PA behavior" with various predictors such as "Physical literacy" and associated statistics.]

The indirect effects between variables in the model were examined using the bias-corrected bootstrap estimation method with a 95% confidence interval (N = 5,000). From Table 3 and Figure 2, it can be observed that, after controlling for the meaningful covariate of age: Firstly, PA social support has a significant indirect effect on PA behavior through three specific paths: (1) PA social support → Basic psychological needs → PA behavior (β = 0.262; 95% CI = 0.137 to 0.382; p < 0.001); (2) PA social support → Motivation → PA behavior (β = 0.194; 95% CI = 0.074 to 0.307; p = 0.001); and (3) PA social support → Basic psychological needs → Motivation → PA behavior (β = 0.480; 95% CI = 0.302 to 0.638; p < 0.001). The percentage of total effects accounted for by these three paths is 42.4, 22.2, and 68.5%, respectively. Additionally, physical literacy also has a significant indirect effect on PA behavior through the path: Physical literacy → Motivation → PA behavior (β = 0.192; 95% CI = 0.031 to 0.351; p < 0.001), with the indirect effect accounting for 15.1% of the total effect.



TABLE 3 Mediation analysis (n = 303).
[image: Table showing path analysis results with columns for effect decomposition, point estimates, standard errors, confidence intervals, and p-values. Paths include social support, psychological needs, and physical literacy affecting physical activity behavior. Each path includes mediation, direct, and total effects with corresponding statistical values and significance levels.]



Results of fsQCA

Table 4 summarizes the four paths for promoting PA behavior according to the format outlined by Peer (30). In predicting PA behavior, four paths were observed that explained 40.9% of the cases (Overall Consistency = 0.838; Overall Coverage = 0.409).



TABLE 4 High-level physical activity configurations.
[image: Table comparing social support variables across four paths with indicators for presence (black circles) and absence (X) of conditions. Paths show different combinations of family, friend, informational, and instrumental support, as well as psychological needs, motivation, and physical literacy. Coverage and consistency metrics are listed, indicating overall solution coverage of 0.409 and consistency of 0.838.]

Paths 1 and 2: Path 1 indicates that a combination of basic psychological needs and physical literacy as core conditions, with family support as a moderating condition, can effectively promote PA behavior. This path can account for 10.3% of individuals engaging in high levels of PA. Path 2, on the other hand, suggests that a combination of five elements—family support, instrumental support, basic psychological needs, motivation, and physical literacy—as core conditions within social support can effectively promote PA behavior. This path can explain 13.2% of individuals engaging in high levels of PA. In other words, for older adults with only one or two forms of social support, in addition to increasing their motivation and physical literacy, meeting their exercise-related psychological needs is essential to effectively promote their PA behavior.

Paths 3 and 4: Path 3 indicates that a combination of four core conditions—friend support, instrumental support, motivation, and physical literacy—with family support and informational support as moderating conditions can promote PA behavior. This path can explain 26.2% of the occurrence of individuals’ PA behavior and is a major pathway. Path 4, on the other hand, suggests that a combination of family support and motivation as core conditions, with friend support and informational support as moderating conditions, can effectively promote physical activity behavior. This path can explain 5.2% of individuals engaging in high levels of PA. In summary, for older adults with higher levels of social support across multiple dimensions, promoting their motivation for PA and increasing their level of physical literacy can effectively enhance their PA behavior.

The fsQCA method is highly applicable to the issue of causal asymmetry, where the configuration of antecedent conditions for a certain outcome to occur or not is not entirely opposite. To elucidate the driving mechanism behind PA behavior in older adults with SCD, a further analysis was conducted to examine the configurations of antecedent conditions hindering PA behavior. According to Table 5, Path A indicates that when all factors are at low levels, PA levels in older adults with SCD are low. This pathway has the highest coverage, reaching 28.2%. It suggests that the low PA levels in older adults with SCD result from the combined effects of multiple factors. Furthermore, instrumental support is a common core missing condition across the three pathways, indicating that the absence of instrumental support is a necessary condition leading to low PA levels in older adults with SCD.



TABLE 5 Low-level physical activity configurations.
[image: Table with variables across three paths labeled A, B, and C, showing conditions denoted by circles. Path A shows absence in family support, presence in physical literacy. Path B highlights presence in friend and informational support. Path C indicates presence in informational support. Raw and unique coverage, consistency, solution coverage, and solution consistency are listed with values for each path. Footnote explains symbol meanings.]




Discussion

The integration of SEM and fsQCA in this study yielded several key findings. Firstly, the theoretical model, combining the SDT and COM-B framework, effectively explained and predicted the interrelationships among variables. A previous study (47) has indicated that these two theories remain relatively underexplored in research on promoting physical activity among the older adults. Our findings further contribute to this area. Secondly, perceived social support for PA emerged as crucial in promoting PA behavior in older adults with SCD, with basic psychological needs and motivation playing vital chain mediating roles. Additionally, higher levels of physical literacy not only directly promoted PA behavior but also positively influenced PA behavior through enhanced motivation. Thirdly, the multifactorial nature of PA behavior in older adults with SCD was evident. Lastly, for those with high levels of PA social support across multiple dimensions, elevating physical literacy and PA motivation effectively promoted PA behavior. Conversely, individuals with fewer dimensions of high-level PA social support required attention to meeting basic psychological needs, in addition to the previously mentioned variables, to foster PA behavior in older adults with SCD.

Social support for PA plays a positively predictive role in PA behavior in older adults with SCD, demonstrating a significant facilitating effect. As previously discussed in the literature (11), physical resources and social influences are identified as the two most crucial factors influencing MCI/dementia in older adults. In this study, PA social support encompasses four dimensions: family support and friend support (social influences) as well as informational support and instrumental support (physical resources). It serves as a comprehensive indicator for evaluating social support for physical activity in older adults with SCD, addressing a broader range compared to previous studies that often focused more on support from family or friends while overlooking informational and instrumental support (48, 49). Perceiving PA social support is conducive to older adults with SCD engaging in PA with increased positive emotional involvement, leading to stable, intrinsic, and enduring impacts on their active participation. A qualitative study (50) has also indicated that some older individuals prioritize emotional support provided by personal trainers or exercising with peers during exercise programs, meeting their psychological needs and enhancing their motivation for exercise. The fit of the model results suggests that perceiving PA social support is essential for promoting physical activity behavior in older adults with SCD. Social support creates conditions for the formation of motivation for PA in this population, making it an effective factor for predicting and influencing PA behavior in older adults with SCD. Specifically, family support and friend support enhance the emotional connection and participation motivation of older adults with SCD through providing emotional encouragement and social interaction. These social interactions not only offer psychological comfort but also enhance their sense of belonging and responsibility by participating in PA activities together, thereby improving the persistence of their exercise. Furthermore, informational support and instrumental support reduce their barriers to engaging in PA by providing practical exercise knowledge, guidance, and physical resources such as exercise equipment and venues, making it easier for them to initiate and maintain an exercise regimen.

The fit results of the influencing factors model for PA behavior in older adults with SCD further clarify the underlying mechanism through which perceived social support for PA affects their behavior. It suggests that the impact of social support on motivation and PA behavior in older adults with SCD is contingent upon the support being perceived by these individuals and meeting their basic psychological needs. Autonomy, competence, and relatedness are three universally recognized basic psychological needs, and prior research (51, 52) suggests that when individuals’ psychological needs for autonomy, competence, and relatedness are satisfied, they are more likely to initiate and sustain a wide range of behaviors. Additionally, a previous study (53) indicates a positive association between the satisfaction of these psychological needs and exercise adherence in older adults. Furthermore, our research reveals that fulfilling basic psychological needs directly mediates motivation and, consequently, has a direct intermediary role in influencing PA behavior. This aligns with previous research findings (54) that establish a close correlation between motivation and autonomy within the basic psychological needs. In our fsQCA results, we also find that the unsatisfaction of basic psychological needs is a necessary factor in all paths leading to low-level PA combinations. This suggests that fulfilling these needs is essential for individuals to perceive behavior as self-determined and to have the motivation to engage in PA. Conversely, when these needs are not satisfied, the motivation for engaging in PA diminishes (55). Healthcare professionals working with older adults with SCD should consider the possibility of promoting PA by enhancing psychological needs satisfaction through increased autonomy, competence, and/or relatedness.

Physical literacy has emerged as a prominent field in sports science research in recent years (21). Individuals with physical literacy continuously acquire motivation and abilities for development, enabling them to learn, analyze, apply, and demonstrate various forms of PA. They can engage in a variety of sports activities in different environments, showcasing competence and confidence, making healthy and positive choices, and demonstrating respect for themselves, others, and the environment. Consequently, physical literacy aligns to some extent with the concept of health literacy, but as a specific concept emphasizing physical activity, it better explains the comprehensive ability and literacy of individuals engaging in physical activity. In this study, we have, for the first time, confirmed the positive impact of physical literacy on PA behavior in older adults with SCD, not only through direct influence but also by enhancing motivation for PA. Previous research (56) has also indicated that individuals with physical literacy cognitively understand their psychological resources in declarative and procedural forms and can utilize these resources to stimulate their motivation for engaging in PA.

According to the results of fsQCA, we also found that older adults with SCD exhibiting high levels of PA display characteristics of multiple and diverse pathways. Social support for PA, basic psychological needs, physical literacy, and motivation are not individually necessary conditions leading to PA behavior in older adults with SCD. Instead, these factors collectively interact as antecedent conditions, highlighting the complexity of PA behavior in this population and affirming the rationale behind the research framework used. Furthermore, for older adults with SCD experiencing limited dimensions of social support, it is essential not only to focus on their physical literacy and motivation but also to address their basic psychological needs for PA. This suggests a significant relationship between perceived social support and basic psychological needs. When the dimensions of social support sources are limited, older adults with SCD may have relatively insufficient fulfillment of their basic psychological needs. Prior research also indicates (49) that singular social support from friends or family may not consistently positively influence the PA behavior of older individuals. Therefore, when faced with limited diversity in social support sources, interveners should strive to enhance the physical literacy, motivation, and basic psychological needs of older adults with SCD.



Limitations

While this study has made positive explorations into the influencing factors of PA behavior in older adults with SCD, there are still some limitations. Firstly, the sample in this study is limited to a township in southeastern Fujian Province, which may introduce regional restrictions. This could affect the generalizability of the results. It is recommended that future research includes plans to expand the sample to cover more regions and different cultural backgrounds. Secondly, this study employs a cross-sectional design, which can only describe correlations between variables and cannot infer causality. Although SEM and fsQCA reveal complex relationships, they cannot replace longitudinal studies for causal inference. Future research may consider using a longitudinal design to track changes in PA behavior and influencing factors among older adults with SCD. Additionally, due to the limitations in the number of antecedent variables in fsQCA, the analysis of some other variables’ finer dimensions (such as basic psychological needs, physical literacy, etc.) may not be well-addressed, potentially missing some combinations of pathways. Future research can fine-tune the selection of antecedent variables. Thirdly, although configurational analysis can complement the shortcomings of structural equation modeling, it still falls short in explaining the “why” and “how” of PA behavior. Subsequent studies can integrate configurational analysis with case studies to further explore relevant issues related to the influencing factors of PA behavior in older adults with SCD, enhancing the explanatory power of the research. Lastly, the questionnaire relies on participants’ self-reports, which may introduce recall bias and social desirability effects. Future research could incorporate objective measurements, such as using wearable devices to record PA data, to enhance data accuracy.



Conclusion

The theoretical model derived from the SDT and the COM-B model effectively predicts and promotes PA behavior in older adults with SCD. Perceived social support for PA is pivotal in encouraging PA in this group. Basic psychological needs and motivation play crucial roles as chain mediators. Higher levels of physical literacy not only directly promote physical activity but also enhance motivation, further encouraging PA. The emergence of high-level PA results from the combined effects of social support, basic psychological needs, motivation, and physical literacy. Even in older adults with SCD where multiple dimensions of PA social support are at high levels (three dimensions or more), it is still necessary to significantly improve their physical literacy and PA motivation to promote physical activity behavior. For individuals with fewer dimensions of PA social support at high levels (two dimensions or fewer), in addition to focusing on the above two variables, meeting their basic psychological needs is essential to effectively promote their PA behavior.
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Objective: Cohort studies on the risk of cognitive impairment in the older population of S. Korea based on glycosylated hemoglobin (HbA1c) levels are exceedingly rare. This study aimed to analyze the association between HbA1c levels and cognitive impairment in older Korean adults without dementia.
Methods: We conducted a cross-sectional study using data from a community-based Ansan cohort (2009–2010), which was part of the Korea Genome Epidemiology Study. The study included 853 cohort participants aged ≥59 years living in Ansan city. Cognitive function was evaluated using the Korean version of the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA). The MMSE and MoCA scores were categorized into normal cognition (≥24 and ≥ 23, respectively) and cognitive impairment (≤23 and ≤ 22, respectively). Multiple logistic regression analysis was used to estimate the association between HbA1c levels and cognitive impairment, with adjustments for covariates.
Results: The mean age of the participants was 66 years, and 433 (50.8%) were female. Cognitive impairment was observed in 12.5 and 44.3% of participants, based on the MMSE and MoCA, respectively. Regarding the MMSE scores, HbA1c level was a risk factor for cognitive impairment in women. Compared to normal HbA1c (≤5.6%) levels, adjusted odds ratios of MMSE decline for HbA1c 5.7–6.4% and HbA1c ≥6.5% were high: 2.16 (95% confidence interval [CI] 1.04–4.49) and 2.96 (95% CI, 1.04–8.39), respectively.
Conclusion: By improving glycemic control, the risk of cognitive impairment in the older population can be reduced. Further research on the role of sex differences in cognitive impairment is needed.
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 older people; Korean version of the mini-mental state examination; Korean version of the Montreal cognitive assessment; cognitive impairment; glycosylated hemoglobin


1 Introduction

As the global population ages, the prevalence of chronic diseases such as dementia and diabetes in older adults is increasing. The early detection of cognitive dysfunction is important to prevent dementia, which makes independent living difficult, and for promoting healthy aging in the older adults. Cognitive decline is a major cause of disability and contributes to increased mortality (1). However, as cognitive decline encompasses a long process prior to the onset of dementia, identifying risk factors may help to screen individuals who could benefit from early intervention (2). Moreover, cognitive decline is known to occur mainly in patients with diabetes-related complications, especially microvascular or macrovascular complications (3).

Glycosylated hemoglobin (HbA1c) is an important biomarker of long-term glycemic control, representing the average blood glucose level over the past 2 to 3 months. It is also used as a diagnostic indicator for diabetes and assessing risk of complications (4). Most studies have evaluated the relationship between glycemic control and cognitive function based on diabetes status (5–9). However, the biological mechanisms underlying the relationship between diabetes and cognitive decline remain unclear (5). A previous study (2) showed a linear correlation between circulating HbA1c levels and cognitive decline, regardless of diabetes status. Moreover, in a cohort of healthy older adults without dementia or diabetes, HbA1c showed a strong correlation with memory performance. In addition, chronically high blood glucose levels had a negative impact on cognition owing to structural changes in learning-related brain areas (10). Additionally, elevated HbA1c has been associated with an increased risk of all-cause dementia and Alzheimer’s disease dementia in older individuals. HbA1c levels have been found to be associated with risk of mild cognitive impairment or dementia in postmenopausal older women, mainly those without diabetes (11). Although HbA1c is known as a long-term glycemic control management indicator for diabetes, the role of HbA1c as a risk factor for cognitive impairment remains unclear.

In a previous study (12) in South Korea, chronic hyperglycemia caused atrophic changes in the frontal lobe and cerebellum as well as structural changes in the brain, which led to cognitive decline in older adults. In a previous study that investigated the risk factors and patterns of cognitive decline in community-dwelling older Korean adults (age ≥ 65 years), older age, female sex, absence of religious beliefs, residence in a small city, high number of chronic diseases, depression, lack of exercise, and alcohol consumption were found to be the risk factors associated with cognitive decline (13). Moreover, a validation study of the MoCA (Montreal Cognitive Assessment)–MMSE (Mini-Mental State Examination) conversion scales for patients with cognitive impairment in S. Korea was also conducted (14).

Studying risk factors for cognitive impairment in older adults using community-based cohorts is essential for promoting healthy aging in older adults without dementia. However, the role of HbA1c as a risk factor for cognitive impairment in S. Korea remains unclear. Additionally, few cohort studies have investigated the association between HbA1c levels and the risk of cognitive impairment in the older population. Therefore, we conducted a cross-sectional study to determine the level of HbA1c in the study population and to assess the risk of cognitive impairment according to the level of HbA1c. We hypothesized that a difference in the risk of cognitive impairment in the older population would be observed when HbA1c levels are above the normal range. Therefore, this study investigated the relationship between cognitive impairment and HbA1c levels, serving as a blood-based biomarker, in older Korean adults without dementia using the Korean version of the representative cognitive function assessment tool (K-MMSE, K-MoCA).



2 Materials and methods


2.1 Study participants

The KoGES, an ongoing longitudinal prospective cohort study, was initiated by the Korean government [National Research Institute of Health (NIH)] in 2001 to identify genetic and environmental factors of chronic diseases prevalent among Koreans. The characteristic details of the KoGES and core variables collected have been described in a previous study (15).

This study used data from the community-based Ansan cohort, which is part of the representative cohorts in the KoGES. The baseline survey of the Ansan cohort was conducted from 2001 to 2002 by sampling a total of 5,012 adults from the target population of men and women aged 40 to 69 years living in Ansan City in 2000. Since 2001, follow up with study participants has been conducted biennially.

We conducted a cross-sectional study on the association between HbA1c and cognitive impairment using data collected from the fifth wave of the Ansan cohort study (2009–2010). Cohort participants engaged in a battery of comprehensive tests, including questionnaires (socio-demographic characteristics, lifestyle [smoking, drinking, physical activity (16) and diet (17)], disease history), anthropometric measures, clinical examination (blood and urine test) and cognitive function tests (MMSE and MoCA: age ≥ 60 years) from researchers who have received professional training on a standardized protocol (18). Complete MMSE and MoCA assessments were required for inclusion in the present analysis.

Among the 3,262 participants from the cohort, 2,322 participants under 60 years of age were excluded because they were ineligible for two cognitive function tests (MMSE or MoCA). Additionally, among those eligible for the two cognitive function tests, 86 participants whose cognitive function was not assessed were excluded. Finally, among the 854 remaining participants, 853 were selected as the final research participants after excluding one person who was receiving dementia treatment (frequency of dementia treatment: 6 times/year; Figure 1). Among the total 853 participants, 849 were tested for MMSE and four were excluded due to missing values in the sum of MMSE scores. There were no missing data in the seven domains of the 849 MMSE tests. Of the 853 participants, 846 were tested for MoCA, excluding seven people with missing values in the sum of MoCA scores. Among these 846 participants, one point was added to the MoCA score for those who reported education level was elementary school or lower. Seven participants with missing education levels were also excluded, resulting in a final total of 839 participants for the MoCA test. Cognitive decline was reported to be significantly greater in adults with diabetes compared to adults without diabetes in a community-based population (19). In this study, diabetes was also associated with glycated hemoglobin (χ2 = 1196.06, p < 0.0001) and was judged to be a confounding variable affecting MMSE decline (χ2 = 10.39, p = 0.0055) and MoCA decline (χ2 = 6.31, p = 0.0427), so it was excluded from the analysis of this study.

[image: Flowchart showing participant selection from the 2009-2010 Ansan Cohort of the Korean Genome and Epidemiology Study. Of 3,262 participants, 2,322 were excluded for ineligibility for MMSE or MoCA tests. From the remaining 940, 86 were excluded for lack of testing, and 1 more for dementia diagnosis during the fifth wave follow-up, leaving 853 participants.]

FIGURE 1
 Selection of study participants. MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.




2.2 Clinical laboratory information and physical measurement

Sociodemographic variables (sex, age, and education level), lifestyle habits (drinking and smoking history), anthropometric measurements (body mass index, systolic blood pressure, diastolic blood pressure, and muscle mass), and subjective health status (bad [including very bad], fair, and good [including very good]) that can affect cognitive function were investigated. Clinical information (HbA1c, fasting blood glucose, insulin, hemoglobin, total cholesterol, high-density lipoprotein cholesterol, triglycerides, and homocysteine) obtained from blood biochemical tests of the participants was included in the analysis. The average degree of glycemic control in the participants over the past 3 months was evaluated using the HbA1c level, which was expressed as a percentage. HbA1c level, which was investigated as a continuous variable, was categorized into three groups using the criteria of previous studies (20–22): HbA1c ≤5.6% (normal); HbA1c: 5.7–6.4% (prediabetes); HbA1c ≥6.5% (diabetes). In order to identify the risk of cognitive impairment in HbA1c 5.7–6.4% and HbA1c ≥6.5% group, HbA1c ≤5.6% group was set as the reference group.



2.3 Assessment of cognitive function

The MMSE has long been the most widely used screening test for dementia in clinical settings (23, 24). The MoCA was developed as a screening tool for detecting mild cognitive impairment. As the MoCA includes more robust measures of visuospatial and executive functions, it has excellent sensitivity for mild cognitive impairment detection and can be used in clinical settings (25). In this study, we aimed to increase the validity of the results by examining whether cognitive impairment measured by MMSE and MoCA is related to HbA1c. The results of the validity study on the K-MMSE in dementia patients, which was verified in Korean, showed that the sensitivity of the K-MMSE for dementia diagnosis was 0.70–0.83 (26). In a study to verify the validity of K-MoCA as a screening test for vascular cognitive impairment (VCI) in patients with stroke and normal older adult subjects, which was also validated in Korean, the receiver operating curve (ROC) analysis results showed that K-MoCA could discriminate well between the VCI group and the normal group (area under the ROC = 0.80, p < 0.001) (27). To confirm the strength and direction of the relationship between the MMSE and MoCA tests, a Pearson correlation analysis was performed, and the correlation coefficient was 0.657 (p < 0.0001).

The cognitive function of the study participants was evaluated using the MMSE and MoCA tests, with scores ranging up to 30. Higher scores indicated better cognitive function. The MMSE and MoCA tests each consisted of seven domains, and the average and standard deviation for each domain are shown in Supplementary Appendix 1 Table 1. Education level can affect the performance of MoCA and MMSE tests (28). MMSE is not suitable for detecting mild cognitive impairment (MCI) in people with a high level of education (29), and MoCA was developed to screen for MCI by including an extended assessment of executive and visuospatial functions (30). In prior domestic studies, K-MoCA added one point to the scores of patients with 6 years or less of education (14, 31–33), and adjusted scores to validate the MoCA-MMSE conversion scale for patients with cognitive impairment. In a study overseas (25), it was suggested that those with 12 years or less of education receive additional points on the total MoCA score. Thus, in the present study, the MoCA scores were adjusted by adding one point to scores of participants with an education level ≤ 6 years.



2.4 Definition of cognitive impairment

Among the study participants, 849 completed the Korean version of the MMSE (MMSE group). We followed the conventional classification criteria for cognitive function, categorizing K-MMSE scores as severe cognitive impairment (SCI, K-MMSE ≤17), mild cognitive impairment (MCI, 18 ≤ K-MMSE ≤23), and normal cognitive function (K-MMSE ≥24) (26, 34). In this study, frequency analysis of the total score of the MMSE test revealed that severe cognitive impairment was present in 1.4% of participants, and mild cognitive impairment was present among 11.1% of participants. The two groups were combined and named the “cognitive impairment group.” Normal cognitive function was present among 87.5% of participants, who were labeled the “normal cognition group.” Thus, based on the MMSE cut-off score of 24 points, participants were classified into the “normal cognition group” (≥24 points) and “cognitive impairment group” (≤23 points).

A total of 839 participants completed the Korean version of the MoCA (MoCA group). Based on the MoCA cut-off score of 23 points (33), participants were classified into the “normal cognition group” (≥23 points) and “cognitive impairment group” (≤22 points).



2.5 Statistical analysis

Continuous variables are presented as mean ± standard deviation, while categorical variables are expressed as number (%). However, continuous variables that did not follow a normal distribution were represented as medians. We analyzed the characteristics of the study participants based on the three subgroups of HbA1c (≤5.6%, 5.7–6.4%, ≥6.5%). We also compared these characteristics between the normal cognition and cognitive impairment groups, as assessed by the MMSE and MoCA. Categorical variables were analyzed using the chi-square test, while continuous variables were analyzed using a general linear model. After checking for mean differences using the general linear model test, groups with different means were identified via multiple comparisons with Bonferroni correction.

In the multiple logistic regression analysis, the risk of cognitive impairment, as assessed by MMSE and MoCA, was used as the dependent variable. Variables with a p-value of ≤0.2 in the univariate analysis results, along with clinical information [lipids (35, 36), homocysteine (37, 38)] known to be related to cognitive decline from previous studies were included in the regression model as independent variables. All independent variables were simultaneously entered into the regression model. The goodness of fit of the model was assessed using the Hosmer–Lemeshow test. After adjusting for risk factors affecting cognitive function, multiple logistic regression analysis was performed to calculate the risk of cognitive impairment (odds ratios and 95% confidence intervals [CIs]) when the HbA1c level was above the normal range. Statistical analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, United States). Statistical significance was set at p < 0.05 (two-tailed).




3 Results

The demographic and clinical characteristics of the study participants are shown in Table 1. Among the 853 participants (mean age, 66.4 ± 4.7 years), 420 (49.2%) were male and 433 (50.8%) were female. Among the 846 people who responded to questions about their education level, those with elementary school or lower were the most common at 282 (33.3%), followed by high school at 253 (29.9%), middle school at 167 (19.8%), and junior college or higher at 144 (17.0%). For the MMSE, the scaled score by domain was the lowest in the recall domain at 49.7%. For the MoCA, the abstraction score was the lowest at 31.5% (Supplementary Appendix 1 Table 1). The mean MMSE and MoCA scores were 26.3 ± 2.8 and 22.4 ± 4.1, with median values of 27.0 and 23.0, respectively (Supplementary Appendix 2 Table 2). The minimum MMSE score was 13 points, the maximum 30 points, and the range was 17. The minimum MoCA score was six points, the maximum 30 points, and the range was 24.



TABLE 1 Clinical characteristics and cognitive function of study participants.
[image: Table displaying demographic and health characteristics of a sample population. It includes variables such as sex, age, education, alcohol and smoking status, BMI, blood pressure, muscle mass, HbA1c, and cognitive function scores. Data are categorized and described with number of participants (N), percentages, and mean with standard deviation where applicable. Key metrics include a mean age of 66.4 years, BMI of 24.8, and MMSE score of 26.3. Health statuses and biomarker levels are provided, detailing both continuous and categorical data with respective sample sizes and statistical measures.]

The results of the analysis of the association between participant characteristics and the three categories of HbA1c levels are shown in Table 2. The HbA1c 5.7–6.4% group comprised significantly more women (215; 49.7%) than men (156; 37.2%; p = 0.001). The MMSE score was significantly lower in the HbA1c ≥6.5% group (25.7 ± 3.2) than in the HbA1c 5.7–6.4% (26.4 ± 2.6) and HbA1c <5.6% (26.5 ± 2.6) groups (all p < 0.05). The MoCA score was also significantly lower in the HbA1c ≥6.5% group (21.3 ± 4.8) than in the HbA1c 5.7–6.4% (22.5 ± 4.0) and HbA1c <5.6% (22.6 ± 3.8) groups (all p < 0.01).



TABLE 2 Association between characteristics of study participants and glycosylated hemoglobin level.
[image: Table displaying variables related to different HbA1c categories (<5.6, 5.7–6.4, ≥6.5), including sex, age, education level, alcohol use, smoking status, BMI, blood pressure, muscle mass, and various lab results. Bonferroni test results and p-values are shown, with significant differences marked by asterisks.]

Table 3 displays the results of the association analysis for factors related to the MMSE and MoCA scores in older adults without dementia; The cognitive impairment group with a score of 23 or lower on the MMSE test included 12.5% of participants, while the cognitive impairment group with a score of 22 or lower on the MoCA test was higher, with 44.3% of participants. Furthermore, the group suspected of cognitive impairment (MMSE ≤23 and MoCA ≤22) comprised significantly more women (17.2 and 48.7%) than men (7.6 and 39.9%; p < 0.0001 and p = 0.010, respectively). For age category, those over 70 years of age comprised 19.8% of the cognitive impairment group on the MMSE (p < 0.0001) and 57.1% of the cognitive impairment group by MoCA results (p < 0.0001) compared with the cognitively normal groups. For education, the proportion of cognitively impaired participants was lower for elementary school at 25.5% by MMSE, and higher for elementary school at 61.6% by MoCA, than in the middle school or higher level, respectively (p < 0.0001, p < 0.0001).



TABLE 3 Association analysis for factors related to MMSE and MoCA scores in study participants.
[image: Table comparing variables related to MMSE and MoCA scores across different categories, including sex, age, education, alcohol drinking, smoking, health status, and various biochemical measures. P-values indicate statistical significance for each variable in relation to cognitive scores, with several showing significant differences, such as sex, age, education level, smoking status, and others.]

Continuous HbA1c levels were significantly higher in the MMSE and MoCA groups suspected of cognitive impairment (6.2 ± 1.0 and 6.0 ± 1.0) than in the normal cognition group (5.9 ± 0.8 and 5.9 ± 0.8; p = 0.001 and 0.034, respectively). However, when HbA1c was categorized into three groups, in the MMSE cognitive impairment group, the HbA1c ≥6.5% group was the largest, comprising 30 (21.3%) participants. Conversely, in the normal cognition group, the HbA1c ≤5.6% group was the largest, comprising 308 (90.9%) individuals. This difference was significant (p = 0.001). However, in the MoCA cognitive impairment group, the HbA1c ≥6.5% group was the largest, comprising 73 (52.9%) individuals. In contrast, in the normal cognition group, the HbA1c 5.7–6.4% group was the largest, comprising 210 (57.4%) participants. However, this discrepancy did not reach statistical significance (p = 0.086).

Table 4 presents the results of multivariate logistic regression analysis for factors related to “cognitive impairment,” defined as an MMSE score ≤ 23 or MoCA score ≤ 22. Evaluation of cognitive function through the MMSE and MoCA indicated that the risk of cognitive impairment in adults significantly increased with age and an education level of elementary school or lower. For women with a poor subjective health status, the risk of cognitive impairment was 2.12 (95% CI, 1.02–4.37) and 3.05 (95% CI, 1.73–5.40) times.



TABLE 4 Multiple logistic regression analysis of MMSE and MoCA score decline
[image: A table presents odds ratios (OR) and confidence intervals (CI) for MMSE and MoCA cognitive decline, stratified by sex (total, male, female). Variables include sex, age, education level, alcohol use, smoking status, BMI, blood pressure, muscle mass, health status, glucose, insulin, hemoglobin, cholesterol, triglycerides, homocysteine, and HbA1c levels. Statistically significant p-values are marked, with references provided for comparison.]

For women, after adjusting for covariates that may affect cognitive function, the risk of MMSE-measured cognitive impairment in the HbA1c 5.7–6.4% group was 2.16 times higher (95% CI, 1.04–4.49) than that in the normal HbA1c (≤5.6%) group, and the difference was significant. In the HbA1c ≥6.5% group, the risk of cognitive impairment was 2.96 times higher (95% CI, 1.04–8.39) than that in the normal HbA1c (≤5.6%) group, and the difference was significant. The model fit of the logistic regression analysis was tested using the Hosmer–Lemeshow test, which yielded a p-value of 0.602, indicating that the model was suitable. The ROC analysis results showed that MMSE could discriminate well between the cognitive impairment group and the normal cognition group in women (area under the ROC = 0.81, p < 0.0001).



4 Discussion

Cognitive impairment is a prominent feature of dementia; however, cognitive decline frequently occurs in older adults without dementia (39). In the community-based older population without dementia, the incidence of cognitive impairment assessed by the MMSE and MoCA was 12.5 and 44.3%, respectively. According to the MMSE evaluation, the HbA1c level was a risk factor for cognitive impairment in women.

HbA1c may be used as a predictor of fasting hyperglycemia and metabolic syndrome in Korean individuals without diabetes (40). A previous study (41) found a significant association between higher variability in HbA1c levels and cognitive decline in an older population without diabetes. The MMSE and MOCA are screening tests that are frequently used in clinical settings (42). In the Korea Genome Epidemiology Study Ansan cohort (2009–2010), cognitive function in older individuals was evaluated for the first time using the MMSE and MoCA cognitive function tools.

In this study, the HbA1c level was found to be a risk factor for MMSE decline in women. These results can be interpreted in the same context as reports (10) indicating a strong correlation between glycated hemoglobin and memory as well as the negative impact of chronically high blood sugar levels on cognition in a cohort of healthy older people without dementia or diabetes. Moreover, our results are well supported by those of a previous study showing that HbA1c levels were significantly inversely associated with cognitive performance. Furthermore, high HbA1c levels are correlated with notable reductions in fractional anisotropy after adjusting for covariates in healthy young adults (43). Previous studies (5, 9, 11, 44, 45) have shown relationships between elevated HbA1c levels and dementia-related outcomes, such as changes in hippocampal volume on neuroimaging or rates of cognitive decline. In older adults without neurological symptoms, brain volume loss accelerates with age, and the HbA1c level has been identified as a risk factor for increased brain atrophy rates (45). This means that high glucose levels may have harmful effects on the aging brain, such as cognitive decline or changes in hippocampal volume (9). In this study, fasting blood glucose and HbA1c levels were used as independent variables and indicators of blood glucose levels to investigate the relationship between HbA1c levels and cognitive impairment in older individuals without dementia. HbA1c (but not fasting glucose) was found to be a risk factor for cognitive impairment in community-dwelling older women when cognitive function was assessed using the MMSE. These findings provide evidence supporting the use of HbA1c as a marker for screening individuals with cognitive impairment.

Differences in the risk of dementia between men and women are well known, with women being at greater risk of developing cognitive decline than men (13). A previous study (11) identified an association between HbA1c levels and the risk of developing mild cognitive impairment or dementia in older women and showed that HbA1c was a predictor of cognitive decline, supporting our results. The risk of cognitive decline is greater in women than in men with mild cognitive impairment or Alzheimer’s disease, and the effect of the apolipoprotein ε4 allele is also greater in women (46–48). These data support our findings that HbA1c levels are associated with cognitive impairment in older individuals, with sex-dependent differences. Multiple logistic regression analysis of cognitive function (assessed using the MMSE), adjusted for covariates, showed that HbA1c significantly influenced cognitive impairment, whereas fasting blood glucose did not have a statistically significant effect.

In a previous study (49), patients with uncontrolled blood glucose levels had a 1.22-fold (95% CI, 1.10–1.34) higher risk of subjective cognitive decline than those with controlled blood glucose. This result is consistent with our findings, where the risk of cognitive impairment gradually increased with the increase in HbA1c levels: by 2.16 (95% CI, 1.04–4.49) and 2.96 (95% CI, 1.04–8.39) times for HbA1c 5.7–6.4% and HbA1c ≥6.5%, respectively. These results suggest that HbA1c is an important objective clinical indicator for identifying risk factors for cognitive impairment in older people.

When cognitive function was evaluated using the MMSE, diastolic blood pressure showed a significant effect on cognitive impairment in older people, consistent with previous findings (50–52). Our findings indicate that diastolic blood pressure is a significant risk factor for cognitive impairment in men, and future research exploring sex differences is needed. Our results based on MMSE and MoCA scores showed that the risk of cognitive impairment increased significantly with age and education level of elementary school or lower, regardless of sex. These findings are consistent with those of a previous study (53) that utilized the MMSE.

Concerns regarding cognitive decline due to population aging may be associated with cognitive dysfunction, which can be identified using neuropsychological and clinical tests (54). Considering that cognitive impairment can progress to mild cognitive impairment or dementia, timely and appropriate strategies are required in its early stages to reduce the individual and social burdens of the disease. The results of this study offer valuable insights for formulating strategies to promote successful aging and prevent sex-specific cognitive impairment among Korean older adults.

It is known that the MoCA is more sensitive to subtle cognitive impairment than the MMSE, but the use of the MoCA may decrease specificity (55). The reason why MoCA showed no association with HbA1c in the multiple logistic regression model analysis is explained as follows. First, Previous study (25) have shown that the MoCA is useful for the mild stages of the cognitive impairment spectrum (including MCI and mild AD), and the MMSE is superior for more advanced stages (AD patients with more significant functional impairment). One problem with MMSE is ceiling effect, which increases the likelihood that persons in predementia stages score within the normal range (≥24) (56). However, MoCA has less ceiling effect (56) and thus has high sensitivity for detecting mild cognitive impairment. Second, the cognitive domains and scores assessed by MoCA and MMSE are different (57). In this study, cognitive functions in different domains were assessed according to each test of MoCA and MMSE as presented in Appendix 1. MoCA includes items of visuospatial and executive function, and abstraction, and has fewer items of orientation in time and place than MMSE, making it difficult. Finally, the cognitive decline cutoff points of MoCA and MMSE are different. Depending on the cutoff point, the sensitivity and specificity of the test vary. The degree of influence of HbA1c varies depending on the sensitivity of reflecting the degree of decline in MoCA and MMSE scores. In this study, the MoCA and MMSE cutoffs (≤22 and ≤ 23, respectively) validated in Korea were used to determine cognitive decline. Therefore, it is possible that HbA1c is more relevant as a risk factor for cognitive decline at a later stage of cognitive impairment as suggested by the lack of association with the MoCA.

As clearly depicted in the scatterplot showing the correlation between MoCA and MMSE scores for the overall population in our study (Supplementary Appendix 3 Figure 1), there is overlap and cutoff in detecting cognitive impairment in both tests.

Our study had some limitations. First, establishing a causal relationship between HbA1c levels and cognitive impairment was challenging owing to the cross-sectional design of the study. Thus, only a simple association was presented. Second, HbA1c levels might not accurately reflect the true mean glycemia in conditions that affect red blood cell turnover, such as anemia, pregnancy, and end-stage renal disease (58). Third, administration of high doses of steroids (59–61) can lead to discrepancies between HbA1c results and the actual average blood glucose level. Finally, other limitations to the study could be the absence of apolipoprotein E(APOE) status, brain imaging data, or body fluid biomarkers [amyloid-β (Aβ) and tau protein] for Alzheimer’s disease (AD). Since preclinical AD could be a confounding factor as it is a major cause of cognitive decline in older adults.

However, this study had several strengths. To our knowledge, few studies have investigated the association between HbA1c levels (categorized as ≤5.6%, 5.7–6.4%, and ≥ 6.5%) and cognitive impairment in the older population. Our results suggest that elevated HbA1c levels may increase the risk of cognitive impairment in older women. From a clinical perspective, healthcare professionals should pay particular attention to older women with elevated HbA1c levels. Enhancing the management of glucose levels, as assessed by HbA1c, may help mitigate the risk of cognitive impairment in the older population. Future research investigating sex differences associated with cognitive impairment is warranted.

In conclusion, our analysis of cognitive function using the MMSE showed that the risk of cognitive impairment in women significantly increased when the HbA1c levels were above the normal range. This study is significant because it confirmed that HbA1c is a risk factor for cognitive impairment, going beyond its traditional role in assessing average blood glucose control and the risk of diabetes complications. Improving the control of glucose levels, as assessed by HbA1c levels, is recommended to mitigate the risk of cognitive impairment in older women.
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Objective: Hearing and functional mobility impairments are recognized as risk factors for cognitive decline in older adults, yet the causal relationship underlying these associations is not well-understood. This study aims to explore whether engagement in social activities mediates the link between hearing or functional mobility impairment and cognitive decline.
Methods: This cross-sectional study was carried out in two cities in Jiangsu Province, Eastern China. Participants self-reported hearing impairment and social activity engagement, whereas functional mobility impairment was assessed using the Timed Up and Go Test (TUGT). Cognitive function was evaluated through the Modified Mini-Mental State Examination (MMSE). Logistic regression analysis explored factors influencing cognitive function, and mediation analysis was conducted to examine the relationship between hearing or functional mobility impairment and cognitive decline.
Results: The study included 10,217 adults aged 60 and above. Among them, 19.35% reported hearing impairment, while 40.86% failed the Timed Up and Go Test (TUGT). The Modified Mini-Mental State Examination (MMSE) indicated a 30.40% prevalence of cognitive decline. Logistic regression analysis identified significant associations of cognitive function with factors such as gender, age, education level, residency, living arrangement, hyperlipidemia, cerebrovascular disease, alcohol consumption, smoking, Activities of Daily Living (ADLs), Instrumental Activities of Daily Living (IADLs), social activity, hearing, and functional mobility (p < 0.01). Mediation analysis, after adjusting for confounders, showed that social activity engagement partially mediated the impact of functional mobility impairment on cognitive decline (indirect effect: −0.0947, 95% Bootstrapped CI: −0.1228, −0.0695; proportion of total effect: 11.635%, p < 0.01). However, no mediation effect was observed in the relationship between self-reported hearing impairment and cognitive decline.
Conclusion: This study revealed that social activity engagement plays a mediating role in the relationship between functional mobility and cognitive function, but it does not significantly influence the relationship between self-reported hearing impairment and cognitive decline. These findings suggest that social activity engagement could be a crucial factor in preventing cognitive deterioration among older adults with functional mobility impairments.
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 self-reported hearing impairment; functional mobility impairment; social activity; cognitive function; aging


1 Introduction

With the acceleration of global aging, the older adult population in China is expanding. The data from National Bureau of Statistics in 2023 shows that individuals aged 60 and above now number 280.04 million, comprising 19.8% of China’s total population, signaling a shift toward a moderately aged society. Aging correlates with various non-communicable diseases, such as hearing loss, functional disability, and cognitive decline (1–3). These conditions can potentially progress to more severe cognitive issues like dementia, leading to decreased quality of life and increased early mortality (4–6). Consequently, the identification of risk factors that could prevent or delay cognitive impairment is essential for health care systems.

Numerous studies, encompassing epidemiological research, systematic reviews, and meta-analyses, have established a significant association between age-related hearing loss and cognitive decline (7–12). The underlying etiological mechanisms linking the two are extensively researched but remain inconclusive. Various theoretical models have been suggested, such as the cognitive load hypothesis, common cause hypothesis, cascade hypothesis, and the overdiagnosis or harbinger hypothesis (13, 14). Under the cascade hypothesis, some studies indicate that the link between hearing impairment and cognitive decline is mediated by social engagement (15–19), while others report contrasting findings (7, 14, 20). Consequently, a definitive conclusion has not yet been reached.

Physical fitness often declines significantly with age, with extensive research underscoring reductions in muscular strength, balance, gait speed, functional mobility, and cardiorespiratory capacity in individuals over 60 years old (2). This deterioration in physical performance is consistently associated with diminished cognitive performance and accelerated cognitive decline, though the exact nature and extent of these relationships are still not fully understood (21–24). A prospective cohort study in China identified social isolation as a potential mediator in the link between physical mobility and cognitive function (25). However, the mediating role of social activity in the relationship between functional mobility impairment and cognitive decline has been less explored.

Social engagement is a critical determinant of wellbeing across all life stages (26). Substantial evidence indicated that reduced social participation was related with increased incidence of dementia (27, 28). Considering the established associations between hearing impairment, functional mobility impairment, and cognitive decline, enhancing social engagement in older adults could be a viable approach to mitigating cognitive decline. Thus, this study aimed to investigate the relationship between self-reported hearing impairment, functional mobility impairment, and cognitive decline, and to assess whether social activity plays a mediating role in these relationships.



2 Methods


2.1 Participants and basic information

The Sir Run Run Hospital is conducting a cohort study focused on monitoring older adult disability among individuals aged 60 and older. This research involved participants from diverse settings, such as communities, outpatient clinics, hospital inpatient departments, and nursing homes. Eligible participants were required to be fully conscious, capable of effective communication, and willing to participate in research activities. The present analysis utilizes baseline data collected from February 1st, 2022, to April 30th, 2023, in two cities (Nanjing and Suzhou) in Jiangsu Province. The Ethics Committee of Sir Run Run Hospital, affiliated with Nanjing Medical University, reviewed and approved our study (No. 2021-SR-047). Our study was conducted in strict compliance with the Declaration of Helsinki, and all participants signed a written informed consent form. A total of 10,217 individuals from this cohort are included in the current analysis. As part of the study protocol, all participants underwent a comprehensive standardized geriatric assessment.

Participants provided information on sociodemographic factors such as education level, marital status, alcohol consumption, and smoking habits, along with medical details including chronic conditions. Based on prior research (12, 29), our study collected extensive baseline information, including a variety of potential confounding factors. These included sex (female, male), age (as a continuous variable in years), education level (≤6 years, 7–9 years, 10–12 years, >12 years), marital status (married, single), residency (urban, rural), living arrangement (alone without a caregiver, alone with a caregiver, in a nursing home, living with family), and health-related factors such as hypertension (yes, no), diabetes (yes, no), hyperlipidemia (yes, no), cerebrovascular disease (yes, no), cardiovascular disease (yes, no), polypharmacy (none, 1–2 medications, ≥3 medications), alcohol consumption (never, used to, always), smoking status (never, used to, always), Activities of Daily Living (ADLs) (total dependence, extensive assistance, moderate assistance, limited assistance, independence), and Instrumental Activities of Daily Living (IADLs) as a continuous variable.



2.2 Self-reported hearing impairment

Hearing impairment was determined based on self-reported hearing difficulties. Participants responded to the question, ‘If someone is speaking in a normal voice in the room, would you be able to hear it?’ Those who answered ‘Yes’ were classified as having no self-reported hearing impairment, whereas a ‘No’ response indicated self-reported hearing impairment. Additionally, participants who reported using hearing aids were categorized as having self-reported hearing impairment.



2.3 Cognitive impairment

Cognitive function in this study was evaluated using the modified Chinese version of the Mini-Mental State Examination (MMSE) (30). The MMSE is extensively utilized for dementia screening, cognitive function assessment, and as a standard for determining endpoint outcomes in clinical trials. It also serves as a benchmark in the diagnostic performance and validity studies of various single-domain tests (31, 32). This scale comprises 30 items across five dimensions: orientation, registration, attention and calculation, recall, and language. Scores range from 0 to 30, with higher scores reflecting better cognitive function. The education-adjusted MMSE demonstrates enhanced diagnostic accuracy for dementia, marked by high sensitivity and specificity (33). For this study, cognitive impairment was identified using cutoff scores of 21 and 25 on the MMSE. Specifically, a score below 21 indicated cognitive impairment for participants with less than 6 years of education, and a score below 25 signified impairment for those with more than 6 years of education.



2.4 Functional mobility impairment

Functional mobility in this study was assessed using the Timed Up and Go Test (TUGT). The TUGT is a rapid and practical method for evaluating mobility, gait, balance, and fall risk (34). It involves timing how long it takes for a person to rise from a chair, walk three meters, turn, return to the chair, and sit down again. In our analysis, a cutoff time of 12 s was employed to categorize TUGT results into two groups: pass and fail.



2.5 Social activity

Social activity refers to social interactions between people, where individuals use certain tools to transmit information and exchange ideas to achieve a specific purpose. Social activities encompass various collective events aimed at maintaining interdependent and interconnected social relationships formed through interactions within a social group. For assessing social activity engagement, participants were inquired about their frequency of participation in various social activities. These activities encompassed gatherings, board games, attending events at community senior centers, or any other activities involving communication and interaction. The specific questions posed was, ‘How often do you join in social activities?’ Available response options ranged from none, 1–3 days per week, 4–6 days per week, to daily.



2.6 Statistical analyses

Data analysis and processing in this study were conducted using IBM SPSS Statistics version 26. Categorical variables were represented as counts and percentages, while non-normally distributed continuous variables were described using medians and interquartile ranges (IQR). Group differences were evaluated using the Mann–Whitney U test for non-normally distributed continuous variables and the chi-square test for categorical variables. The risk factors for cognitive decline were analyzed using binomial logistic regression. Additionally, mediation effect analysis was carried out using the SPSS macro-PROCESS program (Model 4) developed by Hayes. A p-value of less than 0.05 was deemed to indicate statistical significance.




3 Results


3.1 Characteristics of subjects

The analysis included 10,217 participants, with a median age of 72 years (interquartile range: 66–79), and 50.56% (5,166) of them being male. Of these participants, 30.40% (3,106) were identified with cognitive impairment, 19.35% (1,977) reported hearing impairment, and 40.86% (4,175) failed the Timed Up and Go Test (TUGT). Regarding social activity, 38.98% (3,983) reported infrequent social engagement, 31.82% (3,251) participated 1 to 3 days per week, 13.16% (1,345) engaged 4–6 days per week, and 16.03% (1,638) were involved in daily social activities. Demographic and clinical characteristics were presented in Table 1. Significant differences were observed between the two cognitive function groups (p < 0.001) in terms of gender, age, education level, marital status, residency, living arrangement, hypertension, hyperlipidemia, cerebrovascular disease, cardiovascular disease, polypharmacy, alcohol consumption, smoking, ADLs, IADLs, self-reported hearing impairment, TUGT, and social activity engagement.



TABLE 1 Characteristics of participants according to cognitive function.
[image: A table showing the relationship between various variables and cognitive function, divided into normal and impaired groups. Variables include gender, age, education, marital status, residency, living arrangement, health conditions, lifestyle habits, and social activity. Data is presented with percentages and includes chi-square and p-values, where relevant, indicating statistical significance.]



3.2 Logistic regression analysis

Table 2 displays the outcomes of univariate logistic regression analysis concerning the risk factors for cognitive impairment. Notably, diabetes was the only factor not significantly linked to cognitive decline. In the multivariate logistic regression analysis, factors such as gender, age, education, residency, living arrangement, hyperlipidemia, cerebrovascular disease, alcohol consumption, smoking habits, ADLs, IADLs, social activity engagement, self-reported hearing impairment, and functional mobility (assessed by TUGT) emerged as independent variables associated with cognitive decline, as detailed in Table 3.



TABLE 2 Results of univariate logistic regression analysis.
[image: A table displays variables, their Exp(B) values, 95% confidence intervals, and p-values related to personal and health characteristics, including gender, age, education, marital status, residency, living arrangements, hypertension, diabetes, hyperlipidemia, cerebrovascular and cardiovascular diseases, polypharmacy, alcohol consumption, smoking, social activity, hearing impairment, TUGT results, and ADLs. Significant findings are marked by p-values less than 0.05, indicating the influence of these factors on the studied outcome.]



TABLE 3 Results of multivariate logistic regression analysis.
[image: Table displaying variables from a logistic regression analysis. It includes categories like gender, age, education, marital status, and health conditions, with corresponding Exp(B), 95% confidence intervals, and p-values. Significant variables include gender, age, education levels, residency, living arrangements, hyperlipidemia, cerebrovascular disease, smoking, social activity, hearing impairment, TUGT (Timed Up and Go Test), and ADLs (Activities of Daily Living). Notables: age Exp(B) is 1.031 with p<0.001, education 7-9 years Exp(B) is 2.406 with p<0.001, nursing home residency Exp(B) is 0.144 with p<0.001.]



3.3 Mediation analysis

The mediation analysis examining the impact of social activity on hearing, functional mobility, and cognitive function is presented in Tables 4, 5 and Figure 1. The analysis revealed that social activity significantly mediated the relationship between functional mobility and cognitive function, but it did not mediate the association between self-reported hearing impairment and cognitive function. Both the total and direct effects were significant (p < 0.001). In Path 1, after controlling for variables such as gender, age, education, residency, living arrangement, hyperlipidemia, cerebrovascular disease, alcohol consumption, smoking, ADLs, IADLs, and functional mobility, self-reported hearing impairment was significantly associated with cognitive decline. However, the mediation effect of social activity in this pathway was not significant. Conversely, Path 2 demonstrated that the impact of functional mobility impairment on cognitive decline was significantly mediated by social activity, after adjusting for other covariates, with an effect value of −0.0947 (95% Bootstrapped CI: −0.1228 to −0.0695).



TABLE 4 Results of mediation analysis (n = 10,217).
[image: Table displaying regression results for social activity, cognitive function, and a total effect model. Each section includes coefficient values, standard errors, and t-values for multiple variables such as gender, age, education, and more. Significant levels are noted with asterisks: one for p<0.05 and two for p<0.01. The table also shows R-squared and p-values at the bottom.]



TABLE 5 Results of mediation analysis.
[image: Table showing the effects of hearing and functional mobility impairments on social activity and cognitive decline. The hearing impairment model shows non-significant results, while the functional mobility impairment model indicates partial mediation. Statistical significance is noted with asterisks for p-values below 0.05 and 0.01.]

[image: Flowchart depicting relationships between hearing impairment, functional mobility impairment, social activity, and cognitive decline. Arrows indicate correlations with various coefficients and p-values, showing significant pathways impacting cognitive decline through social activity from the two impairments.]

FIGURE 1
 Path diagram of the mediation analysis of social activity on the relationship between hearing impairment/functional mobility impairment and cognitive decline. c, total effect; c’, direct effect; a*b, mediate effect Path1: the direct effect of hearing impairment on cognitive decline was c’1 [−1.2519, p < 0.001]. The indirect effect of hearing impairment on cognitive decline through social activity was a1*b (0.0129, 95% CI [−0.0056, 0.0333]), total effect was c1 [−1.2390, p < 0.001], suggesting that social activity not significantly mediates the relationship between hearing impairment and cognitive decline. Path2: the direct effect of functional mobility impairment on cognitive decline was c’2 [−0.8139, p < 0.001]. The indirect effect of functional mobility impairment on cognitive decline through social activity was a2*b (−0.0947, 95% CI [−0.1228, −0.0695]), total effect was c2 [−0.9086, p < 0.001], suggesting that social activity partially mediates the relationship between functional mobility impairment and cognitive decline.





4 Discussion

The findings of this study indicate that cognitive function in the older adult is significantly influenced by various factors, including gender, age, education level, residency, living arrangement, hyperlipidemia, cerebrovascular disease, alcohol consumption, smoking, ADLs, IADLs, as well as hearing, functional mobility, and social activity engagement. Collectively, these factors contribute to 40.22% of the observed cognitive decline. Moreover, social activity engagement was found to partially mediate the relationship between functional mobility impairment and cognitive decline. However, it did not significantly impact the relationship between self-reported hearing impairment and cognitive decline.


4.1 Risk factors for cognitive decline

The risk factors for cognitive decline in older adults identified in this study aligned closely with those reported in previous research. The 2020 Lancet Commission report highlighted 12 potentially modifiable risk factors for dementia, including lower education levels, hypertension, hearing impairment, smoking, obesity, depression, physical inactivity, diabetes, limited social contact, alcohol consumption, traumatic brain injury, and air pollution. Addressing these factors could potentially prevent or delay up to 40% of dementia cases (12). However, much of the evidence in that report was based on studies from high-income countries, suggesting possible variations across different cultural and environmental contexts. Consequently, this study incorporated significant risk factors identified here as control variables in the mediation analysis to assess the impact of social activity on hearing and functional mobility in relation to cognitive decline.



4.2 Relationship between social activity engagement and cognition

This study has established that social activity engagement serves as both an independent risk factor for cognitive decline and a mediator between functional mobility and cognitive status, aligning with prior research. A 28-year follow-up study in the UK involving 10,308 participants demonstrated that increased social contact at age 60 correlated with a reduced dementia risk over 15 years (HR for one standard deviation increase in social contact frequency 0.9, 95% CI 0.8–1.0) (35). Similarly, a Japanese longitudinal cohort study with 13,984 adults aged over 65, spanning an average of 10 years, employed a five-point social contact scale encompassing marital status, family support exchange, friend contact, community group participation, and paid work. This study found a linear association between higher scores on the scale and decreased dementia risk, with individuals scoring highest being 46% less likely to develop dementia compared to those with the lowest scores (36). Beyond dementia risk, social contact also directly influenced other aspects of mental and physical health, including mortality rates. Research indicated that stronger social connections were linked to improved health outcomes and increased longevity (37, 38). These findings collectively suggest that enhanced social contact in late middle age could modestly reduce dementia risk, even after adjusting for socio-economic and other lifestyle factors.



4.3 Relationship among hearing impairment, social activity, and cognitive decline

Hearing loss currently affects approximately 20% of the global population, which equates to over 1.5 billion people (39). It is a prominent and extensively researched risk factor for cognitive decline. Consistent with previous findings, our study confirmed the significant association between self-reported hearing impairment and cognitive decline. However, the impact of hearing on cognition might extend beyond social activity engagement. Prior research has shown that hearing loss can increase social isolation and loneliness in older adults, often due to challenges in communication and engagement, resulting in reduced participation in social activities (40, 41). The connection between social isolation or loneliness and dementia is well-documented (17). Thus, hearing impairment may lead to decreased social interaction, which in turn can contribute to cognitive impairment (15, 42). Our study presents findings that diverge from some established hypotheses regarding the relationship between hearing impairment and cognitive decline, particularly the cascade hypothesis which posits that hearing impairment decreases cognitive levels by reducing social activity. Notably, only 19.35% of our participants reported hearing impairment, a figure significantly lower than the prevalences documented in other epidemiological studies (43, 44). This discrepancy might be due to the reliance on self-reported data for defining hearing impairment in our study, which could differ from objective measurements like audiometry. Cultural aspects related to aging and attitudes toward well-being in late adulthood, particularly in China, might also influence these findings. With its dense older adult population, close-knit family structures, collectivist culture, isolation and loneliness among older Chinese adults is potentially lower than other countries (45, 46), which diminishing the impact of hearing impairment on socialization. Given these factors, this study do not support the cascade hypothesis, as we did not observe a direct pathway from hearing impairment to cognitive decline mediated by decreased social activity. The relationship between auditory and cognitive function may be more complex and influenced by various confounding factors.



4.4 Relationship among functional mobility, social activity, and cognitive decline

Physical function impairment is a common issue among older adults, with estimates suggesting that up to 50% of individuals over 80 years old may experience some form of motor impairment (47). Research has indicated that physical impairments can both precede and be predictive of the onset of mild cognitive impairment (48). However, these studies often focus on adults with specific mobility dysfunctions or motor disabilities, frequently linked to neurological conditions like Alzheimer’s or Parkinson’s disease (21, 49). Such conditions can disrupt social connectedness due to challenges such as limited transportation or inaccessible physical environments (50), which may not accurately represent the broader older adult population. In this study, we evaluated functional mobility as a variable to investigate its relationship with cognitive performance in the older adult.

Functional mobility refers to an individual’s physiological capacity to move independently and safely in various environments, essential for performing daily activities and maintaining participation in daily life (51). Impaired functional mobility was associated with increased risks of falls, loss of independence, and institutionalization (52). The Timed Up-and-Go (TUG) test, an objective tool for assessing basic functional mobility, was utilized in our analysis (53). The results indicated that functional mobility was an independent risk factor for cognitive decline in older adults. Moreover, older adults with impaired functional mobility and lower levels of social activity were more likely to experience cognitive decline compared to their more socially active counterparts. This finding aligned with other studies focusing on the impact of physical performance on cognition (54, 55). Higher levels of functional mobility are linked to a lower likelihood of cognitive decline. The mediating role of social activity engagement is significant, as older adult individuals with limited mobility often avoid social activities, leading to reduced cognitive stimulation and potentially contributing to cognitive decline.

The study’s findings shed light on the mechanisms of cognitive decline in older adults, emphasizing the mediating role of social activity engagement between functional mobility impairment and cognitive deterioration. This highlights the complexity of cognitive aging and the need for tailored interventions. Promoting social engagement through public initiatives, such as community activities and volunteer programs, could be an effective strategy to delay cognitive decline in older adults, especially for older adult with mobility impairment, as these interventions might foster cognitive resilience by offering mental stimulation, emotional support, and a sense of purpose. This is significant for improving the quality of life for older adults and reducing the caregiving burden on both families and the nation.



4.5 Strengths and limitations

Our study boasts significant strengths, such as its large sample size of older adults and an exhaustive baseline survey, allowing for the adjustment of numerous pertinent confounding factors. Nonetheless, it is important to recognize its limitations. The use of a cross-sectional study design constrains our capacity to establish causal relationships between the variables. Furthermore, the reliance on self-reported data for hearing impairment could lead to measurement bias and may not align with objective assessments. Additionally, employing convenience sampling for participant recruitment might have introduced selection bias, favoring respondents who were more accessible or more inclined to engage in the study. Lastly, the study was conducted in an eastern province of China. While the healthcare institutions were selected randomly, geographic and cultural differences could influence the results.




5 Conclusion

Our study determined that factors such as age, education level, residency, living arrangement, hyperlipidemia, cerebrovascular disease, alcohol consumption, smoking, ADLs, IADLs, as well as hearing, functional mobility, and social activity engagement, were associated with cognitive decline in Chinese older adults. Notably, social activity engagement emerged as a mediating factor in the link between functional mobility impairment and cognitive decline, but it did not mediate the relationship between self-reported hearing impairment and cognitive decline. These results underscored the importance of social activity engagement in potentially preventing cognitive decline in older adults with functional mobility impairments. The study emphasized the need to promote social engagement as a viable approach to mitigate cognitive deterioration in this demographic.
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Objective: This study aims to explore the association between alcohol intake and cognitive function in elderly Americans, including potential nonlinear relationships and interactions across different subgroups.
Methods: The study analyzed data from the National Health and Nutrition Examination Survey (NHANES) from 2011 to 2014. The sample included 2,675 Americans aged 60 or older. Multivariate regression analysis was used to evaluate the relationship between alcohol intake and cognitive function. Smooth curve fitting and threshold effect analysis were employed to explore potential nonlinear relationships. Subgroup analyses were conducted to examine the stability of the results across different subgroups.
Results: The results indicate a significant negative correlation between alcohol intake and cognitive function. In the CERAD total word recall test, for every unit increase in alcohol intake, the score decreased by 0.15 points (−0.15, 95% CI: −0.25, −0.04), and in the CERAD delayed recall test, it decreased by 0.07 points (−0.07, 95% CI: −0.12, −0.01). Compared to Non-Heavy Drinkers, Heavy Drinkers showed a reduction in their CERAD total word recall scores by-0.77 points (−0.77, 95% CI: −1.23, −0.32) and in their CERAD delayed recall scores by-0.28 points (−0.28, 95% CI: −0.52, −0.04). Smooth curve fitting analysis revealed a nonlinear relationship between alcohol intake and cognitive function, with breakpoints at 10.7 for the CERAD total word recall test, 4.7 for the Animal fluency test, and 3.85 for the Digit symbol substitution test. Additionally, subgroup analysis indicated that gender, educational level, and smoking status significantly moderated the relationship between alcohol intake and cognitive function, while marital status, race, hypertension, diabetes, and cancer status showed no significant interactions.
Conclusion: The association between alcohol intake and cognitive function in the elderly is complex, influenced by both the amount of intake and individual subgroup characteristics.
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1 Introduction

With the aging of the global population, the prevalence and negative impacts of cognitive impairment among the elderly have become increasingly evident (Wang et al., 2020). Cognitive impairment not only compromises the quality of life of the elderly but also imposes significant economic burdens on society and families (Seijo-Martinez et al., 2016; Tahami Monfared et al., 2022; Hill et al., 2017). Among the many factors influencing cognitive health in the elderly, alcohol intake is a significant yet controversial issue (Jiang et al., 2023; Wang et al., 2020).

Alcohol intake refers to the consumption of alcoholic beverages (Zhao et al., 2023), a practice that is widespread globally. According to the World Health Organization (2018), approximately two billion people worldwide consume alcohol. Large-scale surveys in high-income countries indicate an increasing trend of alcohol consumption among the elderly, encompassing moderate, frequent, and problematic excessive drinking patterns (Han et al., 2019; Huhn et al., 2019). While moderate alcohol consumption may have beneficial effects on cardiovascular health, excessive intake has been consistently linked to a range of health problems, notably cognitive decline, in the elderly population (Zhang et al., 2020; Yen et al., 2022; Mezue et al., 2023). In the elderly, alcohol is metabolized more slowly, rendering even moderate intake potentially harmful to cognitive function due to its direct toxic effects on brain structures, particularly the hippocampus and frontal lobes (Kmietowicz, 2017; Topiwala and Ebmeier, 2018).

Cognitive function, a critical factor for the health and independent living of the elderly, encompasses multiple dimensions such as memory, attention, and executive functions (Portaccio, 2018). According to the Alzheimer’s Association in the United States, approximately 50 million people worldwide are affected by various forms of cognitive impairments, and this number is expected to double in the coming decades (Alzheimer's Association, 2019). Beyond memory loss, cognitive decline also encompasses reduced decision-making abilities, impaired problem-solving skills, and language deficits, all significantly affecting the daily lives of the elderly (Clare et al., 2017; Sun et al., 2023; Cohen et al., 2023).

Although existing studies provide some insights into the relationship between alcohol intake and cognitive function, the results are often contradictory. Some studies suggest that low to moderate alcohol intake may have a protective effect on cognition (Zhang et al., 2020), while other studies indicate that alcohol consumption is associated with accelerated cognitive decline (Topiwala et al., 2017). Therefore, this study aims to explore the relationship between alcohol intake and cognitive function among the elderly using data from the National Health and Nutrition Examination Survey (NHANES) database for the years 2011–2014. We hope to provide a more precise and reliable assessment of this relationship through multivariate adjustments and a large sample size, aiming to fill the gaps in the existing literature.



2 Materials and methods


2.1 Study population and design

This study utilized data from the NHANES survey conducted by the National Center for Health Statistics (NCHS). The NHANES survey received ethical approval from the NCHS Ethics Review Committee, and all participants provided informed consent. This study analyzed data from two consecutive two-year cycles of the NHANES survey (2011–2014). The inclusion criteria for participants in this study were as follows: (Wang et al., 2020) participants aged 60 years or older; (Seijo-Martinez et al., 2016) individuals missing cognitive function scores were excluded; (Tahami Monfared et al., 2022) participants missing alcohol intake data were also excluded. Initially, 19,931 individuals were recruited. We then excluded individuals missing cognitive test data, retaining a cohort of 3,068 elderly Americans. Subsequently, individuals with incomplete drinking information were excluded, resulting in a final sample of 2,675 participants (Figure 1).

[image: Flowchart showing data selection process. Starting with a baseline of 19,931 individuals, 16,863 were excluded for missing cognitive test data, and 393 for missing drinking status data. The final included individuals are 2,675, divided into 2,402 non-heavy drinkers and 273 heavy drinkers.]

FIGURE 1
 Flow chart of the screening process for the selection of eligible participants in NHANES 2011–2014.




2.2 Alcohol assessment

In our study, the assessment of alcohol consumption utilized the Automated Multiple-Pass Method (AMPM) (Blanton et al., 2006), a detailed dietary recall technique from the NHANES. This method enhances the accuracy of dietary data collection, including a specific protocol to capture all consumed foods and beverages, with a focus on the quantity and context of consumption (Blanton et al., 2006). The AMPM has been proven effective in collecting energy intake data in adult populations in previous large studies (Raper et al., 2004; Moshfegh et al., 2008).

Dietary recall involves two sequential parts: an initial in-person interview followed by a telephone interview 3–10 days later (Waxman and World Health Assembly, 2004). Both sessions employ the AMPM to comprehensively capture typical food and beverage intake over a 24-h period (from midnight to midnight) (Blanton et al., 2006). During the first interview conducted at NHANES Mobile Examination Centers (MEC), participants use various physical measuring guides to accurately report the intake of food and beverages, including alcoholic drinks. These guides include replicas of standard glasses, cups, and bottles to help quantify liquid intake, as detailed in the “NHANES Measuring Guides for the Dietary Recall Interview” (Centers for Disease Control and Prevention, 2006). Additionally, to specifically assess alcohol consumption, the interview queries the type and context of the drinking beverages to ensure detailed and accurate data collection. For coding and analysis, NHANES employs the USDA’s Food and Nutrient Database for Dietary Studies (FNDDS), which includes comprehensive nutrient data and facilitates the calculation of alcohol intake in grams (Ahuja et al., 2013). This system uses the latest nutrient values reflecting current food supply and consumption patterns (Matthews et al., 2016). By adopting these rigorous methods, the study ensures that the data on alcohol intake is both accurate and reflective of the participants’ usual consumption.

According to the U.S. Dietary Guidelines for Alcohol (USDGA), it is recommended that individuals limit their daily alcohol intake to no more than 14 grams for women (1 standard alcoholic drink per day) and 28 grams for men (2 standard alcoholic drinks per day) (Matthews et al., 2016). Individuals exceeding these guidelines were defined as heavy drinkers.



2.3 Measurement of cognitive function

The Consortium to Establish a Registry for Alzheimer’s Disease (CERAD W-L) assesses an individual’s ability to acquire and retain new verbal material through immediate and delayed recall tasks (Fillenbaum and Mohs, 2023; Paajanen et al., 2014). The CERAD W-L protocol includes three consecutive learning trials and one delayed recall task. During the three learning trials, participants are instructed to verbally express a list of 10 unrelated words. After the words are presented, participants immediately recall as many words as possible. The delayed recall occurs approximately 10 min after the start of the word learning trials. Each test has a maximum score of 10 points, with the total score for the three tests and delayed recall ranging from 0 to 40 points. The Animal Fluency Test (AFT) assesses the fluency of language categories, which is a fundamental aspect of executive function (Carone et al., 2007). Additionally, the test also evaluates other capabilities related to semantic memory and processing speed. Participants score a point for each animal they name, and they are asked to list as many animals as possible within 1 min. The Digit Symbol Substitution Test (DSST) is a comprehensive assessment tool for evaluating brain health, covering multiple cognitive domains such as visual scanning, processing speed, short-term memory, and sustained attention (Proust-Lima et al., 2007; Bienias et al., 2003). The test utilizes a paper form with a key at the top that features nine numbers paired with different symbols. Participants have 2 min to replicate characters associated with 133 boxes next to numbers. Their scores range from 0 to 133, reflecting the cumulative number of correct matches. Higher scores indicate stronger cognitive abilities across all assessments. Currently, there are no universally accepted standards for defining cognitive impairment levels using the CERAD, AFT, and DSST tests. Therefore, related studies typically use the lowest quartile of scores for each test as the threshold for detecting cognitive impairment, a practice consistent with previous research literature (Kou et al., 2023; Dong et al., 2020; Zhang et al., 2024).



2.4 Covariables

The covariates considered in the study include age (in years), gender (categorized as male or female), race (including Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, and other races), marital status classified into married/living with partner, widowed/divorced/separated, and never married, education level (less than high school, high school, and more than high school), income relative to the poverty index (PIR), body mass index (BMI), smoking status (indicated by yes or no for smoking more than 100 cigarettes in lifetime), diabetes status (indicated by yes or no), hypertension status (indicated by yes or no), congestive heart failure (indicated by yes or no), coronary heart disease (indicated by yes or no), angina (indicated by yes or no), heart attack (indicated by yes or no), stroke status (indicated by yes or no), and cancer (indicated by yes or no). The NHANES survey methods and analytic guidelines provide comprehensive data on various methods for collecting variables.1



2.5 Statistical analysis

All analyses were performed using R software version 4.2 and EmpowerStats version 4.1. Based on alcohol consumption, we categorized the sample into two groups: heavy drinkers and non-heavy drinkers. This classification enabled us to evaluate the demographic differences between the groups using rank-sum tests and t-tests, aiming to explore the potential effects of varying drinking intensities on cognitive function. Continuous variables were represented as means ± standard deviations (SD), and categorical variables were presented as counts and percentages (n (%)). To investigate the linear relationship between alcohol intake and cognitive function, we utilized weighted multivariate linear regression models. Specifically, we developed three multivariate models for testing: Model 1 made no adjustments; Model 2 adjusted for factors such as gender, age, race, educational level, and marital status; Model 3 further adjusted for all covariates. These models allowed us to more precisely evaluate the relationship between alcohol intake and cognitive function, taking into account potential confounders.




3 Results


3.1 Baseline characteristics

Demographic characteristics stratified by alcohol intake quintiles are presented in Table 1. The study included 2,675 participants aged 60 or older, comprising 1,310 males (49%) and 1,365 females (51%). The average age (SD) and average alcohol intake (SD) of the 2,775 participants were 69.4 (6.8) years and 5.66 (1.53) grams per day, respectively. The alcohol intake quintiles for females and males were ≤ 14 grams/day (1 standard alcoholic drink/day) and ≤ 28 grams/day (2 standard alcoholic drinks/day), respectively. Compared to the Non-Heavy Drinkers group, the Heavy Drinkers group had higher odds of being younger, having lower BMI, belonging to three ethnic groups, being unmarried, having three education levels, and smoking more cigarettes (Table 1).



TABLE 1 Baseline characteristics of the study population according to alcohol intake.
[image: A table comparing characteristics between non-heavy drinkers and heavy drinkers, detailing variables like age, alcohol intake, cognitive scores, gender, race, marital status, education level, smoking history, high blood pressure, diabetes, heart failure, coronary disease, angina, heart attack, stroke, and cancer. It includes sample sizes and p-values for statistical significance.]



3.2 Association between alcohol intake and cognitive function

Our study findings indicate that higher alcohol intake is associated with an increased risk of cognitive impairment. In the multivariate regression analysis, with alcohol intake treated as a continuous variable and progressively adjusted, this association was significant in Model 3 with full covariate adjustment for the CERAD total word recall (OR = −0.15, 95% CI: −0.25, −0.04) and for the CERAD delayed recall (OR = −0.07, 95% CI: −0.12, −0.01). This suggests that for each unit increase in alcohol intake, the cognitive function scores decrease by-0.15 and-0.07 points in the fully adjusted models for these two tests, respectively. However, this relationship was not significant in AFT and DSST. When categorizing alcohol intake into Non-Heavy Drinkers and Heavy Drinkers, in the CERAD total word recall, the latter group had a 77% greater reduction in cognitive function scores compared to the former (OR = −0.77, 95% CI: −1.23, −0.32), and in the CERAD delayed recall, the latter group had a 28% greater reduction (OR = −0.28, 95% CI: −0.52, −0.04) (see Table 2).



TABLE 2 Association between alcohol intake and cognitive function.
[image: Table showing effects of drinking habits on cognitive test scores across three models. Variables include word recall, delayed recall, animal fluency, and digit symbol substitution. Heavy drinkers and non-heavy drinkers are compared, with corresponding beta coefficients and P values for each model. Models adjust for different covariates, increasing in complexity from Model 1 to 3. Significant differences are highlighted, particularly in Models 2 and 3. Notes describe adjusted covariates and define CERAD.]

Furthermore, this study utilized smooth curve fitting and threshold effect analysis to detect potential nonlinear relationships between alcohol intake and cognitive function. The results indicate a clear nonlinear curve relationship between alcohol intake and cognitive function (Figure 2). In the CERAD total word recall, the threshold point for alcohol intake, as determined by threshold effect analysis, was 10.7. The two-part linear regression model shows that the relationship between alcohol intake and cognitive function is not significant when alcohol intake is less than or equal to 10.7; however, for every unit increase in alcohol intake above 10.7, cognitive function decreases by 0.03 points (OR = −0.03, 95% CI: −0.04, −0.01, p = 0.001). The segmented logistic regression model outperforms the linear logistic regression model (p = 0.045) (Table 3). In the Animal Fluency Test, the threshold point for alcohol intake determined by threshold effect analysis was 4.7. The two-part linear regression model shows that for every unit increase in alcohol intake up to 4.7, cognitive function increases by 0.22 points (OR = 0.22, 95% CI: 0.11, 0.34, p < 0.001); however, for every unit increase in alcohol intake above 4.7, cognitive function decreases by 0.03 points (OR = −0.03, 95% CI: −0.04, −0.01, p = 0.006). The segmented logistic regression model outperforms the linear logistic regression model (p < 0.001) (Table 3). In DSST, the threshold point for alcohol intake determined by threshold effect analysis was 3.85. The two-part linear regression model shows that for every unit increase in alcohol intake up to 3.85, cognitive function increases by 0.97 points (OR = 0.97, 95% CI: 0.61, 1.33, p < 0.001); however, for every unit increase in alcohol intake above 3.85, cognitive function decreases by 0.09 points (OR = −0.09, 95% CI: −0.13, −0.04, p < 0.001). The segmented logistic regression model outperforms the linear logistic regression model (p < 0.001) (Table 3).

[image: Four line graphs labeled A to D depict cognitive performance tests against alcohol consumption levels. A shows total word recall, B shows score delayed recall, C shows animal fluency test, and D shows digit symbol substitution test. In each graph, performance generally decreases as alcohol intake increases, indicated by a red line with confidence bands in blue.]

FIGURE 2
 (A) Relationship between alcohol intake and CERAD total word recall by smooth curve fitting. (B) Relationship between alcohol intake and CERAD delayed recall by smooth curve fitting. (C) Relationship between alcohol intake and Animal fluency test by smooth curve fitting. (D) Relationship between alcohol intake and Digit symbol substitution test by smooth curve fitting.




TABLE 3 Threshold analysis for the relationship between alcohol intake and cognitive function.
[image: A table comparing two statistical models, Model I and Model II, across four cognitive tests: CERAD total word recall, CERAD delayed recall, animal fluency test, and digit symbol substitution test. The table includes parameters such as slopes, turning points (K), and odds ratios (OR), with P-values provided. Logarithmic likelihood ratio tests are also included. The analysis adjusts for age, gender, race, marital status, education, PIR, BMI, smoking, blood pressure, diabetes, heart-related conditions, stroke, and cancer. CERAD stands for Consortium to Establish a Registry for Alzheimer's Disease.]



3.3 Subgroup analysis

Subgroup analysis using Model 3 further confirmed the stability of the relationship between alcohol intake and cognitive function across different populations (Figure 2). This study conducted subgroup and interaction analyses on the relationship between alcohol intake and cognitive function based on gender, marital status, race, education, smoking, hypertension, diabetes, and cancer. The results of the subgroup analysis showed no significant effects between alcohol intake and cognitive function across different strata in the interaction analyses for marital status, race, hypertension, diabetes, and cancer (P for interaction >0.05). However, significant interactions were observed in the interaction analyses for gender, education level, and smoking, indicating that the relationship between alcohol intake and cognitive function varied significantly across these strata (P for interaction <0.05) (see Table 4).



TABLE 4 Subgroup analysis of the association between alcohol intake with cognitive function.
[image: A table comparing cognitive test outcomes across various subgroups. Columns include test types (CERAD total word recall, CERAD delayed recall, Animal fluency, Digit symbol substitution) with beta coefficients and 95% confidence intervals. Subgroups include gender, marital status, ethnicity, education level, smoking history, blood pressure, diabetes, and cancer. Each test result is paired with a p-value for interaction. Notable educational level interaction is observed in Digit Symbol Substitution Test.]




4 Discussion

This study, based on data from NHANES 2011–2014, thoroughly investigated the relationship between alcohol intake and cognitive function among elderly Americans, finding a significant negative correlation between alcohol intake and cognitive impairment. Through multivariate regression analysis, we confirmed that with every unit increase in alcohol intake, cognitive function scores significantly decreased by 0.15 and 0.07 points in the CERAD total word recall and delayed recall tests, respectively. Moreover, our research revealed a nonlinear relationship between alcohol intake and cognitive function, indicating that in some cognitive tests, such as the Animal Fluency Test and the Digit Symbol Substitution Test, the impact of alcohol intake on cognitive function switches from positive to negative once a certain threshold is reached. Through subgroup analysis, this study further confirmed the stability and variability of this relationship across different populations (such as different education levels and smoking status), providing insights into how alcohol intake can affect elderly cognitive health through various physiological and psychological mechanisms.

The multivariate regression analysis of this study reveals a significant negative correlation between alcohol intake and cognitive impairment in the elderly population, highlighting the potential risk of alcohol consumption on cognitive health. This finding is consistent with the meta-analysis by Spinola et al., which found a small to moderate negative impact of alcohol intake on working memory across 32 studies involving 1,629 participants (Anstey et al., 2019). Furthermore, research by Gong et al. (2021) demonstrated through maze experiments how higher doses of alcohol intake increase the production and deposition of beta-amyloid (Aβ) in the hippocampus and cerebral cortex of rats, clearly indicating that the accumulation of this biomarker is closely associated with the decline in learning and memory abilities and the formation of cognitive impairments.

The impact of alcohol on cognitive function can be explained through several key biological mechanisms. Firstly, alcohol affects cognitive function by disrupting neurotransmitter systems, especially by altering the balance between glutamate and gamma-aminobutyric acid (GABA) in the central nervous system (Rodriguez et al., 2022; Goodwani et al., 2017). Glutamate is the primary excitatory neurotransmitter, while GABA is the primary inhibitory neurotransmitter (Rodriguez et al., 2022; Goodwani et al., 2017). Alcohol modifies the activity of these neurotransmitters, significantly affecting neural transmission and brain function (Rodriguez et al., 2022; Goodwani et al., 2017). Secondly, the metabolic byproduct of alcohol, acetaldehyde, has cytotoxic properties that can directly damage brain cells, prompting an increase in inflammatory responses and oxidative stress (Makiko, 2020; Visontay et al., 2021; Ueno et al., 2022). These reactions not only damage neurons but also activate microglial cells, further increasing the release of inflammatory mediators, leading to neuroinflammation and brain tissue damage (Makiko, 2020; Visontay et al., 2021; Ueno et al., 2022). Furthermore, acetaldehyde also promotes the deposition of beta-amyloid, the aggregation of which is a key pathological process in Alzheimer’s disease and other types of cognitive disorders (Venkataraman et al., 2017; Veitch et al., 2022). The identification of these mechanisms underscores the importance of controlling alcohol intake, especially in populations vulnerable to alcohol’s effects, those at risk for cognitive impairments, and those with a family history of Alzheimer’s disease. By providing targeted interventions, such as cognitive-behavioral therapy and lifestyle adjustment guidance, it is possible to help reduce alcohol consumption and mitigate its negative impacts on cognitive function (Visontay et al., 2021; Kivipelto et al., 2018).

Additionally, this study clearly revealed a nonlinear relationship between alcohol intake and cognitive function through smooth curve fitting and threshold effect analysis, indicating that alcohol intake has a significant negative impact on cognitive function beyond a specific threshold. Particularly in the CERAD total word recall and Animal Fluency Tests, we identified specific alcohol intake inflection points, which mark the transition from potential protective effects of alcohol to its harmful impacts. Meanwhile, the findings of Zhang et al. support our results, noting a significant positive correlation between low to moderate drinking and slower cognitive decline and higher maintenance of cognitive function (Zhang et al., 2020). However, the findings of Topiwala et al. (2017) contrast with our observations of a nonlinear relationship, as they observed that even moderate alcohol intake is associated with hippocampal atrophy and continuous decline in cognitive function. Topiwala’s et al. (2017) results particularly emphasize that even universally recognized moderate levels of drinking can have long-term negative effects on neural structures, especially in individuals who are susceptible to the effects of alcohol.

The nonlinear relationship between alcohol intake and cognitive function suggests that alcohol may have protective effects within certain limits, but exceeding a specific threshold can lead to significant cognitive impairment. Moderate alcohol consumption may protect brain structure and function, and maintain cognitive health by enhancing vascular health, reducing inflammation, and regulating key neurotransmitter levels (Zhang et al., 2020; Serio et al., 2023; Hrelia et al., 2022). However, excessive alcohol demonstrates its neurotoxicity by promoting the production and deposition of beta-amyloid, as well as damaging neuronal synaptic structures, leading to cognitive impairment (Venkataraman et al., 2017; Veitch et al., 2022). Simultaneously, the findings of Topiwala et al. (2017) provide an important additional perspective on this complex relationship. Their study observed that even universally recognized moderate alcohol intake is associated with a reduction in the volume of specific brain areas, particularly the hippocampus, which is crucial for memory and cognitive functions (Topiwala et al., 2017). This hippocampal atrophy is related to continuous cognitive decline, indicating that even moderate alcohol consumption can have long-term negative effects on individual neural structure and function, especially in individuals who are sensitive or susceptible to alcohol’s effects (Dawe et al., 2020; Hanseeuw et al., 2023). In summary, the impact of alcohol on cognitive function is multi-layered, covering a wide range from potential protection to significant damage. These findings underscore the need for greater caution in recommendations regarding alcohol intake. For the elderly population and individuals at high risk for neurodegenerative diseases, even moderate alcohol intake should be strictly monitored to prevent its potential adverse effects. Healthcare providers need to consider the complex impact of individual alcohol consumption habits on cognitive health, especially when formulating public health policies and personalized health plans.

Finally, the subgroup analysis of this study also revealed significant moderating effects of gender, education level, and smoking status on the relationship between alcohol intake and cognitive function. Gender differences suggest that compared to women, men’s cognitive functions are more susceptible to the negative impacts of alcohol. This difference may be due to gender-specific biological metabolism and hormonal regulation, as well as cultural and societal structures that shape gender expectations regarding drinking behavior (Hanseeuw et al., 2023; Finn, 2023; Agardh et al., 2021; Kinjo et al., 2023; Brennan et al., 2020). For instance, women might be more sensitive to alcohol due to slower metabolic rates, yet moderate drinking in women may be associated with certain cognitive protective effects, potentially related to the protective roles of sex hormones like estrogen (Hanseeuw et al., 2023; Finn, 2023). The impact of education level reveals an intriguing phenomenon. Higher education levels do not seem to provide the expected protective effect; instead, they show that alcohol intake has a more significant negative impact on cognitive function in this group. This could be related to higher cognitive demands faced by individuals with higher education in their work and daily lives, making any potential cognitive impairment more noticeable and assessable (Brennan et al., 2020; Pachito et al., 2021). Conversely, individuals with lower education levels might be more sensitive to the slight positive effects of alcohol in the short term due to lower baseline cognitive demands (Brennan et al., 2020; Pachito et al., 2021). The interactions shown by smoking status are complex and thought-provoking. Non-smokers exhibited more pronounced negative effects of alcohol intake on cognitive function, while smokers showed some positive effects of alcohol on cognition to a certain extent (Hagger-Johnson et al., 2013). This may suggest a potential synergistic interaction between smoking and drinking, which could jointly affect cognitive functions through altering neuro biochemical responses or impacting cerebrovascular health (Hagger-Johnson et al., 2013). The exact mechanisms behind this phenomenon still require further investigation for clarification. Overall, these findings emphasize the necessity of formulating targeted public health policies that consider the impacts of factors such as gender, education, and lifestyle habits.


4.1 Strengths and limitations

This study utilized data from NHANES, conducted by (NCHS), which are highly representative and reliable, effectively reflecting the health status of the elderly population in the United States. Additionally, by employing multivariate regression analysis, smooth curve fitting, and threshold effect analysis, this study not only explored the linear relationship between alcohol intake and cognitive function but also revealed potential nonlinear relationships, adding depth and complexity to the analysis. Finally, through subgroup analysis of different factors such as gender, education level, and smoking status, this study provides more detailed insights, helping to understand the variations in the impact of alcohol intake on cognitive function across different populations.

This study also faces several limitations. First, due to the cross-sectional design of the NHANES survey employed, causal relationships cannot be directly inferred. Second, although this research has considered many potential confounders, there may still be unobserved variables such as socioeconomic status and other lifestyle factors that could affect the association between alcohol and cognitive function. Third, the alcohol consumption data in this study are based on self-reported intake by participants, which may be subject to recall bias, thus affecting the accuracy of the results. Unlike studies such as those by Fitzpatrick Schmidt et al., which precisely measure alcohol intake through Phosphatidylethanol (PEth) (Fitzpatrick-Schmidt et al., 2024), this study lacks such precise biomarker data, potentially limiting the accuracy of alcohol intake assessments. Fourth, in the process of categorizing participants as either heavy or non-heavy drinkers, although this classification facilitates data analysis, it might obscure subtle differences in drinking behaviors, thereby affecting the interpretation and generalizability of the results. This is particularly true within the non-heavy drinkers group, where certain drinking patterns may still exist. Finally, the study’s observations are limited to the elderly population in the United States, thus the findings may not be applicable to other ethnicities or populations.

Future research could explore the direct causal relationships between alcohol intake and changes in cognitive function through long-term prospective studies, while considering the impacts of long-term lifestyle changes and other relevant health factors. Second, based on the current findings, intervention studies could be designed to assess the potential benefits of reducing alcohol intake on the improvement or maintenance of cognitive functions. Third, future studies could overcome the limitations of self-reported data by using more precise tools such as biomarkers to measure alcohol intake. Fourth, it is recommended that future research adopt more detailed categorizations of alcohol intake to more accurately assess the relationship between alcohol consumption and cognitive function and to reveal more complex association patterns. Finally, employing advanced statistical techniques like machine learning to process large datasets may reveal more complex relationships and interaction patterns, thereby providing deeper insights into how alcohol affects cognitive function.




5 Conclusion

This study demonstrates that there is a nonlinear relationship between alcohol intake and cognitive function in the elderly, where moderate drinking may have a protective effect, but exceeding a certain threshold will have a negative impact on cognitive function. The significant moderating effects of gender, education level, and smoking status highlight the importance of considering individual differences when formulating public health policies. These findings support the moderate restriction of alcohol consumption and emphasize the need for public health to develop more refined health guidelines tailored to the specific circumstances of different populations.
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Background: Hypertension is a potentially modifiable risk factor for cognitive decline. Understanding the variables of hypertension related to cognitive functions will help in mitigating the risk.
Objective: The study aims to assess the characteristics of hypertension and its effect on cognitive functions in the older adults.
Methods: The study involved 95 hypertensive participants aged 60 years and above from cardiology and medicine outpatient services of a tertiary care hospital from August to October 2022. The characteristics of hypertension and cognitive functions were assessed using semi-structured proforma and Adenbrooke's Cognitive Examination (ACE-III) Hindi version respectively. Further, individual cognitive functions were compared with duration of the hypertension and hypertensive status of the participants. The chi-square test and independent t-tests were used and p value < 0.05 was considered to be significant.
Result: The mean age of the study population was 68.2 years, the cognitive functions was comparable in terms of age, sex, locality, co-morbidity, and treatment characteristic. Although a significant difference in cognitive functions was present in relation to duration and status of hypertension. Among the individual cognitive domains, a significant difference was observed in attention and fluency domains of cognitive function based on HTN status (p > 0.05) but differential effect on cognitive domains was not seen with the duration of HTN. However, there was overall decline in cognitive domains with both hypertension status and the duration of hypertension.
Conclusion: The study highlights association of status of hypertension and its characteristics with cognitive decline.

Keywords
hypertension, cognitive functions, cognition, older adults, late life


Introduction

Worldwide, hypertension is a significant risk factor for cardiovascular disease and mortality (Mills and Stefanescu, 2020). It is also a leading cause of cognitive impairment and dementia (Iadecola et al., 2019). Hypertension affects one-third of adults and two-thirds of the older adults, with higher prevalence in low- and middle-income countries (Mills et al., 2016; Ungvari et al., 2021). In India, the prevalence of HTN is 29.8%. Higher rates are seen in urban population (33.85%) compared to rural population (27.6%) (Anchala et al., 2014). According to the longitudinal aging study of India (LASI), HTN prevalence among people aged 45 and above is 45.9% in India, with only 31.7% having their blood pressure under control (Lee et al., 2022). HTN is characterized by exceeding systolic BP of 140 mmHg and diastolic BP of 90 mmHg (Muntner et al., 2020). Individuals with BP levels below this threshold are considered to have controlled HTN within the hypertensive population (Gillespie and Hurvitz, 2013).

HTN exerts a direct influence on both the vasculature and brain structure, increasing the likelihood of end-organ damage. This raises the risk of cognitive impairment and dementia (Gasecki et al., 2013). HTN has been linked to cognitive impairment through several pathophysiological mechanisms, including reduced cerebral blood flow, rarefaction of microvasculature, disruption of the blood-brain barrier (BBB), oxidative stress, and impaired neurovascular coupling. Moreover, it is worth noting that cerebral micro-hemorrhages, lacunar infarcts, and white matter (WM) injuries are frequently observed in individuals with both hypertension and dementia (Ungvari et al., 2021). Mid-life hypertension carries a lifetime risk of 20%−54% of developing dementia (McGrath et al., 2017). Previous studies have shown that the risk of vascular events and strokes doubles with uncontrolled HTN and subsequently increases the risk of dementia. Chronic uncontrolled hypertension reduces elasticity and increases vascular resistance, resulting in higher pulse pressure and increased risk for cognitive impairment due to WM lesions and transient hemorrhage (Beason-Held et al., 2007; Mitchell, 2008). HTN is a recognized risk factor for both vascular cognitive impairment and Alzheimer's Disease (AD), which often co-exist and constitute the majority of cases of dementia (Wei et al., 2018; Iadecola and Gottesman, 2019). Incidental neuroimaging and post-mortem studies on people with AD reveal vascular pathology in approximately one-third of the patients (Snowdon et al., 1997; Schneider et al., 2004).

Considering the modifiability of HTN in the early stages and understanding its characteristics, we can elucidate its role in cognition. This will further aid in understanding the mechanisms involved in developing cognitive impairment and exploring newer therapeutic targets. Although previous studies highlighted mid-life hypertension as a common risk factor for developing dementia, late-life hypertension is less studied, and the results are variable. Moreover, several studies in the past have tried to explore the impact of controlled HTN on halting the progression of cognitive decline but the evidence is inconsistent (Mishra et al., 2020). The current study aimed to explore the characteristics of HTN and its impact on cognitive functions in the older adults. It could contribute to existing knowledge and enhance clinical practice. This knowledge could guide healthcare professionals in implementing preventive measures, optimizing hypertension management, and developing interventions to preserve cognitive health in older adults with hypertension. Ultimately, this research could improve the quality of life and overall wellbeing of older adults by addressing the complex relationship between hypertension and cognitive functions.



Materials and methods


Participants

The study involved the enrolment of 95 participants with a diagnosis of hypertension and their demographics and clinical data were obtained from the Cardiology and Medicine Outpatient Department (OPD) at King George's Medical University (KGMU) in Lucknow, spanning the period of September through October 2022. The selection of participants was done using a purposive sampling technique. This cross-sectional study was conducted after obtaining approval from the Institutional Ethical Committee, with reference number XIPGTSCIB/P3. The study was conducted in accordance with the ethical standards set forth by the institutional and national committees responsible for human experimentation, as well as the Helsinki Declaration of 1975, which was subsequently revised in 2013.



Inclusion and exclusion criteria

The inclusion criteria for both participants were: (1) hypertensive patients of age 60 years or above; (2) participants with at least 5 years of formal education who can read and write. The exclusion criteria for both participants were: (1) patients with severe vision and hearing impairment; (2) patients with any known psychiatric and cognitive disorders; and (3) Severely ill and uncooperative participants.



Sample size

According to a previous study (Mekala et al., 2020), the occurrence of cognitive impairment within the North Indian population is reported to be 8.8% (Sengupta et al., 2014). The calculation of the sample size (n) is determined using the formula; n = (zα/2)2 *P(1-p)/MOE2. Given a confidence level of 95%, a proportion (p) of 0.088, a margin of error (MOE) of 0.06, and a value of zα/2 equals 1.96, the sample size (n) was determined to be 84. After accounting for a non-responsive rate of 10%, the final sample size is determined to be 92, which was rounded up to 95.



Clinical measures (hypertension and cognition)

The participants were evaluated using a semi-structured proforma for socio-demographic and clinical details. Patients were analyzed based on their current BP, HTN duration, and status (Controlled and uncontrolled HTN). The definition of controlled hypertension in hypertensive individuals is SBP <140 mm Hg and DBP <90 mm Hg (Gillespie and Hurvitz, 2013). They were asked the following questions about hypertension: “When were they first diagnosed with hypertension?” for determining the age of onset of HTN, “Are they under treatment for HTN, and if yes, how long have they been under medication?” and “Are they taking medications regularly?” The family history of patients and the history of any other medical co-morbidity were also taken. The treatment in this study refers to subjects on antihypertensive medications at any point in time after the diagnosis of HTN. The cognition of participants was evaluated using the Adenbrooke's Cognitive Examination (ACE) III Hindi version (Mekala et al., 2020). The ACE scale assesses the cognition of a person using five domains: attention, fluency, memory, language, and visuospatial. Each domain carries a different score, and a higher total score implies better cognition. Using the total ACE score, a cut-off of 71 was considered for classifying the subjects as cognitively normal, and impaired (Bajpai et al., 2020).



Data analysis

Data was collected using a semi-structured proforma and the ACE III Hindi version. This data was tabulated in Microsoft EXCEL, and statistical analysis was done on the Statistical Package for Social Sciences (SPSS), version 24, IBM, Chicago, USA. Descriptive data were represented as frequency percentage, mean, standard deviation (SD), or proportion. Probability (p) was calculated to test for statistical significance at the 5% level of significance. The association between categorical variables was tested using the Chi-Square test. However, differences between continuous variables were tested using the student t-test. A minimum 95% confidence interval or p-value <0.05 was considered statistically significant.




Results


Participant characteristics

The current cross-sectional study included a sample of 95 participants diagnosed with HTN with a mean age of 68.2 ± 3.29 years. The mean age of onset of HTN was 62.64 ± 3.69 years and the mean duration of HTN was 5.53 ± 1.86 years in the participants. No statistically significant differences in cognitive functions were observed based on gender, age, and residence areas (urban or rural) (all p > 0.80). A total of 90 subjects were on treatment; among 77 subjects with uncontrolled HTN, 4 were not on treatment. Statistically significant differences in cognitive functions were observed with the duration of HTN, Blood pressure measures (Systolic and Diastolic blood pressure), HTN status, and duration of treatment, as indicated by chi-square tests (P < 0.05). Table 1 displays the demographic and clinical characteristics associated with cognitive functions.


TABLE 1 Comparison of socio-demographic and clinical characteristics of subjects with Hypertension with and without cognitive impairment.

[image: Table comparing cognitive function in impaired and unimpaired groups with socio-demographic and clinical variables. Significant differences are found in hypertension status, hypertension duration, diastolic blood pressure, and treatment duration, marked in bold with p-values of 0.033, 0.017, 0.001, and 0.009 respectively. Total sample size is ninety-five.]



Comparison of cognitive functions based on the status of HTN

There was a significant difference in overall cognitive function and in domains of attention and fluency according to HTN status with p-values of 0.04, 0.01, and 0.02 respectively (Table 2).


TABLE 2 Comparison of cognitive subdomains of ACE score based on the status and duration of Hypertension among the study population.

[image: Table showing cognitive domain scores based on hypertension status and duration for 95 participants. Controlled group scores higher in attention, memory, fluency, language, visuospatial, and overall score compared to uncontrolled. Significant differences are in attention (0.01), fluency (0.02), and overall score (0.04). For duration, those with hypertension longer than five years generally have higher scores. Significant difference in overall score (0.044). Statistics involve independent t-tests, with significant p-values in bold.]



Comparison of cognitive functions based on the duration of HTN

There was a significant difference in overall cognitive function score based on the duration of HTN (<5 years and >5 years) with p 0.04 (Table 2). However, individual cognitive domains did not differ based on the duration of HTN.




Discussion

HTN and cognitive impairment are the two most frequently occurring conditions in the older adults (Iadecola et al., 2019) and the current study is the first to investigate the characteristics of HTN and its impact on cognitive functions in older adults of India. Notably, 95.8% of people with cognitive impairment in this study had uncontrolled HTN. People with uncontrolled HTN had poorer cognitive functions compared to people with controlled hypertension. This is in accordance with a recent study in which hypertensive individuals with uncontrolled BP had more cognitive impairment in comparison to controlled hypertensives (de Menezes et al., 2021). Our findings also support another study reporting chronic uncontrolled HTN can lead to cognitive impairment as it increases the risk of white matter lesions by increasing vascular resistance and vessel wall stiffening and it can be inferred that the risk of cognitive impairment was higher in uncontrolled hypertensives than in controlled hypertensives (Mitchell, 2008). Moreover, people with <5 years of duration of HTN had more chances of developing cognitive impairment in comparison to hypertensives of >5 years duration (38.88% vs. 16.94%) which is not in agreement with the studies reporting midlife hypertensives are at increased risk cognitive impairment (Launer et al., 1995; Livingston et al., 2020). Moreover, a recent study reported minimal effect of late-life hypertension on cognition (Moll and Woodard, 2022). However, a few other studies have reported an association of late-life hypertension with cognitive impairment in older adults and suggested that the association between cognition and hypertension is age-dependent (Wei et al., 2018).

HTN is a modifiable risk factor for cognitive impairment and it can be presumed that it can be modified by antihypertensive treatment at early stages to reduce the risk of cognitive impairment (Wei et al., 2018). Notably, the people with regular medication for a duration of 3–5 years had more chances of developing cognitive impairment in comparison to people who were commenced on antihypertensive medications recently (<3 years) or more than 5 years ago which contradicts the findings of a meta-analysis suggesting reduced risk of incident dementia with antihypertensive use as antihypertensive use for 3–5 years had higher impairment in cognition (Ding et al., 2020). It suggests that antihypertensive use can modify the disease or reduce the risk of dementia for the initial few years and causes cognitive decline later as low and high blood pressure both can increase the risk of cognitive impairment (Ding et al., 2020) and blood pressure variability in older people increases the risk of dementia (Razay et al., 2009; Oishi et al., 2017). However, people on antihypertensive treatment with more than 5 years duration of hypertension had less chance of cognitive impairment and this supports the findings that early commencement of treatment with antihypertensive medication may be associated with better cognitive functions later in life (Mogi, 2022).

On further evaluation of individual cognitive domains with HTN status, the domains were differentially affected as the attention and fluency differ significantly in controlled and uncontrolled hypertensives. The uncontrolled hypertensives had lower scores on attention and fluency in comparison to controlled hypertensives and it seems like attention is primarily affected cognitive domain with uncontrolled hypertension as fluency is a cognitive skill directly associated with attention and working memory (Francisco et al., 2019). A deficit in attention due to uncontrolled hypertension may lead to a deficit in verbal fluency and this contradicts the earlier findings that hypertension affects cognitive processing speed and episodic and working memory but not attention (Saxby et al., 2003). However, the differential effect on specific cognitive domains was not seen with the duration of hypertension, and an overall deficit in cognitive scores was found in the people with a lesser duration of the illness in this study which is not per a previous study reporting deficit in only verbal memory with duration of hypertension (Zhou et al., 2022). Our study also contradicts the findings that midlife hypertension has a greater risk for cognitive impairment in comparison to late-life hypertension (Livingston et al., 2020).



Limitations of the study

The current study has several limitations including this study was conducted with a limited sample size, suggesting that it may be prone to overestimating the magnitude of the effect size and the sample population may not be representative of the general population as this is a hospital-based study. Further, a multi-centric study with a large sample size is required to overcome the limitations of the study. Moreover, longitudinal studies are needed to find the association between the trajectory of cognitive decline and characteristics of hypertension in subjects with hypertension.



Conclusion

This study highlighted the impact of hypertension characteristics including hypertension status (controlled and uncontrolled) and duration of hypertension with cognitive functions. Uncontrolled hypertensives had poorer cognitive functions in comparison to controlled hypertensives. Moreover, there was a differential impact of uncontrolled hypertension on cognitive domains as attention and fluency were more affected in comparison to other cognitive domains. Interestingly, those with a shorter duration of HTN had lower cognitive scores than those with a longer HTN duration.
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Environmental enrichment is associated with favorable memory-related functional brain activity patterns in older adults
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Background: In humans, environmental enrichment (EE), as measured by the engagement in a variety of leisure activities, has been associated with larger hippocampal structure and better memory function. The present cross-sectional study assessed whether EE during early life (13–30 years) and midlife (30–65 years) is associated with better preserved memory-related brain activity patterns in older age.
Methods: In total, 372 cognitively unimpaired older adults (aged ≥60 years old) of the DZNE-Longitudinal Study on Cognitive Impairment and Dementia (DELCODE; DRKS00007966) were investigated. EE was operationalized using items of the Lifetime of Experiences Questionnaire (LEQ), which measures the self-reported participation in a variety of leisure activities in early life and midlife. The preservation of memory-related functional brain activity was assessed using single-value scores, which relate older adults’ brain activity patterns in the temporo-parieto-occipital memory network to those of young adults during visual memory encoding (FADE and SAME scores).
Results: EE during early life and midlife was significantly associated with higher SAME scores during novelty processing (n = 372, β = 0.13, p = 0.011). Thus, older participants with higher EE showed greater similarity of functional brain activity patterns during novelty processing with young adults. This positive association was observed most strongly in participants with subjective cognitive decline (SCD, n = 199, β = 0.20, p = 0.006).
Conclusion: More frequent participation in a variety of leisure activities in early life and midlife is associated with more successful aging of functional brain activity patterns in the memory network of older adults, including participants at increased risk for dementia. Longitudinal studies are needed to clarify whether higher EE during life could help preserve memory network function in later life.
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 memory network; subjective cognitive decline; multimodal leisure activities; prevention; dementia


1 Introduction

A significant proportion of the risk for aging-related conditions, including dementia, can be attributed to modifiable factors (Gatz et al., 2006; Livingston et al., 2024). It has been estimated that up to 40% of dementia cases could be prevented or delayed by modifying environmental influences (Nichols et al., 2022). Thus, simultaneously addressing the multiple modifiable risk factors for dementia, including loneliness, as well as physical and cognitive inactivity, can promote healthy aging and reduce the risk of dementia considerably (Livingston et al., 2024).

In humans, environmental factors may include leisure activities (Kempermann, 2022), analogous to the concept of environmental enrichment, which has been extensively studied in animal models (Kempermann, 2019). In animal models, environmental enrichment has been associated with greater plasticity of memory-related brain structure and function (Kempermann et al., 2010; Kempermann, 2019). The relationship between environmental enrichment, as measured by the engagement in a variety of leisure activities across the lifespan, and the preservation of memory network function in later life has not been investigated to the same extent in humans. In the present study, we aimed to address this gap by investigating whether greater environmental enrichment during early life and midlife would be associated with better preserved memory-related functional brain activity in older participants from the multi-center DZNE-Longitudinal Study on Cognitive Impairment and Dementia (DELCODE; Jessen et al., 2018).


1.1 Environmental enrichment

Environmental enrichment in terms of motor, cognitive, sensory, and social stimulation has been shown to elicit long-term positive effects on the brain in animal models (Fabel et al., 2009; Kempermann, 2019; Manno et al., 2022). More specifically, an enriched environment in rodents (as opposed to standard housing conditions) has been shown to induce structural and functional changes in the hippocampus (Manno et al., 2022), promote cognitive flexibility (Zeleznikow-Johnston et al., 2017) as well as spatial memory (Frick et al., 2003), and even improve declarative memory in offspring exposed to alcohol during development (Brancato et al., 2020). The present study employed a translational perspective: we based our theoretical model and research objectives on the findings from animal studies that have made significant progress in the field of environmental enrichment, and applied the concept to humans.

In humans, environmental enrichment can be characterized by motor, cognitive, sensory, and social stimulations as facilitated by participation in a variety of leisure activities across the lifespan. Leisure activities are activities that people tend to pursue in their free time and that affect a person’s perceived quality of life in different ways (Brajša-Žganec et al., 2011). Engagement in a variety of leisure activities (or a life rich in stimuli and activities), subsequently referred to as environmental enrichment in humans, can be assessed using the Lifetime of Experiences Questionnaire (LEQ; Valenzuela and Sachdev, 2007), which quantifies environmental enrichment by assessing the frequency of participation in social, musical, artistic, cognitive and physical leisure activities across the lifespan. The LEQ represents a highly useful tool for the measurement of cognitive reserve and resilience (Kartschmit et al., 2019). The LEQ (and its subscales) have been evaluated in multiple studies of older cohorts (Chan et al., 2018; Ourry et al., 2021; Karsazi et al., 2022), including the DELCODE cohort (Ballarini et al., 2023; Ersoezlue et al., 2023; Klimecki et al., 2023).



1.2 Environmental enrichment and the human brain

The existing literature in humans suggests an association between environmental enrichment in terms of engagement in leisure activities and more favorable outcomes in brain and neurocognitive aging (Hertzog et al., 2008). This is particularly true for the association between environmental enrichment factors and structural brain integrity in humans. For example, cross-sectional studies found that higher LEQ scores were associated with increased gray matter volume, especially in the hippocampus (Suo et al., 2012), and preserved white matter microstructure of the memory system in older adults (Klimecki et al., 2023). In addition, higher self-reported cognitive and physical activities have been associated with fewer white matter lesions in our previous study in older adults (Wirth et al., 2014), as well as preserved brain volume and greater plasticity of neural circuits (for a review, see Cheng, 2016). A longitudinal study conducted in older adults showed that three-year changes in white matter microstructure accounted for the association between changes in self-reported leisure activities (predominantly social activities) and changes in perceptual speed (Köhncke et al., 2016).

In contrast, research on the impact of leisure activities on functional brain activity is scarce. Predominantly, effects of physical activity on functional brain connectivity (Anatürk et al., 2021) or functional brain activity (Domingos et al., 2021) have been investigated. Older adults with higher mean physical activity during an 18-month period showed greater blood oxygen level-dependent (BOLD) responses in several brain structures, including the medial frontal gyrus and precuneus, during a semantic memory task (Smith et al., 2016). Furthermore, older adults who engaged in aerobic physical activities showed greater BOLD responses in the left hippocampus during memory encoding (Thielen et al., 2016). In contrast, studies on the association between a variety of leisure activities on functional brain activity in the memory network of older adults are still missing.



1.3 The present study

To address this gap, the present cross-sectional study used a sample of cognitively unimpaired older adults from the DELCODE study (Jessen et al., 2018) to investigate whether greater environmental enrichment during early life and midlife is associated with a better preservation of memory-related functional brain activity in late life. The following methodological approach has been taken to examine our research question:

We operationalized human environmental enrichment using items of the LEQ (Valenzuela and Sachdev, 2007), which quantify the self-reported frequency of engagement in a variety of leisure activities across the lifespan. A similar procedure with an overlapping sample was used in our previous study on fornix microstructure (Klimecki et al., 2023). Memory-related functional brain activity was operationalized using single-value scores, which quantify Functional Activity Deviation during Encoding (FADE) and the Similarity of Activations during Memory Encoding (SAME) in relation to a reference sample of healthy young adults. The FADE and SAME scores were derived for any given participant of the DELCODE cohorts using a functional magnetic resonance imaging (fMRI) paradigm on visual memory encoding (Soch et al., 2021). Both FADE and SAME scores can be interpreted as biomarkers for successful aging of the memory network, as they are computed from novelty-related and memory-related activation patterns in the temporo-parieto-occipital memory network (Düzel et al., 2010; Soch et al., 2021, 2024; Richter et al., 2023). Previous studies have demonstrated that these scores predict explicit memory performance in healthy older adults (Soch et al., 2022) and are associated with clinical and biochemical indices of risk for Alzheimer’s disease (Soch et al., 2024).

We hypothesized that more frequent participation in a variety of leisure activities during life would be associated with better preservation of memory-related functional brain activity patterns in older adults. This was assessed using the FADE and SAME scores, which measure the similarity of memory-related functional brain activity patterns in any given older participant to those observed in young adults. Specifically, we expected that greater environmental enrichment would be associated with lower FADE scores (i.e., indicating less deviation from functional activity patterns observed in young adults) as well as higher SAME scores (i.e., indicating greater similarity with functional activation and deactivation patterns observed in young adults).




2 Methods


2.1 Participants

All participants were recruited from the baseline dataset of the multi-center DELCODE study that was in detail described previously (Jessen et al., 2018). The DELCODE study was designed according to the ethical principles of the Declaration of Helsinki. Local ethical committees at each participating study site approved the study protocol. All participants gave written informed consent. The DELCODE study was registered at the German Clinical Trials Register (DRKS00007966; date: 2015/05/04).

Exclusion and inclusion criteria of the DELCODE study are provided elsewhere (Jessen et al., 2018). In brief, participants had to meet the criteria of being 60 years of age or older and of speaking German fluently. For the DELCODE study, participants were either (self-) referred to or recruited via local newspaper advertisements into various diagnostic subgroups, including cognitively unimpaired older adults (OA), participants with subjective cognitive decline (SCD), participants with diagnosed Alzheimer’s disease (AD) or mild cognitive impairment (MCI), and participants with a family history of AD (FH). Baseline assessments comprised a clinical and risk factor assessment (which also included the LEQ), a neuropsychological test battery, biomaterial sampling, cerebrospinal fluid AD biomarker assessment, as well as structural and functional MRI (Jessen et al., 2018).

The present study focused on identifying potential associations between environmental enrichment and successful aging of functional brain activity patterns in the human memory network before the manifestation of objective cognitive impairment. We therefore chose to exclude participants diagnosed with objective cognitive impairment (MCI or AD) to tighten the focus on healthy brain aging. By including only participants within the cognitively normal range from the following subgroups, OA, participants with SCD, and participants with FH, we aimed to better understand the processes underlying healthy brain aging, free from confounding effects of clinical symptoms. In total, data of 372 healthy, cognitively unimpaired participants of the DELCODE study were included in our statistical analyses. A sample size of 372 should allow us to detect moderate-to-large effects accurately. The extensive selection flow chart is depicted in Figure 1.

[image: Flowchart depicting participant inclusion and exclusion criteria. Initially, 1079 participants had baseline data. Of these, 468 had FADE-SAME scores. 611 were excluded for missing scores, 2 for missing baseline LEQ or demographic data, and 94 for having a diagnosis of AD or MCI. The final included group, cognitively unimpaired participants, comprised 127 OA, 199 SCD, and 46 FH.]

FIGURE 1
 Process of participant selection. The initial sample size of the DELCODE baseline dataset (data release for this study: 01.2021) was N = 1,079. Out of these, n = 468 had complete MRI data and thus FADE-SAME scores available. After exclusion of two participants with missing baseline LEQ and demographic data and 94 participants with a diagnosis of AD or MCI, the final sample amounted to n = 372 participants with 197 women and 175 men and the following subgroups: n = 127 OA, n = 199 participants with SCD, and n = 46 participants with FH. FADE/SAME, functional activity deviation during encoding/similarity of activations during memory encoding; LEQ, Lifetime of Experiences Questionnaire; AD, Alzheimer’s Dementia; MCI, mild cognitive impairment; OA, cognitively unimpaired older adults; SCD, subjective cognitive decline; FH, family history of AD.




2.2 Materials


2.2.1 Lifetime of experiences questionnaire

The LEQ (Valenzuela and Sachdev, 2007) was used to measure environmental enrichment. The LEQ is an established questionnaire that has been translated and validated in many languages (Ourry et al., 2021) including German (Roeske et al., 2018) and has been implemented in related studies (e.g., Klimecki et al., 2023).

Among others, the self-reported questionnaire quantifies the frequency of participation in physical, cognitive, sensory, and social leisure activities across the lifespan. The LEQ itself has been constructed alongside two dimensions: Life stages that include three subsequent life periods of early life (13–30 years), midlife (30–65 years), and late life (65 + years), and specific/non-specific mental activities that assess lifestyle activities an individual had engaged in within each of the three life stages. The specific life stage questions mainly relate to the extent and nature of educational and occupational experiences across life. The non-specific life stage questions are a validated measure of leisure activity engagement across life (Valenzuela and Sachdev, 2007) and relate to an individual’s frequency of participation in six leisure activities, namely social activity, musical activity, artistic activity, physical activity, reading (as a proxy for cognitive activity), and speaking any additional language. The non-specific items are assessed for each life stage in the LEQ, i.e., for early life (13–30 years), midlife (30–65 years), and late life (65 + years).

For this study’s purpose, we used the non-specific LEQ questions or subscales (in terms of frequency of engagement in leisure activities) across two life stages of the German version of the LEQ (Roeske et al., 2018). Namely, participants were asked to indicate how frequently they (had) engaged in the aforementioned six leisure activities retrospectively for two specific life stages (13–30 and 30–65 years, respectively). The scoring was done using a 6-point Likert scale: A daily participation in any activity corresponds to five points, weekly participation to four points, participation twice per month to three points, once per month to two points, less than once per month to one point, and never having participated to zero points.

Next, we summed up the points assigned for the frequency of participation across the two life stages (Note, only items concerning the two life stages 13–30 and 30–65 years have been considered since 103 participants were younger than 65). As a result, a maximum score of 30 could be achieved for each of the two specific life stages (i.e., the maximum being five points for any of the six leisure activities). In the LEQ, non-specific life stage questions also comprised an item related to traveling outside of Germany. This item was disregarded in the present study, since the traveling restrictions in the former German Democratic Republic may have biased the self-reports.



2.2.2 Functional MRI data analysis

The FADE and SAME scores (Düzel et al., 2010; Soch et al., 2021) were obtained from fMRI data measured during a visual memory encoding experiment. The fMRI task has been described in detail in previous publications (Düzel et al., 2010; Soch et al., 2021). Specifics regarding the acquisition and processing of fMRI data can be found in Supplementary material A.

In brief, within the incidental encoding task, participants had to categorize whether photographs depicted indoor or outdoor scenes. Participants viewed 88 novel photographs (44 indoor and 44 outdoor scenes) as well as repetitions of two highly familiar “master” photographs they had been familiarized with before the actual experiment, using 10 repetitions directly before MR scanning (Düzel et al., 2010). The two master photographs consisted of one indoor and one outdoor photograph, which were shown 22 times each during fMRI, resulting in 22 indoor and 22 outdoor trials. After having completed the fMRI session, participants performed a recognition memory test on a computer outside of the scanner. Here, participants were presented with the same 88 photographs they had seen in the fMRI visual memory encoding phase (thus, the previously novel photographs would be regarded as “old” stimuli now) and 44 photographs they had not seen before (thus, “new” stimuli). Participants then rated each photograph according to their confidence of recalling it on a five-point Likert scale ranging from 1 (“definitely new”) to 5 (“definitely old”) (Düzel et al., 2010; Soch et al., 2021).

For the calculation of the FADE and SAME scores, two different contrasts were taken into account: Novelty processing (novel vs. master stimuli) and subsequent memory (novel images as a function of later recognition). The subsequent memory contrast was based on the participant’s recognition-confidence ratings which they indicated on a five-point Likert scale during retrieval. Essentially, BOLD responses to novel photographs in the encoding phase were parametrically modulated with the recognition-confidence ratings the participants submitted for the “old” photographs after the fMRI session (Soch et al., 2021). Interrogating the subsequent memory contrast by testing the parametric modulator regressor therefore reflects the brain activity associated with subsequent remembering of previously presented items, i.e., activation differences between successful memory encoding (reflected by high confidence ratings 4–5) and forgetting (reflected by low confidence ratings 1–2). Novelty processing was assessed via a differential contrast comparing the neural response to novel vs. familiar photographs in the fMRI session (Richter et al., 2023).




2.3 Outcome measures


2.3.1 Environmental enrichment

Environmental enrichment was operationalized using numerical single-value scores derived from the non-specific questionnaire items of the LEQ (Roeske et al., 2018). The two subscores reflecting the frequency of participation in the six leisure activities (namely, social activity, musical activity, artistic activity, physical activity, reading, and speaking an additional language) within the two distinct life stages (i.e., 13–30 and 30–65 years) were added up to constitute a numerical single-value score for each participant, the environmental enrichment score.



2.3.2 Memory-related functional brain activity

Memory-related functional brain activity was operationalized using the FADE and SAME scores extracted from fMRI data (Düzel et al., 2010; Soch et al., 2021). Both FADE and SAME scores can be interpreted as measures of successful aging of the memory network by comparing an older adult’s brain activation pattern during novelty processing and memory encoding to average patterns seen in young adults in the temporo-parieto-occipital memory network. FADE and SAME scores have been robustly associated with measures of episodic and working memory, alertness, speed, and cognitive flexibility in older adults (Richter et al., 2023).

The extraction of FADE-SAME scores for each participant of the DELCODE study has been described recently (Soch et al., 2024) and is summarized in Supplementary material A3. For each contrast, novelty processing and subsequent memory, contrast maps from older subjects were analyzed in relation to group contrasts from a sample of 106 young, healthy adults (for details about this cohort, see Soch et al., 2021), showing positive effects (“activations”) or negative effects (“deactivations”) in the respective contrast within the temporo-parieto-occipital memory network. The FADE score reflects the mean t-value of an older participant’s contrast in all voxels in which young participants show a positive effect on this contrast, subtracted from the mean t-value of the same contrast outside those voxels (Soch et al., 2021, 2024). The SAME score is computed as the sum of (i) the mean of an older individual’s reduced activations in all voxels in which young adults show a positive effect and (ii) the mean of reduced deactivations in all voxels with a negative effect in the young reference sample. In addition to their opposite direction (similarity vs. difference), SAME scores differ from FADE scores (i) by considering both, functional activation and deactivation patterns in the respective contrast, and (ii) by accounting for the variability of fMRI activity within the reference sample of young subjects (Soch et al., 2021). See Figure 2 for a comprehensive overview of the FADE-SAME scores.

[image: Diagram titled "Memory-related functional brain activity" with four outlined boxes below. From left to right: "novelty FADE scores," "novelty SAME scores," "memory FADE scores," and "memory SAME scores."]

FIGURE 2
 Comprehensive overview of the FADE-SAME scores. 1FADE scores reflect the deviation of functional brain activity during novelty processing and memory encoding. 2SAME scores reflect the similarity of activations (and deactivations) during novelty processing and memory encoding. FADE and SAME scores are inversely correlated, since the FADE score captures the deviation of functional activity patterns, whereas the SAME score captures the similarity of functional activity patterns. However, the SAME score also quantifies reduced deactivations, most prominently in default mode network (DMN) regions. Thus, FADE and SAME scores are rather complementary measures of successful aging in memory seen with respect to young adults (Soch et al., 2021; Richter et al., 2023). FADE, functional activity deviation during encoding; SAME, similarity of activations during memory encoding.





2.4 Data analyses


2.4.1 Data preparation and processing

Data processing was carried out using R 4.2.1 (R Core Team, 2022) in RStudio (version 2023.12.1.402; Posit Team, 2024). N = 30 participants were lacking LEQ data on a varying number of items (ranging from 1 to 12 missing items), with the missing values being distributed roughly equally across the two life stages. We performed the Little’s MCAR test (Little, 1988) to ascertain the missing values were missing completely at random (MCAR), i.e., not showing any particular pattern of missingness which would entail biases. If the missing data is unrelated to any variables in the data set, it can safely be considered a random sample of the complete data, and the implicated loss of power can be recovered (Little et al., 2014).

According to the MCAR test (Little, 1988), the missing data in the present study was missing completely at random (Χ2 = 13.46, p = 0.891). Hence, we proceeded with the Full Information Maximum Likelihood (FIML; Peters and Enders, 2002) method to obtain regression parameter estimates in the presence of missing data. Assuming the missing data is MCAR, maximum likelihood methods produce unbiased estimates and accurate standard errors, thus constituting recommended techniques (Newman, 2014). The FIML method directly estimates the parameters of interest from an incomplete data matrix (Graham, 2009). In our case, regression coefficients describing effects of environmental enrichment and demographic variables on FADE and SAME scores were estimated. The FIML regressions were performed using the lavaan package in R (version 0.6.17; Rosseel, 2012).



2.4.2 Measurement of covariates

We assumed that the association between environmental enrichment during early life and midlife and memory-related functional brain activity might be affected by the age, sex, educational level and socioeconomic status of the participants. These measures were included in the data release from the DELCODE study. The respective age (i.e., years of age) of the participants was calculated with the R package eeptools (version 1.2.5; Knowles, 2020) since the data release primarily included birth year and birth month. Sex was coded as a binary variable (female/male) in the DELCODE cohort. Educational level was assessed in years of education. Socioeconomic status (SES) was estimated using the International Socioeconomic Index of Occupational Information (ISEI; Ganzeboom et al., 1992) ranging from 16 to 90, with higher scores corresponding to a higher socioeconomic status. The ISEI calculation was done using the self-reported occupational history assessed by the LEQ and an automated crosswalk-cased calculation procedure, as described in detail in our previous study (Böttcher et al., 2022).



2.4.3 Statistical analyses

All data analyses and the respective results can be retraced in the R Markdown files available in the Open Science Framework: https://osf.io/amgv2/. Confirmatory analyses included regression analyses performed in R 4.2.1 (R Core Team, 2022) in RStudio (version 2023.12.1.402; Posit Team, 2024) with lavaan (Rosseel, 2012). We assessed the hypothesis that the environmental enrichment score would be associated with memory-related functional brain activity patterns, as operationalized via FADE-SAME scores. Prior to conducting the regression analysis, regression assumptions were assessed using the ILSE package (version 1.1.7; Liu et al., 2022) to extract residuals: Normality was assumed based on the central limit theorem and checked with Q-Q plots, linearity was examined with residuals vs. predicted values plots, and homoscedasticity with scale-location plots.

Regression analysis in the entire sample: We first performed separate simple linear regression analyses with the FIML method in lavaan (Rosseel, 2012) with 4 FADE-SAME scores (2 scores from the novelty contrast and 2 scores from the memory contrast) as dependent variables and the environmental enrichment score as independent variable. All variables used in the FIML regression analyses were scaled in advance in order to obtain standardized beta coefficients. The directionality and statistical significance of the respective associations was determined with beta- and p-values provided by the FIML method. We further assessed whether auxiliary variables would enhance the predictive accuracy of the regression models using the package semTools (version 0.5.6; Jorgensen et al., 2022). Note that, since the inclusion of auxiliary variables did not yield substantially better FIML regression models, we only report the FIML regression models without auxiliary variables.

Exploratory analysis within subgroups: since past research has suggested that SCD is associated with increased risk for developing MCI and dementia (Jessen et al., 2020), we sought to confirm if all three participants subgroups (OA, SCD, and FH) would feature expected associations between environmental enrichment scores and memory-related functional brain activity. To explore this, we performed simple linear regression analyses separately for each of the three subgroups. This within-group regression analysis was conducted with those FADE and SAME scores that showed a significant association in the entire sample as dependent variable and environmental enrichment as independent variable. All variables used in the FIML regression analysis were separately scaled within each subgroup to reflect subgroup-specific variations. In a post-hoc exploratory analysis, we further compared the regression slopes for the three subgroups by inserting an interaction term between environmental enrichment and the factor variable assigning participants to the three groups using ILSE (Liu et al., 2022). By performing F-tests, we were able to infer the significance of the interaction term.

Adjustment for covariates: Adjusted regression analyses were performed by assessing potential confounders, thereafter referred to as covariates of no interest (i.e., age, sex, educational level and socioeconomic status) as additional predictors into the FIML regression models for the entire sample and subgroups (OA, SCD, FH). We carefully selected covariates to maintain reasonable power (Field, 2005) by assessing covariates of no interest in preliminary regression analyses. Only in case of a considerable association (p < 0.05) of any covariate with the dependent variables (FADE-SAME scores) were regression models re-run including the respective covariates. In addition, we included scanner site (where the participant’s fMRI data was acquired) as an additional covariate to account for scanner-related variance. Multicollinearity was assessed for each FIML regression model with the variance inflation factor from the car package (version 3.1–2; Fox and Weisberg, 2019).

Visualization of results: Selected results of the regression analyses were visualized using a scatter plot including the respective sample and adjusting the parameters of the respective regression lines according to the output of the FIML regression with lavaan (Rosseel, 2012). For this purpose, we used ggplot2 (version 3.5.1; Wickham, 2016).





3 Results


3.1 Descriptive statistics

A detailed overview of the descriptive summary statistics is provided in Table 1.



TABLE 1 Descriptive summary statistics of the DELCODE subsample.
[image: Descriptive table from the DELCODE study with summary statistics of 372 participants. It includes columns for mean (M), standard deviation (SD), minimum (Min), maximum (Max), and sample size (n) across various parameters: age, sex, subgroup, years of education, ISEI score, EE score, and novelty and memory FADE/SAME scores. Additional notes describe missing data and scoring interpretations, with explanations of ISEI, FADE, and SAME scores.]



3.2 Confirmatory analyses

All regression assumptions regarding normality, linearity, and homoscedasticity were met.


3.2.1 Results for the entire sample

Results of the regression analysis in the total sample are displayed in Table 2 and Figure 3. Environmental enrichment was significantly associated with greater SAME scores from the novelty contrast (β = 0.13, p = 0.011). Thus, participants with greater environmental enrichment showed a higher similarity of functional brain activity patterns during novelty processing to those observed in young adults. Inconsistent with our hypotheses, environmental enrichment was not associated with the remaining FADE and SAME scores (all β < 0.06, all p ≥ 0.05).



TABLE 2 Results for the simple regression analyses between memory-related functional brain activity and environmental enrichment.
[image: Table displaying statistical analysis results for different variables related to brain activity scores. It includes columns for dependent variable, sample size (n), coefficients (B), standard error of B (SE(B)), beta (β), and p-values. Two sections list results: 'Analysis in the entire sample' and 'Analysis within subgroups' (OA, SCD, FH). The table footnote explains terms, significance levels (**p < 0.01, *p < 0.05), and abbreviations such as FADE and SAME.]

[image: Scatter plots illustrating the relationship between environmental enrichment and novelty SAME scores.   Panel A shows the entire sample with a slight positive trend (β = 0.13).   Panel B depicts three subgroups: older adults showing a slight positive trend (β = 0.12), those with subjective cognitive decline with a more pronounced positive trend (β = 0.20), and individuals with a family history of Alzheimer’s disease displaying a slight negative trend (β = -0.10).]

FIGURE 3
 Association between environmental enrichment and SAME scores from the novelty contrast. Scatter plots display the unadjusted association between environmental enrichment and SAME scores from the novelty contrast (A) in the entire sample and (B) in the three subgroups. Environmental enrichment was significantly associated with SAME scores from the novelty contrast in the entire sample (p = 0.011) and in participants with subjective cognitive decline (p = 0.006). Since the FIML method merely estimates regression parameters, but not the missing values themselves, the 342 complete cases constitute the scattered data points; the parameters of the regression line itself (i.e., intercept and slope) are derived from the linear regression with FIML. *p < 0.05. β, standardized coefficient; SAME, similarity of activations during memory encoding.




3.2.2 Results within subgroups

Results of the regression analysis within subgroups are shown in Table 2 and Figure 3. The post-hoc analyses within the three subgroups (OA, SCD, FH) showed that environmental enrichment during early life and midlife was significantly associated with greater SAME scores from the novelty contrast in participants with SCD (β = 0.20, p = 0.006). Environmental enrichment was not associated with SAME scores from the novelty contrast in OA and participants with FH (all β < 0.13, all p > 0.19).

To further explore whether group classification would affect the association between environmental enrichment and the SAME scores from the novelty contrast, we compared a model with an interaction term between diagnostic groups (OA, SCD, FH) and environmental enrichment and a model without using an F-test. Group classification had no significant effect on the regression slopes on a group level with F(4, 194) = 2.67, p = 0.070.



3.2.3 Results of covariate adjustment

Results for the covariate-adjusted regression analyses are shown in Table 3. Of all the considered covariates of no interest, age and sex showed considerable associations with the FADE and SAME scores (all p < 0.05). When adding these potential confounders, environmental enrichment during early life and midlife was significantly associated with greater SAME scores from the novelty contrast in the entire sample (β = 0.11, p = 0.036). There were no significant associations between environmental enrichment in early life and midlife for the remaining FADE and SAME scores after covariate adjustment (all β < 0.04, all p > 0.23).



TABLE 3 Results for the covariate-adjusted regression analyses between memory-related functional brain activity and environmental enrichment.
[image: Table showing analysis of various cognitive scores in different samples. The dependent variable includes Novelty FADE and SAME scores, as well as Memory FADE and SAME scores. Results are presented as B, SE(B), β, and p values for the entire sample and subgroups. Significant values (p < 0.05) are marked with an asterisk. Subgroup analyses include older adults, subjective cognitive decline, and family history of Alzheimer’s Disease. Footnotes explain score meanings and subgroup details.]

Post-hoc analyses within subgroups (OA, SCD, FH) showed that environmental enrichment was significantly associated with the SAME scores from the novelty contrast in participants with SCD after adjustment for age and sex as potential confounders (β = 0.16, p = 0.029). There were no significant associations between environmental enrichment and SAME scores from the novelty contrast in neither OA nor participants with FH (all β < 0.16, all p > 0.08).

When adding fMRI recording site as a categorical factor to the model, the main associations between environmental enrichment and SAME scores from the novelty contrast were maintained for the entire sample (β = 0.11, p = 0.043) and within the SCD subgroup (β = 0.15, p = 0.029).





4 Discussion

The present cross-sectional study took a novel approach by investigating the association between self-reported environmental enrichment during early life and midlife (as measured by the frequency of participation in a variety of leisure activities) and the preservation of memory-related functional brain activity patterns (as measured by FADE and SAME scores—essentially biomarkers for the successful aging of the memory network). By considering a broad range of leisure activities, our study expands on previous research that has predominantly focused on physical activity as a predictor of successful brain aging. The study was conducted in a sample of cognitively unimpaired older participants of the DELCODE study (Jessen et al., 2018). We found that older adults who reported greater environmental enrichment during life showed greater similarity of their functional brain activity patterns during novelty processing to the functional brain activity patterns observed in younger adults. This association was found most strongly in participants with SCD. The findings suggest that more frequent participation in a variety of leisure activities may relate to better preservation of memory-related functional brain activity in older adults. Longitudinal studies are needed to determine whether environmental enrichment across the lifespan could facilitate successful aging of memory network function in later life.


4.1 Environmental enrichment and successful brain aging

As a novel finding, this study demonstrates that higher levels of environmental enrichment (i.e., participation in social, musical, artistic and physical activities, as well as reading and speaking a second language) during early life and midlife were associated with higher SAME novelty scores in the older participants of the DELCODE cohort. This specific single-value score reflects the similarity of novelty-related functional brain activity patterns to the prototypical pattern found in the temporo-parieto-occipital memory network in young adults (Soch et al., 2021, 2024). Consequently, a higher SAME score in older adults may be interpreted as a biomarker of successful aging of memory network function (Düzel et al., 2010). Consistent with our findings, a recent study in an independent cohort of healthy older adults showed that openness to experience, a personality trait associated with environmental enrichment (Trapp et al., 2019), was associated with more prototypical memory-related functional brain activity (i.e., higher SAME scores and lower FADE scores; Stolz et al., 2023).

It has been proposed that environmental enrichment across the lifespan may serve as a strategy to maintain or promote brain health in older age and potentially alter individual susceptibility to developing dementia (Kempermann, 2022). Although the present cross-sectional findings do not permit the inference of causality, it appears that greater environmental enrichment during early life and midlife is linked to more successful aging of memory network function in older adults. This finding aligns with and extend previous results in human studies that have demonstrated associations between environmental enrichment and brain health indicators, including brain volume (Anatürk et al., 2018; Duffner et al., 2023), hippocampal volume (Duffner et al., 2023), and fornix microstructure integrity (Klimecki et al., 2023). Moreover, our recent studies have shown that lifelong musical activity, as a multimodal enrichment strategy, is associated with more efficient use of brain capacity (Böttcher et al., 2022) and higher functional connectivity (Liebscher et al., 2024) in distributed brain regions. Taken together, these findings suggest that environmental enrichment may have multiple benefits for brain health in later life, manifesting at structural and functional levels of the brain. The question remains as to whether this phenomenon is indicative of mechanisms of cognitive reserve and resilience (Stern et al., 2020).

The association between environmental enrichment and a higher SAME novelty score was particularly evident in older participants with SCD. Studies have suggested that SCD is a known risk factor for the development of cognitive impairment and dementia (Jessen et al., 2010). Interestingly, in a previous study of the DELCODE cohort, the SAME novelty score was found to be particularly sensitive to AD risk factors (Soch et al., 2024). Older adults with SCD had lower SAME novelty scores at baseline compared with control participants, whereas no differences were found between the groups for FADE novelty scores. In the same study, the SAME novelty score indicated the presence or absence of AD pathology, such as the amyloid beta (Aβ) status as measured by cerebrospinal fluid (CSF). It remains unclear as to why the association between environmental enrichment and novelty SAME scores was mainly observed in the SCD group. The presence of early-stage brain injury in older adults with SCD (e.g., Wirth et al., 2018; Schwarz et al., 2022) may increase inter-individual variability and reliance on reserve mechanisms. The SCD sample was also larger than the other samples (OA, FH), which allowed for greater statistical power. Future research is needed to assess whether environmental enrichment can help preserve memory network function in older adults at risk of dementia.

In general, the present findings extend previous research showing that higher levels of physical activity are associated with enhanced/preserved functional brain activity related to memory in older adults (Domingos et al., 2021) in several ways: first, we included a large variety of musical, artistic, social, and cognitive leisure activities as opposed to just physical activity (Smith et al., 2016; Thielen et al., 2016). Second, we linked engagement in several leisure activities to functional activity patterns in the human memory network, which includes not only the hippocampus, but the dorsolateral prefrontal cortex and temporo-parieto-occipital cortices (Soch et al., 2021). Given the past and current findings of a positive association between environmental enrichment and brain structure/function, it appears that engaging in a variety of leisure activities throughout life may help preserve the memory network in later life. In the context of embodied prevention (Kempermann, 2022), it remains to be shown which intervention is most effective to promote healthy aging of the mind and brain: physical, cognitive, social or more integrated/holistic activities such as music-making and dancing (e.g., Böttcher et al., 2022; Podolski et al., 2023). A recent meta-analysis further demonstrated that combined interventions (i.e., physical and cognitive activities) had superior effects over single physical exercise on memory and attention (Meng et al., 2022), but more research is needed to substantiate these findings.



4.2 Perspectives: FADE and SAME scores as proxies for neurocognitive aging

In a broader perspective, the specific associations between the four memory-related brain activity scores (FADE vs. SAME score * novelty vs. subsequent memory contrast) and numerous factors affecting cognitive aging and different cognitive domains should be considered. Earlier findings in an independent cohort of healthy middle-aged and older adults have suggested that novelty-related scores are primarily associated with performance in hippocampus-dependent memory tasks, whereas memory-related scores are additionally associated with more global measures of cognition (Richter et al., 2023). Beyond that, the novelty-related scores have been recently linked to lower CSF-measured AD pathology in individuals with SCD as well as in healthy relatives of AD patients (Soch et al., 2024). Thus, we have proposed that the novelty-related scores may provide information about neurocognitive risk and reserve in older adults at increased risk for dementia. In contrast, the memory-related scores may be more informative with respect to cognitive functioning in healthy older adults (for a comprehensive discussion, see Soch et al., 2024).

Apart from the distinction between novelty-related and memory-related scores, a potentially differential utility of the various score types (FADE vs. SAME) needs to be addressed. Both, FADE and SAME scores have been proposed to reflect measures of successful aging of the memory network (Düzel et al., 2010; Soch et al., 2021, 2024; Richter et al., 2023; Stolz et al., 2023). As an important difference between these scores, the SAME scores include functional deactivation patterns that are related to novelty and memory processing, respectively, (Soch et al., 2021). Interestingly, young adults show pronounced Default Mode Network (DMN) deactivations during novelty processing and successful encoding that are attenuated with aging (Kim, 2011; Maillet and Rajah, 2014; Schott et al., 2023). The deactivations in the DMN during novelty processing are further reduced in older adults with SCD, while functional activations in the temporo-parieto-occipital memory network are relatively preserved (Billette et al., 2022; Soch et al., 2024). The differences between healthy controls and risk groups in the SAME novelty score and the association between environmental enrichment and the SAME novelty score may be related to the importance of functional deactivations in neurocognitive aging (Maillet and Schacter, 2016).



4.3 Limitations and directions for future research

The present study has several strengths. We gathered cross-sectional data from the observational multicenter DELCODE cohort to assess a large and well-characterized sample of cognitively unimpaired adults (aged 60 years and older) with self-reported engagement in a variety of leisure activities during early life and midlife. All measures, including FADE-SAME scores, were collected using harmonized acquisition protocols and high-quality (neuroimaging) data assessments across assessment sites. We further generated new evidence on the potential benefits of leisure activities on memory network function in older adults.

Some limitations regarding the results of this research and derived implications need to be addressed. Due to the cross-sectional nature of the baseline data, causality cannot be inferred. Furthermore, our findings cannot be generalized to patients with MCI, AD, or other types of dementia since we only included cognitively unimpaired older adults in our sample. Longitudinal intervention studies with more heterogeneous samples are thus required. In addition, the reference sample (i.e., 106 young adults) that was recruited for the computation of the FADE/SAME scores (Soch et al., 2021, 2024) differed from the older adults of the DELCODE subsample in terms of their educational background (i.e., ~47% of the older adults, but ~94% of the young adults had obtained the Abitur, the German equivalent of a high school diploma). This difference is likely not substantial, however, since the percentage of people attaining the “Abitur” in Germany has increased considerably over the past decades, the overall educational attainment of the older participants was likely above the average of their respective generation. This was previously reported in an independent, but demographically comparable cohort (for discussion, see Soch et al., 2021; Richter et al., 2023).

Overall, future studies will be necessary to assess whether our findings are representative of and generalizable to the broader population. Although the LEQ is a well-established and validated questionnaire (Valenzuela and Sachdev, 2007), retrospective self-reports of the participation in leisure activities may be biased, e.g., by social desirability effects or distorted self-perception. Such biases could perhaps be avoided with more objective measures or close monitoring in longitudinal studies. The present sample primarily consisted of individuals from Western, educated, industrialized, rich, and democratic countries (WEIRD; Henrich et al., 2010). An important reason for this may have been that sufficient knowledge of German was one of the inclusion criteria. Additionally, the recruiting strategy based on memory clinics and newspaper advertisements may have contributed to a potential selection bias, as individuals from minority groups have been reported to be underrepresented in memory clinics (Hinton et al., 2024). Furthermore, several participating centers recruited their participants solely or partly from East Germany, where only few individuals from minority populations lived prior to 1989. Therefore, the relative ethnic and social homogeneity of our study sample must be considered a limitation, and replication in ethnically and culturally diverse populations is desirable (Dotson and Duarte, 2020). Comparative investigations with longitudinal studies in other geographical regions like Canada (Tremblay-Mercier et al., 2021) or China (Shao et al., 2024) may help to clarify reproducibility and generalizability of findings from the DELCODE study. Finally, to establish causality, longitudinal research will be needed to determine the relationship between environmental enrichment and the maintenance of memory-related functional brain activity in older age.




5 Conclusion

The results of this cross-sectional study in cognitively unimpaired older adults show that environmental enrichment, as measured by the self-reported participation in a variety of leisure activities during early life and midlife, is associated with greater similarity of functional brain activity patterns in the memory network to those observed in young adults. To establish causality, future research is needed to determine whether environmental enrichment across the lifespan could help preserve memory network function in later life.
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Sex in aging matters: exercise and chronic stress differentially impact females and males across the lifespan
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Assessing sex as a biological variable is critical to determining the influence of environmental and lifestyle risks and protective factors mediating behavior and neuroplasticity across the lifespan. We investigated sex differences in affective behavior, memory, and hippocampal neurogenesis following short- or long-term exposure to exercise or chronic mild stress in young and aged mice. Male and female mice were assigned control, running, or chronic stress rearing conditions for 1 month (young) or for 15 months (aged), then underwent a behavioral test battery to assess activity, affective behavior, and memory. Stress exposure into late-adulthood increased hyperactivity in both sexes, and enhanced anxiety-like and depressive-like behavior in aged female, but not male, mice. One month of stress or running had no differential effects on behavior in young males and females. Running increased survival of BrdU-labelled hippocampal cells in both young and aged mice, and enhanced spatial memory in aged mice. These findings highlight the importance of considering sex when determining how aging is differently impacted by modifiable lifestyle factors across the lifespan.
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1 Introduction

Attention to the need to consider biological sex differences across the lifespan has increased in recent years, with the majority of neurobiological research involving models of the brain and aging being conducted using only males (Beery and Zucker, 2011; Klein et al., 2015; Beltz et al., 2020; Rechlin et al., 2022). Differences in affective and cognitive processing between biological sex is well documented, with males generally performing better at spatial-related cognitive processing, and females having a higher prevalence of stress, anxiety and fear-related affective disorders (Bauer, 2023; Yagi and Galea, 2019). At the neural level, molecular mechanisms within the central amygdala and hippocampus have been shown to differentially regulate fear memory consolidation and extinction in young male and female mice (Florido et al., 2024; Matsuda et al., 2015; Velasco et al., 2019). Morphologically, sex differences within the hippocampus have been observed in young rodents and regulated by estrous cycling, including gross hippocampal volume (Qiu et al., 2013), dendritic spine density (Woolley et al., 1990), and neural cell proliferation (Rummel et al., 2010). Confounding factors and variability associated with active estrous cycling in females is often given as the rationale for using exclusively male rodents in studies of cognition and physiology (Becegato and Silva, 2024; Kaluve et al., 2022), limiting and biasing the pool of studies of brain and behavior across the lifespan. A recent meta-analysis of studies assessing preclinical behavioral models of anxiety-like behavior found that just 21% of studies included both sexes and considered biological sex in their analyses, and that 61% of published studies used exclusively male subjects (Kaluve et al., 2022). While a growing number of studies are considering how environmental factors such as stress exposure during early-life and critical developmental periods differentially impact males and females (Bale and Epperson, 2015; Guadagno et al., 2018; Hodes and Epperson, 2019; LoPilato et al., 2020), direct investigations of sex differences in behavior and brain plasticity in response to modifiable environmental and lifestyle risk factors and protective factors active into late-adulthood are scarce (Bangasser and Cuarenta, 2021).

Adequately assessing differences in cognitive and affective behavior along with brain structure and function across the lifespan in humans exposed to different environmental factors remains a considerable challenge. Many studies tend to be correlational, rely on retrospective self-report, are limited to measures of observable forms of brain activity with limited spatial and temporal resolution, or are based on post-mortem examination of brain pathology (Grady, 2012; Palliyaguru et al., 2021). While these approaches provide valuable insight, they are limited in identifying underlying changes at the cellular level (Fischer, 2016). Rodent models of aging can overcome this limitation and provide critical information about differences in neuronal plasticity in the young and aged brain, while maintaining control over exposure to external environmental factors. However, due to cost-prohibitive limitations on aging research using animal models, few studies to date have directly investigated sex differences related to the aging brain and behavior (Palliyaguru et al., 2021; Özalay et al., 2024).

Chronic stress has been associated with detrimental effects to both physical and psychological health (McEwen and Gianaros, 2010; O’Connor et al., 2021; Sapolsky, 1996). These effects include memory impairment (Kim and Diamond, 2002; Luine et al., 2017) and increased levels of anxiety and depression (McEwen, 2004). Further, it has been shown that behavioral stress is associated with increased inflammatory glial responses (Frank et al., 2007; Bollinger et al., 2017), pro-inflammatory cytokine expression (Mograbi et al., 2020), depleted brain neurotrophic growth factors (Duman and Monteggia, 2006; Murakami et al., 2005; Notaras and van den Buuse, 2020), stunted prefrontal cortex dendritic growth (Bloss et al., 2010), and reduced hippocampal volume and neurogenesis (Duman, 2004; Jung et al., 2020; Schoenfeld et al., 2017). Many of the adverse effects of stress exposure compound with age and may contribute to an acceleration of brain aging (Bishop et al., 2010; Wolf et al., 2024; Yegorov et al., 2020).

Certain modifiable lifestyle and environmental factors may be protective against age-related brain and behavioral changes. Brief periods of exposure to voluntary aerobic exercise and environmental enrichment contribute to beneficial effects on neuronal development and cognition, including enhanced hippocampal-dependent memory and hippocampal neurogenesis (Epp et al., 2021; Kempermann et al., 1997, 2002; Scholz et al., 2015; van Praag et al., 1999a, 1999b, 2005), increases in endothelial growth factors (Cao et al., 2004; Fabel et al., 2003; Morland et al., 2017) and brain-derived neurotrophic factor (BDNF), particularly in young adults (Adlard et al., 2005; Cotman et al., 2007; Huang et al., 2014; Wrann et al., 2013; Maass et al., 2016). There is strong evidence that long-term engagement in voluntary aerobic exercise such as running is neuroprotective, and protective against cognitive decline with aging in humans (Chan et al., 2005; Duzel et al., 2016; Tyndall et al., 2018) and rodents (Alvarez-López et al., 2013; Diederich et al., 2017; Robison et al., 2018; Connolly et al., 2022). However, the degree to which running confers protection against cognitive impairment and promotes brain plasticity may differ in males and females (Triviño-Paredes et al., 2016; Barha et al., 2017a, 2017b; Barha and Liu-Ambrose, 2018; Loprinzi and Frith, 2018). One study exposing mice to daily voluntary running throughout young and middle adulthood did include both male and female subjects, but analyses considering biological sex were not performed (Robison et al., 2018). A systematic review of sex differences in aerobic exercise effects on brain and cognition using aged rodent models noted that most studies conducted to date used only a single sex, the majority of which were male, limiting any conclusions that can be directly drawn related to the effectiveness of exercise exposure in aged males and females (Barha et al., 2017b).

In male mice, 16 months of continuous exposure to voluntary wheel running enhanced synaptic plasticity-related gene expression in the hippocampus and improved spatial memory relative to sedentary sex-matched controls, suggesting a cumulative benefit of aerobic exercise throughout the lifespan in aged males (Stranahan et al., 2010). Aged male mice exposed to 2 months of late-life voluntary running exhibited enhanced spatial memory performance relative to socially isolated aged mice, although neither of these late-life environmental factors (running or isolation) significantly altered gene expression of microglial and astrocytic genes (i.e., Iba1, GFAP) or anti-inflammatory cytokines in the hippocampus (Ederer et al., 2022), suggesting that relatively brief environmental changes in late-life may not robustly alter brain physiology in males, despite being sufficient to impact spatial memory and behavior. Findings on the effects of environmental enrichment including voluntary running on brain and cognition in aged females are also mixed. Late-life exposure to 6 months of voluntary running decreased anxiety-like behavior in the open field, enhanced spatial memory, and increased rates of late-adult hippocampal neurogenesis and BDNF levels in aged female mice, suggesting that periods of prolonged exercise in late-adulthood are beneficial to affect, cognition, and brain plasticity in females (Marlatt et al., 2012). However, female mice continuously exposed to enrichment conditions, including access to voluntary wheel running for 11 months, showed enhancements in memory performance, despite no enhancements in neurogenesis (Hüttenrauch et al., 2016). The apparent inconsistency in brain and behavior between sexes in response to brief or prolonged enrichment and exercise into late-adulthood is striking, yet the methodological differences used across studies make it difficult to directly compare their findings.

Exposure to chronic mild stress has differential effects on males and females (Bremner and Narayan, 1998; Lupien et al., 2009; McLaughlin et al., 2009), although the majority of animal model investigations considering the role of sex in reactivity to chronic stress involve juvenile and young adult animals with stressor periods typically lasting only 1–8 weeks (Franceschelli et al., 2014). In response to 21 days of chronic restraint stress, young adult female rats showed decreased dendritic branching complexity and length within hippocampal CA3 subfield, and increased corticosterone relative to males experiencing the same restraint stress (Galea et al., 1997), suggesting that the female brain is particularly sensitive to the effects of chronic stress exposure in young adulthood. At the behavioral level, young adult female rats have shown greater resilience to chronic restraint stressors than young adult male rats, which show impairments in spatial and non-spatial memory (Bowman et al., 2003, 2009). The same sex distinction was not observed in aged rats exposed to 3 weeks of restraint stress in late-adulthood, with comparable memory performance in both males and females on the spatial recognition test that was unimpaired by stress (Bowman et al., 2006). Potential sex differences following chronic stress exposure throughout the entire adult lifespan are still unknown. These findings highlight the importance of identifying how environmental factors may differentially impact males and female behavior and neural physiology across the lifespan and between biological sexes.

As there are no studies contrasting behavior and brain plasticity in male and female mice with identical environmental rearing conditions into late-adulthood, it is not yet known the degree to which life-long chronic stress and exercise differentially impact cognition, affect, and brain plasticity between biological sexes. A central goal of this study is identifying how modifiable environmental factors (running, stress) may differentially influence affective and cognitive behavior and brain plasticity in males and females across the lifespan. Given the co-morbidity seen with late-life inactivity, depression, and dementia (Alexopoulos, 2005; Cunningham et al., 2020; Strawbridge et al., 2002), understanding the impact of environmental risk factors is critical to developing interventions aimed at protecting against age-related cognitive decline, anxiety and depression, neurodegeneration and other pathologies that may differentially affect males and females. Here, we investigated sex differences on affective behavior, memory, and hippocampal cell division related to the effects of long-term exposure to chronic mild stress or voluntary exercise in young and aged male and female mice.



2 Methods


2.1 Subjects

Female and male F1 hybrid C57BL/6J (Jackson Labs) × 129S6/SvEvTac (Taconic) were bred in the Baylor University rodent vivarium. At 8 weeks of age, mice were randomly assigned to one of three rearing conditions: control rearing (control), running rearing (runner), or chronic mild stress rearing (stress). Mice were further subdivided into two aging conditions (young, aged). Mice assigned to the young condition were reared for 1 month and mice assigned to the aged condition were reared for 15 months, under their assigned rearing conditions (n = 232, group n’s = 10–29; see Supplementary Table S1 for groups). Following rearing of 1 or 15 months, all mice were placed under control rearing conditions for the remainder of the study in order not to impact behavioral testing. Mice received 5-bromo-2′-deoxyuridine (BrdU) injections to label proliferating cells. Two weeks post-injections, mice underwent a battery of post-rearing behavioral testing for 3 weeks. Mice were weighed each month throughout the rearing period and checked daily for visual signs of distress (piloerection, hunched posture, lethargy). Any mouse exhibiting signs of distress, poor body condition, or lost >20% body weight during the rearing period were removed from the study (15 mice lost to attrition). See Figure 1A for a schematic of the study design and timeline. All procedures were approved by Baylor University’s Institutional Care and Use Committee and conducted in accordance with the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health.
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FIGURE 1
 Experimental timeline and weight record. (A) Schematic of the study timeline. Male and female mice were assigned to either a running, stress, or control rearing condition for 1 month (top, young) or 15 months (bottom, aged). Following the assigned rearing period, all mice were placed under the control rearing condition and given BrdU treatment (2 injections per day for 7 days) followed by a 7 day rest period, and 3 weeks of post-rearing behavioral testing including: open field (OF; 1 trial), novel object recognition task (NOR; sample trial, 24-h delay test trial; 2 days), Y-maze (YM; sample trial, 2 min delay test trial; 1 day), elevated plus maze (EPM; 1 trial; 1 day), beam walk (BW; 3 trials, 1 day), spatial water maze training (WM; 5 trials/day; 5 days), forced swim task (FST; 1 trial; 1 day), and fear conditioning (FC; conditioning trial, 24-h delay context test trial and tone test trial; 2 days). Mouse weights (grams, g) at after 1 month (B) and 15 months (C) of rearing. Weight records throughout the rearing and testing period for aged male (D) and female (E) mice. Error bars represent the standard error of the mean (SEM). **p ≤ 0.01 and ***p ≤ 0.001.




2.2 Rearing conditions


2.2.1 Control rearing (control)

Mice were group-housed with sex-matched conspecifics (3–5 per cage) in standard polysulfone cages (19.9 cm × 37.9 cm × 13.0 cm; Tecniplast, USA) with corncob bedding and cotton batting nesting materials, using ventilated racks. Mice had ad libitum access to food and water and were maintained at an ambient temperature of 22 ± 2C°, on a standard 12 h light–dark cycle (lights on 600 h–1,800 h), with behavioral testing conducted during the light phase of the cycle.



2.2.2 Running rearing (runner)

Mice were reared under the control housing conditions, with unlimited access to a metered low-profile running wheel (Fast Trac wheel, 15.24 cm diameter, Bio Serv) in the home cage. Digitally recorded data (distance travelled, time of activity) was sent to the wireless running wheel USB interface hub (Med Associates).



2.2.3 Chronic mild stress rearing (stress)

Mice were group-housed in standard polysulfone cages with corncob bedding. Mice had ad libitum access to food and water throughout the study, except during limited restriction periods described below. No enrichment stimuli were placed in the home cage. All mice in the stress group were exposed to a series of chronic mild stress manipulations throughout the rearing period. Mice were exposed to 5 stressors per week of rearing. Mice received a single stress manipulation (food or water restriction, light cycle manipulation, restraint, social isolation, confined social approach, or wet cage) on a given day (see Supplementary Table S2 for sample schedule of stressors for 1 month). The number of weekly stressors was selected based on other chronic mild stress paradigms, which typically consist of exposing mice to 2–7 unpredictable social and non-social stressors per week over the course of multiple weeks (Willner, 2017; Burstein and Doron, 2018). These manipulations have all been previously used as stress models in rodents (Duman and Monteggia, 2006).


2.2.3.1 Food or water restriction

For food or water restriction, access was removed for 23 h, after which ad libitum access resumed. Food or water restriction sessions never exceeded a combined total of 3 non-consecutive restriction sessions per week. Food and water restriction are considered ecologically valid conditions for inducing mild chronic stress (Willner, 1997), as it mimics the stressors and pressures of the animal’s natural environment. Weekly weight records were kept for all mice in the stress condition to ensure their weight did not drop below 80% of their free-feeding weight.



2.2.3.2 Light cycle manipulation

Mice were relocated to a separate colony room and exposed to 36 h of light or 36 h of darkness, after which they were transferred back to resume rearing under the normal 12 h light–dark cycle.



2.2.3.3 Restraint

Mice were individually restrained in a clear Plexiglas, flat-bottom restrainer with ventilation holes (3.81 cm width × 7.62 cm length × 2.54 cm height, Plas-Labs) for 1 h.



2.2.3.4 Social isolation

Mice were single-housed in a standard polysulfone cage with corncob bedding for 8 h, with ad libitum access to food and water.



2.2.3.5 Confined social approach

The mouse was confined to a cylinder cage (7.62 cm diameter, 17.78 cm height, metal bars spaced 0.64 cm apart). The cage was placed within a rectangular compartment (43.18 cm width × 20.32 cm length × 22.86 cm height). An unfamiliar conspecific mouse was placed in the chamber with the cage and allowed to explore the cage containing the confined mouse for 10 min (Toth and Neumann, 2013).



2.2.3.6 Wet cage

Two hundred and fifty milliliters of water was poured onto the bedding in the home cage, and left for 8 h (Li et al., 2007). Mice were then returned to a clean home cage with fresh bedding.





2.3 Behavioral testing

Behavioral testing began 2 weeks following the end of the experimental rearing period for both young and aged groups in order to accommodate BrdU injections and recovery prior to initiating behavioral testing. Mice were handled individually by an experimenter for 5 min/day for 5 days prior to beginning behavioral testing. A post-rearing behavioral test battery assessed affective behavior (anxiety-like and depressive-like behavior) and memory (see Figure 1A for test battery details and test order). The behavioral test battery was conducted over the course of 3 weeks, with only a single behavioral task conducted each day. See Figure 1A for behavioral testing timeline. Behavioral tasks were conducted in a least-to-most aversive order, and each test apparatus was cleaned with 70% ethanol between trials. Mice were returned to their home cage following completion of each behavioral task. For all behavioral tasks, activity was recorded by a digital camera and activity levels were analyzed using the SMART video-tracking system (Panlab, RRID:SCR_002852) software, unless otherwise stated.


2.3.1 Tasks to assess affective behavior


2.3.1.1 Open field

The open field task was used to assess exploratory and anxiety-like behavior (Prut and Belzung, 2003). The open field arena (45 cm × 45 cm × 40 cm) consisted of four white, solid acrylic walls. Mice were placed individually in the center of the arena and allowed to freely explore for 15 min. The number of entries and percentage of time spent in the different zones of the open field (periphery, middle, and center), and the distance and speed travelled were analyzed. The periphery zone is defined as the area within 10 cm from the edge of the wall, and the center zone is defined as the inner-most 7.5 × 7.5 cm area. Preference for the periphery zone is indicative of a thigmotaxic, anxiety-like phenotype (Seibenhener and Wooten, 2015).



2.3.1.2 Elevated plus maze

The elevated plus maze (EPM) task was also used as a measure of anxiety-like behavior, with less time spent in the open arms of the maze indicating an anxiety-like phenotype (Hogg, 1996). The white Plexiglas apparatus consisted of 2 open arms (30 cm long × 5 cm wide × 0 cm high) and 2 closed arms (30 cm long × 5 cm wide × 15 cm high) extended from a central platform (5 cm × 5 cm) elevated 50 cm above the floor. Mice were individually placed on the central platform facing an open arm and allowed to freely explore the maze for 5 min. The latency (seconds) to enter a closed arm of the maze, the total time spent in open and closed arms of the maze, and the distance and speed travelled were measured.



2.3.1.3 Beam walk

A beam (2 cm wide, 30 cm long) was elevated 50 cm above the ground, with a 10 × 10 × 10 cm dark escape chamber attached to the end of the beam. A bright light was placed at the start end of the beam to encourage the mouse to move towards the escape chamber at the opposite end. The mouse was placed at the start end of the beam and the latency to enter the escape chamber was recorded by a blinded experimenter using a stopwatch. If a mouse failed to enter the escape chamber, it was assigned the maximal 300 s score. Mean escape latency scores across 3 trials were calculated for each mouse.



2.3.1.4 Forced swim task

A clear Plexiglas cylinder (10 cm diameter, 25 cm high, Panlab) was filled halfway with room temperature water. The mouse was placed in the chamber for a single 6 min test and immobility behavior during the task was recorded. Immobility was defined as a lack of movement other than the minor movement required to maintain the head above water (Castagné et al., 2011). After completion of the trial, mice were dried with a towel and placed back in the home cage, which was partially located on heating pad. Lower periods of activity are indicative of a learned helplessness phenotype or a stress-coping strategy (Porsolt et al., 1977; Cryan et al., 2002; Commons et al., 2017).




2.3.2 Tasks to assess cognition


2.3.2.1 Y-maze

The Y-maze task is a measure of spatial recognition memory, with preference for the novel arm of the apparatus being indicative of memory performance (Conrad et al., 1996; Kraeuter et al., 2019). The grey Plexiglas Y-maze apparatus consisted of three arms (30 cm long × 9 cm wide × 15 cm high) extended from a common central platform (8 cm × 8 cm × 15 cm). For the sample trial, one arm of the Y-maze was blocked by a removable door. The mouse was placed on the central platform facing an open arm and allowed to explore the 2 accessible arms of the maze for 5 min. The mouse was returned to a holding cage for a 2 min inter-trial interval. The door blocking access to the third arm of the maze was then removed, and the mouse was again placed on the central platform facing an open arm and allowed to freely explore for an additional 3 min for recognition the test trial. The latency to enter the novel arms of the maze, the number of entries into each arm, and the speed and distance travelled were measured.



2.3.2.2 Novel object recognition

The novel object recognition (NOR) task is a well-established measure recognition memory based on a rodent’s preference for novelty (Eichenbaum et al., 2007). An open field arena, as described previously, was used to conduct both the acquisition and the test phase of the NOR task. During the NOR acquisition phase, an object (e.g., LEGO blocks, toy car) was placed on one side of the arena. Mice were individually placed in the center of the arena and allowed to explore the object for 5 min before being returned to their home cage. Twenty-four hours later, mice were returned to the chamber, and both the familiar object used during acquisition and a similar sized novel object were presented in different locations of the chamber. Novel and familiar objects were counterbalanced across mice. Exploratory behavior of each object during the 5 min test was measured. Exploration was defined as the mouse’s time spent in proximity to the object (≤1 cm), with its head facing the object (Knapman et al., 2010).



2.3.2.3 Spatial water maze

Spatial memory was assessed using the Morris water maze (Morris et al., 1982). A circular plastic pool (127 cm diameter) was filled to a depth of 40 cm with water (~26°C) made opaque by the addition of nontoxic paint. A circular escape platform (10 cm diameter) was submerged 0.5 cm below the surface of the water in the center of one of the pool quadrants. The pool was surrounded by distinct geometric cues located on the walls of the room. During training, mice were given 5 non-consecutive trials per day for 5 days, with a 30 min inter-trial interval. Each trial started with the mouse being released into the pool from one of four possible points, facing the wall. The order of release points varied pseudo-randomly across days. The trial ended when the mouse mounted the platform with all four paws, or after 60 s elapsed. If a mouse failed to find the platform, it was guided by the experimenter. At the end of each trial, the mouse was allowed to rest atop the platform for 15 s. After completion of the trial, mice were dried with a towel and placed back in the home cage partially located on heating pad. For each trial, the latency to mount the platform was recorded by a blinded experimenter using a stopwatch. Mean escape latency scores across the 5 trials per day were calculated for each mouse.



2.3.2.4 Tone and context fear conditioning

Fear conditioning was conducted in a chamber (19 cm × 20 cm × 128 cm) with a shock grid floor (bars 3.2 mm in diameter spaced 7.9 mm apart), clear acrylic front and back walls, and aluminum sidewalls and roof (Coulborn Instruments). The mouse was allowed 2 min to explore the chamber, then received 3 foot shocks (0.5 mA, 2 s duration, 1 min apart) paired with a tone (2,800 Hz, 85 dB, 30 s). The mouse was removed from the chamber 1 min after the last shock (Sekeres et al., 2012). The chamber was cleaned with an ethanol solution between trials. Context test: twenty-four hours later, the mouse was replaced in the conditioning chamber and freezing behavior was recorded for 3 min. Tone test: the tone was then sounded for an additional 3 min, and freezing levels were measured. Freezing is a species-specific defense reaction that is typically used as a measure of fear in rodents (Kim and Fanselow, 1992). Behavior in the chamber was recorded by an overhead camera, and activity levels were analyzed using Freezeframe software (Actimetrix, RRID:SCR_014429).





2.4 BrdU treatment

Following the end of the rearing period (1 month rearing for young; 15 months rearing for aged), mice received 2 daily i.p. injections (12 h apart) of BrdU (Sigma, 19–160) for 7 consecutive days (100 mg/kg, BrdU dissolved in sterile phosphate buffered saline). Following BrdU injections, mice were given 1 week rest prior to beginning behavioral testing. BrdU is a thymidine analog that is incorporated into newly synthesized DNA, used to measure post-natal cell division in the rodent hippocampus (Wojtowicz and Kee, 2006). Mice were sacrificed 1 month following the final BrdU injection.



2.5 Sacrifice and BrdU immunohistochemistry

Eight mice per group were randomly selected for immunohistochemical analysis of BrdU expression in the dentate gyrus. Following behavioral testing, mice were anesthetized using an isoflurane and oxygen mixture and intracardially perfused with PBS and 4% paraformaldehyde (PFA). Brains were removed from the skull, and post-fixed in PFA for 24 h at 4°C then transferred to a 0.02% sodium azide PBS solution until sectioning. Brains were sectioned coronally using a vibratome (Leica, VT1000 S) at 30um. Serial sections were stored 5 sections per well in 0.02% sodium azide-PBS solution. Using a systematic random sampling method, one section per well was sampled between −1.58 to −2.92 A/P from bregma, for a total of 8 sections per brain. Sections were washed in 4 × 10 min PBS, incubated in HCl at 45°C for 45 min for denaturing, washed in 3 × 2 min PBS, incubated with blocking solution at RT for 30 min (1X PBS, 3% Triton X, and 2% normal goat serum), and then incubated with rat-anti-BrdU primary antibody (1:200, PBS and 0.3% Triton X-100, Abcam, ab6326) at 4°C for 48 h. Sections were then washed 4 × 10 min in PBS and incubated with goat-anti-rat Alexa 488 secondary antibody (1:200, Abcam, ab150157) for 2 h at room temperature. Sections were then washed with 3 × 10 min PBS, then mounted with PermaFluor mounting medium on glass slides, and cover slipped.


2.5.1 BrdU quantification

Stained sections were imaged and analyzed using a Nikon Eclipse-NI-E fluorescent microscope. The dentate gyrus upper and lower blades were counted live on the microscope by two investigators blind to experimental conditions. The investigators randomly chose a subset of mice that they both counted to assess inter-rater reliability, with a ~5% margin of error accepted. Data are presented as the number of BrdU-positive cells per section. Cell count criteria were restricted to spherical GFP+ cells located within the upper and lower blades of the granule cell layer. Only sections with intact upper and lower blade staining were included in the analyses, and sections corresponding the Paxinos and Franklin (2019) were matched between conditions to ensure equivalent sampling between brains. For each counted section, data are presented for the entire dentate gyrus, although a similar pattern of main effects were observed when assessing the upper and lower blades separately (data not shown, but available upon request). Up to 2 brains per group were excluded from analyses due to poor tissue integrity following immunostaining.




2.6 Statistical analyses

Univariate ANOVAs were conducted for behavioral measures and BrdU analyses. Post-hoc t-tests of Tukey’s HSD tests were used to assess significant main effects and interactions. All statistical analyses were conducted using SPSS 26 (RRID:SCR_002865) by an experimenter blind to experimental condition. Effects were considered significant at p < 0.05. Where appropriate, Bonferroni corrections for multiple comparisons were applied. Data are represented in the figures using truncated violin plots, with the dark dotted line indicating the group median and the fine dotted lines indicating the upper and lower quartiles for each condition (GraphPad 12, Prism; RRID:SCR_002798). Due to technical issues related to video and software malfunction, and logistical issues related to scheduling during the pandemic, data from certain mice were unavailable for all behavioral tasks.




3 Results


3.1 Long-term chronic stress reduces weight in aged mice

One month of running or chronic mild stress exposure was not sufficient to alter the overall body weight of young mice. Long-term running and exposure to chronic mild stress was associated with low body weight of aged mice. A 3 (rearing condition: control, runner, stress) × 2 (sex: male, female) ANOVA was conducted using both the young and aged mice after 1 month of rearing (3 months of age for all mice). A main effect emerged for sex [F(1,195) = 242.247, p < 0.001, η2
p
 = 0.554], with female mice weighing less than males. One month of rearing was not sufficient to differentially affect weight, with no main effect of rearing [F(2,195) = 2.506, p = 0.084, η2
p
 = 0.025], nor a sex × rearing interaction [F(2,195) = 0.661, p = 0.518, η2
p
 = 0.007] (Figure 1B). After 15 months of continuous rearing under the assigned rearing condition in the aged group, ANOVA identified a main effect of rearing condition [F(2,78) = 15.893, p < 0.001, η2
p
 = 0.290] with aged stressed mice weighing less than control (p < 0.001) and runners (p = 0.001) (Figure 1C). There was no main effect of sex [F(1,78) = 0.007, p = 0.933, η2
p
 = 0.000], but a significant rearing × sex interaction [F(2,78) = 5.002, p = 0.009, η2
p
 = 0.114] in aged mice. Post-hoc analyses using age and sex-matched control-reared mice found that both aged running-reared male [t(23) = 3.841, p = 0.001, d = 1.569] and stress-reared male mice [t(28) = 3.223, p = 0.003, d = 1.987] weighed significantly less than controls (Figure 1D). Similarly, aged stress-reared females [t(30) = 3.792, p = 0.001, d = 1.318] weighed significantly less than controls, while aged running-reared females exhibited comparable weights relative to controls [t(22) = −0.705, p = 0.488, d = 0.303] (Figure 1E). These results suggest that long-term (15 months), but not short term (1 month) exposure to chronic stress results in low weight gain in both sexes.



3.2 Assessments of locomotor activity and affect


3.2.1 Open field

When examining the total locomotor activity within the open field arena, a main effect of rearing condition emerges for young [F(2,79) = 9.036, p < 0.001, η2
p
 = 0.186] (Figure 2A) and aged mice [F(2,77) = 10.640, p < 0.001, η2
p
 = 0.217], and a main effect of sex for young mice [F(1,79) = 8.415, p = 0.005, η2
p
 = 0.096] (Figure 2B). Tukey’s post-hoc test confirms that both young and aged mice reared under stress conditions travel a greater distance than control-reared mice (young, p = 0.002; aged, p = 0.005) and running-reared mice (young, p < 0.001; aged, p < 0.001). A similar main effect of rearing condition was observed for travelling speed in aged mice [F(2,77) = 13.179, p < 0.001, η2
p
 = 0.255] (Figure 2D), but not in young mice [F(2,79) = 0.781, p = 0.461, η2
p
 = 0.019] (Figure 2C), with aged stressed mice moving faster than either control (p = 0.003) or runner mice (p < 0.001). These findings indicate a hyperactive phenotype in aged stressed mice. When assessing their exploratory behavior, main effects of sex were seen for both young [F(1,79) = 10.569, p = 0.002, η2
p
 = 0.118] (Figure 2E) and aged mice [F(1,77) = 6.229, p = 0.015, η2
p
 = 0.075] (Figure 2F), with males entering the center zone of the arena more frequently than females. Assessment of the total percentage of time spent in the periphery of the open field arena also revealed main effects of sex for young mice [F(1,79) = 6.660 p = 0.012, η2
p
 = 0.078] (Figure 2G) and aged mice [F(1,77) = 6.120, p = 0.016, η2
p
 = 0.074] (Figure 2H), with female mice spending more time in the periphery, indicative of an anxiety-like phenotype, regardless of rearing condition. No further main effects of rearing condition, or rearing × sex interactions were observed (all p’s >0.05).
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FIGURE 2
 Open field activity. Stressed mice exhibit hyperactive behavior in the open field (OF) arena. Distance travelled (cm) (A, young; B, aged) and speed (cm/s) (C, young; D, aged) during the OF task. Young and aged female mice exhibit more anxiety-like behavior than aged-matched males. The number of entries into the center zone of the open field (E, young; F, aged) and the percentage of time in the periphery of the OF arena (G, young; H, aged). *p < 0.05, **p ≤ 0.01, and p < 0.001.




3.2.2 Elevated plus maze

A trending main effect of rearing was observed in the distance travelled in young mice [F(2,66) = 2.944, p = 0.060, η2
p
 = 0.082], and a significant main effect of sex [F(1,66) = 5.252, p = 0.025, η2
p
 = 0.074], with young males travelling farther than females (Figure 3A). Consistent with what was observed in the open field, main effects of rearing were found for the total distance travelled in aged mice [F(2,96) = 7.636, p = 0.001, η2
p
 = 0.137], with stressed mice exploring significantly further distances than controls (p = 0.001) and runners (p = 0.003) (Figure 3B). A main effect of sex on speed was also confirmed in young mice, with males travelling faster than females [F(1,66) = 6.869, p = 0.011, η2
p
 = 0.094] (Figure 3C). A main effect of rearing on speed was observed in aged mice [F(2,96) = 8.58, p = 0.024, η2
p
 = 0.074], with stressed mice moving significantly faster than controls (p = 0.038) and runners (p = 0.007) (Figure 3D), confirming the hyperactive behavior in aged stressed mice.

[image: Violin plots compare control, runner, and stress groups in males and females for various metrics. Plots (a) and (b) show distance traveled in young and aged subjects. Plots (c) and (d) show speed. Plots (e) and (f) display percentage time in open arm. Plots (g) and (h) present latency to closed arm. Statistical significance is noted with asterisks.]

FIGURE 3
 Elevated plus maze activity. Aged stressed mice exhibit hyperactive behavior in the elevated plus maze (EPM). Distance travelled (cm) (A, young; B, aged) and speed (cm/s) (C, young; D, aged) during the EPM task. Aged female mice exhibit more anxiety-like behavior than aged-matched males. The percentage of time in the open arms (E, young; F, aged) and latency (sec) to enter a closed arm of the EPM (G, young; H, aged). *p < 0.05, **p ≤ 0.01, and ***p < 0.001.


No group differences were observed for the percent of time spent in the open arms of the EPM for young mice (all p’s >0.05) (Figure 3E), and only a main effect of sex was observed for aged mice [F(1,96) = 5.518, p = 0.021, η2
p
 = 0.054], with females spending less time than males in the open arms of the maze (Figure 3F). No further main effects, or rearing × sex interactions were observed (all p’s >0.05). No group differences were observed for the latency to enter the closed arms of the maze for either young (Figure 3G) or aged mice (Figure 3H) (all p’s >0.05).



3.2.3 Beam walk

We assessed escape behavior and motor activity in the beam walk task (Brooks and Dunnett, 2009), with shorter escape latencies into the dark escape chamber being indicative of increased anxiety-like behavior. Aged mice demonstrated a main effect of rearing condition on escape latency [F(2,71) = 3.955, p = 0.024, η2
p
 = 0.100], with stressed mice exhibiting significantly faster escape times than control (p = 0.019; Figure 4B). A significant rearing × sex interaction emerged for aged mice [F(2,71) = 3.499, p = 0.036, η2
p
 = 0.090], driven by shorter escape latencies in runner [t(18) = 2.398, p = 0.032, d = 1.025] and stressed females [t(17) = 2.751, p = 0.019, d = 1.156] when compared with sex-matched controls. Young mice did not show these same main effects or interactions (all p’s >0.05) (Figure 4A).

[image: Four violin plots compare escape latency and percentage of time immobile across different groups: young males (Y) and adults (A) under control, runner, and stress conditions. Panel (a) shows escape latency for young groups, (b) for adult groups, (c) shows percentage of time immobile for young groups, and (d) for adult groups. Significant differences are marked with asterisks. Control, runner, and stress conditions are represented by white, light gray, and dark gray, respectively.]

FIGURE 4
 Beam walk and forced swim task activity. Escape latencies (sec) in the beam walk task (A, young; B, aged). Percent of time spent immobile in the forced swim task (FST) (C, young; D, aged). *p < 0.05, **p ≤ 0.01, and ***p < 0.001.




3.2.4 Forced swim task

In assessing learned helplessness in the forced swim task (FST), we found that young mice in all rearing conditions spent a comparable percentage of time immobile [F(2,74) = 1.910, p = 0.115, η2
p
 = 0.049, Figure 4C]. No main effect of sex was observed [F(1,74) = 0.119, p = 0.731, η2
p
 = 0.002], but a rearing × sex interaction emerged [F(2,74) = 5.890, p = 0.004, η2
p
 = 0.137, Figure 4C], with young male runners spending more time immobile than young female runners [t(24) = 2.087, p = 0.048, d = 0.806]. The inverse was observed for young female control mice, with female mice spending more time immobile relative to male controls [t(28) = −2.707, p = 0.011, d = 0.989]. Male runners also spent more time immobile relative to male control mice [t(25) = −3.449, p = 0.002, d = 1.281], whereas young female runners spent less time immobile relative to female controls [t(27) = 1.068, p = 0.295, d = 0.372]. These findings suggest that running may reduce learned helplessness in young females, but not young males. Aged mice show a main effect of sex [F(1,95) = 49.606, p < 0.001, η2
p
 = 0.343] in overall immobility behavior, with females displaying more immobility relative to males (Figure 4D). As in young mice, there was no main effect of rearing [F(2,95) = 0.388, p = 0.608, η2
p
 = 0.008], but a rearing × sex interaction was observed [F(2,95) = 10.439, p < 0.001, η2
p
 = 0.180]. Interestingly, prolonged running led to reduced immobility behavior in aged male mice when contrasted with aged-matched female mice [t(23) = −2.214, p = 0.037, d = 0.833]. In aged males, prolonged stress was associated with less immobility behavior relative to control mice [t(35) = 4.232, p < 0.001, d = 1.346]. The opposite pattern emerged in aged female mice, with stress-reared females displaying significantly more immobility behavior than age-matched control females [t(33) = −2.610, p = 0.014, d = 0.884]. This indicates a robust sex difference in the impact of prolonged chronic stress on learned helplessness in aged mice, with stress exacerbating learned helplessness in females, but increasing struggling behavior in males during the inescapable swim task.




3.3 Long-term stress or exercise generally does not interfere with memory performance in aged mice


3.3.1 Y-maze

Rearing moderated memory performance in the Y-maze in aged mice, with both running and stress-rearing enhancing preference for the novel arm of the Y-maze after the familiarization trial. When assessing the latencies to enter the novel arm of the maze, a significant main effect of rearing was observed [F(2,98) = 4.033, p = 0.021, η2
p
 = 0.078], with runners (p = 0.035) and stressed mice (p = 0.008) having shorter latencies to enter the novel arm relative to aged control mice (Figure 5B). This same main effect of rearing was not observed in young mice [F(2,84) = 0.246, p = 0.782, η2
p
 = 0.006; Figure 5A]. Enhanced memory for the novel spatial location in the Y-maze was also reflected as a marginal main effect of rearing on the total number of entries into the novel arm of the maze in aged mice [F(2,98) = 3.179, p = 0.046, η2
p
 = 0.061], with stressed mice (p = 0.011) entering the novel arm more often than controls (Figure 5D). These findings reflect the hyperactivity observed in aged stressed mice. The same preference for the novel arm of the Y-maze was not observed in young mice (all p’s >0.05; Figure 5C). There were no other main effects of sex or rearing × sex interaction for recognition memory (all p’s >0.05).

[image: Violin plots compare control, runner, and stress groups in male and female subjects across different parameters. Panels (a) and (b) show latency to a novel arm. Panels (c) and (d) display the number of entries to a novel arm. Panels (e) and (f) illustrate speed. Panels (g) and (h) depict distance traveled. Statistical significance is indicated with asterisks.]

FIGURE 5
 Y-maze recognition memory and activity. The latency (sec) to enter a novel arm (A, young; B, aged) and number of entries into a novel arm of the Y-maze (YM) (C, young; D, aged). Aged stressed mice exhibit hyperactive behavior in the YM. Speed (cm/s) (E, young; F, aged) and distance travelled (cm) (G, young; H, aged) during the YM task. *p < 0.05, **p ≤ 0.01, and ***p < 0.001.


Activity in the Y-maze was generally moderated by rearing condition in aged mice, but these effects were not observed in young mice. In aged mice, a main effect of rearing was evident for speed travelled in the Y-maze [F(2,98) = 3.537, p = 0.033, η2
p
 = 0.067], with stressed mice travelling faster than controls (p = 0.024) and runners (p = 0.017 Figure 5F). Similarly, a significant main effect of rearing emerged for distance travelled in the Y-maze [F(2,98) = 15.432, p < 0.001, η2
p
 = 0.240], with aged stressed mice exploring further distances than aged controls (p < 0.001) and runners (p < 0.001; Figure 5H). A main effect of sex was also observed [F(2,98) = 10.525, p = 0.002, η2
p
 = 0.097] with aged males exploring further distances than females. No rearing × sex interaction were observed (all p’s >0.05). These results suggest that prolonged exposure to chronic mild stress induces a hyperactive phenotype in aged mice. Young mice did not display similar rearing effects on speed [F(2,84) = 0.988, p = 0.376, η2
p
 = 0.023] (Figure 5E), or distance travelled in the Y-maze [F(2,84) = 1.181, p = 0.312, η2
p
 = 0.027] (Figure 5G), nor any main effect of sex or rearing × sex interaction (all p’s >0.05).



3.3.2 Novel object recognition

We assessed exploratory behavior in the NOR task. Here too, aged mice demonstrated a hyperactive phenotype, with a main effect of rearing condition on total exploration duration [F(2,59) = 13.984, p < 0.001, η2
p
 = 0.322]. Stressed mice explored both objects significantly longer than control (p = 0.042) and runner (p < 0.001), while runners explored significantly less than controls (p = 0.022; Figure 6B). A significant rearing × sex interaction was revealed for aged mice [F(2,59) = 4.841, p = 0.011, η2
p
 = 0.141], with the effect driven by significantly longer exploration times by female stressed mice when compared with sex-matched controls [t(13) = −2.979, p = 0.011, d = 1.145] and runners [t(9) = −3,603, p = 0.006, d = 2.283] (Figure 6B). A significant sex difference also emerged for stressed aged mice, with females exhibiting higher exploratory behavior than males [t(23) = −2.832, p = 0.009, d = 1.199] (Figure 6B). Together, these findings confirm a hyperactive phenotype in aged stressed female mice that is not observed in males. Young mice did not display similar rearing effects on total exploration time [F(2,73) = 1.409, p = 0.251, η2
p
 = 0.038] (Figure 6A), a main effect of sex [F(1,73) = 0.699, p = 0.406, η2
p
 = 0.010], nor an interaction [F(2,73) = 0.536, p = 0.587, η2
p
 = 0.015] (Figure 6A).

[image: Four violin plots labeled a, b, c, and d display data on object exploration and novel object exploring percentages. Plots a and b depict total object exploration time in seconds, while plots c and d show the percentage of novel object exploration. Each plot compares control, runner, and stress groups for male and female subjects, using different shades for differentiation. Significant differences are marked in plot b.]

FIGURE 6
 Novel object recognition performance. Aged stressed mice exhibit hyperactive behavior in the novel object recognition (NOR) task. Total explorations time (sec) (A, young; B, aged) and proportion of time (%) exploring the novel object (C, young; D, aged) during the NOR task. *p < 0.05, **p ≤ 0.01, and ***p < 0.001.


Despite increased exploratory behavior in aged mice, no differences in recognition memory performance were observed for either young or aged mice [young: rearing (F(2,73) = 0.784, p = 0.460, η2
p
 = 0.021); sex (F(1,73) = 0.074, p = 0.786, η2
p
 = 0.001); rearing × sex interaction (F(2,73) = 0.453, p = 0.637, η2
p
 = 0.012) (Figure 6C). Aged: rearing (F(2,59) = 0.292, p = 0.748, η2
p
 = 0.010), sex (F(1,59) = 0.421, p = 0.519, η2
p
 = 0.007), rearing × sex interaction (F(2,59) = 1.901, p = 0.159, η2
p
 = 0.061) (Figure 6D)], indicating that neither stress nor running affected the percent of time spent exploring the novel object.



3.3.3 Spatial water maze

A repeated measures ANOVA with water maze training day (day 1–5) as a within-subjects factor and rearing and sex as between-subjects factors showed main effects of day [F(1,76) = 124.143, p < 0.001, η2
p
 = 0.620] for young mice, with post-hoc tests finding that escape latencies decreased across testing days (p’s <0.005, corrected for multiple comparisons; Figure 7A). No main effect of rearing [F(2,76) = 1.159, p = 0.319, η2
p
 = 0.030], sex [F(1,76) = 2.219, p = 0.140, η2
p
 = 0.028], or a rearing × sex interaction [F(2,76) = 2.442, p = 0.094, η2
p
 = 0. 060] was identified. Aged mice similarly showed a main effect of day [F(1,77) = 244.966, p < 0.0001, η2
p
 = 0.761], with escape latencies decreasing across testing days (p’s <0.001; Figure 7B). A marginal main effect was observed for rearing [F(2,77) = 3.138, p = 0.049, η2
p
 = 0.075], with aged runners having overall faster escape latencies than controls (p = 0.16) (Figure 7B). No main effect of sex [F(1,77) = 0.198, p = 0.657, η2
p
 = 0.003] nor rearing × sex interaction [F(2,77) = 0.372, p = 0.2691, η2
p
 = 0.010] were observed. These findings indicate that prolonged running confers mild protective effects on spatial memory in aged mice relative to sedentary control-reared mice, a finding which is not evident in young mice exposed to only one month of running.

[image: Line graphs labeled "a" and "b" show escape latency over five training days. Graph "a" compares Y-Control, Y-Runner, and Y-Stress for both males (M) and females (F). Graph "b" compares A-Control, A-Runner, and A-Stress for both genders. Both graphs exhibit a decreasing trend in escape latency, with significant differences marked by asterisks in graph "b" between certain groups.]

FIGURE 7
 Spatial water maze. Escape latency (sec) decreased across 5 training days (A, young; B, aged). *p < 0.05 and ***p < 0.001.




3.3.4 Context and tone fear memory

In a test of context and cued tone fear memory, no group differences for rearing were observed for either age group. Prior to the presentation of shock, both male and female young and aged mice from all rearing conditions exhibited comparable levels of activity in the conditioning chamber [young: rearing (F(2,82) = 2.157, p = 0.122, η2
p
 = 0.050); sex (F(1,82) = 0.261, p = 0.611, η2
p
 = 0.003) (Figure 8A); aged: rearing (F(2,97) = 1.060, p = 0.351, η2
p
 = 0.021); sex (F(1,97) = 0.001, p = 0.980, η2
p
 = 0.000) (Figure 8B)], indicating that neither stress nor running affected baseline levels of anxiety-like behavior during the task. Following the presentation of the three foot shocks during the conditioning trial, all groups exhibited equivalent levels of post-shock freezing [Young: rearing (F(2,82) = 0.325, p = 0.723, η2
p
 = 0.008); sex (F(1,82) = 1.862, p = 0.176, η2
p
 = 0.022) (Figure 8C). Aged: rearing (F(2,97) = 1.747, p = 0.180, η2
p
 = 0.035); sex (F(1,97) = 0.983, p = 0.324, η2
p
 = 0.010) (Figure 8D)]. Twenty-four hours later, all groups exhibited comparable levels of freezing during the context memory test [Young: rearing (F(2,82) = 0.033, p = 0.967, η2
p
 = 0.001); sex (F(1,82) = 2.283, p = 0.135, η2
p
 = 0.027) (Figure 8E). Aged: rearing (F(2,97) = 0.500, p = 0.608, η2
p
 = 0.010); sex (F(1,97) = 0.038, p = 0.846, η2
p
 = 0.000) (Figure 8F)], and during the subsequent cued tone fear memory test [Young: rearing (F(2,82) = 1.319, p = 0.273, η2
p
 = 0.031); sex (F(1,82) = 1.277, p = 0.262, η2
p
 = 0.015) (Figure 8G). Aged: rearing (F(2,97) = 0.159, p = 0.853, η2
p
 = 0.003); sex (F(1,97) = 4.209, p = 0.043, η2
p
 = 0.042), (Figure 8H). All rearing × sex interactions p’s >0.05]. These findings indicate that acute or prolonged stress or running did not impair mice’s ability to form a robust fear memory across the lifespan, nor did it enhance the sensitivity or reactivity of the mice to an aversive shock stimulus.
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FIGURE 8
 Fear conditioning. Rearing conditions did not affect fear behavior in young or aged mice. No differences were observed in the conditioning chamber prior to shock presentation (pre-US) (A, young; B, aged), and all groups displayed comparable levels of freezing following the final shock presentation during the conditioning trial (post-US) (C, young; D, aged). Twenty-four hours later, mice in all rearing conditions displayed comparable levels of freezing behavior (% freezing) during the 3 min context test phase (E, young; F, aged), and during the 3 min tone test phase (G, young; H, aged). *p < 0.05.





3.4 Hippocampal BrdU labelling

Following rearing, rates of hippocampal cell division were assessed using end-point BrdU labelling in the dentate gyrus. For both young and aged mice, those reared under running conditions had enhanced rates of BrdU-labelled cells. In young mice, a main effect of rearing was observed [F(2,32) = 5.318, p = 0.010, η2
p
 = 0.249], with significantly higher rates of post-rearing BrdU-labelled cells in young runners relative to controls (p = 0.020) and stressed mice (p = 0.012) (Figures 9A,B)). No main effects emerged for sex [F(2,32) = 0.157, p = 0.695, η2
p
 = 0.005], nor a rearing × sex interaction [F(2,32) = 1.232, p = 0.305, η2
p
 = 0.071] following 1 month of rearing. A main effect of rearing was also observed in aged mice [F(2,36) = 10.599, p < 0.001, η2
p
 = 0.371], with significantly higher rates of post-rearing BrdU-labelled cells in aged runners relative to controls (p < 0.001) and stressed mice (p = 0.001) (Figures 9C,D), while the main effect of sex [F(1,36) = 3.799, p = 0.059, η2
p
 = 0.095] was non-significant. No rearing × sex interaction was observed in aged mice [F(2,36) = 0.91, p = 0.913, η2
p
 = 0.005]. Together, running robustly enhanced survival of hippocampal BrdU-labelled cells across the lifespan in both sexes, while both short and long-term exposure to chronic mild stress did not significantly suppress hippocampal BrdU-labelled cells relative to sedentary control rearing.

[image: Graphical representation of data and microscopic images showing brain sections under different conditions. Panels a and c display graphs of BrdU-positive cells per DG section for male and female subjects under control, runner, and stress conditions, with significant differences marked. Panels b and d show green fluorescence images of male and female brain sections under similar conditions, highlighting variations in cell activity.]

FIGURE 9
 Hippocampal neurogenesis. Running enhanced rates of hippocampal BrdU labelled cells in both young and aged mice. Mean number of BrdU+ neurons per section in the dentate gyrus of the hippocampus (A, young; C, aged). Representative BrdU+ cell labelling per condition (B, young; D, aged; top: control; middle: runners; bottom: stress). BrdU+ cells are marked in yellow. Scale bar represents 100 μm. ~p = 0.059, *p < 0.05, and ***p ≤ 0.001.





4 Discussion

In line with previous findings, we found that voluntary running increased hippocampal cell division in both young and aged mice (Epp et al., 2021; Pereira et al., 2007; van Praag et al., 1999a, 1999b, 2005). While previous analyses of sex differences in rates of cell division and survival in young rats identified rates of attrition of newborn hippocampal neurons are higher in males than in females (Yagi et al., 2020), here, no differences in rates of Brdu+ cell survival 1-month post-labelling were observed in young mice, although BrdU labelling alone cannot identify cell type (neuron or glial). However, sex differences were evident in aged mice, with females retaining slightly higher survival of late-adult newborn cells, regardless of environmental stressors or exercise. Sex-specific effects of stress were not evident in the BrdU+ cell survival of young or aged mice. Previous reports in young adult rats exposed to 2 weeks of restraint stress did show evidence of a sex-specific reduction of survival of BrdU+ hippocampal neurons in females (Hillerer et al., 2013). It may be that the high levels of restraint stress-induced corticosterone in females relative to males contributed to the sex-differences in cell survival (Hillerer et al., 2013). While corticosterone measures were not obtained in the present study, it is possible that the varied mild stressors employed for 1 month in young mice were not sufficient to induce corticosterone mediated suppression of hippocampal proliferation and survival. To thoroughly characterize the cumulative and progressive impact of chronic stress on the brain and behaviors into aging, it will be informative for future investigations to repeatedly assesses additional biochemical and physiological variables including hormone and corticosterone levels, as well as a longitudinal behavioral assessment rather than using only end-point behavior and BrdU measures. Given normal age-related declines in neural stem cells and hippocampal neurogenesis neurotrophic factors, and brain volume which may be moderated by running behavior into late-adulthood (Connolly et al., 2022; Gao et al., 2023; Gil-Mohapel et al., 2013; Zocher and Toda, 2023), repeated in-vivo assessments of brain volume and structural changes over time, as well as cell specific measures of neural plasticity (DCX, Ki67, NeuN, BDNF, GFAP, IBA1) will be essential to identifying the neural mechanisms mediating sex-specific differences in response to environmental factors across the lifespan. Previous investigation of granule cell and molecular layer volumes in the dentate gyrus also identified age-related reductions associated with a smaller pool of precursor cells (Olariu et al., 2007), and fewer synaptic inputs into the granule cells (Geinisman and Bondareff, 1976; Geinisman et al., 1992), rather than being attributable to a gross reduction in the number of granule cells or the dendritic complexity of granule cells (Chawla and Barnes, 2007; Morgenstern et al., 2008). The factors contributing to potential age-related differences in hippocampal cell layer composition and morphology have not yet been systematically investigated between sexes, and highlight an avenue for further investigation in order to identify the factors that are most susceptible to the cumulative effects of stress or exercise into late-adulthood.

Studies involving prolonged periods of voluntary wheel running using single housing introduce a confounding stressor associated with extended periods of social isolation (Barha et al., 2017b). The environmental enrichment associated with group exercise is an important mediator of running-related enhancements of hippocampal neurogenesis (Stranahan et al., 2006). Given the manipulation of periodic social isolation as one of the stressors in the stress rearing condition, we deliberately chose to group-house running-reared mice to avoid introducing confounding stress induced by single housing. Consistent with a landmark study using group-running into late-adulthood that identified increased hippocampal BrdU+ cells (Kronenberg et al., 2006), the use of group housing during the 15-month running period limited the ability to track individual running activity of each mouse. As a result, directly correlating running behavior with each animal’s results are not possible, limiting the identification of a dose-dependent relationship between rates of running behavior and brain and behavioral measures between sexes. Previous investigation in young male rats exposed to voluntary running for 30 days did find a relationship between rates and intensity of running behavior and BrdU+ cell survival, with moderate running activity (4–8 h/day) producing the greatest benefit to cell survival. Interestingly, they found a negative correlation between distance run and BrdU+ cell survival, suggesting that prolonged, excessive running behavior may be detrimental to the survival of newly generated hippocampal cells (Nguemeni et al., 2018). In the aged brain, there is evidence that longer durations of running are required to induce a neurogenic boost, with higher rates of hippocampal neurogenesis observed after 7, but not 2, weeks of running in aged male mice (Connolly et al., 2022). Given the prolonged testing period following rearing, it is possible that the rated of BrdU+ cell survival observed in the present study reflect a more cumulative response to the interventions, rather than the acute effects of stress or exercise which might have been captured by testing immediately following the rearing interventions.

We observed that prolonged exercise (15 months) was associated with quicker acquisition of a spatial learning task compared to stressed and sedentary control aged mice, while acute (1 month) mild stress or exercise was not sufficient to significantly influence memory performance in any task in young mice. Despite an enhancement of spatial memory performance in the water maze, no other enhancements of memory were observed in aged mice, suggesting that running throughout the lifespan induced only a modest cumulative protective effect on memory. Though no sex-specific differences in memory performance were observed in response to running or stress exposure in the present study, increasing stress during a spatial water maze task by using cold water identified sex-specific search strategies, in which females used more variable search strategies relative to males (O’Leary et al., 2022), suggesting that the timing of exposure and type of stress are important factors to consider when assessing stress-induced sex differences in brain and behavioral activity. In the present study, stress did not differentially affect the acquisition of spatial memory across training days in either young or aged mice, but a more nuanced evaluation of search strategies may have identified potential sex differences associated with acute or prolonged stress exposure and performance in the water maze.

Methodological variability in common chronic stressor models depends on whether the intent is to model depression, post-traumatic stress, or other affective and mood disorders (Duman and Monteggia, 2006; Schöner et al., 2017; Antoniuk et al., 2019). The majority of chronic stress models have been optimized using exclusively male mice, and resultantly may not adequately model stress-related behaviors experienced by females (Lopez and Bagot, 2021). The decision to use multiple mild stressors in the present study was motivated by the goal of mimicking relevant everyday stressors in mouse’s natural environment (occasional food or water deprivation, proximity to predator, periodic isolation, circadian disruption, soiled nesting area) to enhance the ecological validity of unpredictable daily stressors relevant to a rodent (Antoniuk et al., 2019).

Life-long running was associated with low body weight in aged males, but not females, while long-term stress exposure resulted in low body weights in both aged males and females. Low weight gain in aged male and female rodents has been previously observed following several weeks of restraint stress exposure (Bowman et al., 2006; Bloss et al., 2010). The behavioral manifestations of stress appear to vary across sex, with both young and aged females displaying a more anxious-like phenotype in the open field, relative to males. Previous findings following late-life restraint stress found that stress differentially increased anxiety-like behavior in the open field in males but not in females, while having no effect on overall activity levels (Bowman et al., 2006). Aged females also show an increased depressive-like phenotype compared to males, while no differences in sex were evident in younger mice. Hyperactivity and enhancements in anxiety-like behavior in aged mice were the most notable observations following prolonged stress exposure. In the open field, elevated plus maze, and Y-maze exploration tasks, aged stressed mice generally exhibited a hyperactive phenotype, which was not observed in young mice. This effect was especially pronounced in aged female stressed mice, consistent with prior observations of hyperactivity in aged females exposed to social isolation stress in late-adulthood (Sullens et al., 2021). Hyperactivity and impulsivity following prolonged exposure to stress has been commonly observed in young and aged rodents (Ashby et al., 2010; An et al., 2017; Strekalova et al., 2005; Schweizer et al., 2009), with some studies interpreting hyperlocomotion or hyperactivity as a symptom of chronic stress, potentially confounding typical behavioral measures such as the open field and the forced swim task in which low activity is thought to be indicative of anxiety-like and depressive-like behaviors (Strekalova et al., 2005, 2022). As noted by Strekalova et al. (2005), stress-induced hyperactivity may be exacerbated by strong illumination, as evident in the present study’s observed enhanced distance travelled in the open field by stressed mice, irrespective of age or sex, and high speed of exploration for aged males and females. In support of this interpretation, during the beam walk test where bright illumination is used at the starting point, the rapid escape latency observed in aged males and females may be reflective of a hyperactive phenotype following prolonged stress into late-adulthood. Interpreting the meaning behind the observed hyperactive behavior remains a significant challenge to rodent models of stress, anxiety-like and depression-like behaviors, with few studies directly considering the differential effects between biological sex (Lima et al., 2022).

In sum, we provide evidence supporting differential effects of exercise and chronic mild stress across the lifespan in male and female mice, and highlight the sensitivity of females to stress-induced increases in hyperactivity, anxiety-like and depressive-like behavior with age. A growing body of literature highlights the importance of considering sex as a biological variable when determining how healthy aging is differently impacted by modifiable lifestyle factors across the lifespan, and points to the need to develop models that explicitly include biological sex as a variable of interest using standardized models of chronic stress or enrichment and a standardized behavioral battery in order to improve the methodological rigor required to systematically investigate sex differences in aging models.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Baylor University’s Institutional Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

DGS: Formal analysis, Funding acquisition, Investigation, Writing – original draft, Writing – review & editing. KG: Investigation, Writing – review & editing. LEM: Investigation, Writing – review & editing. SD: Investigation, Writing – review & editing. JTH: Investigation, Writing – review & editing. MBW: Investigation, Writing – review & editing. RCB: Investigation, Writing – review & editing. ATG: Conceptualization, Methodology, Supervision, Writing – review & editing. MJS: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by Courtney Knight Gaines Foundation (DGS), Baylor University Undergraduate Research and Scholarly Achievement Grants (SD and JH), Baylor University Research Committee Grant (MJS), University Research Committee Grant (MJS), 950-233046 Canada Research Chairs Program (MJS).



Acknowledgments

The authors gratefully acknowledge the technical assistance of David Carpenter, Eric Dorris, Bisma Ikram, Josh Learned, Kinsey Lano, Lana Madi, and vivarium animal care staff Lee Lowe and Natashia Howard.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1508801/full#supplementary-material



References
	 Adlard, P. A., Perreau, V. M., and Cotman, C. W. (2005). The exercise-induced expression of BDNF within the hippocampus varies across life-span. Neurobiol. Aging 26, 511–520. doi: 10.1016/j.neurobiolaging.2004.05.006 
	 Alexopoulos, G. S. (2005). Depression in the elderly. Lancet 365, 1961–1970. doi: 10.1016/S0140-6736(05)66665-2
	 Alvarez-López, M. J., Castro-Freire, M., Cosín-Tomás, M., Sanchez-Roige, S., Lalanza, J. F., Del Valle, J., et al. (2013). Long-term exercise modulates hippocampal gene expression in senescent female mice. J. Alzheimers Dis. 33, 1177–1190. doi: 10.3233/JAD-121264 
	 An, P. N. T., Shimaji, K., Tanaka, R., Yoshida, H., Kimura, H., Fukusaki, E., et al. (2017). Epigenetic regulation of starvation-induced autophagy in Drosophila by histone methyltransferase G9a. Sci. Rep. 7:7343. doi: 10.1038/s41598-017-07566-1 
	 Antoniuk, S., Bijata, M., Ponimaskin, E., and Wlodarczyk, J. (2019). Chronic unpredictable mild stress for modeling depression in rodents: meta-analysis of model reliability. Neurosci. Biobehav. Rev. 99, 101–116. doi: 10.1016/j.neubiorev.2018.12.002 
	 Ashby, D. M., Habib, D., Dringenberg, H. C., Reynolds, J. N., and Beninger, R. J. (2010). Subchronic MK-801 treatment and post-weaning social isolation in rats: differential effects on locomotor activity and hippocampal long-term potentiation. Behav. Brain Res. 212, 64–70. doi: 10.1016/j.bbr.2010.03.041 
	 Bale, T. L., and Epperson, C. N. (2015). Sex differences and stress across the lifespan. Nat. Neurosci. 18, 1413–1420. doi: 10.1038/nn.4112 
	 Bangasser, D. A., and Cuarenta, A. (2021). Sex differences in anxiety and depression: circuits and mechanisms. Nat. Rev. Neurosci. 22, 674–684. doi: 10.1038/s41583-021-00513-0 
	 Barha, C. K., Davis, J. C., Falck, R. S., Nagamatsu, L. S., and Liu-Ambrose, T. (2017a). Sex differences in exercise efficacy to improve cognition: a systematic review and meta-analysis of randomized controlled trials in older humans. Front. Neuroendocrinol. 46, 71–85. doi: 10.1016/j.yfrne.2017.04.002 
	 Barha, C. K., Falck, R. S., Davis, J. C., Nagamatsu, L. S., and Liu-Ambrose, T. (2017b). Sex differences in aerobic exercise efficacy to improve cognition: a systematic review and meta-analysis of studies in older rodents. Front. Neuroendocrinol. 46, 86–105. doi: 10.1016/j.yfrne.2017.06.001 
	 Barha, C. K., and Liu-Ambrose, T. (2018). Exercise and the aging brain: considerations for sex differences. Brain Plast. 4, 53–63. doi: 10.3233/BPL-180067 
	 Bauer, E. P. (2023). Sex differences in fear responses: neural circuits. Neuropharmacology 222:109298. doi: 10.1016/j.neuropharm.2022.109298 
	 Becegato, M., and Silva, R. H. (2024). Female rodents in behavioral neuroscience: narrative review on the methodological pitfalls. Physiol. Behav. 284:114645. doi: 10.1016/j.physbeh.2024.114645 
	 Beery, A. K., and Zucker, I. (2011). Sex bias in neuroscience and biomedical research. Neurosci. Biobehav. Rev. 35, 565–572. doi: 10.1016/j.neubiorev.2010.07.002 
	 Beltz, A. M., Kelly, D. P., and Berenbaum, S. A. (2020). “Sex differences in brain and behavioral development” in Neural circuit and cognitive development (Amsterdam: Academic Press), 585–638.
	 Bishop, N. A., Lu, T., and Yankner, B. A. (2010). Neural mechanisms of ageing and cognitive decline. Nature 464, 529–535. doi: 10.1038/nature08983 
	 Bloss, E. B., Janssen, W. G., McEwen, B. S., and Morrison, J. H. (2010). Interactive effects of stress and aging on structural plasticity in the prefrontal cortex. J. Neurosci. 30, 6726–6731. doi: 10.1523/JNEUROSCI.0759-10.2010 
	 Bollinger, J. L., Collins, K. E., Patel, R., and Wellman, C. L. (2017). Behavioral stress alters corticolimbic microglia in a sex-and brain region-specific manner. PLoS One 12:e0187631. doi: 10.1371/journal.pone.0187631 
	 Bowman, R. E., Beck, K. D., and Luine, V. N. (2003). Chronic stress effects on memory: sex differences in performance and monoaminergic activity. Horm. Behav. 43, 48–59. doi: 10.1016/S0018-506X(02)00022-3 
	 Bowman, R. E., Maclusky, N. J., Diaz, S. E., Zrull, M. C., and Luine, V. N. (2006). Aged rats: sex differences and responses to chronic stress. Brain Res. 1126, 156–166. doi: 10.1016/j.brainres.2006.07.047 
	 Bowman, R. E., Micik, R., Gautreaux, C., Fernandez, L., and Luine, V. N. (2009). Sex-dependent changes in anxiety, memory, and monoamines following one week of stress. Physiol. Behav. 97, 21–29. doi: 10.1016/j.physbeh.2009.01.012 
	 Bremner, J. D., and Narayan, M. (1998). The effects of stress on memory and the hippocampus throughout the life cycle: implications for childhood development and aging. Dev. Psychopathol. 10, 871–885. doi: 10.1017/S0954579498001916 
	 Brooks, S. P., and Dunnett, S. B. (2009). Tests to assess motor phenotype in mice: a user’s guide. Nat. Rev. Neurosci. 10, 519–529. doi: 10.1038/nrn2652 
	 Burstein, O., and Doron, R. (2018). The unpredictable chronic mild stress protocol for inducing anhedonia in mice. J. Vis. Exp. 140:e58184. doi: 10.3791/58184-v
	 Cao, L., Jiao, X., Zuzga, D. S., Liu, Y., Fong, D. M., Young, D., et al. (2004). VEGF links hippocampal activity with neurogenesis, learning and memory. Nat. Genet. 36, 827–835. doi: 10.1038/ng1395 
	 Castagné, V., Moser, P., Roux, S., and Porsolt, R. D. (2011). Rodent models of depression: forced swim and tail suspension behavioral despair tests in rats and mice. Curr. Protoc. Neurosci. 55, 1–8. doi: 10.1002/0471142301.ns0810as55
	 Chan, A. S., Ho, Y. C., Cheung, M. C., Albert, M. S., Chiu, H. F., and Lam, L. C. (2005). Association between mind-body and cardiovascular exercises and memory in older adults. J. Am. Geriatr. Soc. 53, 1754–1760. doi: 10.1111/j.1532-5415.2005.53513.x 
	 Chawla, M. K., and Barnes, C. A. (2007). Hippocampal granule cells in normal aging: insights from electrophysiological and functional imaging experiments. Prog. Brain Res. 163, 661–821. doi: 10.1016/S0079-6123(07)63036-2 
	 Commons, K. G., Cholanians, A. B., Babb, J. A., and Ehlinger, D. G. (2017). The rodent forced swim test measures stress-coping strategy, not depression-like behavior. ACS Chem. Neurosci. 8, 955–960. doi: 10.1021/acschemneuro.7b00042 
	 Connolly, M. G., Bruce, S. R., and Kohman, R. A. (2022). Exercise duration differentially effects age-related neuroinflammation and hippocampal neurogenesis. Neuroscience 490, 275–286. doi: 10.1016/j.neuroscience.2022.03.022 
	 Conrad, C. D., Galea, L. A., Kuroda, Y., and McEwen, B. S. (1996). Chronic stress impairs rat spatial memory on the Y maze, and this effect is blocked by tianeptine treatment. Behav. Neurosci. 110, 1321–1334. doi: 10.1037/0735-7044.110.6.1321 
	 Cotman, C. W., Berchtold, N. C., and Christie, L. A. (2007). Exercise builds brain health: key roles of growth factor cascades and inflammation. Trends Neurosci. 30, 464–472. doi: 10.1016/j.tins.2007.06.011 
	 Cryan, J. F., Markou, A., and Lucki, I. (2002). Assessing antidepressant activity in rodents: recent developments and future needs. Trends Pharmacol. Sci. 23, 238–245. doi: 10.1016/S0165-6147(02)02017-5 
	 Cunningham, C., O’Sullivan, R., Caserotti, P., and Tully, M. A. (2020). Consequences of physical inactivity in older adults: a systematic review of reviews and meta-analyses. Scand. J. Med. Sci. Sports 30, 816–827. doi: 10.1111/sms.13616 
	 Diederich, K., Bastl, A., Wersching, H., Teuber, A., Strecker, J. K., Schmidt, A., et al. (2017). Effects of different exercise strategies and intensities on memory performance and neurogenesis. Front. Behav. Neurosci. 11:47. doi: 10.3389/fnbeh.2017.00047 
	 Duman, R. S. (2004). Depression: a case of neuronal life and death? Biol. Psychiatry 56, 140–145. doi: 10.1016/j.biopsych.2004.02.033 
	 Duman, R. S., and Monteggia, L. M. (2006). A neurotrophic model for stress-related mood disorders. Biol. Psychiatry 59, 1116–1127. doi: 10.1016/j.biopsych.2006.02.013
	 Duzel, E., van Praag, H., and Sendtner, M. (2016). Can physical exercise in old age improve memory and hippocampal function? Brain 139, 662–673. doi: 10.1093/brain/awv407 
	 Ederer, M. L., Günther, M., Best, L., Lindner, J., Kaleta, C., Witte, O. W., et al. (2022). Voluntary wheel running in old C57BL/6 mice reduces age-related inflammation in the colon but not in the brain. Cells 11:566. doi: 10.3390/cells11030566 
	 Eichenbaum, H., Yonelinas, A. P., and Ranganath, C. (2007). The medial temporal lobe and recognition memory. Annu. Rev. Neurosci. 30, 123–152. doi: 10.1146/annurev.neuro.30.051606.094328 
	 Epp, J. R., Botly, L. C., Josselyn, S. A., and Frankland, P. W. (2021). Voluntary exercise increases neurogenesis and mediates forgetting of complex paired associates memories. Neuroscience 475, 1–9. doi: 10.1016/j.neuroscience.2021.08.022 
	 Fabel, K., Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., et al. (2003). VEGF is necessary for exercise-induced adult hippocampal neurogenesis. Eur. J. Neurosci. 18, 2803–2812. doi: 10.1111/j.1460-9568.2003.03041.x 
	 Fischer, A. (2016). Environmental enrichment as a method to improve cognitive function. What can we learn from animal models? NeuroImage 131, 42–47. doi: 10.1016/j.neuroimage.2015.11.039 
	 Florido, A., Velasco, E. R., Romero, L. R., Acharya, N., Marin Blasco, I. J., Nabás, J. F., et al. (2024). Sex differences in neural projections of fear memory processing in mice and humans. Sci. Adv. 10:eadk3365. doi: 10.1126/sciadv.adk3365 
	 Franceschelli, A., Herchick, S., Thelen, C., Papadopoulou-Daifoti, Z., and Pitychoutis, P. M. (2014). Sex differences in the chronic mild stress model of depression. Behav. Pharmacol. 25, 372–383. doi: 10.1097/FBP.0000000000000062 
	 Frank, M. G., Baratta, M. V., Sprunger, D. B., Watkins, L. R., and Maier, S. F. (2007). Microglia serve as a neuroimmune substrate for stress-induced potentiation of CNS pro-inflammatory cytokine responses. Brain Behav. Immun. 21, 47–59. doi: 10.1016/j.bbi.2006.03.005 
	 Galea, L. A. M., McEwen, B. S., Tanapat, P., Deak, T., Spencer, R. L., and Dhabhar, F. S. (1997). Sex differences in dendritic atrophy of CA3 pyramidal neurons in response to chronic restraint stress. Neuroscience 81, 689–697. doi: 10.1016/S0306-4522(97)00233-9 
	 Gao, Y., Syed, M., and Zhao, X. (2023). Mechanisms underlying the effect of voluntary running on adult hippocampal neurogenesis. Hippocampus 33, 373–390. doi: 10.1002/hipo.23520 
	 Geinisman, Y., and Bondareff, W. (1976). Decrease in the number of synapses in the senescent brain: a quantitative electron microscopic analysis of the dentate gyrus molecular layer in the rat. Mech. Ageing Dev. 5, 11–23. doi: 10.1016/0047-6374(76)90003-8 
	 Geinisman, Y., de Toledo-Morrell, L., Morrell, F., Persina, I. S., and Rossi, M. (1992). Age-related loss of axospinous synapses formed by two afferent systems in the rat dentate gyrus as revealed by the unbiased stereological dissector technique. Hippocampus 2, 437–444. doi: 10.1002/hipo.450020411 
	 Gil-Mohapel, J., Brocardo, P. S., Choquette, W., Gothard, R., Simpson, J. M., and Christie, B. R. (2013). Hippocampal neurogenesis levels predict WATERMAZE search strategies in the aging brain. PLoS One 8:e75125. doi: 10.1371/journal.pone.0075125 
	 Grady, C. (2012). The cognitive neuroscience of ageing. Nat. Rev. Neurosci. 13, 491–505. doi: 10.1038/nrn3256 
	 Guadagno, A., Wong, T. P., and Walker, C. D. (2018). Morphological and functional changes in the preweaning basolateral amygdala induced by early chronic stress associate with anxiety and fear behavior in adult male, but not female rats. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 81, 25–37. doi: 10.1016/j.pnpbp.2017.09.025 
	 Hillerer, K. M., Neumann, I. D., Couillard-Despres, S., Aigner, L., and Slattery, D. A. (2013). Sex-dependent regulation of hippocampal neurogenesis under basal and chronic stress conditions in rats. Hippocampus 23, 476–487. doi: 10.1002/hipo.22107 
	 Hodes, G. E., and Epperson, C. N. (2019). Sex differences in vulnerability and resilience to stress across the life span. Biol. Psychiatry 86, 421–432. doi: 10.1016/j.biopsych.2019.04.028 
	 Hogg, S. (1996). A review of the validity and variability of the elevated plus-maze as an animal model of anxiety. Pharmacol. Biochem. Behav. 54, 21–30. doi: 10.1016/0091-3057(95)02126-4 
	 Huang, T., Larsen, K. T., Ried-Larsen, M., Møller, N. C., and Andersen, L. B. (2014). The effects of physical activity and exercise on brain-derived neurotrophic factor in healthy humans: a review. Scand. J. Med. Sci. Sports 24, 1–10. doi: 10.1111/sms.12069 
	 Hüttenrauch, M., Salinas, G., and Wirths, O. (2016). Effects of long-term environmental enrichment on anxiety, memory, hippocampal plasticity and overall brain gene expression in C57BL6 mice. Front. Mol. Neurosci. 9:62. doi: 10.3389/fnmol.2016.00062 
	 Jung, S., Choe, S., Woo, H., Jeong, H., An, H. K., Moon, H., et al. (2020). Autophagic death of neural stem cells mediates chronic stress-induced decline of adult hippocampal neurogenesis and cognitive deficits. Autophagy 16, 512–530. doi: 10.1080/15548627.2019.1630222 
	 Kaluve, A. M., Le, J. T., and Graham, B. M. (2022). Female rodents are not more variable than male rodents: a meta-analysis of preclinical studies of fear and anxiety. Neurosci. Biobehav. Rev. 143:104962. doi: 10.1016/j.neubiorev.2022.104962 
	 Kempermann, G., Gast, D., and Gage, F. H. (2002). Neuroplasticity in old age: sustained fivefold induction of hippocampal neurogenesis by long-term environmental enrichment. Ann. Neurol. 52, 135–143. doi: 10.1002/ana.10262 
	 Kempermann, G., Kuhn, H. G., and Gage, F. H. (1997). More hippocampal neurons in adult mice living in an enriched environment. Nature 386, 493–495. doi: 10.1038/386493a0 
	 Kim, J. J., and Diamond, D. M. (2002). The stressed hippocampus, synaptic plasticity and lost memories. Nat. Rev. Neurosci. 3, 453–462. doi: 10.1038/nrn849 
	 Kim, J. J., and Fanselow, M. S. (1992). Modality-specific retrograde amnesia of fear. Science 256, 675–677. doi: 10.1126/science.1585183 
	 Klein, S. L., Schiebinger, L., Stefanick, M. L., Cahill, L., Danska, J., De Vries, G. J., et al. (2015). Sex inclusion in basic research drives discovery. Proc. Natl. Acad. Sci. U.S.A. 112, 5257–5258. doi: 10.1073/pnas.1502843112 
	 Knapman, A., Heinzmann, J. M., Hellweg, R., Holsboer, F., Landgraf, R., and Touma, C. (2010). Increased stress reactivity is associated with cognitive deficits and decreased hippocampal brain-derived neurotrophic factor in a mouse model of affective disorders. J. Psychiatr. Res. 44, 566–575. doi: 10.1016/j.jpsychires.2009.11.014 
	 Kraeuter, A. K., Guest, P. C., and Sarnyai, Z. (2019). “The Y-maze for assessment of spatial working and reference memory in mice” in Pre-clinical models. methods in molecular biology. ed. P. Guest (New York, NY: Humana Press).
	 Kronenberg, G., Bick-Sander, A., Bunk, E., Wolf, C., Ehninger, D., and Kempermann, G. (2006). Physical exercise prevents age-related decline in precursor cell activity in the mouse dentate gyrus. Neurobiol. Aging 27, 1505–1513. doi: 10.1016/j.neurobiolaging.2005.09.016 
	 Li, S., Wang, C., Wang, M., Li, W., Matsumoto, K., and Tang, Y. (2007). Antidepressant like effects of piperine in chronic mild stress treated mice and its possible mechanisms. Life Sci. 80, 1373–1381. doi: 10.1016/j.lfs.2006.12.027 
	 Lima, S., Sousa, N., Patricio, P., and Pinto, L. (2022). The underestimated sex: a review on female animal models of depression. Neurosci. Biobehav. Rev. 133:104498. doi: 10.1016/j.neubiorev.2021.12.021 
	 Lopez, J., and Bagot, R. C. (2021). Defining valid chronic stress models for depression with female rodents. Biol. Psychiatry 90, 226–235. doi: 10.1016/j.biopsych.2021.03.010 
	 LoPilato, A. M., Addington, J., Bearden, C. E., Cadenhead, K. S., Cannon, T. D., Cornblatt, B. A., et al. (2020). Stress perception following childhood adversity: unique associations with adversity type and sex. Dev. Psychopathol. 32, 343–356. doi: 10.1017/S0954579419000130 
	 Loprinzi, P. D., and Frith, E. (2018). The role of sex in memory function: considerations and recommendations in the context of exercise. J. Clin. Med. 7:132. doi: 10.3390/jcm7060132 
	 Luine, V., Gomez, J., Beck, K., and Bowman, R. (2017). Sex differences in chronic stress effects on cognition in rodents. Pharmacol. Biochem. Behav. 152, 13–19. doi: 10.1016/j.pbb.2016.08.005 
	 Lupien, S. J., McEwen, B. S., Gunnar, M. R., and Heim, C. (2009). Effects of stress throughout the lifespan on the brain, behaviour and cognition. Nat. Rev. Neurosci. 10, 434–445. doi: 10.1038/nrn2639 
	 Marlatt, M. W., Potter, M. C., Lucassen, P. J., and van Praag, H. (2012). Running throughout middle-age improves memory function, hippocampal neurogenesis, and BDNF levels in female C57BL/6J mice. Dev. Neurobiol. 72, 943–952. doi: 10.1002/dneu.22009 
	 Maass, A., Düzel, S., Brigadski, T., Goerke, M., Becke, A., Sobieray, E., et al. (2016). Relationships of peripheral IGF-1, VEGF and BDNF levels to exercise-related changes in memory, hippocampal perfusion and volumes in older adults. Neuroimage, 131, 142–154. doi: 10.1016/j.neuroimage.2015.10.084 
	 Matsuda, S., Matsuzawa, D., Ishii, D., Tomizawa, H., Sutoh, C., and Shimizu, E. (2015). Sex differences in fear extinction and involvements of extracellular signal-regulated kinase (ERK). Neurobiol. Learn. Mem. 123, 117–124. doi: 10.1016/j.nlm.2015.05.009 
	 McEwen, B. S. (2004). Protection and damage from acute and chronic stress: allostasis and allostatic overload and relevance to the pathophysiology of psychiatric disorders. Ann. N. Y. Acad. Sci. 1032, 1–7. doi: 10.1196/annals.1314.001 
	 McEwen, B. S., and Gianaros, P. J. (2010). Central role of the brain in stress and adaptation: links to socioeconomic status, health, and disease. Ann. N. Y. Acad. Sci. 1186, 190–222. doi: 10.1111/j.1749-6632.2009.05331.x 
	 McLaughlin, K. J., Baran, S. E., and Conrad, C. D. (2009). Chronic stress-and sex-specific neuromorphological and functional changes in limbic structures. Mol. Neurobiol. 40, 166–182. doi: 10.1007/s12035-009-8079-7 
	 Mograbi, K. D. M., Suchecki, D., da Silva, S. G., Covolan, L., and Hamani, C. (2020). Chronic unpredictable restraint stress increases hippocampal pro-inflammatory cytokines and decreases motivated behavior in rats. Stress 23, 427–436. doi: 10.1080/10253890.2020.1712355 
	 Morgenstern, N. A., Lombardi, G., and Schinder, A. F. (2008). Newborn granule cells in the ageing dentate gyrus. J. Physiol. 586, 3751–3757. doi: 10.1113/jphysiol.2008.154807 
	 Morland, C., Andersson, K. A., Haugen, Ø. P., Hadzic, A., Kleppa, L., Gille, A., et al. (2017). Exercise induces cerebral VEGF and angiogenesis via the lactate receptor HCAR1. Nat. Commun. 8:15557. doi: 10.1038/ncomms15557 
	 Morris, R. G., Garrud, P., Rawlins, J. A., and O’Keefe, J. (1982). Place navigation impaired in rats with hippocampal lesions. Nature 297, 681–683. doi: 10.1038/297681a0 
	 Murakami, S., Imbe, H., Morikawa, Y., Kubo, C., and Senba, E. (2005). Chronic stress, as well as acute stress, reduces BDNF mRNA expression in the rat hippocampus but less robustly. Neurosci. Res. 53, 129–139. doi: 10.1016/j.neures.2005.06.008 
	 Nguemeni, C., McDonald, M. W., Jeffers, M. S., Livingston-Thomas, J., Lagace, D., and Corbett, D. (2018). Short-and long-term exposure to low and high dose running produce differential effects on hippocampal neurogenesis. Neuroscience 369, 202–211. doi: 10.1016/j.neuroscience.2017.11.026 
	 Notaras, M., and van den Buuse, M. (2020). Neurobiology of BDNF in fear memory, sensitivity to stress, and stress-related disorders. Mol. Psychiatry 25, 2251–2274. doi: 10.1038/s41380-019-0639-2 
	 O’Connor, D. B., Thayer, J. F., and Vedhara, K. (2021). Stress and health: a review of psychobiological processes. Annu. Rev. Psychol. 72, 663–688. doi: 10.1146/annurev-psych-062520-122331 
	 O’Leary, T. P., Askari, B., Lee, B. H., Darby, K., Knudson, C., Ash, A. M., et al. (2022). Sex differences in the spatial behavior functions of adult-born neurons in rats. eNeuro 9:ENEURO.0054-22.2022. doi: 10.1523/ENEURO.0054-22.2022
	 Olariu, A. N. A., Cleaver, K. M., and Cameron, H. A. (2007). Decreased neurogenesis in aged rats results from loss of granule cell precursors without lengthening of the cell cycle. J. Comp. Neurol. 501, 659–667. doi: 10.1002/cne.21268 
	 Özalay, Ö., Mediavilla, T., Giacobbo, B. L., Pedersen, R., Marcellino, D., Orädd, G., et al. (2024). Longitudinal monitoring of the mouse brain reveals heterogenous network trajectories during aging. Commun. Biol. 7:210. doi: 10.1038/s42003-024-05873-8 
	 Palliyaguru, D. L., Vieira Ligo Teixeira, C., Duregon, E., di Germanio, C., Alfaras, I., Mitchell, S. J., et al. (2021). Study of longitudinal aging in mice: presentation of experimental techniques. J. Gerontol. A 76, 552–560. doi: 10.1093/gerona/glaa285 
	 Paxinos, G., and Franklin, K. B. (2019). Paxinos and Franklin’s the mouse brain in stereotaxic coordinates. San Diego, CA: Academic Press.
	 Pereira, A. C., Huddleston, D. E., Brickman, A. M., Sosunov, A. A., Hen, R., GM, M. K., et al. (2007). An in vivo correlate of exercise-induced neurogenesis in the adult dentate gyrus. Proc. Natl. Acad. Sci. U.S.A. 14, 5638–5643. doi: 10.1073/pnas.0611721104
	 Porsolt, R. D., Le Pichon, M., and Jalfre, M. (1977). Depression: a new animal model sensitive to antidepressant treatments. Nature 266, 730–732. doi: 10.1038/266730a0 
	 Prut, L., and Belzung, C. (2003). The open field as a paradigm to measure the effects of drugs on anxiety-like behaviors: a review. Eur. J. Pharmacol. 463, 3–33. doi: 10.1016/S0014-2999(03)01272-X 
	 Qiu, L. R., Germann, J., Spring, S., Alm, C., Vousden, D. A., Palmert, M. R., et al. (2013). Hippocampal volumes differ across the mouse estrous cycle, can change within 24 hours, and associate with cognitive strategies. NeuroImage 83, 593–598. doi: 10.1016/j.neuroimage.2013.06.074 
	 Rechlin, R. K., Splinter, T. F., Hodges, T. E., Albert, A. Y., and Galea, L. A. (2022). An analysis of neuroscience and psychiatry papers published from 2009 and 2019 outlines opportunities for increasing discovery of sex differences. Nat. Commun. 13:2137. doi: 10.1038/s41467-022-29903-3 
	 Robison, L. S., Popescu, D. L., Anderson, M. E., Beigelman, S. I., Fitzgerald, S. M., Kuzmina, A. E., et al. (2018). The effects of volume versus intensity of long-term voluntary exercise on physiology and behavior in C57/Bl6 mice. Physiol. Behav. 194, 218–232. doi: 10.1016/j.physbeh.2018.06.002 
	 Rummel, J., Epp, J. R., and Galea, L. A. (2010). Estradiol does not influence strategy choice but place strategy choice is associated with increased cell proliferation in the hippocampus of female rats. Hormones and Behavior, 58, 582–590.
	 Sapolsky, R. M. (1996). Why stress is bad for your brain. Science 273, 749–750. doi: 10.1126/science.273.5276.749
	 Schoenfeld, T. J., McCausland, H. C., Morris, H. D., Padmanaban, V., and Cameron, H. A. (2017). Stress and loss of adult neurogenesis differentially reduce hippocampal volume. Biol. Psychiatry 82, 914–923. doi: 10.1016/j.biopsych.2017.05.013 
	 Scholz, J., Allemang-Grand, R., Dazai, J., and Lerch, J. P. (2015). Environmental enrichment is associated with rapid volumetric brain changes in adult mice. NeuroImage 109, 190–198. doi: 10.1016/j.neuroimage.2015.01.027 
	 Schöner, J., Heinz, A., Endres, M., Gertz, K., and Kronenberg, G. (2017). Post-traumatic stress disorder and beyond: an overview of rodent stress models. J. Cell. Mol. Med. 21, 2248–2256. doi: 10.1111/jcmm.13161 
	 Schweizer, M. C., Henniger, M. S., and Sillaber, I. (2009). Chronic mild stress (CMS) in mice: of anhedonia, ‘anomalous anxiolysis’ and activity. PLoS One 4:e4326. doi: 10.1371/journal.pone.0004326 
	 Seibenhener, M. L., and Wooten, M. C. (2015). Use of the open field maze to measure locomotor and anxiety-like behavior in mice. J. Vis. Exp. 96:e52434. doi: 10.3791/52434
	 Sekeres, M. J., Mercaldo, V., Richards, B., Sargin, D., Mahadevan, V., Woodin, M. A., et al. (2012). Increasing CRTC1 function in the dentate gyrus during memory formation or reactivation increases memory strength without compromising memory quality. J. Neurosci. 32, 17857–17868. doi: 10.1523/JNEUROSCI.1419-12.2012 
	 Stranahan, A. M., Khalil, D., and Gould, E. (2006). Social isolation delays the positive effects of running on adult neurogenesis. Nat. Neurosci. 9, 526–533. doi: 10.1038/nn1668 
	 Stranahan, A. M., Lee, K., Becker, K. G., Zhang, Y., Maudsley, S., Martin, B., et al. (2010). Hippocampal gene expression patterns underlying the enhancement of memory by running in aged mice. Neurobiol. Aging 31, 1937–1949. doi: 10.1016/j.neurobiolaging.2008.10.016 
	 Strawbridge, W. J., Deleger, S., Roberts, R. E., and Kaplan, G. A. (2002). Physical activity reduces the risk of subsequent depression for older adults. Am. J. Epidemiol. 156, 328–334. doi: 10.1093/aje/kwf047 
	 Strekalova, T., Liu, Y., Kiselev, D., Khairuddin, S., Chiu, J. L. Y., Lam, J., et al. (2022). Chronic mild stress paradigm as a rat model of depression: facts, artifacts, and future perspectives. Psychopharmacology 239, 663–693. doi: 10.1007/s00213-021-05982-w 
	 Strekalova, T., Spanagel, R., Dolgov, O., and Bartsch, D. (2005). Stress-induced hyperlocomotion as a confounding factor in anxiety and depression models in mice. Behav. Pharmacol. 16, 171–180. doi: 10.1097/00008877-200505000-00006 
	 Sullens, D. G., Gilley, K., Jensen, K., Vichaya, E., Dolan, S. L., and Sekeres, M. J. (2021). Social isolation induces hyperactivity and exploration in aged female mice. PLoS One 16:e0245355. doi: 10.1371/journal.pone.0245355 
	 Toth, I., and Neumann, I. D. (2013). Animal models of social avoidance and social fear. Cell Tissue Res. 354, 107–118. doi: 10.1007/s00441-013-1636-4 
	 Triviño-Paredes, J., Patten, A. R., Gil-Mohapel, J., and Christie, B. R. (2016). The effects of hormones and physical exercise on hippocampal structural plasticity. Front. Neuroendocrinol. 41, 23–43. doi: 10.1016/j.yfrne.2016.03.001 
	 Tyndall, A. V., Clark, C. M., Anderson, T. J., Hogan, D. B., Hill, M. D., Longman, R. S., et al. (2018). Protective effects of exercise on cognition and brain health in older adults. Exerc. Sport Sci. Rev. 46, 215–223. doi: 10.1249/JES.0000000000000161 
	 van Praag, H., Christie, B. R., Sejnowski, T. J., and Gage, F. H. (1999a). Running enhances neurogenesis, learning, and long-term potentiation in mice. Proc. Natl. Acad. Sci. U.S.A. 96, 13427–13431. doi: 10.1073/pnas.96.23.13427 
	 van Praag, H., Kempermann, G., and Gage, F. H. (1999b). Running increases cell proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266–270. doi: 10.1038/6368 
	 van Praag, H., Shubert, T., Zhao, C., and Gage, F. H. (2005). Exercise enhances learning and hippocampal neurogenesis in aged mice. J. Neurosci. 25, 8680–8685. doi: 10.1523/JNEUROSCI.1731-05.2005 
	 Velasco, E. R., Florido, A., Milad, M. R., and Andero, R. (2019). Sex differences in fear extinction. Neurosci. Biobehav. Rev. 103, 81–108. doi: 10.1016/j.neubiorev.2019.05.020 
	 Willner, P. (1997). Validity, reliability and utility of the chronic mild stress model of depression: a 10-year review and evaluation. Psychopharmacology 134, 319–329. doi: 10.1007/s002130050456 
	 Willner, P. (2017). The chronic mild stress (CMS) model of depression: history, evaluation and usage. Neurobiol. Stress 6, 78–93. doi: 10.1016/j.ynstr.2016.08.002 
	 Wojtowicz, J. M., and Kee, N. (2006). BrdU assay for neurogenesis in rodents. Nat. Protoc. 1, 1399–1405. doi: 10.1038/nprot.2006.224 
	 Wolf, E. J., Miller, M. W., Hawn, S. E., Zhao, X., Wallander, S. E., McCormick, B., et al. (2024). Longitudinal study of traumatic-stress related cellular and cognitive aging. Brain Behav. Immun. 115, 494–504. doi: 10.1016/j.bbi.2023.11.009 
	 Woolley, C. S., Gould, E., Frankfurt, M., and McEwen, B. S. (1990). Naturally occurring fluctuation in dendritic spine density on adult hippocampal pyramidal neurons. J. Neurosci. 10, 4035–4039. doi: 10.1523/JNEUROSCI.10-12-04035.1990 
	 Wrann, C. D., White, J. P., Salogiannnis, J., Laznik-Bogoslavski, D., Wu, J., Ma, D., et al. (2013). Exercise induces hippocampal BDNF through a PGC-1α/FNDC5 pathway. Cell Metab. 18, 649–659. doi: 10.1016/j.cmet.2013.09.008 
	 Yagi, S., and Galea, L. A. (2019). Sex differences in hippocampal cognition and neurogenesis. Neuropsychopharmacology 44, 200–213. doi: 10.1038/s41386-018-0208-4 
	 Yagi, S., Splinter, J. E., Tai, D., Wong, S., Wen, Y., and Galea, L. A. (2020). Sex differences in maturation and attrition of adult neurogenesis in the hippocampus. eNeuro 7:ENEURO.0468-19.2020. doi: 10.1523/ENEURO.0468-19.2020 
	 Yegorov, Y. E., Poznyak, A. V., Nikiforov, N. G., Sobenin, I. A., and Orekhov, A. N. (2020). The link between chronic stress and accelerated aging. Biomedicines 8:198. doi: 10.3390/biomedicines8070198 
	 Zocher, S., and Toda, T. (2023). Epigenetic aging in adult neurogenesis. Hippocampus 33, 347–359. doi: 10.1002/hipo.23494 


Copyright
 © 2025 Sullens, Gilley, Moraglia, Dison, Hoffman, Wiffler, Barnes, Ginty and Sekeres. 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: 15 January 2025
doi: 10.3389/fnagi.2024.1498454






[image: image2]

Cognitive trajectories and their relationships with education and diets among older adults: a network-based 10-year cohort study

Xuchun Wang, Yuchao Qiao, Yudong Zhang, Yu Cui, Hao Ren, Chongqi Hao and Lixia Qiu*

Department of Health Statistics, School of Public Health, Shanxi Medical University, Taiyuan, Shanxi, China

Edited by
Kristin Rene Krueger, Rush University Medical Center, United States

Reviewed by
Donato Melchionda, Azienda Ospedaliero-Universitaria Ospedali Riuniti di Foggia, Italy
 Anna Cierniak-Emerych, Wroclaw University of Economics, Poland

*Correspondence
 Lixia Qiu, qlx_1126@163.com

Received 19 September 2024
 Accepted 27 December 2024
 Published 15 January 2025

Citation
 Wang X, Qiao Y, Zhang Y, Cui Y, Ren H, Hao C and Qiu L (2025) Cognitive trajectories and their relationships with education and diets among older adults: a network-based 10-year cohort study. Front. Aging Neurosci. 16:1498454. doi: 10.3389/fnagi.2024.1498454






Objectives: Few studies have examined the underlying mechanisms of education, diets, and cognitive function in older adults. This study analyses the relationship between cognitive trajectories, education, and different dietary patterns in older adults from a network perspective, and further explores their longitudinal associations and mediation effects.
Methods: Data on cognitive trajectories were derived from the Chinese Longitudinal Healthy Longevity Survey (CLHLS) between 2008 and 2018. Group-Based Trajectory Model (GBTM) was used to identify potential heterogeneity in the longitudinal changes in cognitive function. Multinomial logistic regression and network analysis were then applied to examine the relationships between different cognitive trajectories and years of education, food variety (FV), and plant-based dietary patterns. Cross-lagged panel model was used to examine the longitudinal associations between education, FV, and plant-based diet patterns. Furthermore, we constructed a mediation model based on categorical variables for cognitive trajectories to investigate the mediating effect of FV and plant-based diet index on education and cognitive.
Results: A total of 2,115 older adults were included in this study, revealing three distinct cognitive function trajectories. After controlling for potential confounders, education and dietary-related variables were associated with a cognitive stable decline trajectory (OR: 0.857/0.929/1.027) and a cognitive rapid decline trajectory (OR: 0.859/0.914, 95% CI: 0.775–0.882) compared to the cognitive stable trajectory. In the education, diet, and cognition network model, overall Plant-Based Diet Index (PDI) [expected influence (EI) = 1.82] and years of education (EI = 0.54) were the most central domains. There were longitudinal associations between education, FV, and plant-based dietary patterns, which were significant only in the slow decline group. FV acting as a mediator between education and cognitive trajectories.
Conclusion: Years of education are longitudinally associated with the diet of older adults in the slow cognitive decline group. Food diversity partially mediates the relationship between years of education and cognitive trajectories. Interventions targeting education and dietary behaviors may help alleviate cognitive decline in older adults.
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1 Introduction

With the aging of society—globally—the world faces a formidable challenge. The latest census data in China reveals that the population of adults 65 years old and above has soared to 190 million, constituting 13.5% of the overall population, signifying China's formal entry into the advanced stage of population aging. It follows that, the incidence, prevalence, and mortality rates of age-related diseases also increases, especially neurodegenerative diseases such as dementia, which severely affects the health and wellbeing of older adults (Ministry of Civil Affairs, People's Republic of China, 2022). Dementia is a chronic and progressive neurological disorder marked by a progressive decline in cognitive abilities, with particularly pronounced impairments in memory, language, judgment, attention, and executive functioning. The number of persons who are 60 years of age and older with dementia in China has reached 15.07 million, accounting for 25.5% of the 49 global patient count (Rujing et al., 2021). Each year, Alzheimer's disease, the most common cause of dementia, imposes an economic burden of 167.7 billion 50 US dollars (Jia et al., 2020), exerting tremendous pressure on families and society. The future social challenges will likely increase in level and cost (Boss et al., 2015). Therefore, adopting proactive and effective strategies to prevent dementia or to identify and intervene at an early stage to delay its progression is crucial for improving the quality of life for older adults in their later years and for reducing the socio-economic burden.

Cognitive decline is a precursor to dementia, and intervention during this stage provides an opportunity to prevent dementia (Petersen et al., 1999). Therefore, timely detection of cognitive decline in older adults, identification of modifiable risk factors is crucial for preventing the onset and progression of dementia. However, cognitive decline is a dynamic process that can worsen or reverse over time (Malek-Ahmadi, 2016). Relevant research indicated that the trajectory of cognitive decline varies around the population mean trajectory, highlighting the intra-individual and inter-individual heterogeneity in cognitive function changes (Li et al., 2017; Min, 2018). Ignoring the differences in cognitive trajectories and treating all study subjects uniformly could potentially affect the effectiveness of interventions. By discussing risk factors in a stratified manner based on these trajectories, we can gain a comprehensive understanding of cognitive changes in different population groups, thereby providing targeted interventions.

Increasing evidence suggests that education and diet play crucial roles in the development of cognitive impairment. Higher education levels are associated with slower cognitive decline (Marioni et al., 2012). Education is one of the three proxies for cognitive reserve (i.e., education, occupation, leisure activities) (Nucci et al., 2012) and the only factor linked to the volume of both gray and white matter in the brain (Foubert-Samier et al., 2012), further highlighting the extensive impact of education on brain function. Healthy dietary patterns and adequate nutrient intake are associated with healthy cognition (Berendsen et al., 2017; Tangney et al., 2014; Wengreen et al., 2013; Haring et al., 2016; Smyth et al., 2015; Chen et al., 2017; Neelakantan et al., 2018). Some interventions focusing on specific dietary patterns, nutrients, and nutritional supplements for the older people have shown success, indicating that nutrition is a modifiable factor for the older people (Jennings et al., 2019; Iuliano et al., 2021; Lin et al., 2021; Nakazaki et al., 2021).

Furthermore, multiple studies have shown that individuals with higher levels of education are more likely to maintain healthier dietary patterns (Seow et al., 1998; Loughrey et al., 2017; Thorpe et al., 2019). As mentioned earlier, healthy diets and adequate nutrient intake are linked to cognitive health. Therefore, dietary patterns and nutrient intake are likely mediators in the relationship between education and cognitive function.

However, there is limited evidence on the potential mediating role of diet in the relationship between education and cognitive function. To address this knowledge gap, we assess nutritional intake and dietary patterns in older adults using food variety (FV) and plant-based dietary patterns, and evaluate educational levels using years of education. Based on multi-wave follow-up data from the Chinese Longitudinal Healthy Longevity Survey (CLHLS) from 2008 to 2018, this study investigates the longitudinal association and mediating effect between education, diet, and cognitive function changes, stratified by cognitive trajectories. The aim is to better tailor interventions to specific populations to achieve more effective outcomes.



2 Methods


2.1 Data source

The data for this study were sourced from the CLHLS, which commenced in 1998 with follow-up surveys conducted every 3–4 years. The CLHLS survey spans 23 provinces in China and includes face-to-face household interviews with people aged 65 and older. All participants provided informed consent, with family members consenting for those unable to sign themselves (Zhang and Liu, 2007). Detailed information on the survey's sampling procedure and data quality is available in previous studies (Zeng et al., 2017). The survey has received approval from the Biomedical Ethics Committee of Peking University (IRB00001052-13074). Our team was granted data usage rights from the Peking University Open Research Data Platform.



2.2 Participants

This study used data from four waves of the CLHLS conducted between 2008 and 2018. Participants were older adults who completed cognitive function assessments in all four surveys. Samples missing dietary information or covariates at baseline and follow-ups were excluded, resulting in 2,115 participants. The selection process is shown in Supplementary Figure S1.



2.3 Food variety measurement

Food variety (FV) is a key factor in dietary quality and nutritional adequacy (Kennedy, 2009), ensuring a rich supply of all food groups as well as a wide range of macro and micronutrients (Kennedy et al., 2011). In this study, the Food Variety Score (FVS) was used to assess the food variety consumed by older adults from 2008 to 2018. The FVS was calculated based on the frequency of consumption of 13 specific food types included in the CLHLS questionnaire. These food types are: fresh fruits, fresh vegetables, meat, fish, eggs, legumes, preserved vegetables, sugar, garlic, dairy products, nuts, mushrooms, and tea. For fruit and vegetable consumption, respondents selected from four frequency options: daily, often, occasionally, or almost never. A score of 1 was assigned for “daily” or “often” consumption, while a score of 0 was assigned for “occasionally” or “rarely.” For the remaining 11 food items, consumption frequency was categorized into five options: daily, weekly, monthly, occasionally, and almost never. Again, a score of 1 was assigned for “daily” or “weekly” consumption, and a score of 0 was assigned for “monthly,” “occasionally,” or “almost never.” Each participant's final FVS was obtained by summing the scores across all food categories, yielding a range from 0 to 13. A higher score indicates a more diverse diet (Zhang et al., 2022).



2.4 Calculation of plant-based diet indices

Instead of focusing on individual foods or nutrients, overall dietary patterns consider the combined effects of multiple foods and nutrients. Given that plant-based diets align well with Asian dietary habits, this study used Plant-Based Diet Indices to assess older adults' dietary patterns. The dietary information for calculating the plant-based diet indices was primarily obtained through a simplified Food Frequency Questionnaire (FFQ), and these data were used to compute the plant-based diet scores. Initially, based on the nature of the foods, 16 common foods from the Chinese daily diet were grouped into three categories [in contrast to food diversity, the plant-based dietary pattern also considers the intake of grains (divided into whole grains and refined grains) and edible oil]: (1) healthful plant-based foods (whole grains, fresh fruits, fresh vegetables, legumes, garlic, vegetable oils, nuts, and tea), (2) unhealthful plant-based foods [refined grains, preserved vegetables, and sugar (white granulated sugar or candies)], and (3) animal-based foods (animal fat, eggs, fish and aquatic products, meat, and milk and dairy products). The questionnaire offered five response options for legumes, garlic, nuts, tea, salted preserved vegetables, sugar, eggs, fish, meat, and milk: “almost every day,” “≥1 time per week,” “≥1 time per month,” “occasionally,” and “rarely or never.” For whole grains, refined grains, vegetable oils, and animal fats, participants could respond with either “yes” or “no.” For fruits and fresh vegetables, the available choices were “almost every day,” “quite often,” “occasionally,” or “rarely or never.”

Using self-reported dietary frequencies, we calculated three plant-based diet indices: the overall Plant-Based Diet Index (PDI), the healthful Plant-Based Diet Index (hPDI), and the unhealthful Plant-Based Diet Index (uPDI). The consumption of each food was taken into account when calculating these indices. In line with previous studies (Satija et al., 2016, 2019, 2017), each food was assigned a score ranging from 1 to 5, with the specific focus of each index varying slightly. For the PDI, positive scores were assigned to plant-based food groups (with 1 indicating the least frequent consumption and 5 the most frequent), while animal-based food groups received reverse scores (fivee for the least frequent and one for the most frequent consumption). For the hPDI, healthful plant-based foods were scored positively, whereas unhealthful plant-based foods and animal-based foods were given reverse scores. In the case of the uPDI, positive scores were assigned to unhealthful plant-based foods, while both healthful plant-based foods and animal-based foods received reverse scores. The PDI, hPDI, and uPDI scores were calculated by summing the scores for each of the 16 food groups, with a theoretical range from 16 to 80.



2.5 Cognitive and education assessment

The CLHLS measured global cognitive function with the Chinese version of Mini-Mental State Examination (MMSE). The scale comprises 24 items, yielding a maximum score of 30 points, where higher scores indicate better cognitive function. It focuses on five primary domains: general ability, responsiveness, attention and calculation ability, recollection, language comprehension, and self-coordination. The validity and reliability of the Chinese MMSE have been verified (Chan et al., 2002; Lök et al., 2019).

The assessment of education level in the elderly population was primarily based on self-reported years of schooling.



2.6 Covariates

This study included demographic characteristics (gender, age, region, marital status, living conditions), socioeconomic status (Household income, wealth status, and health insurance coverage), and lifestyle factors (smoking, drinking, Exercise and BMI.) as covariates (Supplementary material).



2.7 Statistical analysis

Categorical variables were analyzed using frequencies (%) and continuous variables using means (SD). To study the cognitive trajectories of older adults, we employed a Group-Based Trajectory Model (GBTM) (Nagin, 1999). Additionally, a Mixed Graph Model (MGM) (Haslbeck and Waldorp, 2015) was utilized to construct a network model to explore the interconnections between education, dietary patterns, and cognitive trajectories. The Expected Influence (EI) metric was used to assess the core domains within the education, diet, and cognition network, with higher EI values indicating a stronger influence of a node on other nodes within the network. Detailed descriptions of the GBTM and network analysis methods are provided in the Supplementary material. To enhance the reliability of the network results, we conducted two sensitivity network analyses while controlling for potential confounding factors.

To examine the longitudinal associations between baseline education and follow-up FV, PDI, hPDI, and uPDI, we employed a cross-lagged Structural Equation Model (SEM) (Hamaker et al., 2015). This model simultaneously estimates multiple regression equations and assesses the directionality of associations while adjusting for potential confounders.

Finally, we analyzed the mediating mechanisms between education, diet, and cognitive trajectories using mediation analysis methods suited for categorical dependent variables. We adjusted the model linking the outcome variable (Y), mediator (M), and independent variable (X) from linear regression to cumulative logistic regression to accommodate the multicategorical nature of our outcome data. The mediating effect was tested using the product of coefficients method. Detailed descriptions of the methodology can be found in the referenced literature (Iacobucci, 2012).

All statistical analyses were performed using R 4.4.0 (R Core Team, Vienna, Austria). Two-sided p-values < 0.05 were considered statistically significant.




3 Results


3.1 Basic characteristics of different cognitive trajectories

Based on the selection criteria in Supplementary Table S2 and the cognitive trajectory curves in Supplementary Figure S3, we ultimately identified three cognitive trajectories: “High Stability” with 1,102 individuals (52.1%), “Slow Decline” with 710 individuals (33.3%), and “Rapid Decline” with 303 individuals (14.3%). Table 1 displayed the basic characteristics of the population in each cognitive trajectory group. In comparison to the other two cognitive trajectories, older adults in the “Rapid Decline” group were likely to be older, female, unmarried, not wealthy, never smokers, never drinkers, never exercisers, underweight, have lower years of education, have more children, lower PDI, hPDI, FV, and higher uPDI. Details on the whole sample can be found in Supplementary Table S1 and Supplementary Figure S2.


TABLE 1 Baseline characteristics of the sample by the different trajectory groups.
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In the multinomial logistic regression analysis with the “High Stability” group as the reference, age (OR: 1.063/1.174), gender (OR: 0.532/0.506), years of education (OR: 0.857/0.829), and FV (OR: 0.929/0.914) were common determinants for both the “Slow Decline” and “Rapid Decline” groups. uPDI (OR: 1.501) and formerly drinking (OR: 1.027) were determinants for the “Slow Decline” group. See Figure 1 for details.
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FIGURE 1
 The factors associated with cognitive trajectories.




3.2 Network analysis results

Figure 2 illustrated the network structure and centrality of education, diet, and cognitive function in older adults (primary network model). PDI (EI = 1.85) and education (EI = 0.54) emerged as the most central domains within the education, diet, and cognition model. Positive correlations were observed between cognition and education (edge weight > 0), as well as between both education and cognition with FV (edge weight > 0). In the sensitivity network analyses presented in Supplementary Figures S4, S5, even after adjusting for covariates affecting the relationships among education, diet, and cognition, the central domains remained consistent with those found in the primary network analysis. The stability and accuracy of the primary network analysis are supported by Supplementary Figure S6, which shows a cs-coefficient for EI of 0.75, indicating stable and accurate centrality values. Supplementary Figure S7 demonstrates the reliability and stability of the edges through the bootstrap range of the estimated edge weights' 95% confidence intervals. Supplementary Figures S8, S9 highlight significant differences in EI and edge weights within the network model.


[image: Network diagram on the left features nodes E1 and T1 connected to F1, F2, F3, and F4 with varying line thicknesses. Chart on the right plots expectations, showing a generally upward trend from F1 to F4. Legend explains node categories: education, food/dietary, and cognition.]
FIGURE 2
 Network analysis of education, diets, and cognition in older adults (primary network analysis). The cognitive trajectory groups in our study are defined as follows: high stability group = 3, slow decline group = 2, and rapid decline group = 1. By default, higher values indicate more stable cognitive function.




3.3 Association between cognitive trajectories and education years and diet

Supplementary Table S3 presents the unadjusted and adjusted estimates of the association between years of education, diet-related scores, and cognitive function from the multinomial logistic regression analysis. In Model 1, while without adjusting for any covariates, individuals in the “Slow Decline” group had a reduced chance of cognitive decline if they had higher FV scores and more years of education, as well as lower uPDI scores, compared to those in the “High Stability” group. Similarly, individuals in the “Rapid Decline Class” who had higher FV scores, PDI scores, hPDI scores, and more years of education had a reduced chance of cognitive decline compared to those in the “High Stability” group. In Model 2 and 3, after controlling for age, gender, region, marital, econ state, living conditions, children number (Model 2), Smoke, Drink, Exercise and BMI (Model 3), the associations between FV, years of education, and cognitive trajectories remained unchanged for both the “Slow Decline” and the “Rapid Decline” compared to the “High Stability”.



3.4 Longitudinal association between education, diet and cognition

Figure 3 illustrated the path relationship between years of education and FV among the older adults. It is evident that baseline years of education were associated with baseline FV (r1 = 2.08, P < 0.001), baseline years of education were associated with follow-up years of education (β1 = 0.84, P < 0.001), and baseline FV was associated with follow-up FV (β2 = 0.19, P < 0.001), indicating a certain level of stability in education years and FV over 10 years. After adjusting for gender, age, marital, econ state, smoking, drinking, and exercise, the path coefficient from baseline FV to follow-up years of education was not statistically significant (ρ1 = 0.003, P > 0.05), while the path coefficient from baseline years of education to follow-up FV was statistically significant (ρ2 = 0.009, P < 0.001). These results suggest a unidirectional causal relationship between years of education and FV.
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FIGURE 3
 Cross lagged model diagram between education and FV. (A) Unadjusted and stratified original model; (B) covariate-adjusted model; (C) coarse model stratified according to trajectory group; (D) covariate-adjusted and trajectory group stratified model. *P < 0.05, **P < 0.01, ***P < 0.001.


Further stratification based on 10-year cognitive trajectories revealed that after adjusting for covariates, the association between baseline years of education and follow-up FV was significant only in the “Stable Decline”. This finding indicates that the influence of education on FV is primarily observed among older people experiencing a slow decline cognitive trajectory.

Based on the above analytical steps, we further examined the longitudinal associations between years of education and three dietary patterns (PDI, hPDI, and uPDI) as well as cognitive. Similar to the findings for FV, years of education showed significant temporal associations with PDI, hPDI, and cognition in both the overall unstratified model and the stratified slow decline cognitive trajectory. However, the association with uPDI was not significant, indicating no temporal relationship between baseline years of education and follow-up uPDI. Detailed results can be found in Supplementary Figures S10–S13.



3.5 Mediating effect

Based on the above research results, to verify the mediating effect of diet on the relationship between years of education and changes in cognitive function in the older adults, we further conducted a mediation analysis with baseline years of education as the independent variable, follow-up FV, PDI, hPDI, and uPDI as mediating variables, and cognitive trajectories as the dependent variable. The results, shown in Table 2 and Figure 4, indicated that FV was the only significant mediating factor before and after controlling for covariates. The results demonstrated that both the direct effect of years of education and the indirect effect of FV on cognitive function were significant (95% CI did not include 0). The mediation effect explained 3.5% [0.021/(0.021 + 0.582)] of the total variance. These findings suggest that FV mediates the impact of years of education on changes in cognitive function.


TABLE 2 Mediating effects of FV and plant-based dietary patterns on the relationship between education and cognitive function changes.
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FIGURE 4
 Mediation analysis of education and cognitive function changes mediated by FV and plant-based dietary patterns (adjusted covariates). *P < 0.05, **P < 0.01, ***P < 0.001.





4 Discussion

This longitudinal study adds to the limited research on the changes in cognitive function over time in older adults and helps us understand the factors influencing different cognitive trajectories in individuals aged 65 and above. Additionally, this study further elucidates the mediating role of diet between educational attainment and cognitive function. The results indicated that there were three distinct trajectories of cognitive function over a 10-year period in older adults: high stability, slow decline, and rapid decline. Among these, the high stability group comprises the largest proportion of participants. These findings are consistent with the results of Tampubolon (2015), Min (2018), and Tu et al. (2020), suggesting that cognitive function remains stable for the majority of participants during aging.

Additionally, the analysis of related factors in this study indicated that characteristics such as education, FV, age, gender, drinking habits, and uPDI were associated with cognitive decline. These findings are consistent with the results of Tu et al. (2020) and Wu et al. (2019), which also validated the associations between age, gender, educational attainment, diet quality, and cognitive function in older adults. It demonstrates that higher educational attainment, being male, and better diet quality can reduce the risk of cognitive decline.

Moreover, our study revealed an interesting phenomenon: overall, baseline education level was significantly associated with FV, PDI, hPDI, and cognitive function at the 2018 follow-up, which is consistent with most previous research conclusions. Higher levels of education predict that individuals are more likely to maintain healthier dietary behaviors (Kant, 2004; Harrington et al., 2014; Mishra et al., 2006; Tabung et al., 2016) or improve their dietary behaviors over time (Harrington et al., 2014; Arabshahi et al., 2011); higher education levels tend to be associated with slower cognitive decline (Marioni et al., 2012). However, stratified analyses revealed that these significant associations did not apply to all older adults. For instance, the longitudinal associations between education and FV, PDI, and hPDI were observed only in the group with slow cognitive decline, while the longitudinal association between education and cognitive function was significant only in the stable group. Considering the differences in mean years of education among the cognitive trajectory groups, the high stability group had generally higher educational attainment compared to the slow decline and rapid decline groups, with the rapid decline group having the lowest educational levels. To our knowledge, the influence of education on dietary behavior is likely related to the ability to acquire, understand, and implement knowledge about ideal dietary behaviors. Individuals with low educational attainment have consistently shown lower overall dietary quality levels, possibly due to a lack of nutrition knowledge, cooking skills, or the ability to use preventive information. Those who have received a certain level of schooling are capable of acquiring these skills, thereby meeting the essential requirements for adopting healthy dietary behaviors and improving their diet. This group, with a certain educational foundation and situated at the boundary of having or lacking the ability to change dietary behaviors, is likely to exhibit characteristics of slow cognitive decline. The reason why the impact of education on cognition exists as a longitudinal association only in the high stability cognitive function group might be that this group has relatively higher education levels, while the education levels of the other two groups are too low to influence cortical functions and other behaviors mediating cognitive function, or it may be that their relationship is offset by other factors. These conclusions require further in-depth research and verification, but they also provide a new research perspective for related fields.

Finally, the results of our study demonstrated that FV has a significant mediating effect on the relationship between years of education and changes in cognitive function. The above findings are consistent with several studies. Firstly, individuals with higher education levels are more likely to maintain a healthy diet. Secondly, healthy dietary patterns and adequate variety in food intake can improve cognitive function by affecting metabolism (Galbete et al., 2018), inflammation (Azadbakht et al., 2005; Miller et al., 1992), and microvascular function (Yaffe et al., 2014). This suggests that FV may partially mediate the relationship between education and cognitive function.

This study has several strengths. First, we are the first to demonstrate the bidirectional association between educational attainment, dietary patterns, and cognitive function among individuals with different cognitive function trajectories, using data from a nationally representative long-term cohort. This provides strong support for the associations described in our study. Second, we utilized multi-time point cohort data spanning 10 years to explore longitudinal associations, thereby gaining a profound understanding of the relationships between education, diet, and cognitive function. This will provide guidance for interventions aimed at maintaining cognitive function in the elderly. Third, we assessed the potential mechanisms underlying this association, showing that the relationship between educational attainment and cognitive function is partially mediated by food variety, which may further enhance health interventions.

Despite its contributions, this study has several limitations. First, due to resource limitations, cognitive function was assessed solely using the MMSE scale. As a rapid screening tool, the MMSE may not capture the full complexity of cognitive function, potentially limiting the precision of cognitive assessments. However, MMSE has been widely validated as a reliable instrument for large-scale population studies. Second, both education level and dietary information were self-reported by the participants, which may introduce potential biases. Furthermore, the lack of more detailed and representative assessment metrics represents an inherent limitation of this study. More comprehensive evaluations are crucial for future in-depth research. Nevertheless, the measurement methods employed in this study have been validated as effective in previous studies (Zhang et al., 2022; Qi et al., 2023; Yi and Vaupel, 2010). Third, our study examined only one potential mediating mechanism through food variety (FV). While the mediating effect of FV was statistically significant, it accounted for only a small portion of the total effect, indicating that other unexamined mediators likely exist and require further exploration. Fourth, some participants were excluded due to missing data or loss to follow-up, which may introduce selection bias and affect the representativeness of the findings. Future research will involve combining multiple representative cohort datasets to better understand the relationships between education, diet, and cognition. Additionally, when feasible, we aim to construct cohort datasets for related research topics to conduct more accurate and representative assessments of population cognition, educational levels, and dietary patterns, thus enhancing the reliability of the associations observed. Finally, regarding the dietary assessment in this study, the lack of information on the proportions of various food components represents a key area for future research. Investigating the role of food component proportions in the identified associations will be an important direction for subsequent studies.



5 Conclusion

In conclusion, this study indicated that there was a longitudinal association between educational attainment and cognitive function over time among older adults in China, and this prospective education-cognition relationship was partially mediated by FV. Given these findings, healthcare providers can focus more on older adults with lower educational levels and inadequate food variety intake, taking effective measures to mitigate cognitive function disparities caused by low educational attainment and addressing cognitive decline by enriching food variety.
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Hormone replacement therapy, menopausal age and lifestyle variables are associated with better cognitive performance at follow-up but not cognition over time in older-adult women irrespective of APOE4 carrier status and co-morbidities
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Introduction: The impact of Hormone Replacement Therapy (HRT) on cognitive function in postmenopausal women remains a topic of considerable debate. Although estrogen's neuroprotective effects suggest potential cognitive benefits, empirical findings are mixed.
Methods: This study uses data from the Cognitive Function and Ageing Study Wales (CFAS Wales) cohort to explore the relationships between HRT use, age at menopause, APOE4 carrier status, lifestyle factors, comorbidities, and cognitive outcomes in older adult women. Two regression models were employed: one analyzing cognitive performance at follow-up and another examining changes in cognitive scores over time.
Results: Results indicate that while age, education, HRT use, age at menopause, alcohol consumption, and diet were associated with cognitive function at a single later time point, only age remained a significant predictor when modeling cognition over time.
Discussion: These findings suggest that while HRT, menopausal age and lifestyle factors may support cognitive stability, they do not necessarily predict cognitive decline in post-menopausal older women. A major limitation of the current work is the lack of detail regarding HRT use, such as formulation, timing and duration; caveats that future studies should address. The study underscores the need for longer follow-up periods, consideration of other female-specific risk factors, and more comprehensive lifestyle and health assessments to clarify the complex interplay between HRT use, reproductive history, lifestyle, comorbidities and cognitive aging in women.
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1 Introduction

The relationship between Hormone Replacement Therapy (HRT) and cognitive function in postmenopausal women is subject to ongoing investigation and debate (see Mills et al., 2023 for review). The rationale for HRT's potential cognitive benefits lies in the marked decline in estrogen levels during menopause, which is associated with age-related cognitive decline and an increased risk of neurodegenerative diseases, including Alzheimer's disease (AD) (Nerattini et al., 2023). Ovarian hormones are believed to play a crucial role in neurocognitive processes by supporting synaptic plasticity, neuroprotection, and cerebral blood flow regulation (Jett et al., 2022). Consequently, the potential for HRT to mitigate cognitive decline has generated significant interest, particularly in light of the higher prevalence of AD in women compared to men (Buckley et al., 2019; Mielke, 2018; Riedel et al., 2016), understanding the role of HRT in cognitive aging is of significant clinical importance (Ferretti et al., 2018) and relevant for secondary prevention strategies that target sex-specific risk factors (Udeh-Momoh and Watermeyer, 2021).

Despite these theoretical benefits, empirical findings on HRT's impact on cognition have been inconsistent (see Nerattini et al., 2023 for systematic review). Observational studies have frequently reported a positive association between HRT use and cognitive performance on global as well as domain scores, such as memory, processing speed and executive functions (Coughlan et al., 2022; Saleh et al., 2023; Yaffe et al., 1998). Similarly, HRT use has been associated with greater brain volumes in key AD-relevant regions, such as the entorhinal cortex, the hippocampus and prefrontal cortex (Saleh et al., 2023; Coughlan et al., 2023) and lower levels of AD-relevant biomarkers, such as phosphorylated tau (p-tau) and total tau (t-tau) (Lee et al., 2024). The influence of APOE4 carriership is controversial, with evidence suggesting that these effects are relevant only or more for women carrying the APOE4 allele (Saleh et al., 2023; Depypere et al., 2023), while other evidence suggests that only non-carriers derive cognitive benefits from HRT (Burkhardt et al., 2004). Still other evidence indicates no relevance of APOE4 status to female-specific factors and cognition (Lindseth et al., 2023). The influence of menopausal age alongside HRT use may also be relevant, with some studies noting that later menopausal age for HRT users is associated with better cognitive performance and reduced dementia risk in later life (Park et al., 2024), suggesting that longer exposure to endogenous and exogenous estrogen may be neuroprotective (Lee et al., 2024).

Conversely, randomized controlled trials (RCTs) have generally produced less favorable results in terms of cognitive benefits from HRT use. The Women's Health Initiative Memory Study (WHIMS, Shumaker et al., 1998), found that HRT was associated with an increased risk of dementia and cognitive decline when initiated in women aged 65 and older (Coker et al., 2010). This study significantly influenced clinical guidelines, leading to a more cautious approach to HRT use in older women. Additionally, the Kronos Early Estrogen Prevention Study (KEEPS) failed to demonstrate significant cognitive benefits of HRT in newly menopausal women (Gleason et al., 2015). More recently, a prospective trial of 6-months estrogen therapy in HRT-naïve cognitively healthy and younger menopausal women showed longitudinal changes in AB/p-tau ratio scores for women within the HRT arm; these effects strongest for APOE4 carriers (Depypere et al., 2023), indicating, for the first time, potential positive effects of HRT on biomarkers relating to AD pathophysiology. However, cognition was not assessed in this study due to the relatively short follow-up period.

The discordance between observational studies and RCTs could stem from differences in study populations, HRT formulations (i.e., estrogen-only, progesterone-only or combined preparations), and, crucially, the timing of HRT initiation. The “critical window hypothesis” posits that HRT is most effective when initiated near the onset of menopause, during a period when the brain may be more responsive to estrogen (Maki and Sundermann, 2009; Udeh-Momoh and Watermeyer, 2021). Similarly, the importance of considering cardiovascular health, metabolic status, and lifestyle factors when evaluating the cognitive effects of HRT has also been highlighted (Lee et al., 2024; Espeland et al., 2015; Liao et al., 2023; Rocca et al., 2024), despite several comorbidities representing exclusion criteria for HRT RCTs. RCT studies of the Mediterranean diet suggest significant improvements in cognitive domain composites and evidence for modulation of AD-relevant genotypes in dementia risk (Radd-Vagenas et al., 2018). Separately, adherence to this diet, which prescribes a high-intake of vegetables, nuts and their oils, has shown benefits to menopausal women's health, through weight and cardiovascular management (Gonçalves et al., 2024; Gregory et al., 2023b). Such benefits might occur through the estrogenic properties of recommended foods associated with the diet (Rispo et al., 2024).

While HRT remains a commonly prescribed treatment for menopausal symptoms, its impact on cognitive health remains controversial. Based on the existing body of literature, this study seeks to clarify the complex relationship between HRT and cognitive function in postmenopausal women, considering the potential influence of key factors such as age at menopause, APOE4 carrier status, lifestyle factors, and comorbidities. By leveraging data from the Cognitive Function and Ageing Study Wales (CFAS Wales) cohort of older-adults to explore whether HRT use is associated with better cognitive outcomes in older women, and how these outcomes are potentially moderated or mediated by such variables.



2 Methods


2.1 Study design and participants

This study uses data from the Cognitive Function and Ageing Study Wales (CFAS Wales), a population-based longitudinal cohort study focused on individuals aged 65 and older residing in Wales. The study investigates various risk factors and health outcomes among this population, and previously has explored the influence of socio-economic factors, bilingualism, cognitive reserve and lifestyle on cognitive status in later life across the entire sample (men and women) (Gamble et al., 2022; The Medical Research Council Cognitive Function and Ageing Study, 1998; Clare et al., 2017; Jia et al., 2021). It was conducted in two distinct geographical areas: a rural region (Gwynedd and Ynys Môn) and an urban area (Neath Port Talbot). All participants were consented to the study using informed consent procedures. The study included two waves of data collection: baseline data were gathered between 2011 and 2014, with a follow-up conducted 2 years later, from 2013 to 2016. The study received ethical approval from the NHS North Wales—West Research Ethics Committee (REC Ref No: 10/Wno01/37; IRAS Project No: 40092). The original study inclusion criteria comprised being born before 1946 and English or Welsh proficiency. For the purposes of our study, we included only female participants without evidence of cognitive impairment at the baseline assessment, as indicated by a Mini-Mental State Examination (MMSE, Folstein et al., 1975) score of 25 or higher. The study sample included 629 individuals who met the inclusion criteria.



2.2 Variables of interest
 
2.2.1 Demographic, reproductive history and APOE4 carrier status

Age was recorded at baseline; education was quantified as number of years of formal education. At the baseline visit, participants were asked the year of their last period. From this year, 1 year was added to represent their menopausal age, in keeping with the STRAW criteria (Harlow et al., 2012). Whether menopause was natural or due to surgical intervention was not recorded. Also at the baseline visit, participants were asked if they had ever been prescribed HRT. Twenty-three participants responded that they were currently taking HRT. Due to the small sample size of the latter group, this was combined with the participants who had been prescribed HRT in the past, generating 264 participants in the group with HRT history and 365 participants with no HRT history. APOE4 status was obtained through blood donation, available for all 629 eligible participants.



2.2.2 Co-morbidities and lifestyle variables

Participants were asked if they had ever been diagnosed with cancer, hypertension or diabetes by a general or specialist practitioner. Self-reported endorsements of diagnosis of co-morbidities were chosen for this study based on data availability, power and previous HRT and cognition literature where such comorbidities were indicated as confounders.

Participants were assessed on self-report measures relating to lifestyle. A history of smoking was ascertained through the questions: “Do you smoke?” or “Have you ever smoked?”. For alcohol or drinking behavior, participants were categorized into four groups based on their self-reported frequency of alcohol consumption over the past 12 months: nearly abstinent (no alcohol consumption or drinking once or twice a year); infrequent drinkers (consuming alcohol once or twice a month or once every few months); frequent light-to-moderate drinkers (drinking once or twice a week or three to four times a week); and regular drinkers (drinking five to six times a week or almost daily).

Participants' level of physical activity was assessed based on how frequently participants engaged in 18 different activities classified by intensity: mild (such as light gardening, bowls, light housework, and home repairs), moderate (such as gardening, using an electric lawn mower, car cleaning, moderate-paced walking, dancing, stretching exercises, and heavy housework), and vigorous (such as jogging, swimming, cycling, aerobics or gym activities, tennis, heavy gardening, and manual lawn mowing). A continuous scale was created by multiplying the reported frequency of activity (scored as 0 = once a year or less, 1 = several times a year, 2 = several times a month, 3 = several times a week, and 4 = every day or nearly every day) by the intensity ratio (mild: moderate: vigorous = 1:2:3). This ratio was established according to the metabolic equivalent of task (MET) values recommended in the literature (Aaron et al., 1995).

Self-reported information on the frequency of alcohol consumption over the last 12 months was used to classify participants into four groups: nearly abstinent (not at all in the last 12 months or once or twice a year); infrequent drinkers (once or twice a month or once every couple of months); frequent light-to-moderate drinkers (once or twice a week or three or four times a week); and regular drinkers (five or six times a week or almost every day).

To capture the overall dietary pattern, a total healthy diet score was created. CFAS-Wales assessed the frequency (never, seldom, once a week, 2–4 times a week, 5–6 times a week, or daily) and the daily servings of various foods, including fresh fruit, green leafy vegetables, other vegetables, fatty fish, other fish, wholemeal/brown bread, starch foods, dairy foods, and sugary foods. This analysis specifically focused on the intake frequency of “Mediterranean style” foods, such as fresh fruit, green leafy vegetables, other vegetables, fatty fish, other fish, and wholemeal/brown bread. The frequency was categorized into six levels: never, seldom, once a week, 2–4 times a week, 5–6 times a week, or daily. As per Clare et al. (2017), the total healthy diet score was generated based on these six frequency levels, with scores ranging from 2 (least frequent intake) to 30 (most frequent intake).



2.2.3 Cognition

Baseline cognitive function was assessed using the MMSE (Folstein et al., 1975) for screening (only participants with scores ≥25 were included in the analysis) and The Cambridge Cognitive Examination (CAMCOG, Roth et al., 1986), a standardized assessment tool comprising 67 items designed to evaluate cognitive function across eight domains. These domains include orientation, comprehension, expression, various aspects of memory (such as remote, recent, and learning), attention and calculation, praxis, abstract thinking, and perception. The total possible score ranges from 0 to 107, with lower scores indicating poorer cognitive performance. In this study, both the baseline and follow-up CAMCOG scores were used in these analyses. The change in CAMCOG scores was calculated as the difference between baseline and follow-up CAMCOG scores and were also included in the analyses.




2.3 Analytic approach

Multiple linear regression models were employed to investigate the relationship between the independent variables and cognitive outcomes. Initially, a series of linear univariate regression models were fitted to study the association of the CAMCOG follow-up score, with menopausal age, education, history of HRT use, and APOE4 carrier status as predictors. Next, a multivariable linear regression model was fitted including all predictors. Finally, a fully adjusted model that also including an interaction term between HRT use and APOE carriership was also fitted.

Finally, we repeated the same steps considering change in CAMCOG scores between baseline and follow-up as the dependent variable, that is, we fitted a series of univariate models with menopausal age, education, history of HRT use, and APOE4 carrier status as predictors and then fitted a fully adjusted model. Significance of each predictor was assessed using p-values associated with the regression coefficients (p < 0.05). Results are reported with 95% confidence intervals, and assumptions of normality, linearity, and homoscedasticity were checked for each model via inspection of diagnostic plots. The model fit was evaluated using R-squared and adjusted R-squared values, and the overall model significance was tested using the F-statistic. Finally, Variation inflation factor (VIF) values were examined for issues with multicollinearity. All statistical analyses were conducted using Stata version 17, with a significance level set at p < 0.05.




3 Results

Sample characteristics and averages for variables of interest are shown in Table 1 for all participants included in this study. Briefly, participants had a mean age of 72.95 years and were ~20 years post menopause (mean age of menopause 49.28 years). Nearly 42% of participants had a history of HRT use and about a quarter (25.25%) were APOE4 carriers.


TABLE 1 Descriptive statistics of analytical sample.

[image: Table displaying various health and lifestyle variables of 629 individuals. Variables include age at baseline, education, menopause age, HRT use, and ApoeE4 status. Co-morbidities listed are cancer, diabetes, and hypertension. Lifestyle variables are alcohol consumption, smoking history, physical activity, and diet. Cognitive measures include MMSE and CAMCOG scores. Statistics include mean, standard deviation, minimum, and maximum values. HRT refers to hormone replacement therapy; MMSE, mini-mental state examination; CAMCOG, Cambridge Cognitive Examination.]

Results of the first regression analysis modeling cognitive performance at follow-up showed that the overall model was statistically significant, F(12;615) = 13.68, p < 0.001, with an R2 = 0.21, indicating that ~21% of the variance in CAMCOG follow-up scores was explained by the predictors. Results are shown in Table 2. Menopausal age, history of HRT use, alcohol consumption, healthy diet, education in years and age at baseline were significant predictors (p < 0.05). A diagnosis of diabetes showed an association that approached significance (p = 0.08).


TABLE 2 Results from univariate and fully adjusted regression models fitted to cognitive function at follow-up.

[image: Table comparing univariate and fully adjusted models for various variables including age at menopause, education level, hormone replacement therapy use, APOE4 carrier status, age, cancer diagnosis, diabetes, hypertension, alcohol consumption, smoking status, physical activity, and healthy diet. Coefficients, standard errors, p-values, and confidence intervals are provided for each variable. Significant p-values are in bold, indicating significance below 0.05.]

Results of the second analysis modeling change overtime, operationalized as the difference between baseline and follow-up CAMCOG scores are shown in Table 3. The overall model was statistically significant, F(12, 615) = 2.58, p = 0.002, with an R2 = 0.048, indicating that ~4.8% of the variance in the change in cognitive scores was explained by the predictors. Age at baseline was the only significant predictor in this subsequent model (p < 0.05).


TABLE 3 Results from univariate and fully adjusted regression models fitted to cognitive change over time.

[image: Table comparing univariate and fully adjusted models for various variables related to hormone replacement therapy (HRT). Variables include age at menopause, education, HRT use, APOE4 carrier status, and more. Coefficients, standard errors, p-values, and 95% confidence intervals are provided. Notable significant p-values (less than 0.05) are bolded, such as HRT use and physical activity in univariate models, and age in fully adjusted models.]

The interaction term of HRT history and APOE carriership did not emerge as statistically significant in either of the two fully adjusted models.

Due to criticisms regarding the sensitivity of the MMSE cut-off threshold of 25 as indicative of cognitive decline, we conducted sensitivity analyses with a revised cut-off threshold of 27 in keeping with previous work (Kukull et al., 1994). The results of this sensitivity analysis did not change the interpretation of our findings for the change in CAMCOG scores over time, but did affect interpretation of the CAMCOG at follow-up model (see Supplementary Table S1), with HRT use and age at menopause no longer contributing to the model with the revised MMSE cutoff score. We further assessed whether any participants transitioned from “normal cognition” to “cognitive impairment” based on MMSE scores at baseline and follow-up. Fifty-five women scoring above 25 on the MMSE at baseline, scored below 25 on the MMSE at the follow-up timepoint. A logistic regression was carried out to assess the relationship between our variables of interest and cognitive impairment. The final log-likelihood of the model was −165.73, and the model yielded a likelihood ratio chi-square (LR χ2) statistic of 31.98, p = 0.0014, indicating that the overall model was statistically significant. The Pseudo R2 value was 0.088, suggesting that ~8.8% of the variance in cognitive impairment was explained by the included predictors. Only education level and adherence to a healthy diet were significant predictors (see Table 4).


TABLE 4 Results of fully-adjusted logistic regression model to assess risk for cognitive impairment at follow-up.

[image: Table showing the effects of various variables on an outcome. Significant variables with p-values less than 0.05 are education level (B = -0.22, p = 0.003) and healthy diet (B = -0.09, p = 0.02). Other variables include age at menopause, HRT use, APOE4 status, age, alcohol consumption, smoking status, physical activity, cancer diagnosis, hypertension, diabetes diagnosis, and a constant. HRT stands for hormone replacement therapy. Bold p-values indicate significance.]



4 Discussion

This study explored the complex relationships between HRT use, age at menopause, APOE4 carrier status, lifestyle variables, presence of comorbidities and cognitive outcomes in postmenopausal older-adult women, contributing to the ongoing investigation regarding the efficacy and risks associated with HRT in the context of aging and cognitive decline. In the first analysis which modeled absolute cognitive performance at a specific timepoint, age at menopause, history of HRT, alcohol consumption and healthy diet, along with age and education levels, were significantly associated with cognitive performance. However, the second analysis modeling change in cognitive performance over time revealed that only age remained a significant predictor. The discrepancies in findings between these model approaches may differentiate between predictors that support stable cognitive performance and those that actively contribute to cognitive decline or improvement in older-adult women; these findings will be considered in turn in relation to previous research.

A significant positive association between HRT use and cognitive function, as measured by the CAMCOG scores at follow-up, is consistent with previous observational studies reporting better cognitive performance associated with HRT use (Saleh et al., 2023; Yaffe et al., 1998; Hogervorst et al., 2000); however, the finding that this association did not persist with change over time is in keeping with several RCT studies finding no evidence for HRT to delay cognitive decline in older-adult women (Espeland et al., 2010; Shumaker et al., 2003) as well as an observational study of post-menopausal older-adult women in which HRT history showed no effects on cognitive change over a 3-year follow-up (Wood Alexander et al., 2024). Instead, this shift in significance when change in cognitive scores over time is applied, indicates that while HRT and the other variables of interest, may be associated with cross-sectional cognitive function at a specific time point, they do not necessarily predict the cognitive change on trajectory toward dementia. Nonetheless, the follow-up period of 2 years in this study is relatively restricted and a longer follow-up period with more interim assessments might reveal long-term benefits in rate of cognitive change or decline.

Similarly, age at menopause showed an association with cognitive outcome at follow-up, with earlier menopause associated with poorer cognitive performance at this timepoint. This finding aligns with studies reporting that early menopause increases the risk of Alzheimer's disease (Liao et al., 2023), and suggests that early intervention might mitigate this risk (Coughlan et al., 2023). Again, as the association with menopausal age association did not persist in our model of change in cognitive performance this suggests that either the benefit of later menopausal age does not translate to reduced cognitive decline long-term or the underlying pathophysiological benefits of a longer fertile window could not be indicated by our global cognitive measure. Greater menopausal age may confer a longer fertile window—the period from menarche to menopause—and therefore might represent prolonged exposure to endogenous estrogens providing neuroprotection. Women with longer fertile windows show lower levels of p-tau and t-tau biomarkers relative to those with shorter windows (Lee et al., 2024), substantiating the role of reproductive or sex hormones in mediating AD pathology. Unfortunately, the age of first menses was not available in the current dataset, and thus we could not estimate participant's fertile window in this study. Lee et al. (2024) also considered the duration of HRT use, reporting that longer durations of HRT, particularly when initiated within the critical window of 5 years after menopause, were associated with better cognitive outcomes. Conversely, prolonged use of HRT when started later after menopause did not show the same cognitive benefits and, in some cases, could be associated with increased risks, as found in the (Shumaker et al., 1998) RCT study.

Given proposed caveats of the sensitivity of the MMSE to detect cognitive impairment, we conducted sensitivity analyses including participants with a cut-off score > 27 (Kukull et al., 1994). Under these conditions, HRT use and age at menopause no longer contributed to the model for cognitive performance at follow-up, indicating that the effects of HRT use and age at menopause might be more apparent for maintaining cognitive health in participants with significant impairment (< MMSE 25). The new model might also include participants across a broader range of cognitive abilities, potentially introducing more variability and obscuring the effects of HRT use and age at menopause. Alternatively, these discrepancies might reflect an artifact of the MMSE itself, with it not being sensitive enough to capture subtle cognitive changes in higher-functioning individuals (those scoring closer to 30). The ceiling effect could artificially dampen or obscure true associations in the model, making it appear as if certain factors are less relevant.

In our first model two lifestyle factors, current alcohol consumption and greater adherence to a Mediterranean-like healthy diet, were found to be associated with better cognitive performance. Interestingly, a traditional Mediterranean diet typically includes the moderate consumption of red wine and there may be cumulative benefits of the two components measured in our study. The relationship between alcohol consumption behaviors and later-life cognitive health is controversial, but similar evidence in older-adult women suggests that moderate drinkers (consuming < 15 g or approximately one drink per day) show better cognitive scores than non-drinkers (Stampfer et al., 2005). This finding has been further substantiated in moderate drinkers through systematic review (Ran et al., 2021) and through dose-response analysis for female drinkers, specifically (Brennan et al., 2020). Nonetheless, as the Lancet Commission report (Livingston et al., 2024) suggests there is a lack of definitive evidence that non-drinkers are at increased risk of dementia and that excess risk for non-drinkers may in fact be an artifact of current non-drinkers' abstinence at the time of study collection being a response to previously excessive consumption that was not captured. Alternatively, perhaps these relationships are influenced by sex and the heterogeneity in the literature reflects the lack of sex-specific reporting. The finding that more frequent intake of foods associated with the Mediterranean diet shows a positive association with cognitive performance resonates with several previous works (see Siervo et al., 2021 for review). Indeed, higher adherence to this dietary pattern has been associated with a significantly lower risk of mild cognitive impairment (RR = 0.91, 95% CI = 0.85–0.97) and lower risk of AD (RR = 0.89, 95% CI = 0.84–0.93) through dose-response meta-analysis (García-Casares et al., 2021). Specific to women, the diet's focus on plant-based foods with high degrees of polyphenolic and phytoestrogenic compounds and purported estrogenic properties (Barrea et al., 2021) may support the menopausal transition and possibly offset the influence of cumulating age-related and post-menopausal health conditions, such as cardiovascular and metabolic conditions (Szmidt et al., 2023). Our study did not find any influence of comorbidities, such as cancer, hypertension and diabetes, although the latter did show a trend toward significance (p = 0.08) in our first model.

Interestingly, no significant association with APOE4 status and cognitive outcome or change was demonstrated, and there was no evidence of an interaction of HRT and APOE4 upon cognition in this study, in contrast to previous studies of diverse older-adults (Saleh et al., 2023; Gharbi-Meliani et al., 2021). Although, the UK Biobank cohort study (N = 111,739) found significant interactions between APOE4 status with the presence of cardiometabolic diseases and older age on cognitive abilities, but these effects did not survive correction for confounders, including diabetes, cardiovascular disease and hypertension (Lyall et al., 2016); variables incorporated into our analyses. Longitudinal evidence from a 20 year follow-up study suggests that APOE4 heterozygote carriers showed poorer cognition only upon age 75 years and older (Gharbi-Meliani et al., 2021). Thus, it is possible that our sample may be, on average, too young to be demonstrating group level effects on cognition. Moreover, our study's sample size limitations could contribute to these non-significant findings. Although APOE4 status was recorded for all participants, the relatively small proportion of APOE4 carriers (~25%) may not have provided sufficient power to detect smaller effect sizes in interaction with other factors, such as HRT use and lifestyle behaviors. Nonetheless, the debate surrounding the influence of APOE4 genotype independently or in interaction with other reproductive (Saleh et al., 2023; Lindseth et al., 2023) or lifestyle and health factors (Dhana et al., 2021; Lyall et al., 2019) is deserving of further investigation to resolve these inconsistencies.

While this study contributes valuable insights to predictors of cognitive performance in older-adult post-menopausal women, there are notable limitations. Its cross-sectional design with a limited follow-up period of 2-years restricts its ability to draw causal conclusions. Further, it relied on self-report of health and lifestyle variables, in some instances reducing these factors to presence or history of comorbidities and health behaviors. More detailed and validated medical and lifestyle information (e.g., duration of illness, duration of smoking, history of alcohol consumption behaviors) might have rendered more nuanced or a different set of results. Similarly, the lack of detailed information on HRT formulations, dosages, as well as proxies for fertility, such as parity and length of fertile window may have compromised interpretations of the results obtained in relation to reproductive and fertility proxies. For example, our study could also not address whether the timing of HRT initiation following the menopause was a critical factor, as the HRT initiation date was not recorded as part of the interview. The timing of HRT initiation relative to menopause onset may indeed be crucial in determining its effects on cognitive outcomes and brain structure. In a recent study, women who initiated HRT closer to the onset of menopause, that is, within 5 years, tended to have better cognitive performance and more favorable brain volume outcomes compared to those who started HRT after a longer delay following menopause (Coughlan et al., 2023). Nonetheless, previous work failed to find evidence that HRT initiation close to menopause shows beneficial effects on cognitive function in later life (Ryan et al., 2009). Surgical and natural menopause could also not be differentiated in the dataset, which might have provided a more refined interpretation of these results and in relation to other findings. Women who have had an oophorectomy before their natural age of menopause have a faster rate of cognitive decline and a significantly higher risk of cognitive impairment and dementia later in life (Bove et al., 2014; Phung et al., 2010; Rocca et al., 2007), risks which are particularly pronounced in women who do not initiate HRT at all or soon after surgery (Bove et al., 2014; Rocca et al., 2014).

Importantly, while our sample comprises participants living in urban and rural Wales, offering some socio-economic and socio-linguistic diversity, it is greatly restricted by its lack of ethno-racial diversity. Ethno-racial variations in the prevalence, risk, presentation, and progression of AD have been documented (Demirovic et al., 2003; Guland et al., 1997; Howell et al., 2017; Kulminski et al., 2020). These disparities are likely the result of intricate interactions between genetic susceptibility and risk factors that are influenced by biological, lifestyle, and socio-cultural differences, which vary across ethno-racial groups (Brothers et al., 2019; Xiong et al., 2020). In relation to female-specific risk factors, both the timing of menopause and the associated symptoms, including psychological and vasomotor changes, have been found to vary among different ethnicities (Avis et al., 2001; Thurston and Joffe, 2011). Similarly, this is an older-adult sample (all were aged 65 years and older at baseline), and diversity in ages and thus stages of the fertile window, as well as variations in parity and experiences with HRT and other hormones, including exogenous estrogens, such as hormonal contraception (see Gregory et al., 2023a for review), may have further delineated the complex interplay of factors that influence cognitive outcomes in later life or potentially explain the heterogeneity observed in cognitive aging and Alzheimer's disease risk within the female population. Like many established cohorts, the selected dataset was not designed with sex differences or female-specific risks for dementia in mind, and thus the ability to comprehensively assess all purported sex-specific risks was limited. Nonetheless, there have been calls and initiatives to improve upon current and future data collection methods in cognitive aging cohorts with an embedded focus on female brain health (Udeh-Momoh and Watermeyer, 2021; Watermeyer et al., 2024; Udeh-Momoh et al., 2024).

Future research will benefit from this concerted effort to highlight female-specific dementia risks. These studies should focus on longitudinal follow-up with higher throughout to better understand the long-term effects of HRT on cognitive outcomes, particularly in relation to APOE4 genotype or other genetic factors or biomarkers. Studies exploring broader physiological responses of HRT and its interaction with female-specific risks and factors as well as lifestyle and health factors will also be crucial in providing a clearer picture of how these factors influence dementia risk.

In conclusion, the study provides some support for the influence of HRT, menopausal age and lifestyle factors on later life cognitive function or performance of older-adult women, but no evidence that these factors influence cognitive function over time. The discrepancy between the two analytic models highlights the importance of considering the choice of outcome when interpreting the effects of various predictors on cognitive health, a possible oversight in previous work leading to mixed findings surrounding the influences of HRT history and menopausal age in female cognitive health, in particular. Overall, the pattern of our findings emphasizes the complexity in delineating the roles of HRT and reproductive histories alongside lifestyle and health variables in cognitive aging in women. Future longitudinal work is needed to further illuminate these complex relationships to optimize tailored strategies that support cognitive health in women across the menopause spectrum.
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Association between weight-adjusted waist index and cognitive impairment in Chinese older men: a 7-year longitudinal study
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Background: Obesity, through mechanisms such as insulin resistance and systemic low-grade inflammation, can damage the central nervous system and impair cognitive function. Weight-adjusted waist index (WWI) is a novel measure of obesity that may offer more precise assessments of muscle and fat mass. This study aims to investigate the association between WWI and cognitive function in older Chinese men.
Methods: Data from the 2011–2018 China Longitudinal Health and Longevity Survey (CLHLS) were used in this study. WWI and cognitive function were examined in both linear and non-linear situations using Kaplan–Meier survival curves, multivariate Cox regression models, and restricted cubic spline (RCS) regression.
Results: This study included 1,392 older Chinese men aged 65 years and over for whom complete data were available. After controlling for all potential confounding variables, our analysis showed a statistically significant positive association between WWI and cognitive decline. Specifically, for every 1 cm/√kg increase in WWI, the risk of cognitive impairment increased by 17% (HR = 1.17, 95% CI: 1.02–1.35). Using 11.52 cm/√kg as the cutoff point for WWI, we found that High WWI was associated with a 44% increased risk of cognitive impairment compared with Low WWI (HR = 1.44, 95% CI: 1.07–1.96). RCS regression analysis confirmed a linear positive correlation between WWI and cognitive impairment.
Conclusion: Higher WWI is linked to worse cognitive performance in older Chinese men.
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1 Introduction

Dementia has emerged as one of the main global public health concerns as the world’s population ages (Livingston et al., 2017). Studies have shown that lower cognitive ability and significant cognitive decline continue to influence mortality in older people, even after controlling for other biomedical risk factors (Connors et al., 2015). Consequently, maintaining good cognitive performance has emerged as a crucial component of successful aging. The world’s highest population of dementia patients is found in China (9.5 million patients), followed by the United States (4.2 million patients) (Alzheimer’s Disease International, 2015).

Simultaneously, the incidence of obesity is increasing and has emerged as a serious global health concern. Studies have shown that obesity significantly increases the risk of adverse health outcomes in older people, not limited to cardiovascular disease and diabetes (Riaz et al., 2018; Piché et al., 2020), but also includes deleterious effects on the central nervous system and cognitive functioning (Mina et al., 2023; Miller and Spencer, 2014). Inflammatory factors produced by obesity will lead to disruption of cognitive functions mediated by regions such as the hippocampus, amygdala, and reward processing centers (Miller and Spencer, 2014). In addition, obesity, a feature of metabolic syndrome, has been identified as a risk factor for neurocognitive impairment (Anstey et al., 2011). Compared to normal waist circumference (WC), central obesity (high WC) has a higher risk of cognitive impairment and dementia, especially in older people. The body mass index (BMI) and waist circumference (WC) are commonly used to evaluate obesity in older people. It is noteworthy to acknowledge that these measurements are incapable of differentiating between adipose tissue and muscle mass.

The weight-adjusted waist index (WWI) is a new measure of obesity proposed by Park et al. The WWI integrates changes in body composition such as muscle and fat mass to provide a more comprehensive assessment of centripetal obesity (Kim et al., 2021; Park et al., 2018; Kim et al., 2023; Xu and Zhou, 2024). Previous studies have shown that WWI is negatively associated with appendicular lean mass and abdominal muscle mass among middle-aged and older people (Kim et al., 2021; Kim et al., 2022; Kim et al., 2023). Another study reported that WWI showed a stronger correlation with sarcopenic obesity in older men than other anthropometric measures such as waist-to-height ratio, BMI, and WC (Kim et al., 2023). And there was also an independent association between WWI and muscle-reducing obesity in men in specific populations (Tian et al., 2023).

Existing studies point to a correlation between obesity and cognitive impairment, but the relationship between WWI and cognitive function in Chinese older people has not been explored in the literature. Considering that obesity acts as a catalyst for disease and is a key cause of mortality in men (Holley-Mallo and Golden, 2021), we aimed to focus on the association between obesity and cognitive impairment in Chinese older men by investigating the correlation between WWI and cognitive performance in the Chinese older male population using 7-year longitudinal data obtained from the China Longitudinal Health and Longevity Survey (CLHLS).



2 Materials and methods


2.1 Study design and participants

The data were obtained from the China Longitudinal Health and Longevity Survey (CLHLS), conducted by Peking University. CLHLS was conducted in 23 provinces of China among people aged 65 and older and their adult children aged 35–64. This survey, which began in 1998 and was examined every 2–3 years, is the most extensive and longest-running social science survey in China. CLHLS systematically collects data on older people through face-to-face interviews conducted by trained staff. Details of the sample design have been described elsewhere and data quality was reported to be generally good (Zeng, 2012; Li et al., 2018; Liang et al., 2024).

The study used 2011, 2014, and 2018 datasets of CLHLS. For this study, we selected participants aged ≥65 in 2011 as the baseline who completed the follow-up survey in 2014 and 2018. And participants with incomplete waist circumference and weight information were excluded. Participants who did not provide complete information on MMSE at 2011 and 2014 years were also excluded. Sample with cognitive impairment in 2011 and 2014 were excluded. In addition, in order to ensure that the time of cognitive impairment is complete, participants who died and were lost to follow-up were excluded in 2014. The sample selection for this study is shown in Figure 1. All participants signed written informed consent. And CLHLS was approved by the Research Ethics Committee of Duke University and Peking University (IRB00001052–13074).

[image: Flowchart depicting the sequential exclusion process for participants from the CLHLS study. Starting with 9,765 participants, exclusions occur for reasons such as being under 65 years, missing values, dementia, cognitive impairment, death, outliers, incomplete demographic data, and being female, resulting in 1,392 participants by 2011-2018.]

FIGURE 1
 Flow diagram of how to select participants.




2.2 Assessment of cognitive impairment

The Chinese version of the Brief Mental State Examination (MMSE) was used in the CLHLS to assess overall cognitive function (Yi and Vaupel, 2002). The MMSE consists of six dimensions with a total of 24 items (five items for orientation, three for registration, one for naming, five for attention and calculation, three for recall, and seven for language). MMSE scores range from 0 to 30, with higher scores indicating better cognitive function. The MMSE has been validated in Chinese older people population, with scores below 24 defined as cognitive impairment (Zhang et al., 2021).



2.3 Definition of weight-adjust waist index

The WWI was used as the independent variable and was calculated as the waist circumference (cm) divided by the square root of body weight (kg). Low WWI was defined as WWI < 11.25 cm/√kg while high WWI was defined as WWI ≥ 11.25 cm/√kg (Cai et al., 2022; Chen et al., 2024). For the choice of WWI cut-off value, a previous study in older people found that high WWI (≥ 11.25 cm/√kg) was associated with the highest all-cause mortality (Cai et al., 2022).



2.4 Covariates

To obtain more reliable results, we included factors that may be correlated with the dependent variable as covariates in the study. Based on the previous studies, 9 covariates from sociodemographic characteristics, lifestyle, and chronic diseases were considered. For sociodemographic characteristics, age, residence (urban, rural), marital status (married, other), occupation (professional work [skilled professionals, government, management], non-professional work [agriculture, fishing, services, industry, domestic work]), and education (no formal education [<1 year of education], formal education [≥1 year of education]), were included. Participants were defined as smokers/drinkers if current smokers/drinkers, regardless of frequency and quantity. Hypertension and diabetes mellitus were identified by participant self-report, with “yes” and “no” responses (Lv et al., 2019; Chen et al., 2024).



2.5 Statistical analysis

Categorical variables were expressed as counts (percentages) and continuous variables were expressed as means with standard deviations (SD). Differences in the occurrence of cognitive impairment between groups were detected using Kaplan–Meier (KM) survival curves and log-rank P tests. Hazard ratios (HRs) and 95% confidence intervals (95% CIs) were calculated by using Cox proportional hazards regression models to assess the association of WWI with cognitive impairment, and forest plots were drawn. The non-linear relationship between WWI and cognitive impairment was analyzed using restricted cubic spline (RCS) regression. All statistical analyses were performed using R (4.3.3) software. All p-values were two-tailed, with 0.05 being the threshold for statistical significance.




3 Results


3.1 Characteristics of the study population

The mean duration of follow-up was 4.4 years (standard deviation: 2.1 years), and 177 (12.7%) of the 1,392 participants developed cognitive impairment during this period. Participants had a WWI of 11 ± 1 cm/√kg. The results showed that participants with high WWI tended to be older, residence in the urban area, and other marital status compared to low WWI (Table 1).



TABLE 1 Baseline characteristics of the study population.
[image: A table displays demographic and health-related data comparing overall, low WWI, and high WWI groups, with p-values for statistical significance. Variables include age, education, occupation, residence, marital status, smoking and drinking habits, hypertension, diabetes, WWI, follow-up duration, and cognitive impairment. Significant differences with p-values under 0.05 appear in age, residence, marital status, WWI, and cognitive impairment data.]



3.2 KM survival analysis

To explore exposure factors significantly associated with the development of cognitive impairment, we examined WWI, age, education, occupation, marital status, place of residence, drinker, smoker, hypertension, and diabetes by KM survival analysis and using log-rank P test, respectively, and visualized them using KM curves (Figure 2). We found that Low WWI, 65–79 years old, formally educated, professionally employed and married participants experienced lower cognitive impairment (All log-rank p < 0.05).

[image: Ten line graphs showing survival without cognitive impairment over eight years based on different variables, including WMH (white matter hyperintensities), age, education, occupation, marital status, residence, drinking, smoking, hypertension, and diabetes. The lines are distinguished by different categories within each variable, and p-values indicate statistical significance.]

FIGURE 2
 Kaplan–Meier (KM) survival curves for the association between characteristics of the study population and the risk of developing cognitive impairment were examined by log-rank P-tests for WWI, age, education, occupation, residence, marital status, smoker, drinker, hypertension and diabetes.




3.3 RCS and optimal thresholds

We further assessed the relationship between WWI and cognitive impairment using RCS analysis. The result showed a linear relationship between WWI and cognitive impairment (P for overall = 0.015, P for non-linearity = 0.407, Figure 3A). Immediately after, we used the ‘survminer’ package to discover that the optimal cutoff for WWI was 11.52 and Low WWI (<11.52) had a lower incidence of cognitive impairment (Figure 3B).

[image: Panel A shows a line graph illustrating the relationship between WWI (cm/kg) and hazard ratio (HR with 95% confidence interval), with a significance level for overall p = 0.015 and nonlinearity p = 0.340. Panel B presents a survival curve comparing low and high WWI groups over time in years, with a p-value less than 0.001, indicating significant differences in survival without cognitive impairment.]

FIGURE 3
 The RCS curve of WWI associated with the risk of developing cognitive impairment and the KM survival curve were the optimal thresholds. (A) The non-linear relationship between WWI and cognitive impairment was analyzed using a 4-section restricted cubic spline regression. (B) The optimal threshold of 11.52 was used as a cutoff point to distinguish between High WWI and Low WWI, and the difference in the risk of developing cognitive impairment between the two was detected using KM survival curve plotting as well as log-rank P test.




3.4 Correlation between WWI and cognitive impairment

Table 2 shows the relationship between WWI and cognitive impairment and observes a significant correlation between WWI and cognitive impairment. After adjusting for potential confounders (Model 3), for every 1 cm/√kg increase in WWI, there was an 17% increased risk of developing cognitive impairment (HR = 1.17, 95% CI: 1.02–1.35). Following the previous cutoff point (11.25), we found no significance between WWI and cognitive impairment after adjusting for potential confounders. However, through a cutoff of 11.52, we found that after controlling for potential confounders, older men with High WWI had a 44% increased risk of cognitive impairment compared with Low WWI (HR = 1.44, 95% CI: 1.07–1.96).



TABLE 2 Cox regression analysis of the relationship between WWI and cognitive impairment.
[image: Table showing hazard ratios (HR) and P-values for three different models assessing weight-adjusted waist index (WWI). Model 1 has no covariate adjustments, Model 2 adjusts for age, and Model 3 adjusts for age, education, and more factors. Comparisons are made for low and high WWI thresholds. Optimal threshold results show higher HR for high WWI across all models, with significant P-values, especially in Model 1.]



3.5 Subgroup analysis

We also performed subgroup analyses to explore whether the association between WWI and the risk of developing cognitive impairment remained stable across subgroups. As shown in Figure 4, both continuous and categorical variables (11.52 cm/√kg), all stratification variables including age (65–79 and ≥80 years), type of residence, marital status, education, occupation, smoking, alcohol consumption, diabetes mellitus, and hypertension did not influence the association between WWI and the risk of developing cognitive impairment (All P for interaction>0.05).

[image: Forest plot comparing two sets of variables related to health conditions. Each set includes age, education, occupation, residence, marital status, smoking, drinking, hypertension, and diabetes. Hazard ratios with confidence intervals are shown along with P-values for interaction. The left set shows HR ranging from 0.5 to 2.5 and the right set from 0.5 to 3. The overall HR is visually depicted with different bars, emphasizing significant values.]

FIGURE 4
 Subgroup analysis of the association between WWI and cognitive impairment. (A) Subgroup analysis of WWI (continuous variable). (B) Subgroup analysis of WWI (11.52 cm/√kg as a categorical variable at cutoff point).





4 Discussion

This study aimed to investigate the relationship between body weight-adjusted waist index and cognitive function in a sample of 1,392 Chinese older men. The results of the study showed that higher WWI in older men was associated with an increased risk of cognitive impairment, and based on 11.52 cm/√kg as the cutoff point, high WWI had higher risk of cognitive impairment than low WWI. This finding suggested that WWI, a newly developed indicator of obesity, may be important in revealing the risk of cognitive impairment in older men. Whether WWI was considered a continuous or categorical variable, the association was consistently validated across subgroups, suggesting that higher levels of WWI are strongly associated with cognitive impairment in older men. The results of this study suggest that WWI may be a reliable indicator for assessing the relationship between obesity and cognitive impairment in older Chinese men.

To our understanding, this study is the first to assess the correlation between WWI and cognitive function in older Chinese men through longitudinal data, emphasizing the positive correlation between elevated WWI and cognitive decline. Existing research suggests that obesity has a negative impact on cognitive function. A prospective cohort study found a gradual decline in cognitive performance with increasing BMI, especially in individuals with a higher baseline BMI during the follow-up period (Cournot et al., 2006). Another cross-sectional study of 28,486 participants aged 60 years or older found that the prevalence of metabolic syndrome and its components (with the exception of hypertriglyceridemia), as well as the number of metabolic syndrome components, tended to increase as cognitive impairment worsened (MMSE scores decreased from ≥24 to 18–23 to 0–17) (Huang et al., 2022). In our study, the results of unadjusted and adjusted models provided evidence for WWI as an independent risk factor for cognitive impairment in Chinese older men. By using the optimal threshold for WWI to classify high and low WWI, we found that high WWI showed a higher risk of cognitive impairment compared to low WWI. RCS regression analyses further confirmed the positive linear correlation between WWI and cognitive decline.

Obesity is a state caused by an excessive accumulation of body fat. There is growing evidence that obesity has a significant negative impact on the central nervous system, specifically, obesity nearly doubles the risk of Alzheimer’s disease (AD) (Yu et al., 2020). The accumulation of visceral fat due to obesity and its associated metabolic consequences are closely linked to cognitive impairment, with these metabolic consequences forming the core features of metabolic syndrome, including insulin resistance, dyslipidemia, and hypertension (Kouvari et al., 2022). Systemic inflammation and insulin resistance have deleterious effects on the CNS and lead to cognitive impairment. Systemic inflammation is strongly associated with obesity. Pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6, MCP1) and inflammation-associated proteins (e.g., C-reactive protein, CRP) released from adipose tissue maintain the body in a state of low-grade systemic inflammation for long periods of time (Morys et al., 2021). This inflammatory state can further affect cognitive function and mood through dysregulation of the hypothalamic–pituitary–adrenal (HPA) axis (Dionysopoulou et al., 2021). Visceral obesity-induced insulin resistance severely affects optimal neuronal function, as evidenced by reduced capillary reactivity and cerebral blood flow (Heneka et al., 2015).

The WWI is an anthropometric measure used to assess increases in body fat mass and decreases in muscle mass. WWI is positively correlated with abdominal fat mass and negatively correlated with abdominal muscle mass (Kim et al., 2022). In contrast, the WWI offers a more accurate measure of total obesity because BMI is unable to distinguish between muscle mass and fat mass, and because WC has a strong correlation with BMI. A cross-sectional study including 10,289 Chinese hypertensive patients showed that WWI was an independent risk factor for dementia and was positively associated. This finding suggests that WWI can be a simple and reliable tool for assessing dementia risk (Zhou et al., 2023). Another study of 2,764 U.S. adults aged 60 and older similarly found that the higher the WWI, the worse the cognitive functioning (Huang et al., 2023). A study conducted by Levine and Crimmins (2012) showed that individuals aged 70 years and older with sarcopenia and obesity (either alone or in combination) had a significant decline in cognitive function compared to older people without sarcopenia or obesity. The subgroup analysis of this study did not find significant differences between subgroups in the association between WWI and cognitive function. This result suggested that the relationship between WWI and cognitive function is consistent across all subgroups. This consistency suggested that the WWI may be a stable and reliable indicator for assessing cognitive function in a variety of population backgrounds.

This study is notable for comprehensively analyzing the linear and non-linear relationships between WWI and cognitive function as assessed by the MMSE in a population of older Chinese men. This approach provides valuable insights into understanding the relationship between WWI and cognitive function and lays the groundwork for a multi-faceted study on the topic. In addition, our study included 1,457 nationally representative participants selected based on specific criteria. The adequate sample size allowed us to conduct subgroup analyses that allowed us to delve into the relationship between WWI and cognitive function in different populations. This approach enhances the statistical robustness and credibility of our findings. In particular, this was a 7-year cohort study, which allowed us to better explore the longitudinal relationship between WWI and cognitive performance. Compared to cross-sectional designs, cohort studies help to capture temporal sequentiality more accurately, thereby increasing the confidence that a longitudinal relationship may exist. However, there are some limitations to this study: (1) Due to the large number of variables involved that are related to WWI and cognitive performance, the results may have some inaccuracy even in a fully adjusted model, and we were unable to control for all potential confounders; (2) the categorization of educational level we used may not adequately capture the complex effects of education on cognitive functioning, and this categorization may limit the accuracy of the findings to some extent; (3) because diagnostic information for hypertension and diabetes is derived from individual self-reports, there may be a risk of recall bias, which in turn leads to misclassification, thus affecting the accuracy of the study results; (4) the exclusion of participants who died, failed follow-up, or had incomplete information resulted in a significant reduction in sample size, which may have affected the reliability of the study results; (5) the inclusion of only older men in this study, without considering the women, may have led to the omission of gender differences between obesity and cognitive functioning, thus affecting the generalizability of the results. Future studies should include women to more fully explore the mechanisms by which obesity affects cognitive function.

In this study, through the analysis of a 7-year longitudinal survey from the CLHLS, we identified high WWI as a significant risk exposure factor for cognitive impairment in elderly Chinese men, which predicts that WWI can become a novel indicator for assessing cognitive function in elderly Chinese men. Therefore, given the relative simplicity and ease of implementation of the WWI measurement, health practitioners can quickly obtain this indicator during a routine physical examination, thereby identifying individuals potentially at risk for cognitive decline at an earlier stage and taking timely and appropriate interventions to prevent further deterioration of cognitive function.
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Background: Engaging in regular cognitive activity has been associated with cognitive function, yet the field of aging research has limited choices of cognitive activity programs to implement in clinical trials. As the field of aging research works to operationalize healthy habits, the potential role of improvisational theater (improv) to improve the lives of older adults has emerged. Given the limitations of existing cognitive training programs and the promise of improv, we sought to establish the feasibility of creating a cognitive training program based on improv exercises.



Methods: We engaged 13 neuropsychologists and trainees in 15 improv exercises and asked them to rate the extent to which each exercise engaged or required one of 20 distinct cognitive abilities or cognitive subdomains. We then examined the mean ratings of the highest and the lowest rated subdomains to provide evidence that each exercise could be mapped onto different cognitive subdomains, thereby providing evidence of concept.
Results: Our results demonstrated that these informed participants deemed the improv exercises as engaging cognitive processes. We found consensus among raters via higher-than-average means for specific abilities across the 15 exercises. Ratings from participants were broadly consistent with the pre-study groupings of the authors.
Discussion: Our study provides the initial steps of establishing construct validity of improv exercises as a meaningful form of cognitive activity. This set of exercises can be examined as a cognitive training program in future clinical trials in order to determine if it has a significant influence on the cognitive function of older adults.
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Introduction

Engaging in regular cognitive activity has been identified as one of the modifiable risk factors for dementia reduction, yet the field of aging research has yet to establish specific recommendations for cognitive activity (Livingston et al., 2020). Epidemiological studies have established cognitive activity as an important lifestyle factor associated with cognitive function (Yates et al., 2016) despite remaining questions (Sajeev et al., 2016). In contrast, research on cognitive training (CT) programs in late life, have provided mixed evidence for the influence of cognitive training on cognitive function outcomes (Butler et al., 2018; Gates et al., 2019). This discrepancy in findings is likely influenced by multiple factors, such as study design and size, as well as the nature of the cognitive activities employed in the studies, which is the focus of this paper. Epidemiologic studies have typically identified a set of common leisure activities (e.g., reading) and then demonstrated the association with better cognitive function (Marquine et al., 2012; Wilson et al., 2012) and lower risk of cognitive decline (Krell-Roesch et al., 2019; Verghese et al., 2006) and dementia (Scarmeas et al., 2001; Wilson et al., 2021). In contrast, the majority of cognitive training programs have been designed to engage targeted areas of cognitive functioning (e.g., attention). With few exceptions (Noice and Noice, 2009; Noice et al., 2004), the tasks that make up the program are typically created specifically for cognitive training purposes (Ball et al., 2002) and may include strategies for improvement (Rebok et al., 2007). As programs developed in the laboratory – albeit based on principles of brain plasticity (Smith et al., 2009)– the activities are typically not common, familiar, or long-standing. Studies of CT programs have tended to look at the influence of specifically designed interventions on neuropsychological test performance (Hampshire et al., 2019; Rebok et al., 2007) and in some cases included everyday activities (Rebok et al., 2014; Willis et al., 2006). There has also been a great focus on the near transfer and far transfer of CT programs to neuropsychological test results (Gobet and Sala, 2023). In sum, epidemiological studies have tended to examine the association of real-world cognitive activities with cognitive decline and dysfunction (diagnoses that employ neuropsychological test data). CT programs have - by and large - studied the association of laboratory-developed tasks with neuropsychological test data.

Due to this noteworthy gap between the methods and results of epidemiological studies and CT programs, we reviewed the methods of epidemiological studies to develop a CT program, that had a basis in real-world activities, but that could be utilized in an intervention study context (e.g., clinical trial). We began with the early work on late-life cognitive activity by Wilson et al. (1999). Wilson et al. (1999) took seven basic activities (watching television, listening to the radio, reading a book, reading a magazine, reading a newspaper, playing games such as cards, checkers, crosswords, or other puzzles or games, and visiting a museum) that were determined to have “information processing central to it,” and had study participants rate the items on a 5-point scale regarding how frequently they engaged in them. For all of the activities, with the exception of visiting museums, participants were then asked to provide information on subtypes of activities, such as which section of the newspaper they read (Wilson et al., 1999). Wilson et al. (1999) also formed a panel of raters (10 doctoral psychologists and 20 lay persons) to estimate the level of cognitive intensity involved in each one of the seven basic activities and each subtype generated for the six basic activities (not visiting a museum). In the past 25 years, these seven basic activity items have been used in multiple studies and associated with better cognitive function, and slower rate of cognitive decline (Wilson et al., 2012) in diverse cohorts (Wilson et al., 1999; Marquine et al., 2012) and provided evidence against the reverse causation claim (Wilson et al., 2013; Wilson et al., 2021; Krueger et al., 2023).

As the field struggles to define the construct of cognitive activity as intervention, the theater arts, including improvisational theater, have shown promise in improving the well-being of older adults. Noice et al. (2004) planted the original seeds of promise that a structured theater arts program could improve the cognitive functioning of older adults in small, yet meaningful studies (Noice and Noice, 2009). Improv, as it is applied in the service of psychological constructs, draws upon the historical definitions of improv and is applied within the context of mental health intervention to address a specific psychological construct. The work of Viola Spolin is described as “each game is focused on a problem that the group of players should solve via playful experience (Sills and Sills, n.d.).” More recently, as mapped out by Keisari et al. (2024), small studies using improvisational training or improv have provided evidence for increased attentional abilities in older adults. Specifically, in a small study of older adults, 71–98 years old, engaging in an improv exercise, demonstrated improved attentional abilities compared to a movement-only control group (Keisari et al., 2022). Indeed, improvisational training has been applied in other settings to improve creative and divergent thinking (Felsman et al., 2020; Hainselin et al., 2018), but not yet in older adults on a large scale in research.

Given the lack of effective and efficacious CT programs and the promise of improv, we sought to reconcile the difference in methodology between epidemiological findings and targeted CT programs. Drawing upon the recommendations of Green et al. (2019), we describe a feasibility study that we conducted to test the primary hypothesis that improv exercises would be recognized as a form of cognitive activity by experts and trainees in the field of neuropsychology, and the secondary hypothesis that improv exercises can be codified and assembled to serve as a CT program. We modeled the process after Wilson et al. (1999) and engaged participants in improv exercises, thereafter asking them to rate each exercise on the cognitive skill they tapped. As such, we have begun the process of establishing construct validity for a CT program that can be used in future clinical trials with older adults.



Materials and methods


Participants

Participants were invited to participate in the study via neuropsychology listservs and email solicitations to clinical psychology training departments that had neuropsychology as a specialty. Participants were included if they identified as neuropsychologists or neuropsychologists in training. There were no exclusion criteria. Participants were given the option of coming to one of two sessions held in a conference room of the sponsoring hospital. They completed a one-page demographic sheet that queried, age, gender, race, and ethnicity, stage of training (e.g., board-certified neuropsychologist, trainee), number of years in practice, and improv/theater training experiences. All participants received three professional continuing education units (CEUs) and a gift card for $50 to help with transportation costs.

Nine neuropsychologists and four neuropsychologists-in-training participated in this study. Please see Table 1 for participant characteristics. The majority of participants were improv-naïve, with four participants (31%) indicating they had taken an improv class previously and two of those four endorsing other theater training.


TABLE 1 Participant characteristics.

[image: Table showing characteristics of a sample with N equals thirteen. Age in years: mean is forty-two with a standard deviation of thirteen, range twenty-six to sixty-two. Female gender: eight, sixty-two percent. Non-Hispanic White: ten, seventy-seven percent. Non-Hispanic Black, Non-Hispanic Asian, and Hispanic each account for one, seven point seven percent. Years practicing: mean is eight with a standard deviation of ten, range zero to thirty. Board certified neuropsychologist: four, thirty-one percent. Practicing neuropsychologist: five, thirty-eight percent. Neuropsychologist in training: four, thirty-one percent.]



Improv exercises

In the broader theater arts and improv lexicon there are hundreds, if not thousands, of “games” that could be conceptualized as improv exercises. These exercises are based on philosophies, training techniques, and ideas described in noteworthy publications from leaders of modern-day improv (Spolin, 1999; Johnstone, 2007) and further elaborated in numerous publications in the last two decades (Levy, 2005; McGehee, 2007; Amador, 2018). We worked to select exercises that are commonly used in improv education and improv community performance settings. Authors (KRK, JW, who have a background in psychological assessment and improv) reviewed a wide range of short-form improv exercises that could be demonstrated in a group setting and conceivably be mapped onto five of the six neurocognitive domains, as defined in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (American Psychiatric and Association, 2013). We chose to use this framework of neurocognitive domains because the DSM-5 is widely used, comprehensive, and detailed. The DSM-5 (2013) defines six neurocognitive domains and several corresponding subdomains in relation to neurocognitive disorders. They are:


1.Complex attention (sustained attention, divided attention, selective attention, processing speed),

2.Executive function (planning, decision making, working memory, responding to feedback/error correction, overriding habits/inhibition, mental flexibility),

3.Learning and memory (immediate memory, recent memory, very-long-term memory, implicit learning),

4.Language (expressive, receptive),

5.Perceptual-motor (visual perception, visuospatial construction, perceptual-motor, praxis, gnosis), and

6.Social cognition (recognition of emotions, theory of mind).



We created a list of possible exercises and categorized them under one of the first five cognitive domains listed above. Since social cognition encompasses a large and important number of abilities and is often evaluated separately from the other more traditional cognitive domains, we chose to limit our study to the first five cognitive domains. Undoubtedly, the effect of improv on social cognition merits its own study.

Since there is variability in how improv exercises may be taught and carried out, we drafted descriptions of the exercises in order to standardize our understanding and ultimate execution of the exercise, as well as to allow others to reproduce this study. The lineup that was administered in the intervention was as follows: (1). Name game, (2). Red ball, (3). Wind-Rewind, (4). Zip Zap Zop (all with sliding clap), (5). Pass the look, (6). Buzz, (7). Receiving circle, (8). Picture description, (9), Object work introduction, (10). Zip, Zap, Zop (Blade, Blade, Clap), (11). Labeling, (12). Category Patterns, (13). Two-part words, (14). Mind Meld, and (15). Yeah/Boo. Please see Supplementary Table 1 for descriptions.



Rating sheets

Participants were given a rating sheet with the 20 subdomains of cognitive abilities listed below each of the corresponding cognitive domain. For each exercise, participants rated each subdomain on a scale of 0 (not engaging the subdomain at all) to 6 engaging the subdomain in a full and complete manner). Participants were asked to rate the exercise immediately following their participation in the exercise to maximize their recollection of the details of the exercise. Participants had access to the DSM-5 descriptions of cognitive subdomains to reference as they conducted their ratings.



Intervention

At each of the two sessions, we had the main interventionist (KRK) along with an assistant (CS, DL) who demonstrated the exercises and facilitated leading the participants in the exercises. Participants were instructed that they were serving as a panelist on a panel of experts who would rate each exercise on the cognitive ability tapped by the exercise. They were instructed to do so in an independent manner. Following the intervention, rating sheets were collected and participants engaged in a debriefing session. Participants were given a chance to reflect on the experience of engaging in improv exercises as a form of cognitive activity. The study was approved by the Institutional Review Board of the Cook County Health and Hospital System.



Statistical analyses

We calculated descriptive statistics of the participant demographic characteristics. We also calculated the mean, standard deviation, and range for each of the cognitive abilities or subdomains, per improv exercise. We examined statistical consistency in ratings in several ways. First, we were interested in whether the participants would classify the individual exercises into domains in the same way as the authors. To this end, we used Cohen’s kappa, to estimate concordance between authors’ classification of exercises into domains and the participants’ classification of exercises into domains (based on subdomain ratings). Secondly, we were interested in the consistency of raters of the subdomains tapped by each exercise. To this end, we employed intraclass correlations (ICC) to examine the variability in rating attributable to the subdomain (versus rater) of each exercise. In other words, the intraclass correlation (ICC) by exercise measures the percent of the variability in rating attributable to the subdomain for each exercise. If most of the variability is due to the subdomain, as opposed to being due to the rater, there will be a high ICC or high consistency. Finally, we measured the consistency of raters of the exercise targeting each subdomain. We employed ICC to examine the variability in rating attributable to the exercise (versus rater) of each subdomain. If most of the variability is due to the exercise, as opposed to being due to the rater, there will be a high ICC or high consistency. Statistical analyses were conducted in R Core Team (2024).




Results


Participants

Qualitatively, during the debriefing session, participants overall expressed having enjoyed the exercises and experiencing positive feelings regarding taking a closer look at how cognitive activities correspond to cognitive domains.



Ratings of improv exercises

First and foremost, we wanted to know if our participants would see the exercises as a form of cognitive activity, that is, exercises that use a high degree of information processing, as defined by Wilson et al. (1999), and were able to rate the exercises as tapping cognitive functions. Participants completed all items on all rating sheets and there were only two missing data points, presumably due to unintended omissions.


Activation of subdomains across exercises


Ratings indicating strong engagement of subdomains

For each exercise, we identified the cognitive ability or subdomain that received ratings with the highest mean. In Table 2, we list for each exercise the cognitive subdomain with the highest mean rating. We also provide standard deviation and range of ratings, as markers of the level of variability of ratings among participants. Following the highest mean is the ability with the second highest mean rating and then any rating that was 3.0 or greater. For a listing of all of the ratings, please refer to the Supplementary Table 2.


TABLE 2 Improv exercises and the corresponding cognitive ability with the highest mean ratings and the lowest mean ratings (shaded).

[image: A table showing mean scores with standard deviations and ranges for various cognitive abilities across six games: Name game, Red ball, Wind-rewind, Zip Zap Zop all clap, Pass the look, and Buzz. Categories include sustained attention, processing speed, immediate memory, and very long-term memory, among others. Shaded cells indicate lowest mean values.]



Ratings indicating weak engagement of subdomains

While one or more clear high means of 3.0+ emerged for each exercise, the remaining subdomains ranged from 0 to 2.9. A mean rating of 0 for any subdomain was rare but occurred for visual construction (N = 4), long-term memory (N = 1), and perceptual motor (N = 1). The variability of ratings is depicted in Figure 1, where the cognitive domain is listed, followed by the subdomains along the x-axis. The subdomain box plots are based on the participant ratings, while the domain box-plot is an average of the subdomain ratings.


[image: Fifteen box plots display the scores across various cognitive domains, labeled with numbers and titles such as Name Game, Real Ball, Word Reward, ZooExp120 Clip, and others. Each plot shows a range of scores with median lines, quartiles, and outliers. The x-axes list different groups or categories, while the y-axes represent scores. These plots compare variations in scores across the domains.]

FIGURE 1
Improv exercises and cognitive domain ratings.





Variability in ratings across exercises

Different patterns of ratings emerged for different exercises as demonstrated in Table 2. We can illustrate this finding with two exercises as examples. The Wind-Rewind game was rated by participants most highly in immediate memory (M = 5.09; sd = 1.3), followed by recent memory (M = 4.1; sd = 1.6) and working memory (M = 4.0, sd = 1.4), and having the lowest load on visuospatial construction (M = 0, sd = 0), followed by very long-term memory (M = 0.2, sd = 0.6) and perceptual motor (M = 0.2, sd = 0.6). In contrast the Picture Description exercise was rated highest by participants as engaging very long-term memory (M = 4.5; sd = 1.9), expressive language (M = 4.2; sd = 1.7) and receptive language (M = 3.1; sd = 1.6), and lowest on error correction (M = 0.3; sd = 0.9) and inhibition (M = 0.2; sd = 0.6.

In looking at the consistency of ratings, results were mixed. ICC values are most commonly interpreted as follows: less than 0.5 suggest poor reliability, values between 0.5 and 0.75 suggest moderate reliability, values between 0.75 and 0.9 suggest good reliability, and values greater than 0.90 suggest excellent reliability (Koo and Li, 2016). In our study, we found approximately 50% of the consistency of ratings of exercises were good, the other half were poor. Approximately one-third of the ratings of subdomains were good and the rest were poor. See Table 3 for ICC for exercises and subdomains.


TABLE 3 Intraclass correlations (ICC) among exercise ratings and domain ratings.

[image: A table compares exercises and domains with their respective ICC (Intraclass Correlation Coefficient) values. Exercises include "Name game," "Red ball," and "Wind-rewind," with ICCs ranging from 0.32 to 0.69. Domains like "DivAtt," "SelAtt," and "ProSpeed" show ICCs from 0.16 to 0.67. Blank entries are present in the "Exercise" column.]



Concordance between authors’ ratings and participants’ ratings

Participant ratings of the main cognitive domain tapped in the improv exercises were generally consistent with the author’s original conception of the exercise. Participants’ ratings of 12 of the 15 exercises, based on the highest mean, matched the authors’ ratings. The discordantly rated exercises were Category Patterns, Two-part Words, and Mind Meld. In one of these discordantly rated exercises (Mind Meld), the second highest domain rating from participants matched the author’s original rating. Overall, the estimated concordance between participant and author ratings, using Cohen’s kappa was 0.769, an indication of a “moderate” concordance (McHugh, 2012).




Discussion

We engaged neuropsychologists and neuropsychologists-in-training in 2.5 h of improv exercises and found that all of the participants regarded the improv exercises as a form of cognitive activity that engaged several specific cognitive abilities. While there was considerable variability in ratings among the subdomains, participant ratings were overall consistent with the authors’ original conceptualization at the domain level. This paper is the first to assess the cognitive processes involved in improv exercises with expert raters.

We found robust evidence for our primary hypothesis as participants rated all of the exercises as engaging multiple cognitive abilities. We established consensus of ratings by examining the highest and the lowest means for each subdomain within each exercise. We found that within each exercise high means, low means, and mid-means emerged, providing evidence that participants perceived individual exercises to engage certain subdomains of cognitive abilities to a high degree, and other subdomains, to a low or null degree. Mid-means also emerged in some exercises, suggesting that the exercises tapped several subdomains simultaneously to a variable degree. As measured by ICC, consistency of ratings was mixed, with only 50% of the exercise ratings and 33% of subdomain ratings receiving designations of “good.” There may be several reasons for this finding. Low consensus of the cognitive load at the subdomain level may have been due to our inability to adequately convey the rating task to all of our participants. Alternatively, the mixed ratings may be due to the complex nature of human activities – that simultaneously tap multiple domains. Or perhaps the mixed ICC findings lie in the lack of consensus in the field as to ecological validity of cognitive domains/subdomains. Attempting to obtain concordance in ratings of activities that tap specific cognitive ability was ambitious and is a process that requires further refinement in future studies. In fact, there is little to no information available on this type of concordance from other CT programs. Conversely, the fact that the improv exercises potentially engaged multiple domains simultaneously may be an indicator that improv is a rich source of cognitive activity. The acknowledgment of improv as a cognitive activity holds, despite our inability to have a high level of agreement on the intensity of information processing for specific cognitive subdomains.

A noteworthy finding is that 11 out of 15 of the exercises were rated as having a higher-than-average mean in sustained attention. Sustained attention was defined as “Maintenance of attention over time (e.g., pressing a button every time a tone is heard, and over a period of time).” (American Psychiatric and Association, 2013). Sustained attention is a cognitive ability that is essential to daily living and susceptible to changes as we age (Staub et al., 2013), and in turn may affect other cognitive abilities (Vallesi et al., 2021). Furthermore, deficits in sustained attention may be able to differentiate individuals without dementia from those with dementia (Manuel et al., 2019). In this sense, a CT program loads heavily on sustained attention may have a positive impact on sustained attention, and in turn on other cognitive abilities. As is the nature of improv, certain exercises are often learned and then initially executed slowly, until proficiency builds. As soon as there are signs of proficiency of an exercise, the speed is increased. This is believed to be a technique that aids actors on stage “think on their feet” and learn to respond quickly. It is no surprise, then that processing speed was the cognitive subdomain that had the second number of high means (N = 8). Similarly, this bodes well for the establishment of a CT program, as slowed processing speed is one of the cognitive abilities that is most often found in normal aging (Wilson et al., 2002). On the other hand, participants found that the exercises did not tap visuospatial construction abilities or at best minimally. In summary, the improv exercises were rated as covering a wide range of cognitive abilities with a high demand on sustained attention and processing speed, but low requirements for visuospatial construction abilities.

Similar to Wilson et al. (1999), we chose activities that were practiced on a regular basis by people for reasons other than cognitive health, but that were hypothesized to be related to cognitive health. We differ from Wilson et al. (1999) in that improv exercises are typically practiced in the context of theater arts, which requires specialized training. Like Wilson et al. (1999), we surveyed expert panelists regarding the items of interest in a standardized manner so that we would be able to reproduce our proposed intervention program.

Our approach differs from computerized cognitive training (CCT) approach that creates computer exercises to target specific areas of cognitive functioning. According to the website of BrainHQ, one of the widely applied CCT programs, Michael Mezernich, PhD (Mezernich, 2023) describes how his team developed Brain HQ’s exercises, “There are several different elemental skills, or abilities, or dimensions of your operations that need to be refined. And there’s a relatively large literature in psychophysics — the study of human perception and recognition — that we draw on. Then, we create tasks that apply these rules of brain plasticity so that we can efficiently drive improvements in the machinery of the brain.” In contrast to these goals of CCT development, our goal was to explore the cognitive activity potential of a rich theater art, which could also address social and psychological outcomes simultaneously. Improv exercises are largely conducted in supportive group settings, in contrast to CCT programs that are designed to be completed individually. It might be because of this supportive group format that improv exercises lend themselves to help create human bonding (Keisari et al., 2024). It is also important to acknowledge that engaging in improv exercises has few side effects for the individuals, although occasional frustration may be one potential side effect. When frustration does arise, it can be leveraged into a training opportunity. Improv exercises can be conducted in many environments without any special technology and with different numbers of participants, from 1 to 20+, with an ideal number between 6 and 12 persons. The exercises can be adapted, scaled, and delivered in diverse intervention contexts including school and outpatient-based mental health settings (Ellis et al., 2020) or inpatient/partial hospital settings (Winer et al., 2018). In general, the exercises in our study can be adapted for different cognitive capacities, by adjusting the speed of instruction, number of practice trials, and content of suggestions. For example, for an exercise that involves more physical - compared to verbal – action, such as “Red Ball” the instructions can be explained and practiced as many times as necessary. Having a savvy assistant helps to convey the exercises for groups of persons with variable cognitive abilities. Improvisers who lead are adept at shifting expectations to meet the group’s dynamic, so ideally this is a built-in quality of the execution of any session. For exercises that are designed to generate new verbal ideas, such as “Category Patterns,” the suggestions may vary based on group. In groups of older adults, where some cognitive decline is known or suspected (e.g., preclinical and early mild cognitive impairment), requesting suggestions related to the immediate environment (e.g., reasons to come to a library) or personal preference are desired (e.g., your favorite dessert). In groups of adults for whom a high level of cognitive ability is more certain, suggestions can be bolder (e.g., their favorite character in a fiction book). While this study has a focus on cognitive training for persons without a diagnosis of dementia, we realize that many groups of older adults may include a range of cognitive abilities. Future work in this area may benefit from familiarity with the distinct, but related work using improv with persons with dementia (Zeisel et al., 2018) and using improv to enhance the experience of caregivers for persons with dementia (Kemp et al., 2024).

Considering theater art exercises in the context of cognitive and affective health is not without precedence. Noice et al. (2004) found that after a 4 weeks theater training intervention community-dwelling older adults demonstrated significantly better cognitive function in recall and problem-solving, and enhanced psychological well-being compared to the no-treatment control group. In a second study, Noice and Noice (2009) found similar cognitive and emotional gains in a group of older adults living in subsidized retirement homes. Noice and Noice (2009) points out that their acting intervention differs from the other short-term training programs in that their training does not directly target performance on the test measures, suggesting that a less direct training program may provide answers to the field. Indeed, there may be additional reasons to employ improv exercises with older adults since they provide a highly social context. This aspect is increasingly important, at a time when social isolation and loneliness are considered epidemic in the United States (Office of the Surgeon General, 2023). Furthermore, we have reason to believe that improv interventions may reduce symptoms of depression and anxiety (Krueger et al., 2017), although this has not yet been studied in cohorts of older adults.

Our study has several strengths. We were able to explore a target (improv exercises) for a CT program that examined activities that are practiced for reasons other than dementia prevention while outlining a system for these activities to be studied in clinical trials. We provide evidence for a list of improv exercises that may be considered cognitive activities and can be further studied. We had raters consider subdomains of cognitive abilities, as we know that subdomains even within the same cognitive domain may tap disparate abilities. Therefore, a summary measure of subdomains (e.g., a domain) may lack meaning in this context. The substance of our program, improv exercises, are vibrant, interesting, and naturally structured in such a way that participants engage readily in them. Our study may also help to identify the appropriate skills needed to train health professionals who work with older adults (Chan et al., 2023). More widely, this study could help future improv research to choose the exercises to include in their workshop programs.

Our study also has limitations. We used one conceptualization of cognitive abilities or subdomains (American Psychiatric and Association, 2013), that is comprehensive and widely used; however, there may be other conceptualizations that lend themselves to this task. For example, we might have been able to simplify the process by only rating domains used in research on aging (e.g., episodic memory, semantic memory, perceptual speed, verbal fluency, working memory and visual spatial ability, Krueger et al., 2009) and future iterations may consider this. Although we engaged participants in a wide range of improv exercises, exercises that engage visuospatial constructional abilities were lacking. Our results are limited to the feasibility of this concept and to fully understand the potential of improv exercises as a CT program, this will need to be tested in a randomized clinical trial, with a larger number of participants, in future research. This paper is a first step toward better identification of cognitive processes involved in improv. We hope it will help future research groups and improv facilitators to build their programs and assess them accordingly.



Conclusion and future directions

Improv exercises were regarded as cognitive activities, activities that engaged multiple cognitive domains by informed participants. As such, improv exercises hold promise for the field of brain health among older adults and these results should encourage future studies that improve upon the fidelity of this study. For instance, specific time limits on individual exercises should be defined; domains/subdomains should be pruned and more attention should be given to training raters. Intervention studies, including larger clinical trials, are needed to evaluate if cognitive function improves following participation in an improv-based cognitive activity intervention, determine optimal dosing, and evaluate what gains, if any, are maintained over time.
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Introduction: Studies have revealed that Tai Chi can enhance cognitive functions among patients with mild cognitive impairment (MCI). However, the precise mechanisms underlying this improvement remain elusive.



Methods: Consequently, we conducted a study involving 54 elderly inpatients with MCI residing in a combined medical and elderly care facility in Chengdu, who were randomly divided into three groups: a control group engaging in daily living activities, a Tai Chi group that performed Tai Chi exercises in addition to control group activities, and a walking group that undertook walking activities as a supplement to the control group regimen. The intervention period lasted for 24 weeks, comprising 12 weeks of exercise and an additional 12 weeks of follow-up. The Montreal Cognitive Assessment (MoCA), Trail Making Test-A (TMT-A), Auditory Verbal Learning Test (AVLT), and biochemical assessments (measuring brain-derived neurotrophic factor, BDNF, and platelet factor 4, PF4) were administered to investigate overall cognitive function, executive function, memory capacity, and changes in serum concentrations of BDNF and PF4 before, after, and during the follow-up period. Data were analyzed using IBM SPSS 26.0, with statistical methods encompassing descriptive analysis, ANOVA, rank-sum test, repeated measures ANOVA, and generalized estimating equations.
Results: Our findings indicated that after 24 weeks of intervention, the Tai Chi group exhibited improvements in cognitive function, executive function, and memory compared to the control group. This enhancement may be attributed to an increased expression of serum BDNF.
Discussion: In conclusion, our study underscores the potential of Tai Chi in ameliorating cognitive function among elderly patients with mild cognitive impairment, thereby offering significant implications for clinical prevention and treatment strategies targeting this condition.
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1 Introduction

Population aging is the biggest social problem that countries around the world are facing now and even in the next few decades, and according to the United Nations, in 2019, 9% of the world’s population will be over the age of 65, and it is expected that the proportion can reach 16% by 2050 (United Nations, 2019). China entered the aging society at the end of the 20th century, and the rate of population aging and the number of elderly people are the highest in the world, the seventh national census data show that China’s elderly population aged 60 years or older is 200 million, accounting for 13.5% of the total population, and by 2030, China’s elderly population aged 60 years or older is expected to reach 400 million, accounting for 30% of the world’s total elderly population, which indicates that China has entered the deep aging society (Tong, 2021). Population aging also brings with it a rapid increase in age-related disabilities and diseases, and as the world’s population continues to age at an accelerating rate, one new case of dementia is added every three seconds, with about 50 million people currently living with dementia globally, and the number of dementia patients will increase to 139 million by 2050 (Liu et al., 2021). There are about 15.07 million dementia patients in China, accounting for 25.5% of the world’s total dementia population (Rujing et al., 2021). The most common type of dementia is Alzheimer’s disease (AD), which accounts for 50%–75% of all dementia cases (Prince et al., 2014), and the number of AD in China is as high as 9.83 million people, and it is expected that it will reach 30.03 million people in 2050, which will become a major disease and social problem that jeopardizes the health of the population in China (Wang Y. et al., 2019). Mild Cognitive Impairment (MCI) as a transitional stage between normal functioning and dementia, the patients in this stage mainly show forgetfulness, which does not affect the ability of daily life activities, and it is considered to be a key stage in the prevention of AD (Bennett et al., 2002), and it may serve to delay the development of AD if interventions can be implemented in this stage. In addition, there is no gold standard or drug for the treatment of MCI (Tricco et al., 2013), therefore, non-pharmacological interventions are gaining more and more support (Rodakowski et al., 2015), and exercise is a promising non-pharmacological therapy. Many governments and non-governmental organizations have specifically developed guidelines for physical activity in older adults, and the Centers for Disease Control and Prevention (CDC) advocates exercise for older adults, stating that it is essential for healthy aging (Centers for Disease Control and Prevention, 2023). For older adults with gradually declining physical function, aerobic exercises such as table tennis, cycling, swimming, and resistance exercises such as the use of elastic bands, dumbbells, and sandbags are difficult to adhere to because they are more intense, which is of less interest to older adults, and the participation rate is not high; in addition, these exercises are often limited by venues and equipment (Maltais et al., 2019). As Tai Chi, a traditional exercise cherished by the elderly, gains widespread popularity, an increasing number of studies have delved into its role in enhancing cognitive functions among patients with MCI and Alzheimer’s disease (AD) (Huang et al., 2022; Jia et al., 2023; Wang et al., 2018; Wayne et al., 2014; Zou et al., 2019). For instance, an experimental randomized controlled trial comparing the effects of 24-form Yang-style Tai Chi versus similar-intensity conventional exercise on the overall cognitive abilities of MCI patients revealed that Tai Chi appeared to facilitate earlier and more pronounced improvements in cognitive flexibility (Yu et al., 2022). Additionally, a systematic review has shown that Tai Chi practice, spanning from 12 weeks to 1 year, can yield small to moderate clinically relevant enhancements in the overall cognitive functioning of elderly individuals with cognitive impairment, when compared to non-intervention control groups or other active interventions such as adaptive physical activities, health education, stretching and relaxation exercises, and walking (Zhou et al., 2022). However, the majority of these studies have primarily focused on changes in cognitive test scores, with scarce investigations into associated blood-based biological markers. Consequently, there is a pressing need to conduct in-depth research into the neurobiological mechanisms underlying Tai Chi’s potential to ameliorate cognitive functions in MCI patients.

In summary, the prevalence of MCI is high, and the likelihood of progression to Alzheimer’s disease (AD) is substantial. The majority of individuals with MCI experience sleep disturbances and emotional disorders, such as anxiety and depression, which expedite the progression of MCI into AD. Consequently, early intervention is paramount in managing mild cognitive decline. Tai Chi, a form of exercise potentially harboring significant potential to enhance cognitive function in MCI patients, has yet to reach a consensus in existing research outcomes. Moreover, there is a dearth of studies examining the impact of Tai Chi on hematological indicators, and the underlying biological mechanisms responsible for its cognitive benefits remain elusive. Studies have indicated that exercise can elevate gene expression and protein levels of brain-derived neurotrophic factor (BDNF) in various regions of the brain and periphery. This augmentation stimulates angiogenesis, fosters the growth of new blood vessels and neurons, and mitigates inflammation (Stillman et al., 2016). Furthermore, recent animal experiments have revealed that platelet factor 4 (PF4) significantly reduces inflammatory responses in aged mice, thereby improving their cognitive function (Schroer et al., 2023). Notably, exercise activates PF4, which promotes the proliferation of hippocampal progenitor cells in elderly mice, restoring cognitive function and enhancing learning and memory capabilities (Leiter et al., 2023). These findings collectively suggest that PF4 positively influences cognitive function in aged mice, hinting at its potential beneficial effects in elderly humans with declining cognitive abilities. Therefore, this study targeted patients with MCI and aimed to explore the effects of a 12-week Tai Chi intervention, compared to a walking group and standard care, on cognitive function, serum brain-derived neurotrophic factor (BDNF), and platelet factor 4 (PF4) levels in MCI patients.



2 Materials and methods


2.1 Study design and randomization

This study was conducted as a randomized controlled trial, where randomization was carried out by a dedicated statistical analyst who was not involved in the research process. The analyst utilized Excel to generate random numbers and produce allocation cards, which were then enclosed in sealed envelopes. The envelopes were opened sequentially as the participants entered the trial, and allocations to specific groups were made according to the instructions on the allocation cards. The study group was randomly divided into a Tai Chi group, a walking group, and a control group at a 1:1:1 ratio. Importantly, the participants remained blinded to their group assignment, and similarly, the outcome assessors and data analysts were also unaware of the group allocations.



2.2 Participants

From December 2022 to February 2023, elderly inpatients who voluntarily participated in cognitive function screening were recruited from a medical care facility in Chengdu. Through one-on-one interviews, general information such as the subjects’ age, educational background, pre-retirement occupation, and medical history was collected. Subsequently, the participants underwent comprehensive assessments utilizing the Montreal Cognitive Assessment (MoCA), Mini-Mental State Examination (MMSE), and activities of daily living (ADL) questionnaires, which took approximately 20 to 30 min to complete.

The screening criteria for middle-aged and elderly MCI patients in this study were (Nasreddine et al., 2005): age ≥ 60 years; A 1-year decline in subjective cognitive function as reported by the participants or those in the know (family, friends, doctors, etc.); The total score of the Montreal Cognitive Function Assessment Scale (MoCA) is < 26 points (if the number of years of education at the time of scale assessment is less than 12 years, 1 point is added to the score); ADL (Activity of Daily Living Scale Assessment) score < 26 points (Lawton and Brody, 1969); No dementia, MMSE score > 24 points (primary school: > 20 points; Illiterate: > 17 points). Then, the results of the questionnaire were sent to the Department of Neurology, and the outpatient doctors of the department of neurology diagnosed the patients according to the diagnostic criteria for MCI formulated by the Chinese Alzheimer’s Disease Association.


(1)Inclusion criteria




a.Age requirement: Participants must be aged 60 years or older.

b.Diagnosis confirmation: Individuals must have undergone screening and been diagnosed with MCI.

c.Communication abilities: Candidates must possess the capacity for verbal communication, as well as the ability to read simple texts and write basic sentences.

d.Informed consent: Subjects must have agreed to participate voluntarily and signed an informed consent form acknowledging their full understanding and willingness to participate.

e.Study engagement and hospital stay: Participants must be willing to cooperate with the study’s requirements and have an anticipated hospital stay of six months or longer.




(2)Exclusion criteria




a.Concurrent neurological conditions: Patients with other neurological disorders associated with cognitive impairment are excluded.

b.Current cognitive therapy: Individuals currently undergoing cognitive therapy are not eligible.

c.Chronic mobility-impairing conditions: Those with chronic illnesses that hinder physical mobility are not included.

d.Uncontrolled hypertension: Patients with hypertension that is not adequately controlled are excluded.

e.Sensory and communication barriers: Individuals with visual or hearing impairments that significantly impede communication are not suitable for the study.

f.Participation in other trials: Subjects currently enrolled in other research studies are ineligible.

g.Psychiatric conditions: Patients with psychiatric disorders, including major depressive disorder, severe anxiety, schizophrenia, and the like, are excluded.




(3)Dropout, termination, and exclusion criteria




a.Adverse events during exercise: Participants who experience adverse events, such as severe falls or injuries, during the exercise intervention may be withdrawn from the study.

b.Lack of continuation: Subjects who express unwillingness to continue participating in the research will be discontinued.

c.Deviation from intervention protocol: Those who fail to comply with the prescribed intervention protocol, thereby compromising the authenticity of study results, may be excluded from the analysis.



The following is the flowchart of this study as shown in Figure 1.


[image: Flowchart depicting participant allocation in a study. Seventy-two assessed for eligibility; twelve excluded. Sixty randomized into Tai Chi, Walking, and Control groups, twenty each. Each group had two withdrawals for specific reasons. Eighteen from each group completed the study, totaling fifty-four analyzed participants.]

FIGURE 1
Research flowchart.




2.3 Sample size

The sample size for this study was calculated using the formula for comparing means across multiple groups, with the primary basis being the Montreal Cognitive Assessment (MoCA) scores and supported by relevant literature (Xiao, 2022). The calculated parameters were as follows: mean (X) = 25.386, sum of squared standard deviations (ΣSi2/g) = 7.4697/3 = 2.4899, sum of squared deviations from the mean (Σ(Xi–X)2) = 2.300088, number of groups (g) = 3, two-sided significance level (α) = 0.05, type II error rate (β) = 0.10, degrees of freedom (V1) = g−1 = 2, and degrees of freedom (V2) = ∞. By referencing the critical value table, the ψ value was determined to be 2.52. Based on the “sample size estimation for comparing means across multiple groups,” the required sample size per group was estimated to be between 14 and 16. To account for a potential 20% dropout rate, the final sample size was set to a minimum of 20 participants per group, resulting in a total sample size of at least 60 participants. The specific formula used for the calculation is as follows:

[image: Mathematical formula: \(N_1 = N_2 = N_3 = \psi^2 (\Sigma S_i^2 / q) / [\Sigma (x_i - \bar{x})^2 / (k - 1)]\).]



2.4 Ethics statement

This study was ethically reviewed by the Biomedical Ethics Committee of the trial research unit (Chengdu Eighth People’s Hospital). The trial was conducted in accordance with the ethical principles of voluntariness, harmlessness and confidentiality. The researchers informed the subjects about the purpose, methods, benefits and risks of the study and signed an informed consent form. The study protocol was approved by the Ethics Committee (Batch No.: 2023-CBYEC-005) and successfully obtained the registration certification from China Clinical Trial Registry (CCTR), whose registration code is: ChiCTR2400080046.



2.5 Interventions


2.5.1 Control group

Conduct routine medical care and maintain daily life activities, mainly including: open the windows and ventilate the sick room twice a day to maintain air circulation, advise patients to eat a light diet, easy to digest, and avoid spicy and stimulating food. The researchers did not interact with the participants in the control group beyond providing routine hospital care.



2.5.2 Tai Chi group

On the basis of the routine activities of the control group, Li et al. (2003) from Oregon Research Institute of the United States compiled eight styles of Tai Chi for exercise, which is simple and easy to learn, with refined content, complete and scientific extraction of the essence of Tai Chi, retaining the basic boxing theory of Tai Chi, inheriting the essence of Tai Chi strokes, and taking the continuous lunge as the main change in the steps, with a rounded and coherent movement, which is suitable for elderly people who do not have a sports foundation to practise. The movements are round and coherent, suitable for the elderly who have no exercise foundation to practice, and it is an easy set of boxing for people who are new to Tai Chi. The eight Tai Chi movements include: starting posture, wild horse parting mane, cloud hand, single whip, inverted curling arm, knee-wrapping step, Jade Maiden shuttle, bird’s tail, cross hand, and closing posture.

According to the actual situation of the study participants during their stay in the hospital, the group practice time was set at 15:30–16:00. The single-session Tai Chi exercise intervention program consisted of a preparation phase, a practice phase, and a recovery phase. The preparation and recovery phases consisted of preparatory and organizing activities, including active stretching and breathing exercises; the practice phase consisted of eight styles of Tai Chi. The entire Tai Chi practice process was completed by one Tai Chi instructor and two observers. During the intervention process, the primary subject conducted weekly interviews with the subjects so as to be able to promptly identify and solve the problems encountered by the subjects in practicing Tai Chi exercises and to urge the subjects to perform Tai Chi exercises. The Tai Chi training lasted for 12 weeks, 3 times a week, and each exercise time was 30 min (including 5 min warm-up, 20 min Tai Chi exercise, and 5 min relaxation and organization). Follow-up was conducted for another 12 weeks. During the 12-week follow-up period, there was no interaction between the Tai Chi instructors and the participants.



2.5.3 Walking group

In addition to routine hospital care, a set of muscle stretching and conditioning walking exercises developed by a rehabilitation therapist. It included warm-up static stretching exercises, i.e., lateral neck flexion, anterior cross-arm stretching, posterior neck triceps stretching, and calf stretching; then flat-ground walking exercise, with the intensity of the walking exercise basically maintained in the interval of 55% to 65% of the maximal heart rate, with the maximal heart rate = (220–age), and finally cooling stretching exercise, consistent with the warm-up static stretching exercises. During the intervention, the researcher conducted weekly interviews with the subjects to be able to identify and address any difficulties encountered by the study subjects during the walking exercise. Walking training was conducted independently by individuals from 15:30 to 16:00 for 12 weeks, 3 times per week, with 30 min of walking time per session, (including 5 min of warm-up, 20 min of walking exercise, and 5 min of relaxation and finishing). Follow-up was conducted for another 12 weeks.




2.6 Collection of study data


2.6.1 Outcome measures

MoCA, AVLT and TMT-A scales were assessed by two data researchers who were professionally trained to evaluate all patients included in the study at pre-intervention, post-intervention, and follow-up; the two data researchers did not participate in the intervention trial to maintain objectivity in the evaluation.

The Montreal Cognitive Assessment (MoCA) comprehensively assesses multiple cognitive domains, encompassing attention, executive function, memory, language, visuospatial skills, abstract thinking, calculation abilities, and orientation. Its sensitivity in detecting MCI stands at an impressive 90%, with a specificity of 87%, a stable test-retest reliability of 0.92, and a Cronbach’s alpha coefficient of 0.83 for standardized items, demonstrating robust reliability (Nasreddine et al., 2005). Its positive and negative predictive values for MCI were good (89% and 91%, respectively) (Julayanont et al., 2017).

The Auditory Verbal Learning Test (AVLT), specifically designed to evaluate memory capacity among Chinese mainland residents by Guo et al. (1993), boasts a Cronbach’s α coefficient of 0.99 and a test-retest reliability ranging from 0.87 to 0.94 over a three-month interval, ensuring the stability of the assessment. The AVLT comprises 12 words, subjected to three consecutive readings followed by immediate, delayed, and recognition memory tests, providing a comprehensive evaluation of memory proficiency. The cumulative score from all learning trials comprehensively reflects the subject’s memory level.

The Trail Making Test-A (TMT-A), a classic neuropsychological tool for assessing attention and visual search abilities, requires participants to sequentially connect numbers 1 through 25, with shorter completion times indicating stronger executive function. This test exhibits a sensitivity of 69% and a specificity of 88% in identifying executive dysfunction (Guo and Hong, 2013).

Brain-Derived Neurotrophic Factor (BDNF), a pivotal neuronal nutrient, was first discovered in pig brains by Barde et al. (1982). BDNF and its receptors are widely distributed throughout the nervous system, with particularly high concentrations in the cerebral cortex, hippocampus, and amygdala. By fostering neuronal differentiation, growth, and participating in neuronal repair processes, BDNF is crucial for neural system health (Zahid et al., 2013). This study employs a human BDNF ELISA kit to accurately measure BDNF levels in subjects’ serum.

Platelet Factor 4 (PF4), a cytokine released by platelets, plays a pivotal role in platelet activation and thrombosis. Beyond inhibiting vascular endothelial cell growth and modulating platelet aggregation, PF4 also exhibits antibacterial, antiviral properties, and participates in inflammatory responses, immune regulation, and angiogenesis (Park et al., 2023). Utilizing a human PF4 ELISA kit[, this study quantitatively analyzes PF4 levels in subjects’ serum.



2.6.2 Laboratory data

Early in the morning, before and after the intervention, reviewers collected laboratory samples of BDNF and PF4 from fasting participants. Blood samples (5 mL each) were obtained using plain serum tubes. These samples were allowed to sit at room temperature for 15 min before being centrifuged at 3,000 revolutions per minute in the testing department’s centrifuge. Subsequently, the upper serum layer was transferred into appropriately labeled test tubes, each containing 200 microliters. These test tubes were then stored in a refrigerator at −80°C. Upon completion of specimen collection from all patients, the samples were transported to a testing company for analysis.




2.7 Statistical analysis

The general information and scale data of this study were statistically analyzed using IBM SPSS26.0 software. Measurement data were expressed as mean ± standard deviation, and measurement data were first analyzed for normality and variance alignment of the data using the Shapiro–Wilk test and Levene test, and measures that met normal distribution and variance alignment were analyzed using analysis of variance (ANOVA), and multiple comparisons were performed when the results showed statistical differences, and Dunnett method was used when the variance was aligned. Measures that did not conform to normal distribution and variance laxity were analyzed using the Kruskal–Wallis rank sum test, and multiple comparisons were performed using the Dunn–Bonferroni method when the results showed a statistical difference. Count data were expressed as rates (%) using the chi-square test or Fisher’s exact test. The test level was set at α = 0.05, and p < 0.05 was considered a statistically significant difference. Differences in outcome indicators between groups over time during the intervention were assessed using generalized estimating equations.




3 Results


3.1 Baseline characteristics of the subjects

A total of 72 patients with mild cognitive impairment (MCI) were screened for eligibility, of whom 60 met the inclusion criteria and were randomized into the Tai Chi group, walking group, and control group. During the study period, 2 participants from each group dropped out, resulting in 54 MCI patients (18 per group) completing the study. All 54 patients completed scale assessments at baseline, post-intervention, and follow-up. For laboratory indicators, baseline data were collected from all 54 patients, while post-intervention data were obtained from 52 patients (two patients in the control group refused blood draw). The age range of the study subjects was 67–94 years old, with an average age of (84.46 ± 5.961); 66.67% were female and 33.33% were male; the average number of years of education was (10.81 ± 3.905), indicating that the majority of the study subjects had high school diplomas; 33.33% were married, widowed or divorced accounted for 66.67%; no chronic disease accounted for 38.89% and one or more chronic diseases accounted for 61.11%, indicating that most of the elderly patients had one or more chronic diseases; there was a family history of dementia accounted for 18.52%, and there was no family history of dementia accounted for 81.48%, indicating that the vast majority of the elderly did not have a family history of dementia. The pre-intervention general demographic data and outcome indicators of the Tai Chi group, the walking group and the control group were comparable, and the differences were not statistically significant (p > 0.05). See Table 1 for specific details.


TABLE 1 Comparison of general and baseline data among the three groups of patients (N = 54).

[image: A table comparing demographic and cognitive data across three groups: Tai Chi, Walking, and Control, each with 18 participants. Categories include age, sex, years of education, chronic diseases, marital status, family history of dementia, MoCA score, TMT-A score, AVLT scores, BDNF, and PF4 levels. Statistical values and probabilities are provided for comparisons.]



3.2 Comparison of shedding rates in the three groups

During the intervention period, the Tai Chi group had one patient withdraw at the 14th week due to hospital discharge, and another at the 3rd week citing a lack of interest. In the Walking group, one patient withdrew at the 5th week due to hospital discharge, while another withdrew at the 12th week to care for their spouse whose condition had worsened. Within the Control group, two patients voluntarily withdrew, one at the 2nd week and another at the 11th week, both due to hospital discharge. Additionally, two patients in the Control group failed to complete blood sample collection. Fisher’s exact test revealed no statistically significant differences in the number of dropouts among the three groups (p > 0.05). Please refer to Table 2 for details.


TABLE 2 Comparison of shedding rates in three groups of patients.

[image: Table showing data on exercise completion among groups. Tai Chi and Walking groups both have 2 individuals who did not complete the motor exercise. The control group has 2 who did not complete the exercise and 2 who did not provide post-intervention ratings, totaling 4. The P-value for the Walking group is 0.429.]



3.3 Analysis of the results of overall cognitive function in the three groups of patients


3.3.1 Between-group comparisons of overall cognitive functioning outcomes at post-intervention and follow-up in three groups of patients

The overall cognitive functioning scores of the three groups of study participants conformed to a normal distribution with a chi-square variance, and were statistically analyzed using one-way ANOVA. Before the intervention, the MoCA scores of the three groups of patients were consistent at baseline and comparable (p > 0.05); after the intervention, the differences in MoCA scores among the three study groups were significant (p < 0.05), and after post hoc two-by-two comparisons, the differences between the walking group and the control and Tai Chi groups were statistically significant (p < 0.05); the differences in MoCA change value scores among the three groups of patients between the intervention and the pre-intervention period were significant (p < 0.05), and after post hoc two-by-two comparison, the difference between the control group and the Tai Chi group was statistically significant (p < 0.05). At the follow-up, the difference in MoCA scores among the three study groups was significant (p < 0.05), and after post hoc two-by-two comparison, the difference between the control group and the Tai Chi group was statistically significant (p < 0.05); the difference in MoCA change value scores between the three groups of patients after intervention and before intervention was significant (p < 0.05), and after post hoc two-by-two comparison, the difference between the control group and the Tai Chi group was statistically significant (p < 0.05). See Table 3.


TABLE 3 Between-group comparison of overall cognitive functioning outcomes at post-intervention and follow-up for the three groups of patients (n = 54).

[image: A table compares Tai Chi, Walking, and Control groups across different time points: T1 (pre-intervention), T2 (post-intervention), and T3 (follow-up). The Tai Chi group shows significant improvements at T2 and T3 compared to T1. The Walking and Control groups also show changes, but the Control group has negative values at T2-T1 indicating a decline. The table includes F and P values, highlighting statistically significant differences marked by an asterisk.]



3.3.2 Repeated measures ANOVA of overall cognitive function at different time points for all three groups of patients

Taking the MoCA score after intervention and during follow-up as the dependent variable, and taking time, group, and baseline MoCA score as independent variables. At the same time, incorporating the interaction effects of time and group, time and baseline MoCA score, a repeated measures analysis of variance was conducted. The results showed: (1) Grouping factor: The between-group effect of MoCA scores of the three groups of patients was significant (p < 0.05), indicating that there were differences in MoCA scores of the three groups of patients at different time points. (2) Time factor: There was no statistically significant difference in the time effect of MoCA scores of the three groups of patients (p > 0.05). (3) Baseline MoCA: The MoCA score was affected by the baseline MoCA effect, and the difference was statistically significant (p < 0.05). (4) Interaction factor: The interaction effect of time and baseline MoCA score of the three groups of patients was not statistically significant (p > 0.05), while the interaction effect of time and group was statistically significant (p < 0.05). Therefore, an analysis of the separate effects of time and group is needed. (5) Separate effects: After intervention and during follow-up, there were statistically significant differences in MoCA scores among different groups. After post hoc pairwise comparisons, after intervention, there were statistically significant differences between the walking group and the control group compared with the Tai Chi group (p < 0.05). During follow-up, there was a statistically significant difference between the control group and the Tai Chi group. However, in different groups, there was no statistically significant difference in MoCA scores after intervention and during follow-up (p > 0.05). See Tables 4–6.


TABLE 4 Repeated measures ANOVA of overall cognitive function at different time points for the three groups of patients (n = 54).

[image: Table showing F-values and P-values for different effects. Time effect: F-value 0.955, P-value 0.333. Between-group effect: F-value 15.839, P-value less than 0.001. Baseline MoCA: F-value 21.036, P-value less than 0.001. Interaction effects include Time*intergroup: F-value 3.906, P-value 0.027; Time*baseline MoCA: F-value 1.393, P-value 0.244.]


TABLE 5 Separate effects analysis by group (n = 54).

[image: Table showing mean scores for Tai Chi, Walking, and Control groups post-intervention and follow-up. Post-intervention: Tai Chi 23.06, Walking 21.72, Control 20.50 with significant differences. Follow-up: Tai Chi 22.17, Walking 21.22, Control 20.61. F-values: 15.778 and 5.880. P-values: less than 0.001 and 0.005, indicating statistical significance.]


TABLE 6 Analysis of separate effects of time (n = 54).

[image: Table comparing Tai Chi, Walking, and Control groups post-intervention and at follow-up. The Tai Chi group shows F-value 3.694, p-value 0.063; Walking group F-value 1.303, p-value 0.262; Control group F-value 0.057, p-value 0.813. Results suggest Tai Chi has a notable effect, though not statistically significant at p < 0.05.]




3.4 Specific comparisons of executive function among and within the three groups of patients


3.4.1 Between-group comparisons of executive cognitive functioning outcomes at post-intervention and follow-up in the three patient groups

The executive function scores of the three groups did not conform to a normal distribution and were statistically analyzed using the multiple independent samples non-parametric Kruskal–Wallis H test. Before the intervention, the TMT-A scores of the three groups of patients were consistent at baseline and comparable (p > 0.05); after the intervention, the differences in TMT-A scores among the three study groups were significant (p < 0.05), and after post hoc two-by-two comparisons, the differences between the walking group and the control group and the Tai Chi group were statistically significant (p < 0.05); the differences in TMT-A change value scores among the three groups of patients between post-intervention and pre-intervention were significant (p < 0.05), and after post hoc two-by-two comparison, the difference between the walking group and the control group and the Tai Chi group was statistically significant (p < 0.05). At follow-up, the difference in TMT-A scores among the three study groups was significant (p < 0.05), and after post hoc two-by-two comparisons, the difference between the walking group and the control group and the Tai Chi group was statistically significant (p < 0.05); the difference in the TMT-A change value scores between the three groups of patients at follow-up and before intervention was not statistically significant (p > 0.05). See Table 7 for specific details.


TABLE 7 Between-group comparisons of executive function outcomes at post-intervention and follow-up for the three groups (n = 54).

[image: Table comparing Tai Chi, Walking, and Control groups at different times (T1, T2, T3) with mean values and ranges. Significant differences in scores marked with an asterisk. Analysis includes Z and P values, showing statistical significance in multiple areas.]



3.4.2 Analysis of generalized estimating equations for executive function at different time points for the three groups of patients

Taking the TMT-A score after intervention and during follow-up as the dependent variable, and taking time, group, and baseline TMT-A score as independent variables. At the same time, incorporating the interaction effects of time and group, time and baseline TMT-A score, a generalized estimating equation was constructed. The results showed: (1) Grouping factor: The between-group effect of TMT-A scores of the three groups of patients was significant (p < 0.05), indicating that there were differences in TMT-A scores of the three groups of patients at different time points. (2) Time factor: There was no statistically significant difference in the time effect of TMT-A scores of the three groups of patients (p > 0.05). (3) Baseline TMT-A: There was no statistically significant difference in the baseline TMT-A effect of TMT-A scores of the three groups of patients (p > 0.05). (4) Interaction factor: There was no statistically significant difference in the interaction effects of time and group, time and baseline TMT-A score of the three groups of patients (p > 0.05). See Table 8 for details.


TABLE 8 Analysis of generalized estimating equations for executive function at different time points for the three groups of patients (n = 54).

[image: Table displaying statistical data on various effects. Columns include Time Effect, Between-group Effect, Baseline TMT-A, Time*intergroup, and Time*baseline TMT-A. Rows list Wald χ² values: 0.825, 63.333, 0.954, 1.154, and 0.921, with corresponding p-values: 0.364, less than 0.001, 0.329, 0.562, and 0.337.]




3.5 Specific comparisons of memory function results between and within the three groups of patients


3.5.1 Between-group comparison of memory function outcomes at post-intervention and follow-up in the three groups

The memory function scores of the three study groups conformed to a normal distribution with a chi-square and were analyzed using one-way ANOVA. Before the intervention, the baseline AVLT immediate memory, AVLT delayed memory and AVLT recollection memory scores of the three groups of patients were consistent and comparable (p > 0.05); after the intervention, the differences in AVLT immediate memory, AVLT delayed memory and AVLT recollection memory among the three groups of study subjects were significant (p < 0.05), and after post hoc two-by-two comparisons, the differences in the walking group and the control group with the Tai Chi group were statistically Significance (p < 0.05); the difference in AVLT immediate memory, AVLT delayed memory and AVLT recoginition memory change scores between the three groups of patients after the intervention and before the intervention was significant (p < 0.05), and after a post hoc two-by-two comparison, the difference between the walking group and the control group and the Tai Chi group was statistically significant (p < 0.05). At follow-up, the differences in AVLT immediate memory, AVLT delayed memory, and AVLT recollection memory scores among the three study groups were significant (p < 0.05), and after post hoc two-by-two comparisons, the differences between the walking group and the control group and the Tai Chi group were statistically significant (p < 0.05); and the differences in AVLT delayed memory and AVLT recollection memory change values between the three groups of patients after the intervention and before the intervention were significant (p < 0.05), and after post hoc two-by-two comparison, the difference between the walking group and the control group and the Tai Chi group was statistically significant (p < 0.05); the difference between the AVLT immediate memory change scores of the three groups of patients after intervention and before intervention was significant (p < 0.05), and after post hoc two-by-two comparison, the difference between the control group and the Tai Chi group was statistically significant (p < 0.05). See Table 9 for specific details.


TABLE 9 Between-group comparison of memory function outcomes at post-intervention and follow-up in the three groups (n = 54).

[image: Table comparing AVLT-immediate, AVLT-delay, and AVLT-recognition scores for Tai Chi, Walking, and Control groups at different times (T1, T2, T3). The table includes scores, differences (T2-T1, T3-T1), F values, and p-values. Significant differences with the Tai Chi group are marked with an asterisk.]



3.5.2 ANOVA of repeated measures of memory function at different time points in the three groups

Taking the AVLT scores after intervention and during follow-up as the dependent variable, and taking time, group, and baseline AVLT score as independent variables. At the same time, incorporating the interaction effects of time and group, time and baseline AVLT score. According to different measurement times of memory cognitive function, repeated measures analysis of variance was conducted on AVLT immediate, AVLT delayed, and AVLT recognition, respectively. The results showed: (1) Grouping factor: The between-group effect of AVLT scores of the three groups of patients was significant (p < 0.05), indicating that there were differences in AVLT immediate, AVLT delayed, and AVLT recognition scores of the three groups of patients at different time points. (2) Time factor: There was no statistically significant difference in the time effect of AVLT scores of the three groups of patients (p > 0.05). (3) Baseline AVLT: The AVLT delayed score was affected by the baseline AVLT effect, and the difference was statistically significant (p < 0.05). There was no statistically significant difference in the influence of baseline AVLT effect on AVLT immediate and AVLT recognition scores (p > 0.05). (4) Interaction factor: The interaction effects of time and group, time and baseline AVLT score of the three groups of patients were not statistically significant (p > 0.05). See Table 10.


TABLE 10 Analysis of generalized estimating equations for memory-knowledge function at different time points for the three groups of patients (n = 54).

[image: Table displaying statistical effects on multiple AVLT items. It shows F-values and P-values for AVLT immediate, delay, and recognition, across time, intergroup, baseline AVLT, and interaction effects. Significant values are highlighted, such as a P-value of less than 0.001 for intergroup effects across all items.]




3.6 Analysis of serum BDNF results in three groups of patients

The serum BDNF scores of the three study groups followed a normal distribution and exhibited homogeneity of variance, and were therefore compared using analysis of variance (ANOVA). At baseline, the serum BDNF levels among patients in the Tai Chi group, walking group, and control group were 134.27 ± 10.79 pg/ml, 130.48 ± 12.72 pg/ml, and 129.48 ± 15.97 pg/ml, respectively. These baseline differences in serum BDNF levels between the three groups were comparable (p > 0.05). Following the intervention, the serum BDNF levels increased to 250.44 ± 36.37 pg/ml in the Tai Chi group, 199.96 ± 13.35 pg/ml in the walking group, and remained at 141.25 ± 20.26 pg/ml in the control group. A statistically significant difference in serum BDNF levels was observed among the three groups post-intervention (p < 0.05). Post hoc pairwise comparisons revealed a significant difference between the control group and the Tai Chi group (p < 0.05). Additionally, the changes in serum BDNF levels from pre- to post-intervention were statistically significant across all three groups (p < 0.05), with a significant difference noted specifically between the control group and the Tai Chi group upon post hoc analysis (p < 0.05). See Table 11 and Figure 2 for details.


TABLE 11 Analysis of serum BDNF results in three groups of patients (n = 52).

[image: Table comparing Tai Chi, Walking, and Control groups at T1 and T2. Mean and standard deviation values are presented. Significant differences indicated for the Control group. Dunnett's test used; significant P-values in T2 and T2-T1.]


[image: Bar chart showing BDNF levels in picograms per milliliter for tai chi, walking, and control groups. Pre-intervention, all groups are around 100. Post-intervention, tai chi group rises to about 275, walking to 200, and control to 150. Bars include error lines.]

FIGURE 2
Results of serum BDNF in three groups of patients (n = 52).




3.7 Analysis of serum PF4 results in three groups of patients

The serum PF4 scores of the three study groups were normally distributed and homogeneous, and were analyzed by ANOVA for comparison. The difference in serum PF4 levels at baseline among the three groups was comparable (p > 0.05). The serum PF4 level was 177.14 ± 20.50 ng/ml in the Tai Chi group, 187.67 ± 18.17 ng/ml in the walking group, and 176.94 ± 20.08 ng/ml in the control group of patients after the intervention. there was no statistically significant difference between the three groups of patients in terms of their serum PF4 levels after the intervention (p > 0.05). The difference between the serum PF4 levels of the three groups of patients after intervention and before intervention was not statistically significant (p > 0.05). See Table 12 and Figure 3.


TABLE 12 Analysis of serum PF4 results in three groups of patients (n = 52).

[image: Table comparing Tai Chi, Walking, and Control groups at two time points, T1 and T2. The Tai Chi group shows a decrease from 194.17±14.83 at T1 to 177.14±20.50 at T2. The Walking group decreases from 203.42±18.52 to 187.67±18.17. The Control group decreases from 202.72±15.34 to 176.94±20.08. The F-values and P-values are included for variance analysis. Variables have equal variances, analyzed using Dunnett's test. CV is 10.28.]


[image: Bar chart showing PF-4 levels (ng/ml) pre- and post-intervention across three groups: Tai Chi (purple), Walking (blue), and Control (orange). All groups show similar values around 200 ng/ml with error bars, indicating variability.]

FIGURE 3
Results of serum PF4 in three groups of patients (n = 52).





4 Discussion


4.1 The effect of Tai Chi on the overall cognitive function of MCI patients

The results presented in Tables 3–6 reveal that, following the intervention, Tai Chi can enhance the overall cognitive function of MCI patients in comparison with walking and routine activities. During the follow-up, Tai Chi is also capable of improving the overall cognitive function of MCI patients when compared with routine activities. When compared with walking and routine activities, the difference in the overall cognitive function score of Tai Chi from before to after the intervention is significant (p < 0.05), and in comparison with routine activities, the difference in the overall cognitive function score of Tai Chi from before the intervention to during the follow-up is also significant (p < 0.05). This indicates that the MoCA score of the subjects in the Tai Chi group is the highest upon the completion of the intervention, followed by the walking group, and subsequently, it gradually declines. Meanwhile, the range of change in the MoCA score of the subjects in the control group is relatively small.

However, the improvement in the overall cognitive function during the follow-up does not achieve statistical significance. Some studies have confirmed (Cui et al., 2021) that long-term Tai Chi may protect cognitive function and promote cognitive flexibility by improving the plasticity of functional brain networks. The human brain is a vast network consisting of various regions, each responsible for distinct functions (Fam et al., 2020). As individuals age, there is often a disruption in connectivity between these brain regions (Yan and Rein, 2022). Studies have shown that multimodal interventions, such as cognitive training, Tai Chi, and group counseling, can effectively enhance functional connectivity between the medial prefrontal cortex and the medial temporal lobe. Furthermore, the strength of this connectivity has been positively correlated with improvements in cognitive function (Tao et al., 2017). Hui et al. (2016) monitored the functional connectivity of different brain regions in Tai Chi practitioners and routinely active controls during rest and exercise states, and they found that Tai Chi activated the prefrontal cortex, motor cortex, and occipital cortex, and improved their connectivity in terms of musculogenic activity, the sympathetic nervous system, and the metabolic activity of endothelial cells. In addition, Tai Chi increases connectivity between the left middle frontal gyrus and the left superior parietal lobule, the posterior cingulate gyrus cortex, and the left prefrontal cortex and the right sensorimotor areas (Wang and Lu, 2022). Other studies have shown that Tai Chi also facilitates the establishment of cognitive reserve, increases synaptic nerves, prompts the brain to continuously produce new and functional neurons, increases the capacity of cognitive reserve (Gould et al., 1999), prevents age-related neurocognitive decline, reduces neurological dysfunction, and delays the onset and progression of MCI to AD (Stern, 2012). Therefore, the beneficial effects of Tai Chi on cognitive function in patients with MCI may be realized by altering the connectivity of brain networks and increasing cognitive reserve.

Our study also found that the improvement effect on cognitive function in MCI patients tended to decrease with the cessation of Tai Chi intervention. Related studies have also found that after the intervention, even though Tai Chi had a positive effect on overall cognitive function, its beneficial effects gradually disappeared after cessation of training, and only those who continued to receive Tai Chi maintained their cognitive function at the previous level (Li et al., 2023). Therefore, for MCI patients with conditional physical conditions, prolonged Tai Chi can be performed to delay cognitive decline.



4.2 Effects of Tai Chi on executive function in MCI patients

The results presented in Tables 7, 8 demonstrate that, in comparison with walking exercise and daily activities, Tai Chi is capable of enhancing the executive function of MCI patients after the intervention and throughout the follow-up period. Specifically, when compared to the status before the intervention, the executive function of MCI patients in the Tai Chi group has exhibited significant improvements both after the intervention and during the follow-up. Meanwhile, compared to the pre-intervention status, the executive function of patients in the walking group tends to improve after the intervention. This suggests that both Tai Chi and walking exercise can improve the executive function of MCI patients, yet the influence of Tai Chi on the executive function of MCI patients is more enduring.

A systematic review and meta-analysis found that the advantages of Tai Chi were more significant in improving executive functions such as processing speed, attention, and working memory, compared with inactivity or other exercises (walking, resistance, and flexibility exercises) (Wayne et al., 2014). A pilot study also showed that 24 weeks of 10-pattern Tai Chi had a positive effect on executive function in older adults with MCI (Sungkarat et al., 2018). An RCT by Lam (Lam et al., 2011) assessing the effects of 24-pattern and 10-pattern Tai Chi on the executive function components showed that Tai Chi had a significant improvement on the task-switching component of executive function. The present study is consistent with the findings of the above scholars.

Tai Chi requires visuospatial orientation through learning a series of movements, including motor recall, switching, and multi-segmental movements, and focusing on inhibiting disturbances in the surrounding environment, which is beneficial to increasing brain volume and cortical thickness (Wei et al., 2013). Mortimer et al.’s (2012) study showed that 40 weeks of Tai Chi increased whole-brain volume by 0.47%, which was significantly higher than that of either the walking group or the group doing activities of daily living group. Primarily, Tai Chi increased brain volume by promoting an increase in gray matter volume in the left middle occipital gyrus, left superior temporal gyrus, and right middle temporal gyrus (Cui et al., 2021) and increased cortical thickness in brain regions closely related to executive functions (precentral gyrus, middle frontal sulcus, superior temporal gyrus, and medial occipito-temporal sulcus) (Wei et al., 2013).

Thus, Tai Chi improves executive function in MCI patients more than walking exercise or regular activities. It may be due to the fact that Tai Chi increases brain volume and cortical thickness more.



4.3 The effect of Tai Chi on memory function in MCI patients

From Tables 9, 10, it can be found that Tai Chi improves the memory function of MCI patients after the intervention and during the follow-up compared to walking exercise and regular activities. Compared with the pre-intervention period, the memory function of MCI patients in the Tai Chi group improved significantly at post-intervention and follow-up. This suggests that Tai Chi can significantly improve the memory function of MCI patients, but there is a tendency for the memory function to slowly decline as the exercise ends.

A randomized controlled trial from Thailand reported that the increase in delayed recall scores was more pronounced in older adults with MCI who practiced the 10-posture Tai Chi than in the control group (Sungkarat et al., 2018). an RCT in China found a significant increase in memory scores in the Tai Chi group compared to the other three groups (walking, socializing, or no intervention) (Mortimer et al., 2012). another RCT also showed that MCI participants who performed 24-posture simplified Tai Chi compared to performing stretching activities showed significant improvement in delayed recall (Lam et al., 2012). the results of the present study were similar to the above studies, further confirming the improvement of memory function by Tai Chi.

Oxyhemoglobin is a reliable indicator of changes in regional cerebral blood flow and can be used to reflect the degree of prefrontal cortex activation during exercise (Perrey, 2008), and decreased prefrontal cortex activation may lead to memory loss (Uemura et al., 2016). Lu et al. (2016) monitored oxygenated hemoglobin in Tai Chi exercisers and cyclists, and found that Tai Chi exercisers showed a greater increase in oxygenated hemoglobin and total hemoglobin levels indicating that prefrontal neuron activation is higher during Tai Chi than cycling. Therefore, Tai Chi can enhance memory function by activating the prefrontal cortex.



4.4 Effect of Tai Chi on serum BDNF in MCI patients

Based on the combination of Table 11 and Figure 1, it was found that serum BDNF levels were significantly higher in MCI patients in the Tai Chi group compared with the walking group and the control group (P < 0.05). Serum BDNF levels in MCI patients in both the Tai Chi and walking groups were higher after the intervention than before (P < 0.05). This suggests that both Tai Chi and walking exercise can increase serum BDNF levels in patients with MCI, but Tai Chi can increase serum BDNF concentration in patients with MCI, whereas walking exercise cannot.

Many studies on exercise intervention for cognitive function, the ending indexes are mostly based on scale scores and lack blood-based indexes that respond to changes in cognitive function. Brain-derived neurotrophic factor (BDNF), a member of the neurotrophic factor family, was initially found in the brain and is widely expressed in the hippocampus and cortex, where it promotes cell survival and neurite growth through a cascade of tyrosine kinase receptor-induced molecular signaling (Mattson et al., 2004), as well as synaptic plasticity and neuronal development (Barde et al., 1982). There is evidence in aged rodents and primates that BDNF reverses neuronal atrophy (Nagahara et al., 2009), increases the number of synapses (Tyler and Pozzo-Miller, 2001), and promotes neurodevelopment (Bergami et al., 2008).

Animal studies have shown that physical exercise increases BDNF expression in hippocampal and cortical regions (Uysal et al., 2015), and an experimental study found that 6 months of aerobic exercise increased serum BDNF levels in patients with MCI (Baker et al., 2010). Whereas the increase in serum BDNF has been associated with the effect of exercise in improving cognitive function (Griffin et al., 2011), the results of another experimental study also showed that aerobic exercise-induced up-regulation of serum BDNF was associated with an increase in hippocampal volume and an improvement in memory function (Erickson et al., 2011), and Sungkarat et al. (2018). demonstrated that 6 months of Tai Chi practice was effective in up-regulating plasma BDNF while improving the memory and thinking function in elderly MCI patients’ memory and thought transitions, and similar phenomena were observed in another 10-week Tai Chi intervention study (Solianik et al., 2021). Consistent with these findings, the present study also found that Tai Chi increased serum BDNF concentrations while improving overall cognitive, executive, and memory functions in MCI patients.

Tai Chi is a mind-body exercise with integrated cognitive and motor coordination, while mentally focused psychotherapy activates neurons and prompts the release of glutamate from presynaptic endings, increasing intracellular Na+ and Ca2+, and Ca2+ activates the production of BDNF via N-methyl-d-aspartate receptor endocytosis in dendrites (Damirchi et al., 2018). Consequently, the improvement in cognitive function observed in MCI patients who practice Tai Chi may be attributed to the increase in serum BDNF levels, which is likely due to the stimulation of cellular mechanisms associated with neurotrophic factors.



4.5 Effect of Tai Chi on serum PF4 in MCI patients

Platelets are small anucleated blood cells that store bioactive factors in specialized cytoplasmic compartments (van der Meijden and Heemskerk, 2019), and are of interest for their powerful and surprising reservoirs of anti-inflammatory, neurotrophic, and antioxidant molecules, and different forms of platelet activation release their inclusions selectively and releasably depending on the specific situation in response to environmental stimuli such as exercise, tissue injury, or stress; thus, different forms of platelet activation can produce fundamental biological effects ranging from hemostasis to neurogenesis (Leiter et al., 2019), including postoperative healing (Marx et al., 1998), treatment of musculoskeletal injuries and osteoarthritis (Dai et al., 2017; Kavadar et al., 2015), and rejuvenation of the skin (Ozcelik et al., 2016). PF4 is a specific protein synthesized by platelets, and the neuroprotective effects of PF4 have been demonstrated in mouse models of traumatic brain injury (Nebie et al., 2021), amyotrophic lateral sclerosis (Gouel et al., 2022), and Parkinson’s disease (Chou et al., 2017). The idea that PF4 may be a messenger of brain health was supported by a study by Leiter et al. (2019) who found that platelets in young mice were activated after a short period of acute exercise (4 days) and that the subsequent release of PF4 from platelets increased proliferation of hippocampal precursors and facilitated neuronal differentiation. two more recent studies have found that PF4 attenuates age-related hippocampal neuroinflammation that triggered molecular changes related to synaptic plasticity and improved cognitive performance in aged mice (Schroer et al., 2023) and increased cognitive performance in young and aging mice (Park et al., 2023). Immediately following this, a study by Leiter et al. (2023) clarified the activation response of exercise on platelets in young and aged mice and determined that PF4 released from exercise-induced activated platelets rejuvenated hippocampal neurogenesis and cognitive function in aged mice.

From Table 12 and Figure 2, we can observe that there is no significant alteration in the PF4 levels of the three groups of MCI patients after the interventions of Tai Chi and walking exercise when pairwise comparisons are performed, and the difference is not statistically significant (P > 0.05). Similarly, when comparing the serum PF4 levels of the Tai Chi group and the walking group after intervention with those before intervention, there is also no significant change, and the difference is not statistically significant (P > 0.05). Our study is the first exploratory trial that utilizes PF4 as a serum concentration indicator for detecting MCI patients after exercise (Tai Chi or walking exercise). however, unfortunately, the concentration of serum PF4 levels in this study did not show an increase in the concentration of serum PF4 levels due to the intervention of the exercise, but instead, there was a trend of a slight decrease in the levels of PF4 with the completion of the intervention; suggesting that the effect of Tai Chi or walking exercises on the serum PF4 concentrations in MCI patients had no effect because, with age, PF4 in human and non-human primate plasma gradually decreases (Wang H. et al., 2019). In our analysis, both Tai Chi and walking exercise are chronic exercises of low to moderate intensity, which may not be sufficient to induce platelet activation to release more PF4 factor. Therefore, our study did not yield evidence that Tai Chi increased serum PF4 levels in patients with MCI.



4.6 Limitations of the study


(1)Single-center experimentation: This study was conducted exclusively within a single healthcare integration facility in Chengdu, potentially encountering obstacles when generalizing the findings to the broader elderly population afflicted with MCI, thereby limiting its universal applicability.

(2)Insufficient sample size: Constrained by both human and material resources, the study enrolled a relatively small cohort of 54 patients. This small sample size may undermine statistical power and elevate the uncertainty surrounding the interpretation of results.

(3)Limited biomarker selection: The study focused solely on exercise-related biomarkers, namely serum brain-derived neurotrophic factor (BDNF) and platelet factor 4 (PF4), excluding the inclusion of characteristic biomarkers of Alzheimer’s disease (AD) such as β-amyloid (Aβ) and phosphorylated tau (p-tau). This limitation may restrict our in-depth understanding of the underlying disease mechanisms.

(4)Potential bias risk: The lack of an active control group in the study design could compromise the accuracy of experimental outcomes, as the absence of a proper comparative standard introduces the risk of bias into the results.






5 Conclusion

In this work, a 12-week trial of Tai Chi intervention was conducted in MCI patients to investigate the clinical efficacy of exercise intervention in MCI patients by collecting patients’ scale scores of overall cognitive function, executive function, and memory function, and the changes of serum BDNF and serum PF4 levels before and after the trial at pre-test, post-test, and follow-up. The results of the study showed that Tai Chi improved the overall cognitive function, executive function, and memory function of MCI patients, and the mechanism may be related to increasing the expression of serum BDNF levels. The positive effects of Tai Chi on serum PF4 levels in MCI patients have yet to be verified. This study provides research evidence for the improvement of cognitive function in MCI by Tai Chi, and provides a theoretical basis for its clinical application and promotion.
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Background: Studies have shown that both inter-arm blood pressure difference (IABPD) and cognitive impairment are associated with vascular events. However, the relationship between IABPD and cognitive impairment among elderly individuals in rural China remains unclear. This study aims to investigate the association between IABPD and cognitive impairment in rural older adults in Guizhou, southwestern China.



Methods: The study data were obtained from the Cohort Study of the Health Status of Guizhou Rural Older Adults in China (SHGROC). A multi-stage cluster sampling method was employed to select 1,088 rural elderly individuals aged ≥ 60 years from Guizhou Province for questionnaire surveys, physical examinations, and biological sample collection. Cognitive function of participants was assessed using the Mini-Mental State Examination (MMSE). Bilateral blood pressure was measured simultaneously using an automated device, and the IABPD was calculated. Multivariable linear and logistic regression models were used to examine the relationship between IABPD and cognitive impairment.
Results: The overall prevalence of cognitive impairment in the study sample was 27.85%, and it was more common among participants with an IABPD ≥ 10 mmHg (P < 0.05). Multivariable regression analysis revealed that an inter-arm systolic blood pressure difference (IASBPD) ≥ 10 mmHg was independently associated with lower MMSE scores (β = −1.113; 95% CI: −2.120, −0.106; P = 0.030) and a higher risk of cognitive impairment (OR = 1.902; 95% CI: 1.189, 3.040; P = 0.007). Additionally, a dose-response relationship was observed between IASBPD and the risk of cognitive impairment, with a linear positive correlation. Further subgroup analysis indicated that the relationship between IASBPD and cognitive impairment was modified by sex, smoking, and regular exercise (P for interaction < 0.05).
Conclusion: IASBPD ≥ 10 mmHg is associated with an increased risk of cognitive impairment in rural Chinese older adults. This suggested that IASBPD may provide a reference for early identification of individuals at risk of cognitive impairment.
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cognitive impairment, inter-arm blood pressure difference, elderly, rural areas, cross-sectional study


1 Introduction

Cognitive impairment broadly refers to various degrees of cognitive impairment from various causes, ranging from mild cognitive impairment (MCI) to dementia (Xue et al., 2022). With the progression of global aging, age-related cognitive impairment has become a growing global public health problem (Weuve et al., 2014). Dementia, the most severe stage of cognitive impairment, is the leading cause of disability among individuals aged 60 and above worldwide (World Health Organization, 2020). It has been estimated that there were more than 50 million people with dementia worldwide in 2019, and this number is expected to increase to 152 million by 2050 (Alzheimer’s Association, 2019). Since there are still no effective treatments for dementia, early identification of individuals at risk for cognitive impairment is crucial for its prevention and management.

Growing evidence suggests a strong association between vascular health and cognitive function (Shen et al., 2020). The latest Lancet standing Commission reported that vascular lesions are not only linked to all-cause dementia but may also play an additive or interactive role in inducing cognitive impairment (Livingston et al., 2024). Additionally, cardiovascular risk factors such as arterial stiffness, hypertension, and diabetes can promote the onset and progression of cognitive impairment by accelerating vascular aging and inducing cerebral microvascular damage (Mok et al., 2024). Among various vascular health indicators, blood pressure levels are considered a significant factor influencing cognitive function. Inter-arm blood pressure difference (IABPD), as a physiological indicator that is inextricably linked to blood pressure, has gradually attracted the attention of the medical community in recent years (Clark et al., 2014). IABPD is a difference in blood pressure between the right and left arms due to the anatomical structure of the human body and many pathological factors, and is commonly used in clinical practice to evaluate atherosclerosis and poor vascular function (Essa and Ahmed, 2022). Previous studies have shown that the detection rates of IABPD ≥ 10 mmHg are 12.8% in hypertensive patients and 9.8% in diabetic patients, significantly higher than the 3.0% observed in the general population (Yu Y. et al., 2021; Lee et al., 2020). Additionally, individuals with IABPD ≥ 10 mmHg have a 2.96-fold increased risk of cardiovascular events and a 1.63-fold increased risk of all-cause mortality compared to those with IABPD < 10 mmHg (Clark et al., 2016). Notably, cardiovascular risk factors have been strongly associated with increased risk for future cognitive impairment in healthy individuals (Livingston et al., 2024).

Given the close relationship between IABPD and cardiovascular health, some academics have put out the scientific theory that there is a connection between IABPD and cognitive function. A cohort study conducted on Italian older adults aged 65 years and older found a possible association between IABPD ≥ 5 mmHg and cognitive decline (Clark et al., 2020). Another study based on the Framingham Heart Cohort indicated that high IABPD was associated with an increased risk of dementia events in older subjects carrying the APOE ε4 allele (Pase et al., 2016). Although the exact mechanism remains unknown, higher IABPD may cause vascular endothelial injury and thus increase cerebrovascular permeability and blood–brain barrier leakage, exacerbating the risk of cognitive dysfunction (Hughes et al., 2016). In addition, IABPD is closely related to hypertension, atherosclerosis, and cerebral small vessel disease. And all of these pathological changes have also been shown to be strongly associated with cognitive impairment (Livingston et al., 2024; Clark et al., 2016; Lee et al., 2022). These findings suggest that IABPD may be of potential value in cognitive screening.

Unfortunately, current research on the relationship between IABPD and cognitive impairment remains limited and primarily focused on Western developed countries, leaving it uncertain whether these findings are applicable to developing nations (Clark et al., 2020; Pase et al., 2016). Moreover, existing studies predominantly concentrate on the association between inter-arm systolic blood pressure difference (IASBPD) and cognitive function, without adequately considering the role of inter-arm diastolic blood pressure difference (IADBPD). This may lead to a one-sided understanding of their complex relationship. Additionally, the association between IABPD and cognitive impairment may be influenced by confounding variables such as demographic characteristics, lifestyle factors, and cardiovascular risk factors. Therefore, future research should include populations of diverse ethnicities and economic backgrounds, consider both IASBPD and IADBPD, and adjust for potential confounding variables to provide a more comprehensive understanding of the relationship between IABPD and cognitive impairment.

As the developing country with the largest elderly population in the world, China faces a high prevalence of dementia, particularly in rural areas (Chen et al., 2022). Studies have found that rural regions in China experience a deeper level of aging (23.81 vs. 15.82%) and a higher prevalence of cognitive impairment (48.53 vs. 36.62%) compared to urban areas (National Bureau of Statistics of China, 2021; Wang et al., 2022). Therefore, we conducted a population-based cross-sectional study in rural areas of Guizhou Province in southwestern China to explore the relationship between IABPD and cognitive impairment among the elderly. This study aims to provide scientific evidence for the early identification and management of individuals at high risk of cognitive impairment.



2 Materials and methods


2.1 Study population and design

We conducted a cross-sectional study and the data comes from baseline survey of the cohort study on the health status of Guizhou rural older adults in China (SHGROC) (Hu et al., 2022). The SHGROC is a population-based prospective study conducted in rural areas of Guizhou, southwestern China. From July to August 2019, a multistage cluster sampling method was used to select rural older adults aged ≥ 60 years from 12 villages in 2 counties (districts) of Guizhou Province, and baseline survey carried out among them. The exact sampling process is shown in Supplementary Figure 1. The participant inclusion criteria were: (1) those who were older adults of 60 years and above; (2) those who had lived in their current residence for more than 6 months. Exclusion criteria were: (1) those who suffer from severe visual and hearing impairment, physical disability, aphasia or other reasons that prevent them from cooperating with the examination; (2) those who have been diagnosed with dementia or other mental illness. A total of 1,795 questionnaires were distributed, and data from 1,088 participants were finally included in the study by excluding subjects with incomplete information on the questionnaires, those who did not undergo blood pressure measurements, and those who did not undergo blood tests (Figure 1). All participants signed the informed consent form and the study was approved by the medical ethics committee of Guizhou Medical University (approval No. 2017-049).


[image: Flowchart showing participant selection in a study. Initially, 1,795 participants aged 60 and older in rural Guizhou, China were considered. Exclusions included 707 participants due to incomplete questionnaires (142), lack of blood pressure measurements (147), and lack of blood tests (418), resulting in 1,088 enrolled participants. Based on cognitive impairment criteria, 785 were classified as non-cognitive impairment, and 303 as cognitive impairment.]

FIGURE 1
Flowchart showing the procedure used for participants recruitment.




2.2 Data collection methods

This study conducted an on-site, centralized survey of participants on a face-to-face, one-on-one basis. Questionnaires, anthropometric measurements and biological samples were collected by trained investigators. We collected information regarding cognitive function, demographic characteristics, lifestyle behaviors, and chronic disease history using a standardized questionnaire. Data on blood pressure, height, and weight were collected through physical examinations. Fasting venous blood samples were obtained and analyzed by professional technicians.



2.3 Cognitive assessment

The Mini-Mental State Examination (MMSE) was used to assess the cognitive function of the participants (Folstein et al., 1975). The MMSE is an internationally recognized cognitive screening tool that has demonstrated good test–retest reliability and concurrent, criterion, and construct validity, and is more applicable to questionnaires for rural older adults (Shigemori et al., 2010). In this study, our data analysis demonstrated good internal consistency of the MMSE scale (Cronbach’s α = 0.876) among the studied population. The questionnaire consists of 11 main items assessing abilities in five domains: orientation, immediate memory, attention and calculation, language, and delayed recall. The total MMSE score ranges from 0 to 30 points, with lower scores reflecting worse cognitive function (Creavin et al., 2016). As previously reported, we used a cutoff MMSE score below 18 points to define cognitive impairment (Zhang et al., 2008; Yu Y. et al., 2021; Mao et al., 2020).



2.4 IABPD measurement

Brachial blood pressure was measured simultaneously using the Atherosclerosis detector HBP-8000 (Omron, Japan). The measurements obtained by this device are highly consistent with standard methods, demonstrating excellent repeatability and reliability, and it has been widely used in previous studies (Shang et al., 2024; Qu et al., 2022). The temperature of the examination room was kept at 22∼25°C. On the day of the test, subjects should avoid strenuous exercise, smoking, drinking alcohol or caffeine-containing beverages, and sit still for at least 15 min before taking the test. During the measurement, subjects were asked to lie in a supine position, keep quiet, and place both hands palm up on both sides of the body. Trained technicians placed pressure cuffs on both arms and measured blood pressure in both arms at the same time. Measurements were repeated twice and averaged. IABPD was calculated as the absolute value of the difference in blood pressure between the right and left upper extremities (Yu H. et al., 2021). According to the National Institute for Health and Care Excellence (NICE) guidelines and previous literature (National Clinical Guideline Centre (UK), 2011; Clark et al., 2021), abnormal IABPD was defined as an absolute differences ≥ 10 mmHg, including IASBPD ≥ 10 mmHg and IADBPD ≥ 10 mmHg.



2.5 Definition of covariates

We selected the following covariates as potential confounders based on the relevant literature (Livingston et al., 2024; Mouseli et al., 2024): (1) Demographics: including age (< 70 or ≥ 70 years), sex (male or female), education level (≤ 6 years or > 6 years), and marital status (“married” included current marriage or partnership; “unmarried” included single, divorced, separated and widowed). (2) Behavior and lifestyle: including smoking (“yes” for current smokers; “no” for former smokers and never smokers), alcohol consumption (similarly classified as smoking), and regular exercise (yes or no). (3) Chronic diseases: including obesity, hypertension, diabetes, dyslipidemia, and cardio-cerebral vascular disease (CCVD). Obesity was defined as a body mass index (BMI) ≥ 25 kg/m2 according to the World Health Organization’s recommendations for classification of Asian populations (WHO Expert Consultation, 2004). Hypertension was defined as any systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg or self-reported history of hypertension or use of antihypertensive medication (Williams et al., 2004). Diabetes mellitus was defined as fasting glucose ≥ 7.0 mmol/L or self-reported history of diabetes mellitus or use of glucose-lowering drugs (ElSayed et al., 2023). Dyslipidemia was defined if patients have one or more of the following conditions: TC ≥ 6.22 mmol/L, LDL-C ≥ 4.14 mmol/L, HDL-C ≤ 1.04 mmol/L, TG ≥ 2.26 mmol/L or self-reported history of dyslipidemia or use of anti-dyslipidemia medication (Joint committee for guideline revision, 2018).



2.6 Quality control

All investigators received extensive training relative to the study questionnaire and outcome measures before conducting the investigation. During the investigation, researchers selected eligible participants in accordance with the inclusion and exclusion criteria, and conducted on-site investigations using a unified protocol. After the questionnaire survey, two reviewers conducted on-site verification to ensure the completeness of the questionnaire responses. Additionally, blood pressure measurements from both arms were taken by three trained investigators using professional equipment to ensure the accuracy of the measurements.



2.7 Statistical analysis

Continuous, normally distributed variables were represented by mean and standard deviation (SD), continuous variables with skewed distribution by median (interquartile range), and categorical variables were represented as percent (%). The chi-square test was used to compare the prevalence of cognitive impairment in older adults with different characteristics, and the Mann-Whitney U test was used to compare MMSE scores between different IABPD groups. Multivariate linear regression and logistic regression analysis were used to evaluate the association between IABPD and cognitive impairment. Covariates were selected based on their availability and potential relationship with cognitive impairment and IABPD. All covariates that were significant (P < 0.05) in the univariate analysis were also included in the multivariate model. Regression analysis established four models: model 1 was not adjusted for covariates; model 2 was adjusted for demographic characteristics (age, sex, marital status, and education); model 3 was adjusted for cardiovascular risk factors (smoking, regular exercise, hypertension, and CCVD); and model 4 was adjusted for all the variables in models 2 and 3 were. Restricted cubic spline regression with five knots at the 5th, 27.5th, 50th, 72.5th, 95th percentiles was used to explore the potential dose–response relationship between IABPD and cognitive impairment. Furthermore, stratified and interaction analyses were performed to examine whether the association between IABPD and cognitive impairment differed by age, sex, marital status, education, smoking, regular exercise, hypertension, and CCVD. We used complete participant data for our analyses and did not impute missing data. All statistical analyses were performed in R software (version 4.3.3) with a two-tailed P-value < 0.05 as statistically significant.




3 Results


3.1 Participants characteristics

Table 1 shows the overall characteristics of all participants and a comparison of the characteristics of participants with and without cognitive impairment. A total of 1,088 participants were included in this study, including 627 (57.63%) females and 461 (42.37%) males, with a mean age of 71.2 ± 6.4 years (range: 60-96 years), 87.78% had primary education or less, and more were married (61.86%). The mean MMSE score of the participants was (20.90 ± 5.48), and a total of 303 patients with cognitive impairment were identified, with a prevalence of 27.85%. Among them, age > 70 years, female, education level ≤ 6 years, married, smoker, lack of physical activity, having hypertension, having CCVD, IASBPD ≥ 10 mmHg, and IADBPD ≥ 10 mmHg were significantly more common in patients with cognitive impairment (P < 0.05). In addition, 99 (9.10%) of the participants had an IASBPD ≥ 10 mm Hg and 80 (7.35%) had an IADBPD ≥ 10 mm Hg, a comparison of the prevalence of IABPD in older adults with different characteristics is shown in Supplementary Table 1.


TABLE 1 Comparison of cognitive impairment prevalence among rural elderly with different characteristics.

[image: Table comparing variables between groups with cognitive impairment and no impairment among 1088 participants. Variables include age, sex, education, marital status, smoking, drinking, exercise, BMI, hypertension, dyslipidemia, diabetes, CCVD, IASBPD, and IADBPD. Significant differences are highlighted in bold: age, sex, education, marital status, smoking, exercise, hypertension, CCVD, IASBPD, and IADBPD, all with p-values below 0.05, except drinking, BMI, dyslipidemia, and diabetes, which are not significant. Data are represented in counts and percentages.]



3.2 Association of IABPD with cognitive impairment

As shown in Table 2, those with IASBPD ≥ 10 mmHg had a higher prevalence of cognitive impairment and lower MMSE scores, compared to those with IASBPD < 10 mmHg (P < 0.05). Table 3 shows the multivariate linear regression with MMSE score as dependent variable and IASBPD and IADBPD as independent variables. In model1, which was not adjusted for confounders, higher level of IASBPD was associated with lower MMSE score (β = −1.408; 95% CI: −2.539, −0.277; P = 0.015). In the fully adjusted model, the association remained significant (β = −1.113;95% CI:−2.120, −0.106; P = 0.030) after adjusting for demographic characteristics (age, sex, marital status, education) and cardiovascular risk factors (regular exercise, smoking, hypertension, CCVD). Furthermore, IADBPD ≥ 10 mmHg was negatively associated with the MMSE score (Model 1: β = −2.087; 95% CI: −3.331, −0.843; P = 0.001). However, this association was not significant after adjusting for covariates (P > 0.05).


TABLE 2 Relationship between IABPD and cognitive function.

[image: Table showing MMSE scores and cognitive impairment based on inter-arm blood pressure differences. For IASBPD, MMSE medians are 21 for less than ten mmHg and 20 for greater than or equal to ten mmHg, with respective Z-values of negative two point three three four and P-value of zero point zero two. Cognitive impairment shows a chi-squared value of eight point five four three and P-value of zero point zero zero three. For IADBPD, MMSE medians are 21 and 19.5, Z-value of negative three point one eight three, and P-value of zero point zero zero one. Cognitive impairment shows chi-squared value of six point three four five and P-value of zero point zero one two. Bold values indicate statistical significance.]


TABLE 3 Results of multivariate linear regression of IASBPD and IADBPD with MMSE scores.

[image: A table showing the MMSE scores, regression coefficients (β), 95% confidence intervals, and p-values for four models analyzing blood pressure differences. Models compare IASBPD and IADBPD, separating results for systolic and diastolic differences above or below 10 mmHg. Model 1 is unadjusted, while models 2 to 4 adjust for various demographics and cardiovascular risk factors. Statistically significant results are bolded, with model explanations and variable descriptions detailed below the table.]

Table 4 shows the results of multivariate logistic regression analysis with IASBPD and IADBPD as independent variables and the cognitive impairment as a dependent variable. In the unadjusted model, IASBPD ≥ 10 mmHg was associated with an increased risk of cognitive impairment (Model 1: OR = 1.871; 95% CI: 1.223, 2.864; P = 0.004). This association remained significant in the subsequent multivariate models, including the fully adjusted model (Model 4: OR = 1.902; 95% CI: 1.189, 3.040; P = 0.007). In addition, there was an 81.3% increased risk of cognitive impairment among subjects with IADBPD ≥ 10 mmHg compared with people with IADBPD < 10 mmHg (Model 1: OR = 1.813; 95% CI: 1.135, 2.896; P = 0.013). However, this association was no longer significant after adjustment for confounders (P > 0.05).


TABLE 4 Results of multivariate logistic regression of IASBPD and IADBPD with cognitive impairment.

[image: Table comparing cognitive impairment odds ratios with inter-arm blood pressure differences. For IASBPD, odds ratios for ≥10 mmHg are higher across all models, showing statistical significance (bold) in Models 2, 3, and 4. For IADBPD, odds ratios for ≥10 mmHg are significant in Model 2. Models adjust for various covariates, with statistically significant results highlighted in bold.]



3.3 Dose-response relationship between IASBPD and cognitive impairment

As shown in Figure 2A, there was a dose-response relationship between IASBPD values and the risk of cognitive impairment, which showed a positive linear correlation (Poverall = 0.006, Pnonlinear = 0.651). The linear relationship persisted after further adjustment for potential confounders (Poverall = 0.008, Pnonlinear = 0.572) (Figure 2B). In addition, IASBPD values shows a negative linear correlation with the MMSE score (Figure 2C: Pnonlinear = 0.628; Figure 2D: Pnonlinear = 0.367)


[image: Graphs A and B depict odds ratios with increasing trends and confidence intervals for IASBPD. Graph A has p-values of 0.006 and 0.651, while Graph B has p-values of 0.008 and 0.572. Graphs C and D show decreasing trends in beta coefficients with confidence intervals. Graph C has p-values of 0.010 and 0.628, and Graph D shows p-values of 0.009 and 0.367.]

FIGURE 2
Dose-response relationships between IASBPD and cognitive impairment. Results are from restricted cubic spline regression with nodes at 5th, 27.5th, 50th, 72.5th, 95th. (A,B) The association between IASBPD and cognitive impairment; (C,D) the association between IASBPD and MMSE scores. (A,C) Unadjusted for confounders; (B,D) adjusted for confounders such as age, sex, marital status, education, regular exercise, smoking, hypertension, and CCVD. OR, odds ratio; β, regression coefficient; CI, confidence interval; IASBPD, inter-arm systolic blood pressure difference; CCVD, cardio-cerebral vascular disease. The solid lines represent the ORs, and dashed lines represent the 95% CIs.




3.4 Subgroup analyses

We performed further subgroup analyses to evaluate the effect of IASBPD on cognitive impairment. As shown in Figure 3, the relationship between IASBPD ≥ 10 mmHg and increased risk of cognitive impairment was consistent across the following subgroups: age, education level, marital status, hypertension, chronic kidney disease, and cardiovascular disease (P for interaction > 0.05). However, the association between IASBPD ≥ 10 mmHg and increased risk of cognitive impairment stratified by gender, smoking, and regular exercise was significantly different (P for interaction < 0.05). In males (OR = 5.770; 95% CI: 2.663, 12.502), smokers (OR = 11.20; 95% CI: 3.884, 32.294), and those who lack of regular exercise (OR = 3.511; 95% CI: 1.797, 6.860), the association between IASBPD ≥ 10 mmHg and increased risk of cognitive impairment was more significant (P < 0.05).


[image: Forest plot displaying odds ratios with 95% confidence intervals for cognitive impairment across various subgroups, including age, sex, education level, marital status, smoking, exercise, hypertension, and CCVD. Significant findings include higher odds for males, smokers, and those without regular exercise. Points indicate the odds ratio, and error bars show confidence intervals. P-values for interactions are listed on the right.]

FIGURE 3
Subgroup analyses of the effect of IASBPD on cognitive impairment. Adjusted for age, sex, marital status, education, smoking, regular exercise, hypertension, and CCVD, if not be stratified. IASBPD, inter-arm systolic blood pressure difference; CCVD, cardio-cerebral vascular disease.





4 Discussion

In this population-based study, we found that IASBPD ≥ 10 mmHg was independently associated with cognitive impairment in rural Chinese older adults. Specifically, after adjusting for other factors, IASBPD ≥ 10 mmHg was linked to an increased risk of cognitive impairment, with a positive dose-response relationship observed. This association was modified by sex, smoking and regular exercise. Additionally, our results indicated that IADBPD ≥ 10 mmHg was associated with an increased risk of cognitive impairment. However, this association lost significance after adjusting for potential confounders. To our knowledge, this is the first study to explore the association between IABPD and cognitive impairment in rural Chinese older adults. Our results suggested that detecting higher IASBPD may help identify individuals at higher risk for cognitive impairment.

In this study, we defined IABPD as abnormal if the blood pressure difference between the arms of participants exceeded 10 mmHg. According to the guidelines from NICE and Beevers, the range of IABPD below 10 mmHg can be healthy, but more than 10 mmHg may suggest pathology warranting specialist referral (National Clinical Guideline Centre (UK), 2011; Beevers et al., 2001). IABPD ≥ 10 mmHg has been shown to be closely related to early neurological deterioration, cerebral small vessel disease and coronary artery disease (Chang et al., 2018; Chang et al., 2019; Li et al., 2011). Additionally, studies have demonstrated that a threshold of 10 mmHg is the most useful for predicting most outcomes (Pase et al., 2016). Therefore, we recommend that clinicians pay special attention to differences above 10 mmHg when measuring blood pressure in both arms.

To date, there has been limited research on the relationship between IABPD and cognitive function. A cohort study by Clark et al. showed that IASBPD ≥ 5 mmHg was associated with cognitive decline in older adults. When considering the decline in scores on connectivity test, both IABPD ≥ 10 mmHg and IABPD as a continuous variable also showed significant associations (Clark et al., 2020). Another cohort study similarly found that IASBPD ≥ 10 mmHg in older adults was associated with an increased risk of Alzheimer’s disease and subclinical brain injury (Pase et al., 2016). Moreover, a study involving overweight and obese adults with type 2 diabetes found that greater inter-ankle arterial systolic pressure difference was associated with poorer cognitive function (Espeland et al., 2015). Our study results are consistent with previous research, further confirming the relationship between IASBPD ≥ 10 mmHg and an increased risk of cognitive impairment. However, after adjusting for confounding variables, the association between IADBPD ≥ 10 mmHg and cognitive impairment became not significant. This may be related to the different mechanisms by which systolic and diastolic blood pressure affect neurological health (Fuhrmann et al., 2019). Previous literature has found that elevated systolic blood pressure is often associated with arterial stiffness and macrovascular pathologies, which may lead to cognitive impairment by affecting cerebral hemodynamics and vascular function (O’Rourke and Safar, 2005). In contrast, elevated diastolic blood pressure may more frequently reflect abnormalities in peripheral vascular resistance, potentially impairing cognitive function by affecting cerebral microcirculation and blood-brain barrier integrity (Mitchell et al., 2004). Additionally, evidence suggests that in older adults, systolic blood pressure is more closely associated with cardiovascular events than diastolic blood pressure and is a stronger predictor of adverse cardiovascular outcomes (Kershaw et al., 2017). Furthermore, the observed results may be influenced by the study population and methodology.

In our subgroup analysis, we found that the association between IASBPD ≥ 10 mmHg and an increased risk of cognitive impairment was more pronounced in males, smokers, and individuals lacking regular exercise. Among these, smoking and lack of regular exercise have been well documented to be associated with an elevated risk of cognitive impairment (Livingston et al., 2024; Dao et al., 2024). Additionally, these factors may directly or indirectly exacerbate the negative impact of IASBPD on cognitive function in this population by increasing the risk of cardiovascular diseases (Wei et al., 2022). Studies have shown that estrogen plays a significant role in enhancing and protecting cognitive function and is associated with cardiovascular disease protection (Baskaran et al., 2017). Therefore, postmenopausal elderly women are considered a high-risk group for cognitive impairment (Wang et al., 2022). High-risk factors in this population may obscure the true effect of the relationship between IASBPD and cognitive impairment, or the risk conferred by IASBPD may be relatively smaller in high-risk groups, which aligns with the findings of Kim et al. (2019). Furthermore, the study results may be influenced by participant selection, inclusion criteria, and sample size. Therefore, future research should validate these subgroup differences by expanding the sample size to include more diverse populations and employing multiple statistical methods to ensure the robustness and generalizability of the findings.

The exact mechanisms by which IABPD affects cognitive function in elderly individuals remain unclear, but the following hypotheses can be proposed. Firstly, a larger IABPD may indicate the presence of vascular pathologies, such as atherosclerosis and peripheral vascular disease (Lee et al., 2022; Clark et al., 2012), which can lead to vascular stenosis, obstructed blood flow, and subsequently impair cerebral perfusion, thereby exacerbating the risk of cognitive dysfunction (You et al., 2023). Secondly, an IABPD ≥ 10 mm Hg has been shown to be associated with the presence and increased burden of cerebral small vessel disease, suggesting that IABPD may influence cognitive function by affecting cerebral small vessels (Chang et al., 2019; Inoue et al., 2023). Thirdly, a higher IABPD generally reflects an imbalanced state of the vascular system, which may cause vascular endothelial dysfunction or damage, increase cerebrovascular permeability and blood-brain barrier leakage, and contribute to cognitive decline (Hughes et al., 2016). Additionally, numerous studies have demonstrated the association between cardiovascular risk factors and cognitive impairment (Livingston et al., 2024; Austin et al., 2022; Pacholko and Iadecola, 2024). Therefore, the relationship between IABPD and cognitive impairment may be an epiphenomenon driven by similar underlying factors. However, further prospective basic and clinical studies are needed to elucidate the potential mechanisms involved.

International hypertension guidelines recommend that blood pressure should be measured in both arms at the time of diagnosis (Williams et al., 2018). As a simple, rapid, non-invasive, and low-cost indicator, IABPD is suitable for widespread use in primary healthcare institutions. Our findings support the use of IABPD as an effective screening tool for assessing the risk of cognitive impairment in elderly individuals. Therefore, it is recommended to include bilateral blood pressure measurements in routine health check-ups for the elderly, particularly for patients with known cardiovascular risk factors. Additionally, individuals with IABPD ≥ 10 mmHg should undergo further cognitive function assessments to identify potential risks of cognitive impairment early, enabling effective interventions to reduce the incidence of subsequent cognitive decline. Furthermore, targeted health education and behavioral interventions, such as smoking cessation and increased physical activity, may help reduce the occurrence of IABPD, thereby lowering the risk of cognitive impairment (Dao et al., 2024; Yang et al., 2022). However, the predictive and interventional value of IABPD for cognitive impairment still requires further research validation.

The strengths of our study lie in the use of automated and simultaneous measurement technology to assess blood pressure, which provided more accurate IABPD values. Additionally, we adjusted for a large number of potential covariates to account for confounding. However, this study also has several limitations. Firstly, as a cross-sectional study, it can only provide clues to the etiology, and further prospective studies are needed to establish the causal relationship between IABPD and cognitive function, particularly for IADBPD. Secondly, the lack of long-term follow-up limits insight into the temporal relationship between IABPD and cognitive decline. Thirdly, sole reliance on the MMSE might overlook cognitive domains or subtle cognitive deficits. Finally, considering the potential ethnic differences in the association between IABPD and cognition, we should be cautious in generalizing our findings to other racial groups.



5 Conclusion

In this study, we found that IASBPD ≥ 10 mmHg is associated with an increased risk of cognitive impairment among elderly individuals in rural Southwest China, and there is a positive dose-response relationship. This association is more pronounced among males, smokers, and those who lacked regular exercise. These findings suggest that IASBPD may serve as useful physiological indicator for identifying individuals at risk of cognitive impairment.
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Introduction: The relationship between abdominal obesity and cognitive decline has controversial results, and the mediating effect of high-density lipoprotein cholesterol (HDL-C) between them remains uncertain. This study aims to explore the association between abdominal obesity and cognitive decline in middle-aged and older adults, including dose-response relationship and age differences, as well as the mediating effect of HDL-C.
Methods: Data were obtained from the China Health and Retirement Longitudinal Study (CHARLS), involving 3,807 participants aged 45 and above from 2010 to 2020. The TICS-10 was used to assess cognitive function, and the group-based trajectory model (GBTM) was used to explore the potential heterogeneity of cognitive changes. Abdominal obesity was measured by baseline waist circumference (WC) and a sequentially adjusted unordered multinomial logistic regression was used to investigate the association between abdominal obesity and cognitive decline in middle-aged and older adults. Restricted cubic spline (RCS) model was adopted to analyze the dose-response relationship between WC and risk of cognitive decline. HDL-C was used as a mediator to examine the potential causal chain between abdominal obesity and cognitive decline.
Results: Among the 3,807 participants, a total of 1,631 individuals (42.84%) had abdominal obesity. The GBTM identified 3 cognitive function trajectories: rapid decline (11.0%), slow decline (41.1%) and stable groups (47.9%). After controlling for confounders, participants with abdominal obesity were less likely to experience rapid decline (OR: 0.67, 95%CI: 0.51–0.8) and slow decline (OR: 0.81, 95%CI: 0.69–0.95) of cognitive function, compared to those with normal WC. RCS analysis showed a decreased risk of cognitive decline with increasing WC. In the age subgroup analysis, the protective effect was significant only in the population aged 50 and above. HDL-C mediated 19.15% (P < 0.05) of the relationship between abdominal obesity and cognitive decline.
Conclusion: Abdominal obesity had a significant protective effect on cognitive decline in Chinese middle-aged and older adults, with HDL-C playing a mediating role in the relationship between abdominal obesity and cognitive decline.
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1 Introduction

Cognitive decline is a major global public health challenge, with severe cases leading to cognitive impairment and developing into dementia (1). As the seventh leading cause of death globally (2), dementia affects over 55 million individuals worldwide by 2023. China alone accounts for ~15.07 million dementia patients, ranking first globally. In China, dementia has emerged as one of the most expensive, lethal, and care-intensive diseases (3). Moreover, it is estimated that these figures will rise to 22.2 million and 29.89 million by 2030 and 2050 respectively (4). Dementia caused by cognitive impairment is irreversible, and demonstrate a trend toward affecting younger individuals, expanding the affected population from primarily 60 to 70 years old to middle-aged individuals aged 45 and above (5).

Obesity is a modifiable risk factor for cognitive disease such as dementia, including general obesity and abdominal obesity measured by Body Mass Index (BMI) (6). In the Chinese population, abdominal obesity is more prevalent than general obesity (5). Despite the availability of various metrics for measuring obesity, such as BMI, waist circumference (WC), body roundness index (BRI), visceral adiposity index (VAI), etc., the relationship between obesity, particularly abdominal obesity, and cognitive decline remains unclear (7, 8). A systematic review and meta-analysis study has shown that BMI and WC are consistently associated with cognitive decline, while the BRI and VAI did not demonstrate significant predictive value in most studies, negating the validity of the BRI and VAI in the research on the relationship between obesity and cognition (9). The study conducted by Mina et al. analyzed the data of more than 8,000 Asian individuals and pointed that a single index such as the visceral adiposity index could not fully and accurately reflect the complex relationship between obesity and cognitive function (10). Compared complex calculation progress and the requirement of many biochemical indicators like the indicators such as VAI and BRI, the WC, which can be directly measured based on the accumulation of abdominal fat as Chinese people age, appears to be extremely simple and intuitive (11).

Nevertheless, studies on the correlation between abdominal obesity and cognitive decline yields conflicting results. Uchida et al. identified a significant gender-adjusted increase in dementia risk associated with larger waist circumference (WC) and abdominal obesity (12), while Liang et al. proposed that larger WC is a protective factor for cognitive decline (13). Ren et al. found no link between WC and cognitive impairment (14). Is abdominal obesity a risk or a protective factor for cognitive decline? One possible explanation is that the relationship between abdominal obesity and cognitive decline is also influenced by a series of mediating factors that cause neuropathological changes (15), such as high-density lipoprotein cholesterol (HDL-C).

Previous studies indicate that people with abdominal obesity tend to have lower levels of HDL-C (16). The latest study in The Lancet shows that very high levels of HDL-C can detrimentally affect cognitive function (15). Nevertheless, further investigation is needed to conclusively determine whether HDL-C mediates the relationship between abdominal obesity and cognitive decline, and to what extent it influences this association.

This study investigated the association between abdominal obesity, measured by WC, and cognitive decline in middle-aged and older Chinese adults, using data from the China Health and Retirement Longitudinal Study (CHARLS). We employed restricted cubic spline (RCS) model to explore potential nonlinear relationship between WC and risk of cognitive decline, and use HDL-C as a mediating variable to provide a necessary supplement to the mechanism linking this relationship.



2 Materials and methods


2.1 Study design and participants

The data for the study were derived from the China Health and Retirement Longitudinal Study (CHARLS), which is a national longitudinal social survey conducted by the Institute of Social Sciences at Peking University, focusing on individuals aged 45 and above in China. The baseline survey was conducted in 2011, involving 17,708 participants from 450 communities across 150 counties (districts) from 28 provinces in China. It involved 17,708 respondents from ~12,400 households, achieving an effective response rate of ~80%. Standardized questionnaire assessments were conducted through Computer Assisted Personal Interviewing (CAPI). The data collected encompassed various aspects, including personal demographic information, family structure, economic support, health status, and utilization of medical services (17). These respondents were followed up once every 2 years to repeat the survey, and five national waves of data are available to date (waves in 2011, 2013, 2015, 2018, and 2020)This study used data of spanning five waves (2011–2020) from CHARLS. A total of 17,708 participants were recruited at baseline, while 508 participants under the age of 45 were excuded, 6,643 individuals were excluded due to missing data on the cognitive assessment (4,865) and WC (1,778) at baseline. Outliers in WC were addressed using the 3σ rule. Additionally, 3,408 participants who did not complete follow-up and 3,342 participants missed at least one wave of cognitive assessment data subsequently were also excluded. Finally, a total of 3,807 participant were enrolled in the study (Figure 1).


[image: Flowchart showing participant data filtering process across study waves. Initially, 17,708 participants at baseline were reduced to 10,557 after excluding those under 45 or with missing data. Further exclusions through follow-up waves resulted in 3,807 participants with complete data from all waves.]
FIGURE 1
 Flowchart for selecting study participants in this study.




2.2 Measures
 
2.2.1 Cognitive function assessment

Cognitive function assessment encompass two dimensions broadly: episodic memory and mental state (1). According to the CHARLS (2011) User Manual, these two dimensions were from several measurements of the Telephone Interview of Cognitive Status (TICS) (18), such as recalling and delayed recall of 10 words; today's date, the day of the week, and the current season; the 100–7 calculation series; and drawing two repeated pentagons.

Episodic memory comprises two parts: immediate memory and delayed memory. The measurement of immediate memory requires the interviewer to read out a set of 10 Chinese nouns at a slow and steady pace, and then asks the respondent to immediately repeat these nouns. The measurement of delayed memory mainly refers to the interviewer reading out 10 Chinese nouns, and the respondent recalling and repeating as many of these words as possible after 4 min. The episodic memory score mainly refers to the average number of words successfully recalled and repeated immediately and after 4 min by the respondent, with the result score ranging from 0 to 10 (19).

Mental state includes other parts of the TICS scale borrowed by CHARLS (20). It mainly includes today's date, the day of the week, the current season; the 100-7 calculation series; and drawing two repeated pentagons. Inquiring the respondent about today's date, the day of the week, and the current season is used to assess the respondent's orientation ability, with a score ranging from 0 to 5. Measuring the respondent's ability to perform the 100–7 calculation series five times consecutively is used to assess attention, with a score ranging from 0 to 5. Assessing the respondent's ability to redraw the previously shown figures is used to evaluate the visual construction ability, with a score ranging from 0 to 1.

The overall cognitive score is the sum of the episodic memory and mental state tests. During the four waves spanning 2011 to 2018, all data collection was exclusively conducted through face-to-face interviews. During the wave 5, remote video interviews were systematically implemented. The cognitive function score ranges from 0 to 21, with lower scores indicating poorer cognitive ability (13).



2.2.2 Abdominal obesity

Abdominal obesity is defined as WC ≥90 cm for men and WC ≥85 cm for women according to national standards (21) and CHARLS classification criteria (22). WC was objectively measured by trained investigators utilizing specialized equipment (23). The measurement was taken using a non-elastic, standardized tape measure positioned at the midpoint between the lowest rib and the ilium, ensuring that readings were obtained while the subject maintained calm breathing.



2.2.3 HDL-C

The level of HDL-C in the blood were quantified utilizing an enzymatic colorimetric test. This procedure was carried out by trained personnels, who had undergone separate training sessions provided by the National CDC. These professionals were responsible for the collection, transportation, and testing of venous blood samples from the subjects, adhering to the “Blood Collection and Processing” protocol.



2.2.4 Covariates

This study examined covariates including demographic factors, lifestyle habits, health status and biomarkers. Demographic factors included age, gender and education. Lifestyle habits included smoking and drinking. Health status included self-care abilities (assessed by activities of daily living and instrumental activities of daily living), depression, and presence of chronic diseases (self-reported and clinically measured hypertension and diabetes). Additionally, biomarkers included low-density lipoprotein (LDL-C) and triglycerides (TG).




2.3 Statistical analysis

Continuous variables were reported using means and standard deviations (SDs), while categorical variables were presented through frequencies and composition ratios. The characteristics of each variable were analyzed based on categories of abdominal obesity, as determined by WC. Univariate analysis was performed using the χ2test and Mann-Whitney U test.

Cognitive function trajectories were identified by Group-based trajectory modeling (GBTM), a semi-parametric grouping-based latent class growing model designed for longitudinal data analysis and heterogeneity exploration (24). The principle is to assume that there is heterogeneity, and there are several potential subgroups with different development trajectories in the population, and the purpose is to explore how many subgroups with different development trends are included. The process of identifying the optimal trajectory is an iterative process, considering various statistical measures, such as statistical indicators (the p-values of model parameters and the 95% confidence intervals), visual assessments of trajectory estimates, the smaller Bayesian information criterion (BIC), and the average posterior probability (Avepp), which should be above 0.7 indicated optimal fit, the allocation proportion of each group, which should be above 5% (25). We used the Stata Traj plug-in to display cognitive function trajectories from 2011 to 2020.

An unordered multinomial logistic regression, adjusted sequentially, was utilized to examine the correlation between abdominal obesity and cognitive function trajectories. Logistic regression analysis were conducted using three models: Model 1 was unadjusted, Model 2 was adjusted for age, sex, education, smoke and drink, Model 3 was further adjusted for ADL, IADL, depression, chronic disease, and biomarkers. WC was incorporated into the model as a numerical and subtype variable successively. The restricted cubic spline (RCS) served as an essential supplement to this association. RCS is a type of spline function utilized for flexibly modeling nonlinear relationships within regression models. Cubic splines (CS) employ cubic polynomials and achieve smooth functions by imposing the equality of the first and second derivatives at each knot. In this process, the values of the explanatory variable are transformed into new variables (a linear term, a quadratic term, a cubic term, and other truncated cubic polynomials), which serve as basis functions for estimating regression coefficients. Its function lies in effectively capturing the nonlinear relationships between explanatory variables and outcomes, avoiding overfitting risks through fitting curves in different intervals and optimizing knot settings to balance complexity and goodness of fit. Subsequently, it facilitates the exploration of causal relationships and the interpretation of results, providing crucial support for data analysis, prediction, and decision-making in regression models (26).

We utilized HDL-C as a mediating variable to explore its mediating effects on the relationship between abdominal obesity and cognitive function trajectories. Based on the criteria established by Baron and Kenny, we conducted mediation analysis using the mediation package to determine the total effect, direct effect, indirect effect values, and the proportion of the mediated effect. The bootstrap method was employed to assess the significance of the mediated effect, with random sampling performed 1,000 times (26).

Data cleaning, single factor analysis, trajectory fitting, and logistic regression analysis were all conducted using Stata18.0. RCS model construction and drawing, mediation analysis were performed using R4.4.0. Unless otherwise specified, the significance level throughout the text was two-sided α = 0.05.




3 Results


3.1 Baseline characteristics of the study participants

A total of 3,807 participant were enrolled in the study, and 1,631 people were classified as abdominal obesity (42.84%). The average age was (56.31 ± 7.55) years old, 2,117 were male (55.61%), most were in middle or high school (1,239, 32.56%), 1,624 had hypertension (42.75%), and 427 had diabetes (11.31%). 1,135 people were depressed (29.81%), the average HDL-C (50.23 ± 15.10) mg/dl, LDL-C (117.59 ± 34.22) mg/dl, and TG (135.96 ± 124.59) mg/dl. Baseline characteristics are shown in Table 1.


TABLE 1 Baseline characteristics of 3,807 participants by waist circumference category.

[image: A table comparing characteristics between normal weight and obesity among a sample size of 3,807 individuals. It includes average age, gender distribution, education levels, smoking, drinking habits, and health conditions like hypertension and diabetes. Obesity has a slightly younger average age and higher percentage of females. Significant differences exist in smoking, drinking, activities of daily living, hypertension, diabetes, and cholesterol levels with obesity showing higher risks in all these categories. Statistical significance is noted for several traits with p-values, highlighting the relevance of these differences.]

Table 1 shows the relationship between different baseline characteristics and abdominal obesity. Different gender (P < 0.001), hypertension (P < 0.001), diabetes (P < 0.001), depression (P = 0.043), and biomarkers indicators have significant differences, including HDL-C (P < 0.001), LDL-C (P < 0.001) and TG (P < 0.001).



3.2 Association between abdominal obesity and cognitive decline
 
3.2.1 Cognitive function trajectory modeling

Longitudinal cognitive function was assessed across five waves of standardized testing. The mean cognitive scores (mean ± SD) for wave 1–5 were 13.26 ± 2.75, 13.33 ± 2.74, 13.11 ± 2.73, 12.77 ± 3.24, and 13.03 ± 2.91, respectively. Detailed results (including mean values, standard deviations, and longitudinal trends) summarize in Supplementary Table 1.

By selecting the optimal BIC value, three distinct cognitive function trajectory models were finally fitted. The Avepp of the three groups were over 0.8, and the proportion of each group was >10%. The fitted trajectories (3,3,0) were rapid decline group (11.0%), slow decline group (41.1%), and stable group (47.9%) respectively. The model groupings are shown in Figure 2.


[image: Line graph displaying cognitive scores across five waves for three groups: rapid decline (blue), slow decline (red), and stable (green). The stable group maintains a high score around 14.5. The slow decline group slightly fluctuates between 12 and 13.5. The rapid decline group shows a decrease, starting at 10.]
FIGURE 2
 Trajectories of the cognitive scores.




3.2.2 Association between abdominal obesity and the trajectories of cognitive

Table 2 shows the relationship between abdominal obesity and cognitive function trajectory. Specifically, an increase in WC was found to be associated with a lower risk of rapid decline and slow decline (OR:0.98, 95%CI: 0.97, 0.99). Participants with abdominal obesity also showed a lower risk of rapid decline (OR: 0.98, 95%CI: 0.97, 0.99) and slow decline (OR:0.98, 95%CI: 0.97, 0.99). We observed that the impact of WC and abdominal obesity on cognitive score decline remained significant even after adjusting for potential confounding factors, such as demographic factors (age, gender, and education), lifestyle habits, health status (self-care abilities, depression and presence of chronic diseases), and biomarkers (LDL-C and TG). Taking stable group as a reference, for 1-SD increase was associated with lower risk of rapid decline (OR: 0.97, 95%CI: 0.96, 0.98) and slow decline (OR:0.99, 95%CI: 0.98, 0.99). Compared with normal participants, those with abdominal obesity had a lower risk of rapid decline in cognitive scores (OR:0.67, 95%CI: 0.51, 0.8), and a lower risk of slow decline in cognitive scores (OR:0.81, 95%CI: 0.69, 0.95).


TABLE 2 Association between abdominal obesity with trajectories of cognitive scores.

[image: Table comparing odds ratios (OR) with confidence intervals (95% CI) and p-values for waist circumference (WC) changes per standard deviation (SD) across three models. The models differ by adjustments for factors like age and health conditions. Variables include rapid decline (RA) versus stable (ST) and slow decline (SL) versus stable (ST) across three categories: overall, normal, and obesity. Notably, obesity rates show lower OR values in all models, signifying significant associations. Model-specific footnotes explain adjustments made for various demographic and health factors.]



3.2.3 Does–response relationship

To explore the potential nonlinear dependency between WC and the risk of cognitive decline, RCS model stratified by gender was used to create dose-response curves, with WC considered as a continuous variable. According to the Bare Pool Information Criterion, the 3-node model showed the smallest Akaike information criterion (AIC) value (4,770.65); hence, the number of model nodes was chosen to be 3, as shown in Figure 3. After adjusting for confounders, the relationship between WC and risk of cognitive decline exhibited a statistically linear correlation (Poverall = 0.0126, Pnon − linearity > 0.05). The results showed that OR linear descending as WC increasing, and as WC approached the cut off value of 85 cm for male and 86 cm for female, OR was 1. Subsequently, there was a significant protective effect on cognitive function when WC exceeds the cut off value.


[image: Graph showing the relationship between risk and index2, differentiated by gender. Risk decreases as index2 increases. Two colored bands represent confidence intervals for two genders. Vertical lines mark significant index2 points, with overall p-value of 0.0126 and nonlinear p-value of 0.7962.]
FIGURE 3
 RCS for the association of baseline WC with cognitive decline.




3.2.4 Age-based subgroup analysis

Subgroup analyses revealed a significant association between abdominal obesity and cognitive decline in older adults aged 50 and above. Compared to those with normal WC, participants over the age of 50 with abdominal obesity were associated with a decreased risk of being assigned in rapid decline group by 0.38 times (OR:0.62, 95%CI: 0.43, 0.90) and slow decline group by 0.23 times (OR:0.77, 95%CI: 0.61, 0.97) respectively. In addition, 1-SD increase in WC, the risk of participants assigned to rapid decline group was decreased by 0.03 times (OR:0.97, 95%CI: 0.96, 0.99) and slow decline group decreased by 0.01 (OR:0.99, 95%CI: 0.98, 1.00) respectively. However, no significant association was recognized among older adults under the age of 50. Detailed findings are presented in Table 3.


TABLE 3 Subgroup analysis between abdominal obesity and cognitive trajectories by gender.

[image: A table showing the odds ratios (OR) and p-values from three models comparing waist circumference (WC), normal, and obesity status across two age groups (<50 and ≥50). The models assess rapid decline (RA) vs. stable (ST), and slow decline (SL) vs. ST. Model 1 is unadjusted, Model 2 adjusts for age, gender, education, smoking, drinking, and Model 3 further adjusts for additional factors. For age <50, obesity RA vs. ST in Model 3 shows OR of 1.87 (0.74, 4.73), p-value 0.184. For age ≥50, obesity RA vs. ST in Model 3 shows OR of 0.62 (0.43, 0.90), p-value 0.010.]




3.3 Mediation analysis

This study used HDL-C as mediating variables and WC as the independent variable. We divided the 3 cognitive function trajectories into binary outcome (stable and decline groups). Covariates were sequentially adjusted to establish the model, and the Bootstrap method was employed to test the mediating effect of HDL-C between WC and cognitive function in middle-aged and older adults. The results indicated that HDL-C played a partial mediating role in the relationship between WC and cognitive function in middle-aged and older adults, with a mediation effect values for HDL-C on cognitive decline of 19.15%. Specifically, as shown in the mediation model (Figure 4), it was found that the WC had an inverse relationship with cognitive decline (β = −0.010). In addition, there was an inverse relationship between WC and HDL-C (β = −0.256), and HDL-C (β = 0.009) was an independent mediator of the detrimental effect of WC on cognitive function (Table 4).
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FIGURE 4
 The diagram of the mediation analysis of WC on cognitive decline. *P < 0.05.



TABLE 4 Proportion of association of WC with trajectories of cognitive mediated by HDL-C.

[image: Table comparing effects across three models. Each model includes estimates and p-values for total effect, natural direct effect, natural indirect effect, and percentage mediated. Model 1 is crude; Model 2 adjusts for age, gender, education, smoking, and drinking; Model 3 further adjusts for additional factors like depression and chronic disease.]




4 Discussion

This study conducted 5 waves of follow-up on the cognitive function trajectories of 3,807 middle-aged and older adults in China from 2011 to 2020, investigating the relationship between abdominal obesity and cognitive decline, as well as the mediating role of HDL-C. The results revealed a declining trend in cognitive decline trajectories among middle-aged and older adults in China with 3 distinct cognitive function trajectories. After gradually adjusting for confounding factors such as demographic factors, health status, and biomarkers, abdominal obesity was identified as an independent protective factor against cognitive decline. When stratified by age, abdominal obesity remained a protective factor for cognitive decline in individuals aged 50 and above. The dose-response curve revealed that WC had a linear relationship with the risk of cognitive decline, with the ORs decreasing as WC increased. In addition, HDL-C significantly mediated the association between WC and cognitive decline.


4.1 Cognitive function trajectories

Group-based trajectory model demonstrated that there is an overall decline in cognitive function among middle-aged and older adults in China, with 3 distinct cognitive function trajectories identified: stable group, rapid decline group, and slow decline group. Zhang based on CHARLS (2011–2015), including 5,693 middle-aged and older adult aged 45 and above, to conduct group-based trajectory modeling and identified the same three trajectories (27). Wang used a latent growth mixture model to estimate cognitive function changes among middle-aged and older adult, and also identified similar cognitive trajectory groups (low-level deterioration group, normal aging group, and high-level improvement group, corresponding to the rapid decline group, slow decline group, and stable group in this study) (28). Furthermore, longitudinal studies showed that the cognitive function in middle and olde-aged people decreased gradually over time, with unfavorable impairment status (29). The majority of participants had the stable trajectory (47.9%), and rapid decline group was rarest (11.0%) among the respondents. This finding was consistent with previous studies (30, 31). Therefore, to prevent and improve cognitive impairment among middle-aged and older adults, we should focus on individuals experiencing rapid declines in cognitive function for health interventions to avoid progression to dementia in order to alleviate the burden on family caregivers as well as on society's economy.



4.2 Association between abdominal obesity and cognitive decline

After adjusting for multiple confounding factors, regression analysis showed that the risk of rapid and slow cognitive decline in those with abdominal obesity respectively decreased by 33% (OR: 0.67, 95%CI: 0.51, 0.80) and 19% (OR: 0.81, 95%CI: 0.69, 0.95), compared to individuals with normal weight. Abdominal obesity was identified as an independent protective factor against cognitive decline. Another study from the CHARLS cohort, involving 3,035 participants aged 60 and above, also illustrated that abdominal obesity defined by WC was significantly related to a lower risk of cognitive decline (13). A meta-analysis reported that increased WC were at a reduced risk of developing Alzheimer's disease (HR: 0.96, 95%HR: 0.93, 0.99) (32). In addition, a prospective cohort study in Korea demonstrated that WC had a U-shaped correlation with cognitive function among older adults, and increased central obesity over time as assessed using WC was linked with better cognitive function in older men (33). The above research is consistent with our findings, showing that waist-defined abdominal obesity had a significant protective effect for cognitive decline among Chinese middle and older aged adults. However, the association between abdominal obesity and cognition decline has been a complex and controversial issue. Therefore, previous studies have also produced contradictory results. An longitudinal study with an 8-year follow-up period revealed that abdominal obesity in late-life carried an increase risk of cognitive impairment, compared with the low WC group, the middle and high WC groups were 80 and 90% higher incidence rates of cognitive impairment, respectively (34). The differences in findings may be attributed to the choice of study samples, duration of follow-up, and the number of potential confounding factors adjusted (35). Hence, additional further multicenter prospective cohort studies with high quality are required to clarify the association between abdominal obesity and cognitive changes.

Subgroup analysis by age revealed that the protective effect of abdominal obesity on cognitive decline was only significant in middle and old-aged adults aged 50 and above. Similar findings have been reported in previous studies. Xu et al. studied the interaction between WC and age on cognitive decline and found that after age stratification, the protective effect of abdominal obesity on cognition was only significant in older adults aged 70–94 (36). Tang et al. showed the association remained consistent among adults aged 65 and above, however there were no substantial association between high WC and cognitive decline in those under 65 (37). These results suggest that abdominal obesity as a factor influencing cognitive decline may have a stratified effect (38), possibly related to the age-dependent association between obesity and cognitive decline (39). Additionally, RCS model results indicated that when men's WC approached 85 cm and women's approached 86 cm, the risk of cognitive decline was 1. This cut-off value aligns well with the abdominal obesity threshold (85 cm for men and 90 cm for women) in the “Criteria of weight for Chinese adults” (21). Based on the association between abdominal obesity and cognitive decline, WC could acted as a low-cost, simple, and time-saving screening tool for the early identification of cognitive decline in older adults with low WC.



4.3 Biological mechanisms of abdominal obesity beneficial to cognition

Previous studies have confirmed the following biological pathways can explain the protective effect of abdominal obesity on cognitive decline in middle-aged and older adults: (1) Leptin secreted by adipose tissue helps regulate the hippocampal synaptic plasticity, delaying cognitive decline (40, 41). (2) Individuals with low WC may be malnourished, lacking vitamin B and brain-derived neurotrophic factor, which deteriorate the development of neurodegenerative diseases such as dementia (13, 42). (3) Older adult with abdominal obesity have higher levels of sex hormones (testosterone in males and estrogen in females), which are beneficial to improving cognition (43). This study focused to explore the mediating effect of HDL-C on the association between abdominal obesity and cognitive decline. To the best of our knowledge, this is the first study to evaluate the mediating effect of HDL-C on the above association in middle-aged and older adults. The results indicated that HDL-C mediated the association between WC and cognitive decline, explaining ~19.15% of the total effect.

Previous studies have shown that HDL-C is associated with an increased risk of cognitive decline (15, 44). Sultana et al. found a significant association of HDL-C higher than 80 mg/dl with increased cognitive decline among participants in the Aspirin in Reducing Events in the older adults (ASPREE) trial (15). A large-scale population cohort study from Denmark also confirmed that higher HDL-C levels were associated with increased risk of all-cause dementia and Alzheimer's disease (44). With various physiological functions, HDL-C are complex particles and plays an significant role in restoring synapic connections in neurodegenerative diseases such as cognitive impairment. However, at very high plasma levels, the structural components and the actions of HDL-C change, and they may hinder normal physiological functions and be detrimental to cognitive function (11). Previous studies have found a significant negative correlation between WC and HDL-C levels, indicating that individuals with larger WC tend to have lower HDL-C levels (45, 46), which greatly reduced the risk of cognitive impairment due to high HDL-C levels, thereby protecting cognitive function in middle aged and older adults. The protective effect of abdominal obesity on cognitive decline may be indirectly regulated by HDL-C as a mediator. Diet and exercise have been identified as significant regulators of HDL-C levels (47, 48). Consequently, when investigating the association between abdominal obesity and cognitive decline in Chinese middle-aged and older adults, the role of diet and exercise in mediating mechanisms should not be underestimated. In our initial attempt to incorporate exercise (physical activity) into the analysis, we faced a considerable challenge due to a large volume of missing data (~2,000 cases), which impacted the sample's representativeness. We further discussed the impact of diet and exercise on the mediating mechanisms of HDL-C in next study.

This provides a new insights into the pathogenesis of cognitive diseases such as Alzheimer's disease. Therefore, it is recommended to strengthen lipid testing for middle-aged and older adults, especially continuous monitoring of high-density lipoprotein levels for early intervention to prevent cognitive decline.



4.4 Strength and limitations

The current study possesses the following strengths. Firstly, it is based on the latest nationally representative database of CHARLS, tracking five waves of longitudinal data on the relationship between abdominal obesity and cognitive decline, with more repeated cognitive measurements and longer follow-up cohort compared to prior research, making the results more credible (13, 27, 35). Secondly, considering the prevalence of abdominal obesity in the middle-aged and older adults in China (5) and that body fat tends to accumulate in the abdomen with age, we used a more agile WC indicator to define abdominal obesity and analyzed its association with cognitive decline, deepening the epidemiological research on the association. Finally, this study innovatively evaluated the mediating effect of HDL-C and confirmed the underlying mechanism of HDL-C between abdominal obesity and cognitive decline. From a feasibility perspective, these findings provide multidimensional targeted intervention strategies for middle-aged and older adults and thereby presenting avenues for preventing and delaying cognitive impairment in the older adults.

Nevertheless, the study also has some limitations. Firstly, limited by baseline data, despite we adjusted the date for traditional confounding factors, such as demographic characteristics, health status and biomarkers, it is possible that residual factors such as medication usage, diet, Sirtuin 1 and the APOE4 genotype that were not captured might mystify the association between abdominal obesity and cognition. CHARLS did not collect information on the diet and genetics of participants. In future study, we may consider incorporating a broader range of potential confounding variables. Secondly, the study only included the middle-aged and older adults in China, so whether the research conclusions exhibit heterogeneity in different populations requires further examination through more diverse population studies. Thirdly, as an observational study, we cannot establish a causal relationship. Further considerations may involve utilizing Mendelian randomization or genomics methods to further elucidate the above relationship.




Conclusion

In conclusion, our study revealed that abdominal obesity had a significant protective effect on cognitive decline in middle-aged and older adults in China. Additionally, HDL-C acted as a mediator in the relationship between abdominal obesity and cognitive decline. The results of this study had significant implications for the prevention of cognitive impairment. However, further prospective high-quality multicenter cohort studies are needed to validate the association of abdominal obesity and cognitive decline and to elucidate the underlying pathophysiological mechanisms of HDL-C. From a clinical perspective, monitoring WC status for early detection and providing blood lipid test advice may contribute to dementia prevention and promote healthy aging.
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Introduction: There is a critical link between vascular disease and the progression to dementia. The hippocampus has been implicated in memory and cognitive decline. In this study, we investigate the independent and moderating effects of increased arterial stiffness (AS) and reduced cerebral blood flow (CBF) on hippocampal volume (HV) in a large MRI sample of community-dwelling older adults from the Irish Longitudinal Study on Ageing (TILDA).
Methods: Longitudinal data from study participants for Wave 1 (2009–2011) and Wave 3 (2014-2015) were included. This included health and social information as well as a nurse-administered health assessment. Patients who had complete AS, CBF and MR-hippocampal measurements were included. Pseudo-continuous arterial spine labelling was performed to quantify whole CBF. Volumetric analysis was performed using FreeSurfer 6.0 recon-all processing pipeline.
Results: 395 patients met inclusion criteria. This four-year follow up longitudinal study demonstrated that (i) prolonged elevated AS (at wave 1 and wave 3), (ii) the interaction between higher AS at wave 1 and lower CBF at wave 3 and (iii) the interaction between prolonged elevated AS (at wave 1 and wave 3) and reduced CBF at wave 3 were associated with smaller HV.
Conclusion: Increased arterial stiffness and reduced CBF were not independently associated with smaller HV. However, in combination, persistently elevated AS and reduced CBF is associated with smaller HV. These effects were equally exerted across all hippocampal subfields tested. Our findings suggest a lag effect in the arterial stiffness and hippocampal volume relationship. We propose that the subsequent reduction in cerebral blood flow observed with elevated arterial stiffness may be the missing link in the pathway associating arterial stiffness with hippocampal atrophy.
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Introduction

Dementia is a major health issue with considerable health, social and economic costs for individuals, their families, and societies. It presents significant challenges to healthcare systems, affecting approximately 57 million people worldwide, a number which is predicted to rise to 153 million by 2050. As no cure exists, the identification of risk factors and the implementation of prevention strategies are a crucial step towards decreasing dementia incidence (Nichols et al., 2022). Cardiovascular health is believed to play an important role in this pathogenesis, and arterial stiffening has been identified as a key risk factor that increases dementia risk (Scuteri, 2007).

The deleterious effects of elevated arterial stiffness (AS) on cerebral health are well-established. Increased arterial stiffening has been associated with lower total brain volumes and a higher incidence of cerebral artefacts and white matter lesions in healthy older adults and in patient cohorts in both cross-sectional and longitudinal studies (Henskens et al., 2008; Matsumoto et al., 2007; Ohmine et al., 2008). The literature also supports a link between elevated arterial stiffness and cognitive impairment with progression to dementia (Henskens et al., 2008; Pase et al., 2016; Rouch et al., 2018; Benetos et al., 2012; Scuteri et al., 2007; Hanon et al., 2005). Negative associations between AS and total hippocampal volumes (a hallmark of AD) have been observed in many cross-sectional and longitudinal studies (Baradaran et al., 2021; Bown et al., 2021).

It has been proposed that increased arterial stiffness leads to cerebral hypoperfusion (Ajamu et al., 2021; Suri et al., 2020; Sadekova et al., 2018; Jefferson et al., 2018; Muhire et al., 2019; Tarumi et al., 2011). This may, in turn, lead to neuronal death with subsequent cerebral atrophy, as is seen selectively in the hippocampus in memory decline (Jack et al., 2000; Jack et al., 1998; Jobst et al., 1994). Several studies have reported an association between lower cerebral blood flow with smaller hippocampal volumes and progression to cognitive impairment (Knoops et al., 2009; Mak et al., 2014; Chao et al., 2010). The link between increasing arterial stiffness and reduced cerebral blood flow is also well established (Ajamu et al., 2021; Suri et al., 2020; Sadekova et al., 2018; Jefferson et al., 2018; Muhire et al., 2019; Tarumi et al., 2011). However, the causal relationships and interactions between these pathways, as well as associated compensatory mechanisms are less well understood. For example, to date, no studies have together described the independent and moderating effects of increased arterial stiffness and reduced CBF on the hippocampal volume in a healthy older population, but it could be assumed that raised arterial stiffness either alone or in combination with a reduction in cerebral blood flow may lead to selective atrophy of the hippocampus through this proposed mechanism of hypoperfusion and neuronal death. Additionally, no studies have addressed the issue of specific hippocampal subfields, and some subfields appear to be more vulnerable to hypoxia and ischemia than others, like the Cornu Ammonis (CA) 1, CA4, and subiculum subfields (Schmidt-Kastner and Freund, 1991; Bonnekoh et al., 1990; Kim et al., 2015). For example, a recent study by Pin et al. (2021), examined the rate of volume loss in the hippocampal subfields CA1-CA3, CA4 and the subiculum over four-years in 249 non-demented older adults and examined their interaction with white matter hyperintensities, believed to be a surrogate marker for vascular damage. They identified the subiculum to be particularly vulnerable to ischemia with a significant association between WMH’s and subiculum volume loss, independent of vascular risk factors (p = 0.03) (Pin et al., 2021).

In this study, we investigate the independent and moderating effects of AS and CBF on total hippocampal volume in a large MRI sample of community-dwelling older adults from a nationally representative population-based study, the Irish Longitudinal Study on Ageing (TILDA). In supplementary analyses, we also examine if these effects are specific to certain hippocampal subfields which are known to be vulnerable to AS and CBF alterations: the CA1, CA3, CA4, subiculum, and dentate gyrus (DG). Specifically, we test the hypotheses that (i) higher AS is associated with lower total hippocampal volumes and that (ii) reduced CBF may moderate this relationship. We also test the hypotheses that (iii) persistently higher AS over a four-year follow-up period and (iv) the co-occurrence of higher AS and low CBF may have more significant effects on hippocampal volumes. Finally we hypothesize that these effects may be exerted maximally in the CA-1, CA-4 and subiculum subfields.



Methods


Study design and participants

We used data from a nationally representative population-based study of community-dwelling older adults aged 50 years and older resident in the Republic of Ireland, The Irish Longitudinal Study on Ageing (TILDA). TILDA’s random sampling procedure and study design have been previously described (Whelan and Savva, 2013). Participants have been followed biennially from Wave 1 (2009–2011), and this study includes data from Wave 1 (2009–2011) and Wave 3 (2014–2015). At each wave, a computer-assisted personal interview (CAPI) collected information on the participants’ social and health information. At Wave 1 and Wave 3, participants were also invited to take part in an extensive nurse-administered health assessment in a dedicated health centre or a modified version in the participant’s home. Among the 6,687 who completed a CAPI at Wave 3, 4,309 attended the health centre, of whom 560 underwent multimodal Magnetic Resonance Imaging (MRI). The study sample consists of 395 participants who had arterial stiffness measurements at Wave 1 and Wave 3, and cerebral blood flow and MR-hippocampal volume measurements at Wave 3 (Supplementary Figure 1).



MRI protocol

MRI scanning was completed at Wave 3, at the National Centre for Advanced Medical Imaging (CAMI) at St. James’s Hospital, Dublin, using a 3 Tesla Philip’s Achieva system and a 32 channel head coil. The protocol included a T1-weighted 3D Magnetisation Prepared Rapid Gradient Echo (MP-RAGE) sequence, with the following parameters: FOV (mm): 240 × 218 × 162; 0.9 mm isotropic resolution; SENSE factor: 2; TR: 6.7 ms; TE: 3.1 ms; flip angle: 9; and pseudo-continuous arterial spin labelling (pCASL) sequences. Upstreaming arterial blood flow in the neck was labelled using a series of tightly packed inversion pulses. Following this, a short interval was allowed to facilitate this labelled blood to perfuse the brain parenchyma. The perfused brain was then imaged using a 2D multislice single echo-planar imaging (EPI) with suppression of the background tissue performed on two occasions during the pCASL sequence. The pCASL sequences parameters were: field of view 240 × 240 mm2, the matrix was 80 × 80, the repetition time was 4,000 ms, the echo time was 9 ms, flip angle of 90o, SENSE of 3.5 and the scan duration was 4 min and 16 s. A total of 13 slices were obtained yielding 30 dynamic scans and a total of 780 images. An 1800 millisecond labelling duration in addition to a post-label delay (PLD) of 1800 ms were applied, as advised in the ASL consensus paper (Alsop et al., 2015).



Outcome


Hippocampal volume measurement

All T1w images were reviewed by a trained operator blind to participant identity for image artifact and for the presence of lesions. Volumetric analysis was performed using FreeSurfer version 6.0 recon-all processing pipeline, an automated segmentation tool for volume measurement (Dale et al., 1999; Fischl et al., 1999). The details of the segmentation methods have been previously described (Iglesias et al., 2015). The hippocampal subfield option, described previously (Iglesias et al., 2015), was used to segment the hippocampus and its subfields and we extracted the CA-1, CA-3, CA-4, subiculum and dentate gyrus (DG). All hippocampal segmentations were reviewed by a trained operator who was blinded to participant identity and no datasets had significant error reported by this trained operator in both total and subfield volume measurements.




Exposures


Arterial stiffness (AS)

Carotid-femoral pulse wave velocity (cf-PWV) was measured at Wave 1 and Wave 3 (at four-year follow up) by tonometry (Vicorder®). This non-invasive measurement is the gold standard for quantifying arterial stiffness and is performed by measuring the pulse wave velocity at the carotid artery and the femoral artery. In TILDA, mean cf-PWV was calculated at each wave as the average of two cf-PWV measurements. A cf-PWV value greater than 12 m/s is indicative of arterial stiffness, as outlined by the European Society of Hypertension and European Society of Cardiology (2013).



Total cerebral blood flow (CBF)

Mean whole brain grey matter cerebral blood flow (CBF) at Wave 3 was quantified as the rate of delivery of arterial blood to brain tissue measured using pCASL-MRI. MRI analysis was performed using Oxford ASL (v.4.0) (FMRIB Software Library, FSL; The University of Oxford, UK) in the FMRIB Software Library (Smith et al., 2004). Analyses steps have been described elsewhere (Knight et al., 2021).




Covariates

Covariates included age, sex, education (none/primary, secondary, or tertiary/higher), pre-existing self-reported physician-diagnosed cardiovascular diseases and events (CVDEs), systolic and diastolic blood pressure, antihypertensive medications, lifestyle factors and estimated intracranial volume (eTIV). These were identified as potential confounders of the relationships between AS, CBF and hippocampal volumes. CVDEs included history of angina, heart attack, congestive heart failure, stroke, transient ischemic attack, and atrial fibrillation. Data were pooled to create a dichotomous CVDEs variable, for absence (disease-free) or presence (≥1) of CVDEs. Average seated blood pressure was measured using an Omron blood pressure monitor (two readings taken 1 min apart). Antihypertensive medications corresponded to the anatomical therapeutic chemical codes C02, C03, C07, C08, or C09. Smoker status was defined as never, past, or current. The CAGE questionnaire (Mayfield et al., 1974) was used as the measure of problematic alcohol consumption and was represented as a binary variable. Physical activity was recorded through the International Physical Activity Questionnaire (IPAQ) (Hagströmer et al., 2006); short-form and classified as low, moderate or high. BMI: weight and height were measured using a SECA electronic floor scales and a SECA 240 wall mounted measuring rod, respectively.



Statistical analysis


Data descriptors

All statistical analyses were performed using R software version 4.2.2 (R Core Team, 2020). Descriptive statistics are given for the study sample and per AS group (cf-PWV ≤ 12 m/s vs. cf-PWV > 12 m/s) and CBF tertile. Continuous variables are described as unadjusted means with standard deviations (SD); categorical variables are given as percentages (%). Independent t-tests and chi-squared tests were used to assess differences between AS groups; ordered logistic regressions were used to assess differences between tertiles of CBF. To estimate selection bias, the observed sample was also compared to the excluded cohort using independent t-tests and chi-squared tests.



Examining the relationship between AS, CBF, and total hippocampal volume

Ordinary Least Squares (OLS) regressions were used to assess the independent and moderating effects of AS and CBF on total hippocampal volume. Cross-sectional analyses included Cf-PWV at Wave 3 and CBF at Wave 3 (continuous variables) as predictors in separate models; they were then adjusted for each other in subsequent models; final models included an interaction term between the two. Further analyses included Cf-PWV at Wave 1 as predictor. Therefore, final models also included an interaction term between Cf-PWV at Wave 1 and Cf-PWV at Wave 3 and between Cf-PWV at Wave 1, Cf-PWV at Wave 3 and CBF at Wave 3.



Supplementary analyses

Linear mixed effect models were used to examine the independent and moderating effects of AS and CBF on hippocampal subfield volumes. Subfield volumes were z-score transformed to allow direct comparison of the effects of AS and CBF by subfield, as the volume distribution of each subfield varies. In cross-sectional analyses, fixed effects included, in separate models first, Cf-PWV and CBF at Wave 3 and hippocampal subfields (the CA1 subfield set as the reference level) with an interaction term. Cf-PWV x subfields and CBF x subfields were then adjusted for each other in subsequent models. Finally, three way interactions between Cf-PWV, CBF and subfield volumes were tested. In follow-up analyses, fixed effects were Cf-PWV at Wave 1 and hippocampal subfields with an interaction term. In subsequent models, Cf-PWV at Wave 1 x subfield volumes was adjusted for Cf-PWV at Wave 3 x subfield volumes and for CBF at Wave 3 x subfield volumes. Final models included three way interactions between Cf-PWV at Wave 1, Cf-PWV at Wave 3 and subfield volumes, and between Cf-PWV at Wave 1, CBF at Wave 3 and subfield volumes. We also tested a four way interaction between Cf-PWV at Wave 1, Cf-PWV at Wave 3, CBF and subfield volumes. The significance of interaction terms was assessed through likelihood ratio tests comparing additive models with models with an interaction term. In all models, participants constituted the random intercept. In all analyses, baseline models included age, sex and eTIV as covariates. Fully adjusted models further controlled for education, CVDEs, blood pressure, antihypertensive medications, and lifestyle factors.





Results


Sample characteristics

A total of 395 participants were included in our analysis (Supplemental Figure 1). Mean age was 68.3 years (SD 7.2), 54.2% were women (Table 1). Compared to the excluded cohort (n = 6,292), the included participants were older (p < 0.01), more likely to have a higher level of education (p < 0.01), to be non-smoker (p < 0.01), have a lower BMI (p = 0.04) and more likely to exercise (p = 0.02).


TABLE 1 Characteristics of the study sample (N = 395).

	Characteristics
	Study sample N = 395 (SD)

 

 	Age (years), mean (SD) 	68.3 (7.2)


 	Sex (Female, %) 	54.2


 	Education (Low, %) 	20.2


 	CVD conditions (>1, %) 	61.5


 	Systolic/ Diastolic BP (mean, sd) mmHg 	133.9 (18.9) / 79.8 (10.2)


 	Antihypertensives (on meds, %) 	14.6


 	BMI (mean, sd) kg/m2 	27.9 (4.3)


 	Smoking (Present, %) 	5.3


 	Physical activity (low, %) 	33.6


 	Problematic alcohol (%) 	8.8


 	Cf-PWV at W1 m/s 	10.7 (1.9)


 	Cf-PWV at W3 m/s 	10.8 (2.1)


 	CBF ml/100 g/min 	36.5 (7.9)




 

At Wave 1, n = 50 (13%) of the cohort had a cf-PWV value of greater than 12 m/s. Similar prevalence was observed at Wave 3 with 58 participants (15%) having raised arterial stiffness. Mean CBF was 36.5 (SD = 7.9) and no difference in mean CBF was found between cf-PWV groups (cf-PWV ≤ 12 m/s vs. cf-PWV > 12 m/s) at Wave 1 (p = 0.80) or Wave 3 (p = 0.34). Descriptive characteristics per AS group at Wave 1 and Wave 3 and CBF tertile at Wave 3 are given in Supplementary Tables 1–3.



The independent and moderating effects of AS and CBF on total hippocampal volume


Cross-sectional analyses

In baseline models, no statistically significant association was seen between Cf-PWV (B = 0.04; 95% CI = −0.01, 0.07; p = 0.06) or CBF (B = 0.01; 95% CI = −2.45 × 10−3, 0.02; p = 0.19) at Wave 3 and total hippocampal volume when examined independently or when mutually adjusted including an interaction term between Cf-PWV and CBF which also did not reach statistical significance (B = 3.70 × 10−3; 95% CI = −1.07 × 10−3, 8.47 × 10−3; p = 0.09). Findings were the same in fully adjusted models (Supplementary Table 4).



Follow-up analyses

In baseline models, no significant association between Cf-PWV at Wave 1 and total hippocampal volume (B = -0.02; 95% CI = −0.06, 0.02; p = 0.37) was seen when examined alone or when adjusted for CBF in an additive model (B = -0.02; 95% CI = −0.06, 0.02; p = 0.38). However, a model including an interaction between Cf-PWV at Wave 1 and CBF shows a statistically significant interaction (B = 0.01; 95% CI = 2.50 × 10−3, 0.01; p < 0.01; Table 2, Panel B, Figure 1); the interaction between higher Cf-PWV at Wave 1 and lower CBF at Wave 3 was associated with lower hippocampal volume, suggesting that high CBF may serve as buffer against volume atrophy in the presence of high AS.


TABLE 2 Estimates and 95% confidence intervals of the combined effects of Carotid-femoral pulse wave velocity (Cf-PWV) i.e. arterial stiffness at Wave 1 and cf-PWV at Wave 3 (Panel A), the combined effects of Cf-PWV at Wave 1 and cerebral blood flow (CBF) at Wave 3 (Panel B) on total hippocampal volume and the three-way interaction model of cf-PWV at wave 1, cf-PWV at wave 3 and CBF at wave 3 on total hippocampal volumes (Panel C).

	Variables
	Panel A: combined effects of cf-PWV Wave 1 and cf-PWV-Wave 3 on total hippo volume
	Panel B: combined effects of cf-PWV Wave 1 and CBF-Wave 3 on total hippo volume
	Panel C: three-way interactions of cf-PWV Wave 1, cf-PWV Wave 3 and CBF Wave 3 on total hippocampal volumes.



	Estimates (95% CI)
	p-value
	Estimates (95% CI)
	p-value
	Estimates (95% CI)
	p-value

 

 	PWV-W1 	0.14 (−0.04, 0.32) 	0.12 	−0.30 (−0.49, −0.11) 	0.002** 	1.92 (0.92, 2.92) 	<0.001***


 	PWV-W3 	0.25 (0.07, 0.43) 	0.007** 	- 	- 	2.15 (1.21, 3.09) 	<0.001***


 	CBF_W3 	- 	- 	−0.07 (−0.13, −0.02) 	0.007** 	0.51 (0.24, 0.78) 	<0.001***


 	PWV-W1 xPWV-W3 	−0.02 (−0.02, −0.002) 	0.03* 	- 	- 	−0.19 (−0.28, −0.11) 	<0.001***


 	PWV-W1 x CBF-W3 	- 	- 	0.01 (0.003, 0.01) 	0.003** 	−0.05 (−0.07, −0.02) 	<0.001***


 	PWV-W3 x CBF-W3 	- 	- 	- 	- 	−0.05 (−0.08, −0.03) 	<0.001***


 	PWV-W1 x PWV-W3 x CBF-W3 	- 	- 	- 	- 	0.005 (0.003, 0.007) 	<0.001***


 	Covariates


 	Age 	−0.07 (−0.08, −0.06) 	<0.001*** 	−0.06 (−0.08, −0.05) 	<0.001*** 	−0.07 (−0.08, −0.06) 	<0.001***


 	Sex 	−0.33 (−0.53, −0.14) 	<0.001*** 	−0.39 (−0.59, −0.20) 	<0.001*** 	−0.33 (−0.52, −0.14) 	<0.001***


 	eTIV 	0.37 (0.27, 0.47) 	<0.001*** 	0.37 (0.28, 0.47) 	<0.001*** 	0.38 (0.29, 0.48) 	<0.001***





***p < 0.001, **p < 0.01 and *p < 0.05 indicate significant differences.
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FIGURE 1
 The combined effects of Cf-PWV at Wave 1 and CBF at Wave 3 on total hippocampal volume. Cf-PWV = Carotid-femoral pulse wave velocity (m/s); W1/3 = Wave 1/3; CBFGM = Mean whole brain grey matter cerebral blood flow (ml/100 g/min). The interaction between Cf-PWV at Wave 1 and CBF at Wave 3 was also significant (p = 0.003); the combination of high Cf-PWV at Wave 1 and low CBF at Wave 3 was associated with lower total hippocampal volume, suggesting that high CBF may serve as buffer against volume atrophy in the presence of high cf-PWV (i.e raised arterial stiffness).


When adjusted for Cf-PWV at Wave 3 in an additive model, higher Cf-PWV at Wave 1 was borderline associated with lower hippocampal volume (B = -0.02; 95% CI = −0.03, 1.64 × 10−4; p = 0.05). A model including the interaction between Cf-PWV at Wave 1 and Cf-PWV at Wave 3 demonstrated a significant effect (B = −0.02; 95% = −0.02, −0.002; p = 0.03; Table 2, Panel A, Figure 2) such that higher Cf-PWV at Wave 1 WITH Cf-PWV at Wave 3 was associated with lower total hippocampal volume.
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FIGURE 2
 The combined effects of Cf-PWV at Wave 1 and cf-PWV at Wave 3 on total hippocampal volume. Cf-PWV = Carotid-femoral pulse wave velocity (m/s); W1/3 = Wave 1/3. The interaction between Cf-PWV at Wave 1 and Cf-PWV at Wave 3 was significant (p = 0.03). The combination of high Cf-PWV at Wave 1 and high Cf-PWV at Wave 3 was associated with total lower hippocampal volume.


The three-way interaction between Cf-PWV at Wave 1, Cf-PWV at Wave 3 and CBF at Wave 3 shows an effect of a 4-year persistently high AS and low CBF on total hippocampal volume (B = 4.88 × 10–3, 95% CI = 2.63 × 10–3, 7.14 × 10–3; p < 0.01), with the interaction between higher Cf-PWV at Wave 1, higher Cf-PWV at Wave 3 and lower CBF being associated with lower hippocampal volume (Table 2, Panel C, Figure 3). Similar findings were observed in fully adjusted models (Supplementary Table 5).
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FIGURE 3
 The combined effects of arterial stiffness (Cf-PWV) at Wave 1, arterial stiffness (Cf-PWV) at Wave 3 and CBF at Wave 3 on total hippocampal volume. Cf-PWV = Carotid-femoral pulse wave velocity (m/s); W1/3 = Wave 1/3; CBFGM = Mean whole brain grey matter cerebral blood flow (ml/100 g/min). The three-way interaction between Cf-PWV at Wave 1, Cf-PWV at Wave 3 and CBFGM at Wave 3 was significant (p < 0.001). The combination of a 4-year persistent high AS and low CBFGM (high Cf-PWV at Wave 1, high Cf-PWV at Wave 3 and lower CBFGM) is associated with lower hippocampal volume.





Supplementary analyses


Cross-sectional

In baseline models, the interaction between cf-PWV and hippocampal subfield volumes at Wave 3 was significant (χ2(15) = 10.5; p = 0.03). There was a positive relationship between cf-PWV and the volumes of the subfields CA1, CA3 and CA4 (Supplementary Table 6, Panel A/Supplementary Figure 2, Panel A). The interaction between CBF and subfields at Wave 3 was also significant (χ2(15) = 9.72; p = 0.04). There was a positive relationship between CBF and the volumes of the subiculum and DG (Supplementary Table 6, Panel B/Supplementary Figure 2, Panel B). The associations were robust to mutual adjustment (Supplementary Table 6, Panel C). The interaction between cf-PWV, CBF and subfields at Wave 3 was significant (p = 0.01; Supplementary Table 6, Panel D; Supplementary Figure 2, Panel C). Increased AS (high cf-PWV) with preserved CBF at Wave 3 was associated with larger subfield volumes. However, the interaction between high AS and low CBF was not significant, except for the CA3 volume. Similar findings were observed in fully adjusted models (Supplementary Table 7).



Follow-up

In baseline models, the interaction between cf-PWV at Wave 1 and hippocampal subfield volumes at Wave 3 was significant (χ2(15) = 14.9; p < 0.01). There was a negative relationship between cf-PWV at Wave 1 and the volumes of the subiculum, DG and CA4 subfields (Supplementary Table 8, Supplementary Figure 3, Panel A), which were robust to CBF adjustment (Supplementary Table 8, Supplementary Figure 3, Panel B). Only associations with the DG and CA4 remained significant after adjustment for cf-PWV at Wave 3 (Supplementary Table 8, Supplementary Figure 3, Panel C). The interaction between cf-PWV at Wave 1, cf-PWV at Wave 3 and subfields was not significant (p = 0.55) nor the interaction between cf-PWV at Wave 1, CBF at Wave 3 and subfields (p = 0.33). The interaction between higher cf-PWV at Wave 1 and higher cf-PWV at Wave 3 was associated with lower volumes across subfields (Supplementary Figure 3, Panel B) as was the interaction of higher cf-PWV at Wave 1 and lower CBF at Wave 3 (Supplementary Figure 3, Panel C). Finally, the interaction between cf-PWV at Wave 1, cf-PWV at Wave 3, CBF at Wave 3 and subfields was not significant (p = 0.46). The interaction of higher cf-PWV at Wave 1, higher cf-PWV at Wave 3 and lower CBF at Wave 3 was associated with lower volumes across subfields too. Similar findings were observed in fully adjusted models (Supplementary Table 9).





Discussion

We examined the independent and moderating effects of elevated arterial stiffness and reduced cerebral blood flow on hippocampal volumes and subfield volumes, in a relatively large MRI sample of community-dwelling older adults from ‘The Irish Longitudinal Study on Ageing’.

Our cross-sectional analyses showed that there were no independent associations between raised AS or reduced CBF with total hippocampal volumes. Longitudinal analyses of arterial stiffness suggested that higher AS in the preceding 4 years was independently associated with lower total hippocampal volumes when adjusted for AS at wave 3 in an additive model, however this effect was small. Significant associations between carotid compliance (a surrogate marker for arterial stiffness) and hippocampal volume have been observed in a study of 614 subjects at 20-year follow-up MRI as part of the Atherosclerosis Risk in the Community (ARIC) Study (Baradaran et al., 2021). Carotid compliance was calculated by continuous measurement of the variation in carotid artery diameter during the cardiac cycle, using ultrasound. It is defined as the ‘absolute volume increase within the carotid artery segment during the cardiac cycle, divided by the arterial pulse pressure’. Therefore, the lower the carotid compliance value, the greater the degree of arterial stiffness. Whilst cf-PWV has been consistently cited as the ‘gold standard’ measure of arterial stiffness, conversion tools have been utilised to convert carotid compliance values to local-PWV values, which show significant correlation to the patients cf-PWV measurements (Alhalimi et al., 2021).

Similarly, Bown’s longitudinal study of 278 adults over the age of 60 who had serial MRI brain studies at baseline, 18 months, 3, 5 and 7 years as part of the Vanderbilt Memory and Ageing Project, showed that an elevated baseline pulse wave velocity was associated with a greater decrease in hippocampal volume over time (Bown et al., 2021). As per the SMART-MR Study, the association between cerebral blood flow measurements and hippocampal volumes were lost after adjustment for age and sex (Knoops et al., 2009).

Our analyses examining the combined effects of raised AS and reduced CBF on total hippocampal volume (HV) and the prolonged effect of raised AS over a four-year period showed that (i) prolonged elevated AS (at wave 1 and 3), (ii) the interaction between higher AS at Wave 1 (baseline) and lower CBF at Wave 3 and (iii) the interaction between prolonged elevated AS (at wave 1 and wave 3) and reduced CBF at wave 3 were associated with smaller hippocampal volumes. Our findings suggest a lag effect in the arterial stiffness and hippocampal volume relationship. We propose that the subsequent reduction in cerebral blood flow observed with elevated arterial stiffness may be the missing link in the pathway linking arterial stiffness to hippocampal atrophy. This association between raised arterial stiffness and reduced cerebral blood flow is already reported in the literature in both animal and human subjects (Ajamu et al., 2021; Suri et al., 2020; Sadekova et al., 2018; Jefferson et al., 2018; Muhire et al., 2019). However, contrary to our expectations, reduced CBF at wave 3 in isolation was not associated with hippocampal atrophy, nor was elevated arterial stiffness at Wave 1. Only the combination of both in a model including an interaction term was associated with reduced HV, suggesting CBF plays a buffering effect in the presence of elevated AS. Total hippocampal volume was smaller only in the presence of both higher AS and lower CBF whereas the association between AS and HV was positive in the presence of preserved CBF. The literature does not fully explain why this may be the case. Perhaps when arterial stiffness starts to increase, there is an initial compensatory mechanism that transiently increases flow, but with prolonged exposure, this relationship reverses. A number of authors have proposed that this is due to the fact that in healthy individuals, a compensatory reduction in vascular bed resistance occurs in response to cerebral hypoperfusion, and this maintains adequate cerebral perfusion (Marstrand et al., 2002; Mitchell et al., 2011). Perhaps in the setting of progressive cerebral small vessel disease (i.e increased arterial stiffness), this autoregulation is impaired and thus increased AS leads to an increase in the transmission of harmful pulsatility into the thin-walled cerebral microcirculation, which is unequipped to deal with this increased pressure. This could, over time, ultimately result in vascular remodelling, and resultant reduction in cerebral blood flow and perfusion (Marstrand et al., 2002; Mitchell et al., 2011; Mitchell, 2021). The structure of the hippocampus makes it especially vulnerable to ischemia. The blood supply to the hippocampus is derived primarily from branches of the posterior cerebral artery (PCA) and contributory vessels from the anterior choroidal artery. Animal studies have examined the microvasculature of the hippocampus and unanimously report that the hippocampus has one of the lowest microvascular densities, relative to the surrounding cerebral cortices (Shaw et al., 2021; Nair et al., 1960; Zhang et al., 2019; Kirst et al., 2020).

The hippocampus also has a relatively long distance between its micro vessels and parent supplying artery. On top of this, the hippocampus is highly sensitive to hypoxia and ischemic insult with its high metabolic demand, and this therefore creates a perfect storm scenario whereby the hippocampus is highly vulnerable to vascular insult whilst simultaneously being ill-equipped to deal with states of hypoperfusion (Muhire et al., 2019; Wang and Michaelis, 2010). Therefore, maintaining adequate hippocampal perfusion is essential to preserve cognitive and memory function.

We hypothesised that the CA-1 subfield of the hippocampus would demonstrate preferential vulnerability to ischemia, compared to the other subfields examined; CA2, CA3, CA4, and DG. We hypothesized from our literature search that the CA4 and subiculum may also show regional vulnerability to raised arterial stiffness. However, this hypothesis was only partially confirmed by our results. The supplementary analyses demonstrated that the subiculum and the DG may in fact be most sensitive to higher AS and lower CBF, but these results were not consistent across our analyses. Also, a positive cross-sectional association was observed between AS and the CA-1, CA-3 and CA-4 subfields. The analyses examining these interaction effects suggest a similar effect of raised AS and reduced CBF across all subfields, with smaller subfield volumes observed across the board, as per total HV.

Whilst no prior study, to the best of our knowledge, has specifically examined the effects of increased arterial stiffness and reduced cerebral blood flow on hippocampal subfield volumes, several authors have examined the link between vascular risk factors on specific hippocampal subfield volumes as well as animal models which have investigated the effects of global brain ischemia on the hippocampus and its subfields (Wilde et al., 1997; Sugawara et al., 2000; Wu et al., 2008; Shing et al., 2011).

CA-1 is widely reported in the literature (Sugawara et al., 2000; Wu et al., 2008; Shing et al., 2011) to be the subfield that harbours the most sensitivity to ischemia and hypoxia and thus we tested the independent and moderating effects of AS and CBF on the subfields CA3, CA4, DG and subiculum, with the CA-1 as a reference level. However, this effect of hippocampal atrophy with raised AS and reduced CBF, contrary to our hypothesis, was exerted equally across all subfields tested. We had hypothesised that the CA-1 subfield would be most vulnerable owing to the vascularisation of the hippocampus and the fragility of its vascular network (Spallazzi et al., 2019; Duvernoy et al., 2013; Marinkovic et al., 1999), but this was not borne out in our study. However, along with several authors we observed small independent associations between elevated AS and reduced CBF with smaller volumes of the subiculum (Kim et al., 2015; Pin et al., 2021; Wu et al., 2008; Li et al., 2016).

Pin et al. investigated the effects of neurovascular damage on hippocampal subfields in their study of 249 non-demented adults who underwent two 1.5 Tesla MRI scans, 4 years apart. They examined the association between the atrophy of the CA1-3, CA4 and subiculum with the presence of white matter hyperintensities (WMH’s), which are thought to result from chronic hypoxia (Pin et al., 2021; Tubi et al., 2020). Interestingly, they reported that the subiculum was the only tested subfield in which volume loss correlated with white matter hyperintensities, independent of other vascular risk factors. Whilst these authors did not examine the impact of raised arterial stiffness or reduced cerebral blood flow on hippocampal subfield volumes, they used white matter hyperintensities as a marker of cerebral small vessel disease and linked the increasing quantities of WMH’s to the increasing rates of subiculum atrophy in their longitudinal analyses of their study cohort (Pin et al., 2021). The findings from our study of healthy ageing adults supports the findings of Pin (Pin et al., 2021) and other authors (Kim et al., 2015; Li et al., 2016) and highlight the subiculum as a hippocampal subfield of interest that may demonstrate preferential sensitivity to hypoxia, ischemia, and cerebrovascular insult. There is an obvious paucity of recent research in the literature examining this selective vulnerability of specific subfields to ischemia and in particular the effects of a combination of raised arterial stiffness and reduced cerebral blood flow on the subfield volumes. The hippocampus is the principal site of neurogenesis (specifically within the dentate gryus) and the rate of hippocampal neurogenesis has been shown to decline in patients with Alzheimer’s dementia compared to healthy subjects (Moreno-Jimenez et al., 2019; Lempriere, 2019). This is important in the identification of possible modifiable risk factors that can be used to treat patients with hippocampal vascular insults and thus impaired neurogenesis. Medications such as angiotensin-converting enzymes inhibitors, angiotensin II receptor blockers and calcium channel blockers have been demonstrated to reduce arterial stiffness, promote vascular remodelling and improve endothelial function (Dudenbostel and Glasser, 2012). Further research is required to establish whether these benefits may be extended to the improvement of hippocampal perfusion and neurogenesis.

It is important to better understand this long-accepted link between vascular disease and cognitive decline in order to develop potential therapeutic targets. Better understanding of the pattern of hippocampal atrophy within distinct subfields will help clinicians identify patients that are at risk of cognitive decline. Thus, by mitigating a patient’s vascular risk profile we may reduce their risk of embarking on this pathway of elevated arterial stiffness, reduced cerebral blood flow, subsequent hippocampal atrophy and utimately cognitive decline.


Limitations

Firstly, loss to follow-up patients and missing data in others meant that the study sample was overall healthier than those excluded; therefore, the generalizability of our findings is less certain, but we believe this does not negatively impact upon the observed associations.

Second, although PWV was examined in a follow-up manner (measurement repeated at 4-year follow up), there were no repeated measures for cerebral blood flow and hippocampal volumes and thus a causal link between arterial stiffness, cerebral blood flow and hippocampal volumes cannot be established. Our follow-up analyses suggest that prolonged exposure to elevated arterial stiffness may over time have an effect on hippocampal volume. Further research examining changes in AS, CBF and HV over time is warranted to fully understand these relationships.

Third, we used a measurement of total cerebral blood flow. However, hippocampal blood flow measurements may help to better understand the effect of CBF on HV. It is possible that the null independent relationship observed between CBF and HV was linked to a lack of specificity (total CBF versus hippocampal blood flow specifically).

Fourth, there are some limitations to automatic segmentation of the hippocampal subfields such that the segmentation may be based off low-resolution T1-weighted images. Difficulty in distinguishing some specific subfields such as the molecular layer have been reported in the literature (Iglesias et al., 2015; Wisse et al., 2021) and a combination of T1 and T2 weighted images for the purpose of segmentation has been proposed. A combined T1 and T2 weighted approach for the purpose of subfield segmentation was not possible in our study due to the varying in-plane resolutions between the two (T1w images were 0.9 mm isotropic; T2 weighted images were 0.58 × 0.72 × 4 mm). The alternative approach, validation of automated FreeSurfer segmentation with manual segmentation would be a time-costly process, with an estimated 50 h of manual segmentation required per case (Iglesias et al., 2015). This impracticality would limit the sample size possible for such analyses. Our relatively large sample size and the consistency of our methodology with respect to other large cohort studies (i.e UK Biobank) afford the opportunity for our results to be replicated in future studies.

Finally, this study focused on a specific subset of hippocampal subfield volumes that had been previously identified from the literature search. This was performed in order to achieve sufficient power for the statistical analysis.



Strengths

To our knowledge, this is the first study to examine the independent and moderating effects of elevated arterial stiffness and reduced cerebral blood flow on hippocampal volumes and subfield volumes in a relatively large MRI sample of community-dwelling older adults from a population-based study. Our analyses were also adjusted for a large range of confounding factors including age, sex, education status, cardiovascular comorbidities, medications, and lifestyle factors. It is also the first study to explore the effect of prolonged exposure of elevated AS over a four-year follow up period on hippocampal subfield volumes, the closest study coming from Pin et al. who looked at hippocampal subfield volume loss and WMH’s over a 4 year follow-up period. Other studies looking at specific subfields have been smaller and cross-sectional in nature (Kim et al., 2015; Li et al., 2016), and have not specifically examined the independent and combined effects of raised AS and reduced CBF on the hippocampus. While this is the first attempt to disentangle these effects on the hippocampus, this study should however be considered preliminary and exploratory but supports the need for future work examining changes in AS, CBF and HV over a longer period of time.




Conclusion

Our study shows that increased arterial stiffness and reduced CBF are not independently associated with whole hippocampal or hippocampal subfield volumes. However, when combined, increased arterial stiffness for a longer duration (spanning the 4 year follow-up period) in combination with a reduction in cerebral blood flow is associated with lower hippocampal volumes. These effects were equally exerted across all hippocampal subfields tested in this study.

Improving our knowledge surrounding the mechanisms that lead to the hippocampal atrophy has clinical implications. Understanding the hippocampal vasculature and its response to hypoperfusion is critical in the development of potential therapeutic targets in patients with an elevated vascular risk profile. Targeting these vascular risk factors, such as arterial stiffness, may help lower the rate of hippocampal atrophy and thus slow the onset of cognitive impairment in our ageing population.
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Background: Cognitive decline poses a significant challenge to healthy aging. While exercise is widely recognized for its cognitive benefits, the comparative efficacy of different exercise modalities and optimal intervention protocols for specific cognitive domains in older adults remains unclear.
Objective: This network meta-analysis aimed to systematically compare the effects of five exercise modalities—resistance training, aerobic exercise, mind-body exercise, multicomponent exercise, and high-intensity interval training (HIIT)—on global cognitive function and major cognitive domains in cognitively healthy older adults, and to identify optimal intervention protocols and population subgroups most likely to benefit.
Methods: A total of 58 randomized controlled trials (RCTs) were included, encompassing 4,349 healthy older adults from diverse geographical regions. Comprehensive searches were conducted in major electronic databases for RCTs evaluating exercise interventions on cognitive outcomes in adults aged 60 years and older. A network meta-analysis assessed the relative effects of each exercise modality on global cognition, executive function (including inhibitory control, task-switching ability, and working memory), and memory function. Subgroup analyses were performed based on intervention frequency, duration, participant age, and geographic region.
Results: Resistance training demonstrated the greatest improvement in global cognitive function (SMD = 0.55) and inhibitory control (SMD = 0.31, SUCRA = 82.1%), particularly with twice-weekly sessions of 45 min over 12 weeks. Mind-body exercise was most effective for executive function, especially task-switching ability (SMD = −0.58, SUCRA = 85.1%) and working memory (SMD = 2.45), with high-frequency, moderate-duration protocols yielding optimal results. Aerobic exercise was the most effective modality for enhancing memory function (SMD = 0.42). The largest cognitive benefits were observed in participants aged 65–75 years and in studies conducted in Asia.
Conclusion: Different exercise modalities provide domain-specific cognitive benefits in healthy older adults. Personalized exercise prescriptions—emphasizing resistance training for global cognition, mind-body exercise for executive function, and aerobic exercise for memory—should be considered in clinical and public health settings. These findings support the integration of structured exercise interventions into aging and dementia prevention strategies, with particular attention to optimal protocol design and population targeting.
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exercise, cognitive function, network meta-analysis, older adults, resistance training, mind-body exercise, aerobic exercise, executive function


1 Introduction

With increasing life expectancy and declining birth rates worldwide, the proportion of older adults is growing rapidly, presenting critical challenges to public health systems. Cognitive decline, even in the absence of clinical dementia, can lead to diminished quality of life, impaired independence, and greater risk for institutionalization (Livingston et al., 2020). While pharmacological treatments for cognitive impairment remain limited in efficacy and carry potential adverse effects, physical exercise has emerged as a promising non-pharmacological intervention for promoting brain health (Northey et al., 2018). Numerous randomized controlled trials (RCTs) and meta-analyses have demonstrated the positive effects of physical activity on global cognition in older adults (Sofi et al., 2011). Proposed mechanisms include enhanced cerebral blood flow, increased expression of neurotrophic factors such as brain-derived neurotrophic factor (BDNF), reduced systemic inflammation, and improved neurovascular coupling (Kirk-Sanchez and McGough, 2014). Despite this growing body of evidence, several knowledge gaps remain. First, most prior studies treat cognition as a single composite construct, neglecting its domain-specific organization. Cognitive functioning in older adults encompasses multiple subdomains—such as inhibitory control, task switching, working memory, episodic memory, verbal fluency, and attention—each of which may respond differently to various types of exercise (Gheysen et al., 2018). For example, resistance training has been linked to improved executive function, whereas mind–body practices such as Tai Chi may offer greater benefits for memory and attention (Zhang et al., 2023). Second, intervention efficacy may be modulated by exercise dosage, including frequency, session duration, and total program length. However, these parameters are often inconsistently reported or analyzed across studies, limiting the ability to recommend optimized protocols (Liu-Ambrose et al., 2010; Falck et al., 2019). In addition, regional and cultural factors may influence the acceptability and efficacy of certain exercise types, especially in non-Western populations where mind–body exercises are more commonly practiced (Cheng et al., 2016). To address these gaps, we conducted an updated and comprehensive meta-analysis integrating network and pairwise comparisons based on 58 unique RCTs involving 3,943 cognitively healthy older adults. This study aims to (1) evaluate and rank the effects of different exercise interventions on both global and domain-specific cognitive outcomes; (2) investigate the moderating role of intervention parameters including frequency, session length, and duration; and (3) offer evidence-based recommendations for domain-specific and culturally tailored exercise prescriptions in aging populations.



2 Methods

This systematic review and meta-analysis were conducted in accordance with the Cochrane Handbook for Systematic Reviews of Interventions (Higgins et al., 2019) and followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines to ensure transparent and reproducible reporting (Moher et al., 2009).


2.1 Literature search

We systematically searched PubMed, Web of Science, ScienceDirect, CNKI, and Wanfang Data for randomized controlled trials (RCTs) evaluating the effects of exercise interventions on cognitive function in healthy older adults. Search terms included combinations of “exercise” OR “physical activity,” AND “cognitive function” OR “cognition,” AND “older adults” OR “elderly,” AND “memory” OR “executive function,” AND “randomized controlled trial” OR “RCT,” AND “healthy aging.” Searches included both English and Chinese publications and covered all articles published before January 1, 2024. Additionally, reference lists from relevant systematic reviews and meta-analyses were manually screened to identify additional studies (Gallardo-Gomez et al., 2022; Gavelin et al., 2021). The complete search strategy is available in Supplementary Material 1.



2.2 Inclusion and exclusion criteria

Inclusion Criteria: (1) The participants were healthy older adults, mean aged 55 years and above, regardless of gender or nationality, without a diagnosis of cognitive impairment or dementia. (2) The exercise interventions in this study were classified into five main types based on their assumed physiological mechanisms. This classification was made to reflect the different effects each type of exercise may have on cognitive function in older adults. The exercise types and their rationale for classification are as follows: Resistance Training (RES), this type includes exercises that primarily aim to improve muscle strength and endurance through controlled movements against resistance (e.g., weightlifting, using resistance bands). Resistance training is known for its positive impact on brain-derived neurotrophic factor (BDNF), which supports neuroplasticity and cognitive functions such as inhibitory control and executive function. It is classified separately due to its emphasis on building muscular strength and the distinct physiological responses it triggers compared to aerobic exercise. Aerobic exercise (AER), aerobic exercise involves activities that increase cardiovascular fitness through sustained, rhythmic exercises such as walking, running, cycling, or swimming. The focus of aerobic exercise is on improving heart and lung function. It is classified as a distinct category because it has been shown to enhance memory, hippocampal neurogenesis, and cerebral blood flow, which directly contribute to improvements in memory and other cognitive functions in older adults. High-Intensity Interval Training (HIIT), HIIT consists of alternating between short bursts of intense activity followed by periods of lower-intensity recovery. This form of exercise is classified separately due to its unique approach, focusing on intense, time-efficient bouts of physical activity. HIIT has been shown to improve cardiovascular health, metabolic efficiency, and cognitive function, particularly in areas related to executive control and processing speed. Physical and Mental Training (PMT), this category encompasses exercises that require both physical movement and mental focus, such as Tai Chi, yoga, and other mind-body practices. These exercises are classified separately because they engage both physical and cognitive aspects simultaneously, promoting relaxation, stress reduction, and improvements in executive functions such as task-switching and working memory. This classification reflects the holistic nature of these interventions, which are designed to improve both physical balance and cognitive flexibility. Multi-modal Exercise (CEX), multi-modal exercise interventions combine different forms of exercise (e.g., a mix of aerobic, resistance, and flexibility training). The classification as multi-modal exercise is based on the premise that combining multiple exercise types may provide broader cognitive benefits by engaging different physiological systems. This comprehensive approach is intended to enhance multiple aspects of physical fitness and cognitive health simultaneously. This classification aligns with the World Health Organization (WHO) exercise guidelines, which categorize exercise types based on their physiological and functional outcomes. The goal of this classification was to examine the distinct cognitive effects of each exercise modality, as they are thought to influence various cognitive domains differently, such as memory, executive function, and overall cognitive health. (3) Control groups received either health education or maintained their usual activities. (4) The primary outcome of this study was overall cognitive function, which was assessed using the Montreal Cognitive Assessment (MoCA) and the Mini-Mental State Examination (MMSE). Secondary outcomes focused on specific aspects of executive function and memory, including: Inhibitory Control, assessed using the Stroop Test (measuring response inhibition to conflicting stimuli) and the Go/No-Go Task (evaluating suppression of prepotent responses). Task-Switching Ability, measured through the Trail Making Test Part B (assessing cognitive flexibility between alphanumeric sets) and the Wisconsin Card Sorting Test (evaluating rule-based switching and adaptability). Working Memory, evaluated using the N-back Test (spatial and verbal updating) and the Backward Corsi Block-Tapping Task (visuospatial manipulation and retention). Memory Function, assessed with Logical Memory Recall (short-and long-term episodic memory) and the Rey Auditory Verbal Learning Test (multitribal verbal encoding and retrieval). These secondary outcomes were selected to provide a deeper understanding of how different exercise modalities impact various aspects of cognitive function beyond overall cognition. (5) The included studies were randomized controlled trials (RCTS) to ensure high-quality evidence.

Exclusion Criteria: (1) Studies with duplicate publications. (2) Studies lacking extractable outcome measures or reporting incomplete data. (3) Non-RCTs or trials with inadequate control group comparisons.



2.3 Study selection

After the initial search, all identified articles were imported into NoteExpress reference management software to remove duplicates. Two independent reviewers screened the titles and abstracts based on the pre-defined inclusion and exclusion criteria. Studies that did not meet the criteria were excluded, and any disagreements between reviewers were resolved by a third-party consensus (Markov et al., 2023). Full-text articles of the remaining studies were retrieved and further evaluated for eligibility through a second screening.



2.4 Data extraction

Data were extracted by two independent reviewers using a standardized data extraction form based on the Cochrane Handbook for Systematic Reviews guidelines. The extracted data included: Study Characteristics: Title, first author, publication year, study design. Participant Characteristics: Sample size, mean age, gender distribution. Intervention Details: Type, duration, frequency, intensity of exercise intervention, and control group details. Outcome Measures: Pre- and post-intervention data for cognitive function and specific executive functions. To ensure data accuracy, all extracted data were cross-verified by the two reviewers, with discrepancies resolved through consensus or consultation with a third reviewer.



2.5 Quality assessment

The risk of bias in the included studies was assessed independently by two reviewers using the Cochrane Collaboration’s Risk of Bias Tool (Courel-Ibanez et al., 2019). This tool evaluates potential biases across seven domains: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other biases. Studies were classified into three categories based on their risk of bias: Low risk: 4 or more domains with low risk. Moderate risk: 2–3 domains with low risk. High risk: 1 or fewer domains with low risk. Additionally, publication bias was assessed using funnel plots and Egger’s test, with statistical significance set at p < 0.05 (Egger et al., 1997).



2.6 Statistical analysis

All statistical analyses were conducted using Review Manager 5.3 and Stata 17.0 software. The standardized mean differences (SMD) were calculated using Cohen’s d for studies with larger sample sizes, and Hedge’s g was used for studies with smaller sample sizes to correct for potential bias. Specifically: Cohen’s d was computed using the formula: d = (M1–M2)/SD pooled. where M1 and M2 represent the means of the experimental and control groups, respectively, and SD pooled is the pooled standard deviation. Hedge’s g was applied for studies with smaller sample sizes using the formula: g=M1-M2SDp⁢o⁢o⁢l⁢e⁢d×(1-34⁢(N1+N2)-9) where N1 and N2 are the sample sizes of the experimental and control groups, respectively. For studies reporting data in non-standard formats, appropriate formulas were used to convert the data into mean and standard deviations (SD) (Higgins et al., 2019).

To evaluate network transitivity, we compared the clinical and methodological characteristics of studies to ensure that the multiple treatment comparisons were adequately comparable. The inconsistency and consistency models were tested using both the design-by-treatment interaction model (a global approach) and the node-splitting test (a local approach). The node-splitting test was used to identify any substantial discrepancies between direct and indirect comparisons for each treatment, evaluating the consistency of the results.

The probability values were compiled and presented as the surface under the cumulative ranking curve. The exercise interventions were ranked by using the surface under the cumulative ranking curve and mean rank. Model fit was assessed using the Deviance Information Criterion (DIC), where a lower DIC value indicated a better model fit. To evaluate consistency in the network, node-splitting analysis was conducted to compare direct and indirect estimates, with a p-value > 0.05 indicating no significant inconsistency. Additionally, heterogeneity across studies was assessed using the I2 statistic, with I2 > 50% considered indicative of substantial heterogeneity. To determine the ranking of exercise interventions, we used surface under the cumulative ranking curve (SUCRA) values. A SUCRA value close to 100% indicates a high probability of being the most effective intervention, whereas a value close to 0% suggests the least effective intervention. Interventions were ranked based on their mean SUCRA scores, allowing a probabilistic ranking of effectiveness across cognitive domains.

The analysis focused on five key indicators of cognitive function: overall cognitive function, inhibitory control, task-switching ability, working memory, and memory. Heterogeneity among studies was assessed using the I2 statistic, where an I2 value above 50% indicated substantial heterogeneity, and a random-effects model was applied. Otherwise, a fixed-effects model was used (Talar et al., 2022). A network meta-analysis was conducted to compare the relative effectiveness of different exercise modalities, allowing for both direct and indirect comparisons across studies (Wei et al., 2022) .




3 Results


3.1 Study selection

A total of 8,051 articles were retrieved from databases. After removing duplicates, 7,665 articles proceeded to the screening phase. Titles and abstracts were reviewed, resulting in the exclusion of 7,069 articles unrelated to the research topic, leaving 596 articles that potentially met the inclusion criteria. Subsequently, the full texts of these articles were further examined for detailed screening, leading to the exclusion of 538 articles that did not meet the inclusion criteria (Research object, n = 213; Review, n = 54; Year, n = 165; Outcome indicator, n = 106). Finally, 58 randomized controlled trials were included. The flow diagram in Figure 1 illustrates the detailed process for each stage.


[image: Flowchart illustrating the selection process of articles. Data sourced from Medline, PubMed Central, CNKI, WOF, and Science Direct, totaling 8051 articles. After exclusions based on various criteria, 462 articles were preliminarily screened, with 58 articles included in full-text review.]
FIGURE 1
Study selection.




3.2 Characteristics of included studies

A total of 58 randomized controlled trials (RCTs) were included in this meta-analysis, encompassing 4,349 healthy older adults from diverse geographical regions, including Asia (China, Japan, Vietnam), Europe (Italy, France, Spain, Portugal, Sweden, Netherlands), North America (USA, Canada), South America (Brazil, Colombia), Africa (South Africa), and the Middle East (Tunisia). The average age of participants ranged from 60 to 83.7 years, with most studies targeting individuals over 65 years old. The studies involved a wide variety of exercise modalities, which were categorized into five main types according to their physiological characteristics and cognitive engagement: Aerobic exercise (AER), Resistance training (RES), High-intensity interval training (HIIT), Physical and mental training (PMT)—including Tai Chi and yoga, and Multi-modal training (MMT) that combines two or more types of interventions. AER was the most frequently applied intervention across studies, followed by PMT and RES. The intervention duration ranged from 4 to 65 weeks, with session lengths between 30 and 90 min, and frequencies from 1 to 5 sessions per week. Most interventions lasted for at least 12 weeks, ensuring sufficient exposure for cognitive effects.

The control conditions varied across studies: 22 trials employed no exercise or waitlist controls, 13 used health education, 10 adopted stretching or balance training, and others involved minimal physical activity. The diversity of control conditions ensured a broad spectrum of comparison standards for evaluating intervention effects. As for outcome assessment, the studies examined a variety of cognitive domains, including: Overall cognitive function (MoCA, MMSE), Inhibitory control (e.g., Stroop test, Go/No-Go task), Task switching (e.g., TMT-B, Wisconsin Card Sorting Test), Working memory (e.g., n-back task, backward digit span), Verbal and episodic memory (e.g., logical memory test, RAVLT). These outcome measures allowed for a detailed analysis of the differential impact of exercise modalities on specific cognitive functions in aging populations. Detailed characteristics of the included studies are presented in Table 1 (Albinet et al., 2016; Ansai et al., 2015; Baklouti et al., 2023; Brown et al., 2009; Carral et al., 2007; Cassilhas et al., 2007; Castaño et al., 2022; Chen et al., 2014; Chen et al., 2020; Coelho et al., 2012; Coetsee and Terblanche, 2017; Colcombe and Kramer, 2003; Courel-Ibanez et al., 2019; Egger et al., 1997; Engeroff et al., 2022; Fabre et al., 2002; Farinha et al., 2021; Gallardo-Gomez et al., 2022; García-Garro et al., 2020; Gavelin et al., 2021; Gheysen et al., 2018; Gothe et al., 2017; Gu et al., 2019; Guo et al., 2024; Hanley et al., 2010; Higgins et al., 2019; Huang et al., 2022; Iuliano et al., 2015; Jiang et al., 2020; Jonasson et al., 2016; Coelho-Júnior et al., 2020; Kimura et al., 2010; Kirk-Sanchez and McGough, 2014; Kovacevic et al., 2020; Lachman et al., 2006; Lavretsky et al., 2011; Legault et al., 2011; Li, 2019; Lim et al., 2024; Liu et al., 2018; Liu, 2021; Liu D. M. et al., 2023; Jiang, 2020; Li et al., 2022; Liu-Ambrose et al., 2010; Livingston et al., 2020; Loprinzi et al., 2019; Lu et al., 2016; Maki et al., 2012; Markov et al., 2023; Miyazaki et al., 2022; Moher et al., 2009; Moreira et al., 2018; Mortimer et al., 2012; Muscari et al., 2010; Nagamatsu et al., 2012; Nguyen and Kruse, 2012; Nishiguchi et al., 2015; Northey et al., 2018; Norton et al., 2014; Oken et al., 2006; Peng, 2021; Petersen et al., 2014a; Predovan et al., 2012; Riske et al., 2017; Schley et al., 2006; Smith et al., 2010; Sofi et al., 2011; Sun et al., 2011; Sun et al., 2015; Sun, 2021; Talar et al., 2022; Taylor-Piliae et al., 2010; Timmons et al., 2018; Tsai et al., 2017; van de Rest et al., 2014; Varela et al., 2018; Vaughan et al., 2014; Venturelli et al., 2010; Wei et al., 2022; Williamson et al., 2009; Witte et al., 2016; Xu, 2022; Yang et al., 2020; Zhang et al., 2022, 2023; Zheng et al., 2023).


TABLE 1 Included in the study characteristics table.


	References
	Country
	Sample size
	Age (years)
	Exercise type
	Duration (min)
	Frequency
	Weeks
	Control group
	Outcome measures





	Vizioli et al., 2009
	Italy
	120
	69.2 ± 2.7
	AER
	60
	3/w
	52
	Health education
	①



	Kovacevic et al., 2020
	Canada
	61
	72.0 ± 5.7
	HIIT/AER
	28/47
	3/w
	12
	No exercise
	②⑤



	Oken et al., 2006
	USA
	135
	72.1 ± 4.9
	PMT/AER
	90/60
	1/w
	26
	No exercise
	②⑤⑦



	Brown et al., 2009
	Australia
	120
	79.6 ± 6.3
	RES
	60
	2/w
	25
	No exercise
	②③⑤



	Fabre et al., 2002
	France
	16
	65.6 ± 1.8
	AER
	60
	2/w
	8
	No exercise
	⑤



	Coetsee and Terblanche, 2017
	South Africa
	67
	62.7 ± 5.7
	RES/HIIT/AER
	30/30/47
	3/w
	16
	No exercise
	②



	Farinha et al., 2021
	Portugal
	74
	72.4 ± 5.1
	AER/MMT
	45/45
	2/w
	28
	No exercise
	①



	Castaño et al., 2022
	Brazil
	12
	70.0 ± 8.1
	RES
	60
	2/w
	16
	Not arranged
	③⑤⑥



	Hanley et al., 2010
	USA
	32
	72.9 ± 9.3
	RES
	60
	2/w
	4
	No exercise
	②③⑤



	Albinet et al., 2016
	France
	36
	60–75
	AER
	60
	2/w
	21
	Stretching
	②④⑤



	Legault et al., 2011
	USA
	36
	76.5 ± 4.9
	AER
	75
	2/w
	16
	No exercise
	②④⑤



	Predovan et al., 2012
	Canada
	50
	67.9 ± 6.2
	AER
	60
	3/w
	12
	No exercise
	②



	Iuliano et al., 2015
	Italy
	60
	66.9 ± 11.7
	RES/HIIT
	30/30
	1/w
	12
	No exercise
	②③



	Coelho-Júnior et al., 2020
	Brazil
	26
	66.7 ± 4.7
	RES
	60
	2/w
	24
	No exercise
	①⑤



	Carral et al., 2007
	Spain
	62
	68.4 ± 3.4
	RES/AER
	45/45
	2/w
	21
	Not arranged
	①



	Mortimer et al., 2012
	USA
	90
	67.8 ± 5.6
	PMT/AER
	50/50
	3/w
	40
	No exercise
	①②③⑤⑥⑦



	Timmons et al., 2018
	Ireland
	84
	69.3 ± 3.5
	AER/RES/MMT
	24/24/24
	3/w
	12
	No exercise
	①



	Williamson et al., 2009
	USA
	102
	77.4 ± 4.3
	MMT
	50
	3/w
	52
	Health education
	①②⑤



	Sun et al., 2015
	China
	138
	69.2 ± 5.9
	PMT
	60
	2/w
	25
	No exercise
	①



	Ansai et al., 2015
	Brazil
	69
	82.4 ± 2.4
	MMT/RES
	60/NR
	3/w
	16
	No exercise
	①⑥



	Kimura et al., 2010
	Japan
	119
	74.3 ± 5.5
	RES
	90
	2/w
	12
	Health education
	③



	Jonasson et al., 2017
	Sweden
	58
	68.7 ± 2.7
	AER
	45
	3/w
	26
	Stretching
	③④⑤



	Lavretsky et al., 2011
	USA
	73
	70.6 ± 7.3
	PMT
	50
	2/w
	10
	No exercise
	①⑤



	Nguyen and Kruse, 2012
	Germany
	96
	68.9 ± 5.1
	PMT
	60
	2/w
	26
	No exercise
	③



	Lachman et al., 2006
	USA
	210
	74.9 ± 6.9
	RES
	35
	3/w
	26
	No exercise
	⑤



	Venturelli et al., 2010
	Italy
	23
	83.7 ± 6.2
	RES
	45
	3/w
	12
	No exercise
	①



	Nagamatsu et al., 2012
	Canada
	86
	74.5 ± 3.5
	RES/AER
	60
	2/w
	26
	Balance training
	①



	Moreira, 2017
	Brazil
	45
	83.6 ± 3.9
	MMT
	50
	3/w
	16
	No exercise
	①



	Gothe et al., 2017
	USA
	108
	62.1 ± 5.6
	PMT
	60
	3/w
	8
	Stretching
	③⑤



	Cassilhas et al., 2007
	Colombia
	43
	67.7 ± 0.9
	RES
	60
	3/w
	24
	No exercise
	⑤⑦



	Nishiguchi et al., 2015
	Japan
	48
	73.3 ± 5.1
	MMT
	90
	1/w
	12
	No exercise
	①③⑤



	Smiley, 2008
	USA
	57
	70.2 ± 4.5
	AER
	50
	3/w
	42
	Stretching
	②



	Vaughan et al., 2014
	Australia
	49
	68.8 ± 3.3
	MMT
	60
	2/w
	16
	No exercise
	②③⑤



	Taylor-Piliae et al., 2010
	USA
	93
	69.2 ± 6.2
	PMT/MMT
	45/45
	4/w
	25
	No exercise
	⑤⑥



	Liu-Ambrose et al., 2010
	Canada
	88
	69.6 ± 2.9
	RES
	60
	2/w
	52
	Stretching
	②③⑤



	Tsai et al., 2017
	China
	42
	66.3 ± 4.4
	AER
	40
	3/w
	24
	Balance training
	①



	van de Rest et al., 2014
	Netherlands
	58
	77.8 ± 8.4
	RES
	30
	2/w
	24
	No exercise
	②③⑤⑥⑦



	Varela et al., 2018
	Spain
	39
	81.1 ± 8.2
	AER
	15
	7/w
	65
	No exercise
	①⑤



	Witte et al., 2016
	Germany
	54
	68.4 ± 4.6
	AER
	60
	2/w
	21
	No exercise
	①



	Maki et al., 2012
	Japan
	150
	72.0 ± 4.0
	AER
	90
	1/w
	13
	Health education
	③⑤⑥



	Chen et al., 2020
	China
	29
	62.4 ± 3.1
	PMT/AER
	90/90
	5/w
	24
	Not arranged
	③



	Chen et al., 2014
	China
	125
	66 ± 11.8
	AER
	45
	4/w
	52
	No exercise
	①



	Jiang et al., 2020
	China
	30
	64.0 ± 3.7
	PMT
	60
	3/w
	12
	No exercise
	②③④



	Li, 2019
	China
	74
	66.3 ± 4.5
	PMT
	60
	1/w
	40
	No exercise
	①②④⑥⑦



	Liu et al., 2018
	China
	73
	63.1 ± 3.3
	PMT
	60–90
	5/w
	12
	No exercise
	①



	Liu, 2021
	China
	34
	64.5 ± 4.3
	PMT
	60
	5/w
	12
	No exercise
	②③④



	Peng, 2021
	China
	32
	67.3 ± 3.7
	PMT
	60
	3/w
	13
	Health education
	②③④



	Sun et al., 2011
	China
	138
	69.2 ± 5.9
	PMT
	60
	2/w
	12
	No exercise
	①



	Sun, 2021
	China
	30
	61.4 ± 1.9
	PMT
	60
	3/w
	12
	No exercise
	①②⑤



	Xu, 2022
	China
	30
	62.3 ± 1.8
	PMT
	60
	3/w
	12
	No exercise
	②



	Zhang et al., 2022
	China
	60
	60–70
	PMT
	30–60
	4–5/w
	52
	No exercise
	①



	Miyazaki et al., 2022
	Japan
	59
	67.2
	PMT
	30
	3/week
	4
	No exercise intervention
	②



	Mortimer et al., 2012
	China
	60
	67.3 ± 5.3
	PMT
	50
	3/week
	40
	No exercise intervention
	②③



	Baklouti et al., 2023
	Tunisia
	30
	64.00 ± 3.02
	PMT
	60
	2/week
	100
	Stretching exercises
	②



	García-Garro et al., 2020
	Spain
	107
	69.98 ± 7.83
	PMT
	60
	2/week
	12
	Balance training
	③



	Nguyen and Kruse, 2012
	Vietnam
	73
	69.23 ± 5.3
	PMT
	60
	2/week
	24
	No exercise intervention
	③



	Lu et al., 2016
	China
	31
	72.8 ± 6.7
	PMT
	60
	3/week
	16
	No exercise intervention
	②



	Yang et al., 2020
	China
	26
	66.3 ± 4.9
	PMT
	45
	3/week
	8
	Health Education
	②③④






① Overall cognitive function; ② Inhibitory control; ③ Task-switching ability; ④ Working memory; ⑤ Memory function. RES, resistance training; AER, aerobic exercises; HIIT, high-intensity interval training; PMT, physical and mental training; CEX, multi-modal exercise interventions; CON, control group.






3.3 Risk of bias assessment

The methodological quality of the included randomized controlled trials was evaluated using the Cochrane Risk of Bias Tool (RoB 1.0), focusing on five key domains. Each domain was rated as having low risk, some concerns, or high risk of bias. Table 2 provides a summary of the assessment results across all 58 studies. Randomization process was assessed as low risk in 47 studies (81.0%), with 9 studies (15.5%) rated as having some concerns and 2 studies (3.4%) as high risk. Allocation concealment was judged low risk in 36 studies (62.1%), with 15 studies (25.9%) showing some concerns and 7 (12.0%) assessed as high risk. For blinding of outcome assessors, 30 studies (51.7%) were rated as low risk, 18 (31.0%) as some concerns, and 10 (17.3%) as high risk. Missing outcome data was well handled in most studies, with 52 (89.7%) showing low risk, 4 (6.9%) showing some concerns, and 2 (3.4%) as high risk. Selective reporting was evaluated as low risk in 49 studies (84.5%), with 7 (12.1%) having some concerns and 2 (3.4%) showing high risk.


TABLE 2 Summary of risk of bias assessment across included studies (N = 58).


	Domain
	Low risk
	Some concerns
	High risk





	1. Randomization process
	47 (81.0%)
	9 (15.5%)
	2 (3.4%)



	2. Allocation concealment
	36 (62.1%)
	15 (25.9%)
	7 (12.0%)



	3. Blinding of assessors
	30 (51.7%)
	18 (31.0%)
	10 (17.3%)



	4. Missing outcome data
	52 (89.7%)
	4 (6.9%)
	2 (3.4%)



	5. Selective reporting
	49 (84.5%)
	7 (12.1%)
	2 (3.4%)






Overall, the majority of studies were deemed to have a low risk of bias, though issues related to allocation concealment and blinding were present in a subset of studies. These findings suggest a generally robust evidence base, with moderate risk primarily concentrated in reporting transparency and performance-related domains.



3.4 Meta-analysis results


3.4.1 Overall cognitive function

(1) Main effects of different exercise interventions

As shown in Table 3, all four exercise modalities demonstrated significant improvements in overall cognitive function among older adults. Mind-body exercise yielded the greatest effect (SMD = 0.62, 95% CI: 0.38–0.86, P < 0.001), followed by resistance training (SMD = 0.55, 95% CI: 0.21–0.89, P = 0.002) and aerobic exercise (SMD = 0.49, 95% CI: 0.23–0.75, P < 0.001). Multicomponent interventions also showed a significant, though relatively smaller, effect (SMD = 0.38, 95% CI: 0.05–0.71, P = 0.030). The SUCRA rankings further supported the superiority of mind-body exercise and resistance training. The optimal protocols for each intervention are summarized in Table 3.


TABLE 3 Summary of effects of different exercise interventions on overall cognition.


	Intervention type
	Effect size (SMD)
	95% CI
	P-value
	SUCRA (%)
	Optimal protocol





	Resistance training
	0.55
	0.21 to 0.89
	0.002
	83.3
	2/w, 45 min, 12 wk



	Aerobic exercise
	0.49
	0.23 to 0.75
	<0.001
	68.5
	3/w, 60 min, 21 wk



	Mind-body exercise
	0.62
	0.38 to 0.86
	<0.001
	48.4
	3/w, 60 min, 12 wk



	Multicomponent
	0.38
	0.05 to 0.71
	0.03
	49.3
	3/w, 50 min, 16 wk






SMD, standardized mean difference; SUCRA, surface under the cumulative ranking curve, representing the probability of being ranked as the most effective intervention.




(2) Subgroup analyses

Table 4 presents the results of subgroup analyses examining potential sources of heterogeneity. Intervention frequency: High-frequency exercise interventions (≥3 times/week) produced greater cognitive benefits (SMD = 0.63, 95% CI: 0.42–0.84, P < 0.001) compared to low-frequency interventions (<3 times/week, SMD = 0.41, 95% CI: 0.12–0.70, P = 0.007). Session duration: Sessions of 45–60 min were associated with the largest effect size (SMD = 0.61, 95% CI: 0.40–0.82, P < 0.001), while both shorter (<60 min) and longer (> 60 min) sessions also showed significant benefits. Intervention duration: Mid-term interventions (12–24 weeks) yielded the most pronounced effects (SMD = 0.68, 95% CI: 0.46–0.90, P < 0.001), followed by long-term (>24 weeks, SMD = 0.55) and short-term interventions (≤12 weeks, SMD = 0.45). Age group: Middle-aged participants (65–75 years) demonstrated the largest cognitive gains (SMD = 0.52, 95% CI: 0.28–0.76, P < 0.001), with younger (<65 years, SMD = 0.43) and older ( > 75 years, SMD = 0.48) adults also benefiting. Region: Subgroup analysis by geographic region indicated that studies conducted in Asia reported the greatest effects (SMD = 0.62, 95% CI: 0.40–0.84, P < 0.001), followed by Europe (SMD = 0.51) and the Americas (SMD = 0.43). These findings indicate that higher frequency, moderate session duration, and mid-term interventions, as well as interventions targeting Asian populations and those aged 65–75 years, are associated with greater improvements in overall cognitive function.


TABLE 4 Subgroup analysis of factors influencing overall cognitive function.


	Subgroup variable
	Category
	Effect size (SMD)
	95% confidence interval
	P-value





	Intervention frequency
	Low frequency (<3 times/week)
	0.41
	0.12 to 0.70
	0.007



	High frequency (≥3 times/week)
	0.63
	0.42 to 0.84
	<0.001



	Session duration
	<60 min
	0.39
	0.11 to 0.67
	0.009



	45–60 min
	0.61
	0.40 to 0.82
	<0.001



	>60 min
	0.5
	0.12 to 0.88
	0.01



	Intervention duration
	Short-term (≤12 weeks)
	0.45
	0.21 to 0.69
	0.001



	Mid-term (12–24 weeks)
	0.68
	0.46 to 0.90
	<0.001



	Long-term (>24 weeks)
	0.55
	0.18 to 0.92
	0.004



	Age
	Younger (<65 years)
	0.43
	0.15 to 0.71
	0.004



	Middle-aged (65–75 years)
	0.52
	0.28 to 0.76
	<0.001



	Older (>75 years)
	0.48
	0.20 to 0.76
	0.002



	Region
	Asia
	0.62
	0.40 to 0.84
	<0.001



	Europe
	0.51
	0.32 to 0.70
	<0.001



	Americas
	0.43
	0.21 to 0.65
	0.001








3.4.2 Inhibitory control

As presented in Table 5, all exercise interventions were associated with improvements in inhibitory control among older adults. Mind-body exercise demonstrated the largest effect size (SMD = −0.45, 95% CI: −0.72 to −0.18, P < 0.001), followed by HIIT (SMD = −0.35, 95% CI: −0.81 to 0.11, P = 0.13), resistance training (SMD = −0.32, 95% CI: −0.65 to −0.01, P = 0.04), and aerobic exercise (SMD = −0.28, 95% CI: −0.49 to −0.07, P = 0.008). According to SUCRA rankings, resistance training had the highest probability of being the optimal intervention (SUCRA = 82.1%), followed by HIIT (76.1%), mind-body exercise (40.7%), and aerobic exercise (35.1%).


TABLE 5 Comparative effects of exercise interventions on inhibitory control.


	Exercise type
	Effect size (SMD)
	95% confidence interval
	P-value
	SUCRA (%)





	Resistance training
	−0.32
	−0.65 to −0.01
	0.04
	82.1



	HIIT
	−0.35
	−0.81 to 0.11
	0.13
	76.1



	Mind-body exercise
	−0.45
	−0.72 to −0.18
	<0.001
	40.7



	Aerobic exercise
	−0.28
	−0.49 to −0.07
	0.008
	35.1






SMD, standardized mean difference; SUCRA, surface under the cumulative ranking curve, representing the probability of being ranked as the most effective intervention.




Subgroup analyses are summarized in Table 6. High-frequency interventions (≥3 times/week) yielded greater benefits for inhibitory control (SMD = −0.38, 95% CI: −0.61 to −0.15, P = 0.001) compared to low-frequency interventions (<3 times/week, SMD = −0.31, 95% CI: −0.52 to −0.10, P = 0.003). Sessions lasting 45–60 min showed the largest effects (SMD = −0.36, 95% CI: −0.55 to −0.17, P < 0.001), while both shorter and longer sessions had smaller or non-significant effects. Interventions with mid-term duration (12–24 weeks) demonstrated the most pronounced improvement (SMD = −0.41, 95% CI: −0.64 to −0.18, P < 0.001), whereas short-term and long-term interventions showed smaller or non- significant effects.


TABLE 6 Subgroup analysis of factors influencing inhibitory control.


	Subgroup variable
	Category
	Effect size (SMD)
	95% confidence interval
	P-value





	Intervention frequency
	Low frequency (<3 times/week)
	−0.31
	−0.52 to −0.10
	0.003



	High frequency (≥3 times/week)
	−0.38
	−0.61 to −0.15
	0.001



	Session duration
	<60 min
	−0.29
	−0.56 to −0.02
	0.04



	45–60 min
	−0.36
	−0.55 to −0.17
	<0.001



	>60 min
	−0.11
	−0.98 to 0.76
	0.81



	Intervention duration
	Short-term (≤12 weeks)
	−0.3
	−0.51 to −0.09
	0.005



	Mid-term (12–24 weeks)
	−0.41
	−0.64 to −0.18
	<0.001



	Long-term (>24 weeks)
	−0.22
	−0.89 to 0.45
	0.51



	Age
	Younger (<65 years)
	−0.25
	−0.68 to 0.18
	0.25



	Middle-aged (65–75 years)
	−0.36
	−0.55 to −0.17
	<0.001



	Older (>75 years)
	−0.31
	−0.74 to 0.13
	0.17



	Region
	Asia
	−0.48
	−0.79 to −0.17
	0.003



	Europe
	−0.3
	−0.50 to −0.10
	0.003



	Americas
	−0.27
	−0.59 to 0.05
	0.09






Regarding age, the most significant improvements were observed in the 65–75 years subgroup (SMD = −0.36, 95% CI: −0.55 to −0.17, P < 0.001), while younger and older participants did not show statistically significant benefits. Regionally, studies conducted in Asia reported the greatest improvements (SMD = −0.48, 95% CI: −0.79 to −0.17, P = 0.003), followed by Europe and the Americas.

Collectively, these findings indicate that resistance training and mind-body exercise, especially when delivered at moderate frequency (≥3 times/week) and duration (45–60 min/session, 12–24 weeks), are particularly effective for enhancing inhibitory control in older adults. The greatest benefits appear to occur among participants aged 65–75 years and in Asian populations.



3.4.3 Task-switching ability

As shown in Table 7, mind-body exercise produced the most substantial improvement in task-switching ability among older adults (SMD = −0.58, 95% CI: −0.89 to −0.27, P < 0.001; SUCRA = 85.1%), with statistically significant benefits compared to other interventions. Resistance training (SMD = −0.21, 95% CI: −0.45 to 0.03, P = 0.08; SUCRA = 51.4%), aerobic exercise (SMD = −0.18, 95% CI: −0.47 to 0.11, P = 0.23; SUCRA = 40.3%), and HIIT (SMD = −0.35, 95% CI: −0.81 to 0.11, P = 0.13; SUCRA = 39.2%) also showed trends toward improvement, but did not reach statistical significance.


TABLE 7 Comparative effects of exercise interventions on task-switching ability.


	Exercise type
	Effect size (SMD)
	95% Confidence interval
	P value
	SUCRA (%)





	Mind-body exercise
	−0.58
	−0.89 to −0.27
	<0.001
	85.1



	Resistance training
	−0.21
	−0.45 to 0.03
	0.08
	51.4



	Aerobic exercise
	−0.18
	−0.47 to 0.11
	0.23
	40.3



	HIIT
	−0.35
	−0.81 to 0.11
	0.13
	39.2






SMD, standardized mean difference; SUCRA, surface under the cumulative ranking curve, reflecting the likelihood of being ranked as the most effective intervention.




Subgroup analyses are presented in Table 8. Higher intervention frequency (≥3 times/week) was associated with greater improvements in task-switching ability (SMD = −0.40, 95% CI: −0.78 to −0.02, P = 0.04), compared to low frequency (<3 times/week, SMD = −0.32, 95% CI: −0.54 to −0.10, P = 0.004). Sessions of 45–60 min resulted in the largest effects (SMD = −0.39, 95% CI: −0.64 to −0.14, P = 0.002), while both shorter and longer sessions were less effective or not statistically significant. Mid-term interventions (12–24 weeks) yielded the most pronounced benefits (SMD = −0.43, 95% CI: −0.72 to −0.14, P = 0.004), whereas short-term and long-term durations showed weaker or non-significant effects. With respect to age, middle-aged participants (65–75 years) experienced the greatest gains (SMD = −0.37, 95% CI: −0.58 to −0.16, P < 0.001), while younger (<65 years) and older (> 75 years) groups did not achieve significant improvements. Regionally, studies conducted in Asia reported the largest effects (SMD = −0.51, 95% CI: −0.82 to −0.20, P = 0.001), compared to Europe and the Americas.


TABLE 8 Subgroup analysis of factors influencing inhibitory control.


	Subgroup variable
	Category
	Effect size (SMD)
	95% confidence interval
	P-value





	Exercise type
	Resistance training
	−0.21
	−0.45 to 0.03
	0.08



	Aerobic exercise
	−0.18
	−0.47 to 0.11
	0.23



	Mind-body exercise
	−0.58
	−0.89 to −0.27
	<0.001



	HIIT
	−0.34
	−1.13 to 0.45
	0.41



	Intervention Frequency
	Low frequency (<3 times/week)
	−0.32
	−0.54 to −0.10
	0.004



	High frequency (≥3 times/week)
	−0.4
	−0.78 to −0.02
	0.04



	Session Duration
	<60 min
	−0.25
	−0.52 to 0.02
	0.07



	45–60 min
	−0.39
	−0.64 to −0.14
	0.002



	>60 min
	−0.34
	−0.76 to 0.08
	0.11



	Intervention Duration
	Short-term (≤12 weeks)
	−0.31
	−0.55 to −0.07
	0.01



	Mid-term (12–24 weeks)
	−0.43
	−0.72 to −0.14
	0.004



	Long-term (>24 weeks)
	−0.03
	−0.65 to 0.59
	0.92



	Age
	Younger (<65 years)
	−0.19
	−0.81 to 0.43
	0.54



	Middle-aged (65–75 years)
	−0.37
	−0.58 to −0.16
	<0.001



	Older (>75 years)
	−0.28
	−1.23 to 0.67
	0.57



	Region
	Asia
	−0.51
	−0.82 to −0.20
	0.001



	Europe
	−0.24
	−0.48 to 0.00
	0.05



	Americas
	−0.31
	−0.70 to 0.08
	0.12






In summary, mind-body exercise, particularly when delivered at moderate frequency (≥3 times/week), with session durations of 45–60 min and intervention periods of 12–24 weeks, is especially effective for enhancing task-switching ability in older adults. Middle-aged participants and those in Asian settings appear to benefit the most from these interventions.



3.4.4 Working memory

As presented in Table 9, both aerobic exercise (SMD = 0.58, 95% CI: 0.12 to 1.04, P = 0.01) and mind-body exercise (SMD = 2.45, 95% CI: 1.48 to 3.42, P < 0.001) significantly improved working memory among older adults, with mind-body exercise demonstrating a notably larger effect size.


TABLE 9 Subgroup analysis of factors influencing working memory.


	Subgroup variable
	Category
	Effect size (SMD)
	95% Confidence interval
	P-value





	Exercise type
	Aerobic exercise
	0.58
	0.12 to 1.04
	0.01



	Mind-body exercise
	2.45
	1.48 to 3.42
	<0.001



	Intervention frequency
	Low frequency (<3 times/week)
	1.32
	−0.15 to 2.79
	0.08



	High frequency (≥3 times/week)
	1.68
	0.89 to 2.47
	<0.001



	Session duration
	45–60 min
	1.89
	1.12 to 2.66
	<0.001



	Intervention duration
	Short-term (≤12 weeks)
	1.72
	0.45 to 2.99
	0.007



	Mid-term (12–24 weeks)
	1.05
	−0.32 to 2.42
	0.13



	Age
	Middle-aged (65–75 years)
	1.86
	1.09 to 2.63
	<0.001



	Region
	Asia
	2.23
	1.26 to 3.20
	<0.001



	Europe
	0.48
	−0.07 to 1.03
	0.08






Subgroup analyses (Table 9) showed that high-frequency interventions (≥3 times/week) yielded greater improvements in working memory (SMD = 1.68, 95% CI: 0.89 to 2.47, P < 0.001) than low-frequency interventions. Sessions of 45–60 min (SMD = 1.89, 95% CI: 1.12 to 2.66, P < 0.001) and short-term interventions (≤ 12 weeks, SMD = 1.72, 95% CI: 0.45 to 2.99, P = 0.007) were associated with the most pronounced benefits. Middle-aged participants (65–75 years) experienced the greatest improvements (SMD = 1.86, 95% CI: 1.09 to 2.63, P < 0.001). Regional analysis indicated that interventions conducted in Asia produced the largest effect (SMD = 2.23, 95% CI: 1.26 to 3.20, P < 0.001), while studies from Europe showed a smaller and non-significant improvement.

In summary, mind-body exercise, particularly when delivered at high frequency, with moderate session duration and short-term intervention period, is especially effective for enhancing working memory in older adults, with middle-aged individuals and Asian populations benefiting the most.



3.4.5 Memory function

As shown in Table 10, all exercise interventions produced positive effects on memory function among older adults. Mind-body exercise exhibited the greatest effect size (SMD = 0.58, 95% CI: 0.34 to 0.82, P < 0.001), followed by aerobic exercise (SMD = 0.42, 95% CI: 0.23 to 0.61, P < 0.001), resistance training (SMD = 0.35, 95% CI: 0.12 to 0.58, P = 0.003), and multicomponent exercise (SMD = 0.28, 95% CI: −0.02 to 0.58, P = 0.07), with the last not reaching statistical significance.


TABLE 10 Comparative effects of exercise interventions on memory function.


	Subgroup variable
	Category
	Effect size (SMD)
	95% Confidence interval
	P-value





	Exercise type
	Resistance training
	0.35
	0.12 to 0.58
	0.003



	Aerobic exercise
	0.42
	0.23 to 0.61
	<0.001



	Mind-body exercise
	0.58
	0.34 to 0.82
	<0.001



	Multicomponent exercise
	0.28
	−0.02 to 0.58
	0.07



	Intervention frequency
	Low frequency (<3 times/week)
	0.32
	0.11 to 0.53
	0.003



	High frequency (≥3 times/week)
	0.51
	0.32 to 0.70
	<0.001



	Session duration
	<60 min
	0.38
	0.15 to 0.61
	0.001



	45–60 min
	0.49
	0.31 to 0.67
	<0.001



	>60 min
	0.3
	−0.12 to 0.72
	0.16



	Intervention duration
	Short-term (≤12 weeks)
	0.36
	0.17 to 0.55
	<0.001



	Mid-term (12–24 weeks)
	0.53
	0.32 to 0.74
	<0.001



	Long-term (>24 weeks)
	0.48
	0.11 to 0.85
	0.01



	Age
	Younger (<65 years)
	0.31
	0.03 to 0.59
	0.03



	Middle-aged (65–75 years)
	0.46
	0.30 to 0.62
	<0.001



	Older (>75 years)
	0.39
	0.12 to 0.66
	0.006



	Region
	Asia
	0.62
	0.38 to 0.86
	<0.001



	Europe
	0.38
	0.21 to 0.55
	<0.001



	Americas
	0.41
	0.18 to 0.64
	0.001






Subgroup analyses (Table 10) revealed that high-frequency interventions (≥3 times/week, SMD = 0.51, 95% CI: 0.32 to 0.70, P < 0.001), moderate session duration (45–60 min, SMD = 0.49, 95% CI: 0.31 to 0.67, P < 0.001), and mid-term intervention duration (12–24 weeks, SMD = 0.53, 95% CI: 0.32 to 0.74, P < 0.001) produced the largest improvements in memory function. All age groups benefited, with the most pronounced effect in middle-aged participants (65–75 years, SMD = 0.46, 95% CI: 0.30 to 0.62, P < 0.001). Regional analysis showed that studies conducted in Asia reported the greatest improvement (SMD = 0.62, 95% CI: 0.38 to 0.86, P < 0.001), followed by the Americas and Europe.

In summary, mind-body exercise, especially when delivered with high frequency, moderate session duration, and mid-term intervention period, is particularly effective for improving memory function in older adults, with the most substantial benefits observed in middle-aged individuals and Asian populations.





4 Discussion

Cognitive decline, including mild cognitive impairment and dementia, is a critical challenge in global aging (Petersen et al., 2014b; Liu J. et al., 2023). Our network meta-analysis systematically compared five exercise modalities across multiple cognitive domains in cognitively healthy older adults, incorporating a significant number of Chinese RCTs to improve geographic representativeness and reveal population-specific effects. This study identified not only the optimal exercise protocols for different cognitive domains but also highlighted protocol- and population-specific patterns that advance the precision of exercise prescription in aging societies.


4.1 Impact of resistance training on cognitive function

Our network meta-analysis found that resistance training was the most effective intervention for improving global cognitive function in cognitively healthy older adults, with a pooled effect size of SMD = 0.55. In addition, the effect on inhibitory control was also the most pronounced among all exercise modalities (SMD = 0.31, SUCRA = 82.1%). Notably, our subgroup analysis indicated that the optimal protocol consisted of 12 weeks of resistance training, performed twice per week, with each session lasting 45 min, which produced the largest and most significant cognitive gains. These benefits were particularly evident in participants aged 65–75 years and in studies conducted in Asian regions. Our findings are consistent with, but in some cases exceed, those reported in previous meta-analyses. For example, Barha et al. (2017) found that resistance training improved global cognition (SMD = 0.22, 95% CI: 0.09–0.36) and executive function in older adults, while Northey et al. (2018) observed effect sizes of SMD = 0.13–0.22 for resistance-based interventions in adults over 50. The larger effect size in our analysis may be attributed to differences in participant characteristics, higher adherence rates, or optimized training protocols in the included studies, especially those from East Asia.

Mechanistically, the cognitive benefits of resistance training are supported by substantial neurobiological evidence. Resistance training has been shown to elevate brain-derived neurotrophic factor (BDNF) levels, which supports synaptic plasticity and hippocampal neurogenesis, both critical for cognitive health (Schley et al., 2006; Loprinzi et al., 2019). Coelho et al. (2012) demonstrated that a 10-week program of lower limb resistance training increased plasma BDNF by 65.2% in older participants, which is linked to improved memory and reduced age-related neurodegeneration. Additional mechanisms may include stimulation of vascular endothelial growth factor, growth hormone, and IGF-1, as well as reductions in inflammatory cytokines (Engeroff et al., 2022). Taken together, our results support a clear, evidence-based recommendation for resistance training (twice weekly, 45 min per session, for at least 12 weeks) as the optimal protocol to enhance global cognition and inhibitory control in older adults. This approach is accessible, cost-effective, and consistent with WHO guidelines (Ahlskog et al., 2011), and should be considered as a key component of cognitive health promotion strategies in aging populations.



4.2 Impact of exercise interventions on executive function

In our network meta-analysis, mind-body exercise (e.g., Tai Chi, Baduanjin) demonstrated the most significant benefits for executive function, particularly in task-switching ability (SMD = −0.58, SUCRA = 85.1%) and working memory (SMD = 2.45). Resistance training also produced clear improvements in inhibitory control (SMD = 0.31, SUCRA = 82.1%), while aerobic exercise contributed moderate but positive effects on executive domains. Our subgroup analyses further revealed that the optimal protocol for executive function improvement involved high-frequency interventions (≥3 times/week), moderate session duration (45–60 min), and short- to mid-term durations (12–24 weeks). The greatest cognitive benefits were observed in participants aged 65–75 years and in Asian populations.

These results are consistent with, and in some cases extend, previous literature: Gheysen et al. (2018) performed a meta-analysis and reported that mind-body exercises led to moderate improvements in cognitive flexibility and working memory (Hedges’ g = 0.36, 95% CI: 0.15–0.58). Our results suggest a larger effect size, which may reflect differences in population structure, cultural familiarity with mind-body practices, or higher adherence in the included Asian studies. Barha et al. (2017) identified that resistance training improved executive function in older adults (SMD = 0.22, 95% CI: 0.09–0.36), consistent with our findings for inhibitory control. Northey et al. (2018) reported that combined and aerobic exercise programs also benefit executive function (SMD ≈ 0.14–0.20), in line with our observation of positive, though comparatively smaller, effects for aerobic interventions. Possible mechanisms underlying these improvements include enhanced activation and plasticity of the prefrontal cortex, upregulation of neurotrophic factors (such as BDNF), improved cerebrovascular function, and reductions in stress-related hormones (Colcombe and Kramer, 2003; Kramer and Colcombe, 2018). Mind-body exercise, with its emphasis on attentional control, sequencing, and body awareness, may optimally stimulate neural circuits responsible for executive processing.

In summary, our data support prioritizing mind-body exercise (≥3 times/week, 45–60 min/session, 12–24 weeks) as the most effective intervention for enhancing executive function, especially task-switching and working memory, in older adults. Resistance training remains the preferred approach for improving inhibitory control, and both modalities can be integrated for broader executive benefits.



4.3 Impact of exercise interventions on memory function

Our network meta-analysis revealed that mind-body exercise exhibited the largest effect on memory function (SMD = 0.58), followed by aerobic exercise (SMD = 0.42) and resistance training (SMD = 0.35) among healthy older adults. The optimal protocol for memory improvement was characterized by high-frequency intervention (≥3 times/week), moderate session duration (45–60 min), and mid-term intervention duration (12–24 weeks). The greatest memory benefits were observed in participants aged 65–75 years and in Asian regions.

These findings are consistent with previous high-quality reviews and meta-analyses: Zheng et al. (2023) reported in a large-scale network meta-analysis that mind-body exercise and aerobic training significantly improved memory performance (SMD = 0.39 and 0.31, respectively), closely matching the effect sizes observed in our study. Blondell et al. (2014) concluded that aerobic interventions of at least 24 weeks’ duration produced more pronounced memory gains (mean difference: 0.41), reinforcing our subgroup results that longer, sustained exercise is particularly effective for memory enhancement. Smith et al. (2010) found a smaller effect size for aerobic interventions (SMD = 0.13 for memory), which may be due to differences in intervention intensity, sample characteristics, or adherence.

Neurobiological mechanisms underpinning these benefits include increased hippocampal neurogenesis and synaptic plasticity, mediated by exercise-induced elevation of BDNF and IGF-1, improved cerebrovascular function, and reductions in chronic inflammation (Tao et al., 2019; Riske et al., 2017; Liu J. et al., 2023). Mind-body exercise may further enhance memory through stress reduction, attention regulation, and improved executive control, all of which support memory encoding and retrieval. Taken together, our results recommend mind-body and aerobic exercise—particularly high-frequency, moderate-duration, mid-term interventions—for the enhancement of memory function in older adults. These findings support the integration of structured exercise programs into aging and dementia prevention strategies, with specific emphasis on Asian populations and the middle-aged older who demonstrated the most robust benefits.



4.4 Implications for public health and clinical practice

The results of our network meta-analysis provide a strong foundation for precision exercise prescriptions to promote cognitive health in older adults. By identifying the optimal exercise modality and protocol for each cognitive domain, our findings support the development of individualized intervention strategies based on specific cognitive goals and baseline characteristics. Resistance training is recommended as the primary intervention for enhancing overall cognitive function and inhibitory control. Mind-body exercise (e.g., Tai Chi, Baduanjin) is most effective for improving working memory and task-switching ability, making it suitable for those seeking to boost executive function. Aerobic exercise should be prioritized for individuals targeting memory enhancement.

For sedentary but cognitively healthy older adults, community-based group programs that combine aerobic and resistance training (e.g., 20 min of brisk walking plus 15 min of bodyweight exercises) can maximize cognitive, physical, and social benefits. For those with mobility limitations, low-intensity, seated mind-body exercises (such as chair Tai Chi or adaptive yoga) provide accessible means to improve balance, executive function, and engagement without excessive physical stress.

Widespread promotion of these evidence-based exercise interventions could yield significant public health gains—not only by delaying cognitive decline and reducing dementia risk, but also by lowering healthcare costs and enhancing quality of life (Blondell et al., 2014; Norton et al., 2014). Public health campaigns should highlight the cognitive benefits of regular physical activity, integrating this message into routine health promotion for older adults. Crucially, while our findings underscore the effectiveness of specific protocols, long-term adherence and embedding exercise into daily life are essential for consolidating cognitive benefits and achieving sustainable impact. Moving forward, clinical guidelines and public health initiatives should emphasize personalized, sustainable exercise routines that are tailored to individual health status, functional capacity, and cognitive goals. This precision approach will maximize benefit at both the individual and societal level in the context of global population aging.



4.5 Study limitations and future directions

Despite the strengths of this study, several limitations should be acknowledged. First, the variability in cognitive assessment tools (e.g., MoCA, Stroop Test) across studies may limit comparability. Future research should aim to standardize cognitive outcome measures to facilitate more consistent comparisons. Additionally, this study primarily focused on cognitive function, executive function, and memory, without considering other cognitive domains such as attention and language fluency. Future studies should broaden their scope to include these domains, offering a more comprehensive understanding of how exercise influences cognitive health. Finally, while this study explored the effects of various exercise modalities, the intensity of these interventions was not examined in detail. Future research should investigate how varying exercise intensities affect cognitive outcomes, with the goal of developing more refined exercise prescriptions for older adults.




5 Conclusion

In summary, this network meta-analysis provides robust evidence that different exercise modalities yield domain-specific cognitive benefits in cognitively healthy older adults. Resistance training was identified as the most effective intervention for improving global cognitive function and inhibitory control, particularly when delivered as twice-weekly sessions of 45 min over 12 weeks. Mind-body exercise demonstrated the greatest improvements in executive function, including task-switching ability and working memory, especially with high-frequency, moderate-duration protocols. Aerobic exercise was most effective for enhancing memory function, with sustained benefits observed in mid- to long-term interventions.

Our results also highlight that personalized exercise prescriptions, tailored to individual cognitive needs and functional capacity, should be prioritized in both clinical and public health contexts. The cognitive gains were most pronounced in middle-aged older adults (65–75 years) and among Asian populations, suggesting the need for culturally and demographically sensitive interventions.
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n or M (SD)
Age 297 37.7(13.7)
BMI (Kg/m?) 277 283(7.8)
Underweight (<18.5) 16 5.8%
Normal weight (18.5-24.9) 9 35.7%
Overweight (25-29.9) 69 24.9%
With obesity (30) 93 33.6%
Education 299
Less than high school 10 3.3%
High school diploma 107 35.8%
Some college or university 116 38.8%
Bachelor’s degree 37 12.4%
Postgraduate 29 9.7%
Annual household income 299
<$35,000 150 50.2%
$35,001-$75,000 99 33.1%
>$75,001 50 16.7%
Race 299
White 215 71.9%
Black or African American 53 17.7%
American Indian or Alaskan Native 8 2.7%
Asian 10 3.3%
Native Hawaiian or Other Pacific Islander 1 0.3%
Other 12 4.0%
Ethnicity 281
Non-Latino 241 85.8%
Latino 40 14.2%
Relationship to care recipient 298
Daughter 92 30.9%
Granddaughter 45 15.1%
Wife 33 11.1%
Daughter in law 7 23%
Other relative 31 10.4%
Friend 90 30.2%
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Tai Chi group Walking group F 2
T1 194.17 £ 14.83 203.42 £ 18.52 202.72 £+ 15.34 0.105 0.096
T2 177.14 + 20.50 187.67 + 18.17 176.94 + 20.08 0.901 0.909
T2-T1 —42.09 +21.95 —19.03 +20.19 6.03 +19.23 1332 0273

Variables that are normally distributed and have equal variances are described with (X = S); Differences between groups are analyzed by analysis of variance and multiple comparisons are
performed using Dunnett’s test. T1, before intervention; T2, after intervention. CV = 10.28.
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Tai Chi group Walking group Control group F P
T1 134.27 £10.79 130.48 + 12.72 129.48 + 15.97 0.037 0.093
T2 250.44 + 36.37 199.96 + 13.35 14125 + 20.26* 4436 0.017
T2-T1 116.17 £ 30.46 69.48 + 12.38 1177 £ 12.34* 6.161 0.004

Variables that are normally distributed and have equal variances are described with (X = S); Differences between groups are analyzed by analysis of variance and multiple comparisons are
performed using Dunnett’s test. T1, before intervention; T2, after intervention. CV = 9.56. *indicates a statistically significant difference compared with the Tai Chi group (post hoc pairwise

comparisons).
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Time effect Intergroup Baseline AVLT Interaction effect

effect
Time*intergroup Time*baseline
AVLT

AVLT F-value 0.205 12.588 0.230 0.852 0221
immediate

P-value 0.653 <0.001 0.633 0.433 0.640
AVLT delay F-value 0.664 99.065 6.030 0.593 0.007

P-value 0.419 <0.001 0.018 0.557 0.932
AVLT F-value 0.553 17.497 1.310 1.341 0500
-recognition

P-value 0.461 <0.001 0.258 0.271 0.483
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Tai Chi group Walking group Control group F p

AVLT-immediate T1 18.67 £ 2.169 18.94 £2.155 18.67 £ 1.495 0.120 0.877
T2 20.72 +1.626 18.56 £ 1.977* 18.39 + 1.420* 10.079 <0.001

T2-T1 2.056 + 2.554 —0.389 + 3.183* 10.278 + 1.904* 5.072 0.01

T3 20.33 + 1.495 18.94 £ 1.211% 18.50 + 1.618* 7.814 0.001

T3-T1 1.667 £ 2.029 0.000 + 2.425 —0.167 % 2.479* 3.437 0.040

AVLT-delay T1 3.94 £ 1.626 344 +1.294 3.50 + 1.383 0.651 0526
T2 6.39 £0.979 3.83 +0.985* 3.17 + 0.985* 53.894 <0.001
T2-T1 2.444 +1.617 0.389 % 1.501* —0.333 & 1.495* 15.795 <0.001
T3 5.78 £ 0.808 3.33 +0.970* 3.00 £ 0.840* 53.994 <0.001
T3-T1 1.833 £ 1.724 —0.111 % 1.367* —0.500 + 1.339* 12.721 <0.001

AVLT -recognition T1 18.00 £ 1.749 18.06 =+ 1.349 18.00 + 1.029 0.009 0.991
T2 2122 +1.263 18.83 £ 1.339* 18,5+ 2.121% 15.092 <0.001
T2-T1 3.222 +1.865 0.778 % 1.927* 0.500 + 2.332* 9.493 <0.001
T3 20.83 +1.618 18.50 = 1.249* 19.41 + 1.848* 11.497 <0.001

T2-T1 2.833 +1.757 0.444 + 1.947* 0.889 + 1.967* 8.110 0.001

Variables that are normally distributed and have equal variances are described with (X = S); Differences between groups are analyzed by analysis of variance and multiple comparisons are
performed using Dunnett’s test. T1, before intervention; T2, after intervention; T3, follow-up; *indicates that there is a statistically significant difference with the Tai Chi group according to the
post hoc pairwise comparison.
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No-Depression Depression

Variables

N=5,107 N=1734
Age 59.00[52.00, 65.00] 59.00 [52.00, 65.00] 58,50 (51.00, 65.00] 0545
Gender (%) <0001
Male 3,682 (53.8) 2,961 (58.0) 721 (41.6)
Female 3159 (46.2) 2,146 (42.0) 1,013 (58.4)
Grip strength (%) <0001
Normal 6,077 (88.8) 4,585 (89.8) 1,492 (86.0)
Weak 764 (11.2) 522(10.2) 242 (14.0)
Education (%) <0001
Junior high and below 5791 (84.7) 4,246 (83.1) 1,545 (89.1)
high school and above 1,050 (15.3) 861(169) 189 (10.9)
Permanent address (%) <0.001
Urban 5073 (74.2) 3,724(729) 1349 (77.8)
Rural 1768 (25.8) 1,383 27.1) 385 (22.2)
Marital status (%) <0.001
Married 721(103) 468(9.2) 253 (14.6)
Unmarried 6,120 (89.5) 4,639 (90.8) 1,481 (85.4)
Smoking (%) <0.001
No 3842(56.2) 2757 (54.0) 1,085 (62.6)
Yes 2999 (43.8) 2,350 (46.0) 649 (37.4)
Alcohol consumption (%) <0.001
No 4363 (63.8) 3,152(61.7) 1211(698)
Yes 2478 (36.2) 1955 (38.3) 523(30.2)
Hypertension (%) 1,694 (24.8) 1215(23.8) 47927.6) 0.002
Dyslipidemia (%) 706 (10.3) 519(102) 187 (10.8) 049
Diabetes (%) 417 (6.1) 287 (5.6) 130 (7.5) 0.006
Cancer (%) 60(09) 4008) 20012 02
Chronic lung diseases (%) 676 (9.9) 441(8.6) 235 (13.6) <0.001
Liver disease (%) 280 (4.1) 193(338) 87(5.0) 0,029
Kidney disease (%) 417 (6.1) 273 (5.4) 144 (8.3) <0.001
Digestive disease (%) 1478 21.6) 971(19.0) 507 (29.3) <0.001
Psychiatric problems (%) 65(10) 30(06) 35(20) <0001
Memory related disease (%) 69(1.0) 4308) 26(1.5) 0,026
Arthritis or theumatism (%) 2,115 (30.9) 1387 (27.2) 728 (42.0) <0.001
Asthma (%) 253(3.7) 156 (3.1) 97 (5.6) <0.001
Nighttime sleep duration 600 (5.00,7.50] 6.00(5.00,7.50] 600 (5.00,7.00] 014
Poor sleep quality (%) <0.001
Rarely or none of the time 3,597 (52.6) 3,247 (63.6) 350 (20.2)
Some ora little of the time 1,145 (167) 885(17.3) 260 (15.0)
Occasionally or a moderate amount of the time 917 (13.4) 506 (9.9) 411(237)
Mostorall of the time 1,182 (17.3) 469(9.2) 713 (41.1)
Hearing (%) <0.001
Good 3,22 (48.1) 2,605 (51.0) 687 (39.6)
Fair 2871 (42.0) 2083 (40.8) 788 (45.4)
Poor 678(99) 419(8.2) 259 (14.9)
Life satisfaction (%) <0001
Good 5,872 (85.8) 4,568 (89.4) 1,304 (75.2)
Fair 836 (12.2) 482(9.4) 354 (20.4)
Poor 133(19) 57(1.1) 76 (4.4)
Waistline 85.30(78.40,92.20) 86.00 (78,60, 92.60] 84.60 (78,00, 92.00] 0.003
BMI (median [IQR]) 23.44(21.15,25.99) 2346 (21.20, 26.03] 23.32(2096, 25.89] 0.089
Memory (median [IQR]) 8001500, 10.00] 8.00(5.00,10.00] 7.00 (5.00,9.00] <0.001
Orientation (median [IQR]) 5.00(4.00,5.00] 5.00 4.0, 5.00] 400 (3.00,5.00] <0001
Computation (median [IQR]) 500100, 5.00] 5.00 (2.00,5.00] 3.00 (100, 5.00] <0.001
Drawing (%) <0.001
0 points. 1,683 (24.6) 1,140 (22.3) 543 (31.3)
1p 5158 (75.4) 3,967 (77.7) 1,191(68.7)
Vision (%) <0.001
Good 3,588 (52.7) 2,815 (55.4) 773 (44.7)
Fair 2693 (39.5) 1973 (38.8) 720 (41.6)
Poor 529(7.8) 292(5.7) 237 (13.7)

Cognitive function (median [IQR]) 16.00 (13.00,19.00] 17.00[13.00, 20.00) 15.00 (1200, 18.00] <0.001
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Model 1 Model 2 Model 3

Grip strength
Normal 1 1 1

Weak 1.42(1.21-168) 1.61(1.35-191) 157(1.32-1.87)

Cognitive function 0.93(092-094) 0.93(0.92-094) 0.94(0.93-0.95) <0.001
Orientation 0.84(0.56-0.86) 0.85(0.81-090) 0.87(0.83-0.93) <0001
Memory 0.93(0.92-094) 0.93(091-094) 0.94(0.92-0.95) <0.001
Computation 0.87(0.84-0.89) 0.89(0.86-091) 0.90(0.87-0.93) <0.001
Drawing <0001
0 points 1 1 1

1 point 0.63(0.55-0.71) 0.68(0.60-0.77) 0.93(0.92-0.94)

Model 1, unadjusted; Model 2, adjusted for Gender, Age, BMI; Model 3, adjusted for variables in Model 2 s well as Education, Permanent address, Marital satus, Hypertension, Dyslipidemia,
iabetes, Psychiatric problems, Smoking, Alcohol consumption,
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Indirect effect,
coefficient
(95% ClI)

Proportion
mediated, %

Direct effect,
coefficient (95% Cl)

ndependent pegator  costfciont
(95% CI)
Drawing ~0.087 (~0.126, -0.05)***
Memory ~0.088 (0,127, ~0.054)***
Grip strength class Orientation ~0.087 (0,126, ~0.053)***
Computation ~0.087 (0,126, ~0.053)***

Cognitive function 0088 (~0.127, —0.054)***

~0.000 (~0.004, 0.001)*
—0.005 (~0.008, —0.002)***
~0.003 (~0.006, ~0.001)**
~0.004 (~0.007, ~0.001)**

—0.008 (—0.013, —0.004)***

(95% ClI)
—0.086 (~0.125, =0.052)*** 03(-1.3,4.4)
—0.083 (=0.121, =0.050)*** 5.6(19,11.6)
—0.084 (~0.123, =0.051)*** 36(1.2,7.7)
—~0.084 (~0.123, =0.050)*** 42(09,89)
—~0.080 (~0.118, =0.046)*** 9.4(4.6,17.4)

The mediation analyses were adjusted for age, BMI, gender, education, permanent address, marital status, hypertension, dyslipidemia, diabetes, smoking and alcohol consumption. C1,

Confidence interval. p value; **#p<0.001, *#p < 0.05, *p > 0.05.
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n or M (SD)

Age 299 68.7 (15.0)
Sex 299
Female 222 74.2%
Male 77 25.8%
Diagnosis 299
Alzheimer’s disease 126 424
Mixed dementia 62 209
Parkinson’s disease 24 8.1
Dementia with Lewy bodies 15 51
Vascular dementia 14 4.7
Normal pressure hydrocephalus 8 27
Huntington’s disease 7 24
Frontotemporal dementia 4 13
Creutzfeldt-Jakob disease 1 0.3
Wernicke-Korsakoff syndrome 1 03
No known diagnosis but experiencing 35 11.8
memory difficulties and/or other
concerning behavior(s) that may
require care
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A total of 17.708 participants in 2011

l

A total of 13,965 individuals were
inclidedafter all variables were combined

6,941 subjects were included

Grip strength (n=1603) ; Cognitive function (n=1059)
Orientation (n=1186) ; Computation (n=1277)
Memory (n=378) : Drawing (n=747)

Gender _( n=630)

Participants included in the final
analysis(n=6,841)
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Current with HA (age 72) ——

Current with Cl (age 73) —_—

Gurgel et al. with HA (age 79) —_——————

Gurgel et al. with CI (‘age 80) —_—
Mosnier et al. with HA (age 72) —_—

Mosnier et al. with Cl (age 73) et

Huber et al. with HA (age 71) —_—

Huber et al. with Cl (age 72) —_—

Huber et al. with NH (age 71) —

Tombaugh with NH (age 70-74) ——
30 50 70 90 110 130 150 170 190

Time to complete task (seconds)
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MNI Coordinates (CM)

Structures Direction Hemisphere F-statistic Volume (mmA3)
Inferior frontal gyrus | 1>C Left 3671 27,453 -47 17 25
1>C Right 3223 14,860 47 2 18
>C Right 19.36 250 49 44 -4
Middle frontal gyrus | 1>C Right 127 1,109 a2 52 9
1>C Right 17.46 125 37 38 2
1>C Left 1483 188 -38 50 25
Precentral gyrus 1>C Left 281 203 -27 -10 56
SMA 1>C Both 47.97 14,267 -1 14 53
Superior frontal gyrus | 1>C Right 15.47 172 28 1 E4
Angular gyrus >C Right 2173 4,625 35 61 16
Calcarine gyrus 1>C Both 13.18 12,345 3 81 il
Inferior parietal lobe | 1>C Left 4649 21,189 -30 -60 9
>C Right 1432 125 54 51 2
Supramarginal gyrus | 1>C Right 17.33 406 60 -~ 30
1>C Left 161 234 64 -48 34
Cuneus 1>C Right 2 172 7 -79 35
Fusiform gyrus 1>C Right 2 234 3 -19 -17
1>C Right 16.25 172 32 -58 -12
1>C Left 18.29 125 -3 -9 -16
Inferior temporal gyrus | 1>C Left 1377 594 -31 98 -10
1>C Right 1494 234 41 -88 -6
Middle occipital gyrus | 1>C Right 2088 219 37 -88 4
Inferior temporal gyrus | 1>C Left 2345 2516 48 -63 -9
1>C Right 2035 203 48 -69 -1
>C Right 3403 188 49 56 -4
Middle temporal gyrus | 1>C Left 18.66 2047 59 a8 7
1>C Left 1897 219 -51 -53 19
1>C Both 1432 313 -1 -28 29
1>C Right 19.89 141 7 -4 31
Caudate nucleus 1>C Right 276 938 n 1 9
1>C Left 17.37 328 -12 1 3
Cerebellum 1>C Right 2528 2281 17 -71 -30
1>C Left 2843 234 -47 68 -29
1>C Left 1424 203 -9 -82 -2
1>C Left 13.29 156 -31 -57 -29
1>C Right 131 125 36 -73 -27
Thalamus, 1>C Left 3103 156 -12 -16 9

F-statistic reflects value at center of mass or nearest voxel to the center of mass. 1> C indicates incongruent was greater than congruent
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ode ode
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CSLA
n 480 285 141 480 285 141
n, CD/NCD 106/374 53/232 21/120 106/374 53/232 21/120
OR 1.000 0.820 0.616 1.000 0.749 0.539
95% CI 0.561-1.198 0.366-1.037 0.504-1.114 0.313-0.927
p for trend 0.068 0.025
LCPUFA intake
n 301 302 303 301 302 303
ARA
mg/day 101 £ 25 153 £ 19 222 £49 101 £25 153 £ 19 222 +£49
n, CD/NCD 751226 58/244 47/256 751226 58/244 47/256
OR 1.000 0.689 0.577 1.000 0.659 0.544
95% CI 0.464-1.024 0.381-0.873 0.434-1.002 0.352-0.840
p for trend 0.009 0.006
EPA
mg/day 103 £ 57 286 £ 59 614 £ 252 103 £ 57 286 £ 59 614 £ 252
n, CD/NCD 64/237 53/249 63/240 64/237 53/249 63/240
OR 1.000 0.805 1.014 1.000 0.741 1.038
95% CI 0.532-1.216 0.680-1.510 0.480-1.144 0.683-1.578
p for trend 0.947 0.860
DHA
mg/day 217 100 523 £98 1,041 £ 360 217 £100 523 £98 1,041 £ 360
n, CD/NCD 62/239 58/244 60/243 62/239 58/244 60/243
OR 1.000 0.949 0.989 1.000 0.864 0.983
95% CI 0.631-1.428 0.660-1.481 0.562-1.327 0.644-1.500
p for trend 0.956 0.935

CSLA engagement frequency was classified into three groups: high (>2 times/week), “every day” and “several times a week”; middle (>once/month), “once a week” and “once or several
times a month”; and low (<once/month), “once or several times a year” and “never.” The baseline LCPUFA intake according to tertiles (low, middle, and high) are shown as means & SDs.
In the analysis, a multiple logistic regression model was adjusted using two models. Model 1: age, sex, education, and medical history (stroke, heart disease, hypertension, dyslipidemia, and
diabetes); model 2: model 1 + body mass index, smoking status, alcohol consumption, physical activity, income, depressive tendency, and baseline Mini-Mental State Examination. #, number
of participants; CD, cognitive decline; NCD, non-cognitive decline; CSLA, cognitively stimulating leisure activity; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic

acid; OR, odds ratio; CI, confidence interval.
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Associations between MVPA and CP
method nsnp b

IVW (random) 19
IVW (fixed) 19
MR-Egger 19
Weighted median 19
Simple mode 19
Weighted mode 19
MVMR 9

P<0.05 was considered statistically significant

-0.551
-0.551
-0.463
-0.424
-0.467
-0.504
-0.599

se
0.116
0.048
0.462
0.088
0.182
0.159
0.118

pval
0.000
0.000
0330
0.000
0.019
0.005
0.000 .

[} 1
protective factor risk factor

F

OR(95%Cl)
0.58(0.46 t0 0.72)
0.58(0.52 to 0.63)
0.63(0.25 to 1.56)
0.65(0.55 to 0.78)
0.63(0.44 to 0.90)
0.60(0.44 to 0.83)
0.55(0.44 to 0.69)
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SNP chr EA NEA Beta SE =

152942127 1 A G ~0.016 0.003 330808 31
151974771 2 A G 0021 0.004 6.60E-09 34
152035562 3 G A 0014 0002 3.90E-09 35
152114286 3 G A 0012 0002 3.30E-08 31
15877483 3 c T ~0012 0002 4.00E-08 30
151972763 4 T c ~0.013 0002 330808 31
77742115 5 c T 0018 0.003 9.60E-09 33
152854277 6 T c ~0.032 0005 2.60E-10 40
151043595 7 A G ~0.014 0002 4.30E-09 34
151186721 7 A G 0013 0002 4.40E-08 30
rs7804463 7 c T -0015 0002 1.20E-11 46
1921915 7 c T 0014 0002 5.70E-10 38
152988004 9 G T 0013 0002 4.10E-09 35
157326482 13 T G 0013 0002 1.60E-08. 32
110145335 14 A G 0014 0003 2.70E-08 31
1512912808 15 T c -0.018 0.003 1.70E-08 32
154886868 15 G T 0012 0002 3.50E-08 30
15429358 19 c T 0022 0003 6.10E-13 52
151921981 21 A G -0013 0002 3.80E-08 30

Chr, chromosome; EA, effect allele; NEA, non-effect allele; SE, standard error; SNP, single nucleotide polymorphisms.
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Time point Age group Time-point x age-group

F F DF F P
$5Q 21632 6321 <0.001 20927 02110 0810 41635 03996 0.809
MMSE 21587 0.1886 0828 2/87.1 23385 0.103 4n59.1 0.7809 0539
Coding 21564 16397 0.197 20927 26295 0078 4/156.6 26256 0.037
TMTB 201464 19424 0.147 2/87.0 45277 0.013 411466 04195 0794
TUG 2/1602 17035 0185 2902 07557 0473 41605 15350 0195

Data taken from linear mixed model analyses of SSQ total scores and standardized cognitive outcome measures. p-values <0.05 are in bold.
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Baseline 12 months 18 months

n=97 n =85 2
Mean (SD) Mean (SD) Mean (SD)
Speech 1,96 (1.55) 387 (213) 4.19(204)
Spatial 2.78(2.04) 453(22) 4.70(2.17)
Qualities 357 (2.14) 525(2.19) 5.41(2)
Total 282(1.75) 46(2) 481(19)

Each of the three sub scales are shown along with the total score. Maximum score is 10,
representing subjectively perfect hearing, SD, standard deviation.
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st Baseline 12 months 18 months
Mean (SD) [rangel] Mean (SD) (range) Mean (SD) range

Mini Mental State Examination N=9 N=84 N=83

268 (29) (17 - 30] 269 (2:8) [20 - 30] 27.1(26) [20 - 30]
Age 60-64 (n=20) 273 (29) [22- 30] 268 (29) [22-30] 27.4(25) [22-30)
Age 6575 (n =45) 270 (27) [21 - 30] 269(28) [20 - 30] 27.3(28) [20 - 30]
Age75-93 (n=31) 26.1(3.) (17 - 30) 27.1(28) (21 - 30) 268 (2.4) [20 - 30]
WAIS-TV Symbol Coding Test N=91 N=81 N=82

39.8(227) [6 - 120] 40.2(237) [4 - 101] 42.6(25.8) [0 - 104]
Age 60-64 (1 =19) 35.1(15.4) (10 - 62 44.1(23.6) [11-98] 468 (24.6) [12-104]
Age 65-75 (n =43) 403 (22.1) [6-107) 419(242) [8-101] 432(255) (8- 97]
Age 75-93 (n=29) 42.1(27.3) [9- 120] 35.1(23.1) [4 - 86] 39.1(27.3) [0 - 102)
“Trail Making Test (TMTB) N=90 N=76 N=74

156 (86) (29 - 372] 128 (69) [22 - 367) 138 (83) [32 - 464]
Age 60-64 (1 =16) 144 (110) [29 - 372) 106 (46) (33 - 209] 95(35) [32- 151]
Age 65-75 (n=44) 143 (74) [60 - 368] 121 (54) [38 - 274] 131(73) [35 - 367]
Age 75-93 (n =30) 182(85) [48 - 327] 155 (92) [22 - 367] 174(102) [53 - 464]
Timed Up and Go N=97 N=85 N=82

1L7(7.1) [3-65) 109(45) [5-31) 107 (44) [4-33]

Age 60-64 (n=20) 9.6(33)[6-17) 98(38) [5 - 20] 93(28) [5- 16]
Age 65-75 (n =45) 12,0 8.7) [3- 65] 100(3.0) [5-19] 10128 (5-17]
Age75-93 (n=32) 12.5(6.0) [4-35) 128(60) [7-31] 12.4(62) [4-33]

Commonly transformed scores are available in Supplementary File 1.
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Count (%

Sex Female 43 (44.4)
Male 55(55.6)
Implant side Left 32(327)
Right 66(67.3)
Hearing loss type in Mixed 7(7.1)
implanted ear Sensorineural 91(929)
Hearing loss onset in Progressive 82(83.7)
implanted ear Sudden 15(153)
Congenital (post-lingual) 1)
Hearingloss severity in | Moderate 2(20)
implanted ear (as per Severe 27(27.6)
ER ) Profound 69(70.4)
Etiology Unknown 60(61.2)
Otosclerosis 9(92)
Chronic Otitis Media 7(7.1)
Menieres 6(6.1)
Other 5(.1)
Genetic 3(3.0)
Trauma 3(3.0)
Noise Exposure 2(20)
Ototoxic Drugs 2(20)
Meningitis 1(1.0)
Pre-implant hearing aid | Bilateral 70(71.4)
(HA) use Left hand side 12(122)
Right hand side 10(10.2)
No HA 6(62)
Highest level of Post secondary/tertiary 55 (56.1)
education Secondary education 23(23.4)
Primary education 17(173)
Pre-primary education 3(3.0)
Current work status Retired 76(77.6)
Working full time 10(10.2)
Working part time 6(6.1)
Voluntary not employed 3G30)
Other 3(3.1)

ASHA, American Speech-Language- Hearing Association.
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ode ode ode odel 4

IASBPD

<10 mmHg 1 1 1 1

>10 mmHg 1.871 (1.223, 2.864), 1.829 (1.157, 2.892), 1.875 (1.200, 2.927), 1.902 (1.189, 3.040),
0.004 0.010 0.006 0.007

IADBPD

<10 mmHg 1 1 1 1

>10 mmHg 1.813 (1.135, 2.896), 0.013 1.302 (0.795, 2.132), 1.591 (0.981, 2.580), 1.308 (0.791, 2.161),

0.295 0.060 0.295

Model 1: No adjustment for covariates. Model 2: Demographic characteristics (age, sex, marital status, education) were adjusted. Model 3: Cardiovascular risk factors (smoking, regular
exercise, hypertension, CCVD) were adjusted. Model 4: All variables in models 2 and 3 were adjusted. OR, odds ratio; CI, confidence interval; IASBPD, inter-arm systolic blood pressure
difference; IADBPD, inter-arm diastolic blood pressure difference; CCVD, cardio-cerebral vascular disease. Bold values indicate statistically significant differences.





OPS/images/fnagi-17-1489033/fnagi-17-1489033-t003.jpg
MMSE, scores, B (95%Cl), P-value

0.001

0.177

0.016

Model 1 Model 2 Model 3 Model 4

IASBPD

<10 mmHg 1 1 1 1

>10 mmHg —1.408 (—2.539, —0.277), —1.119 (—2.127, —0.110), —1.211 (—2.305, —0.118), —1.113 (—2.120, —0.106),

0.015 0.030 0.030 0.030

IADBPD

<10 mmHg 1 1 1 1

>10 mmHg —2.087 (—3.331, —0.843), —0.775 (—1.901, 0.351), —1.482 (—2.686, —0.277), —0.745 (—1.864, 0.374),

0.192

Model 1: No adjustment for covariates. Model 2: Demographic characteristics (age, sex, marital status, education) were adjusted. Model 3: Cardiovascular risk factors (smoking, regular exercise,
hypertension, CCVD) were adjusted. Model 4: All variables in models 2 and 3 were adjusted. The R? of IASBPD model4 was 0.237, and the adjusted R* was 0.231. The R? of IADBPD model4
was 0.235, and the adjusted R? was 0.228. B, regression coefficient; CI, confidence interval; MMSE, Mini Mental State Examination; [ASBPD, inter-arm systolic blood pressure difference;

TADBPD, inter-arm diastolic blood pressure difference; CCVD, cardio-cerebral vascular disease. Bold values indicate statistically significant differences.
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IASBPD
<10 mmHg 21 (17, 25) 2334 0.020 263 (26.59) 8.543 0.003
>10 mmHg 20 (14, 24) 40 (40.40)
IADBPD
<10 mmHg 21 (17,25) —3.183 0.001 271 (26.88) 6.345 0.012
>10 mmHg 19.5 (14, 23) 32 (40.00)

MMSE, Mini Mental State Examination; [ASBPD,

inter-arm systolic blood pressure difference; IADBPD, inter-arm diastolic blood pressure difference. Bold values indicate statistically
significant differences.
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0 8
Age, years
<70 480 (44.12) 91 (30.03) 389 (49.55) 33.791 <0.001
>70 608 (55.88) 212 (69.97) 396 (50.45)
Sex
Male 461 (42.37) 68 (22.44) 393 (50.06) 68.307 <0.001
Female 627 (57.63) 235 (77.56) 392 (49.94)
Education, years
<6 955 (87.78) 297 (98.08) 658 (83.82) 41.072 <0.001
>6 133 (12.22) 6(1.98) 127 (16.18)
Marital status
Unmarried 415 (38.14) 149 (49.17) 266 (33.89) 21.660 <0.001
Married 673 (61.86) 154 (50.83) 519 (66.11)
Smoking
No 791 (72.70) 256 (84.49) 535 (68.15) 29.395 <0.001
Yes 297 (27.30) 47 (15.51) 250 (31.85)
Drinking
No 798 (73.35) 232 (76.57) 566 (72.10) 2.230 0.135
Yes 290 (26.65) 71 (23.43) 219 (27.90)
Regular exercise
No 582 (53.49) 189 (62.38) 393 (50.06) 13.322 <0.001
Yes 506 (46.51) 114 (37.62) 392 (49.94)
BMI, kg/m?
>25 844 (77.57) 238 (78.55) 606 (77.20) 0.229 0.632
>25 244 (22.43) 65 (21.45) 179 (22.80)
Hypertension
No 404 (37.13) 95 (31.35) 309 (39.36) 6.008 0.014
Yes 684 (62.87) 208 (68.65) 476 (60.64)
Dyslipidemia
No 896 (82.35) 246 (81.19) 650 (82.80) 0.392 0.531
Yes 192 (17.65) 57 (18.81) 135 (17.20)
Diabetes
No 1,019 (93.66) 281 (92.74) 738 (94.01) 0.597 0.440
Yes 69 (6.34) 22(7.26) 47 (5.99)
CCVD
No 986 (90.62) 284 (93.73) 702 (89.43) 4.764 0.029
Yes 102 (9.38) 19 (6.27) 83 (10.57)
IASBPD
<10 mmHg 989 (90.90) 263 (86.80) 726 (92.48) 8.543 0.003
>10 mmHg 99 (9.10) 40 (13.20) 59 (7.52)
IADBPD
<10 mmHg 1,008 (92.65) 271 (89.44) 737 (93.89) 6.345 0.012
>10 mmHg 80 (7.35) 32(10.56) 48 (6.11)

Data are n (%). BMI, body mass index; CCVD, cardio-cerebral vascular disease. Bold values indicate statistically significant differences.
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Subgroups

Cognitive Impairment

OR(95%CI)

P for interaction

Age, years
<70

270

Sex

Male
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Fixed effect

Model 1

B (95%CI)

Model 2
B (95%CI)

(Intercept)
Accumulation of sources

Sources of perceived social support

(reference: none)
Children only
Friends only
Neighbors only
Children + Friends
Children + Neighbors
Friends + Neighbors
Children + Friends + Neighbors
Gender (reference: male)
Age (reference: 60-69years)
70-79years
>80years
Economic status (reference: poor)
050
Rich
Chronic disease (reference: yes)
Self-reported health (reference: healthy)
Normal
Overweight
Limitations on ADL (reference: yes)
Depressive symptoms (reference: no)
Empty nesters (reference: no)
Marital status (reference: single)
Model statistics
Observations

Number of participants

AIC

23.69%+* (19,32, 28.03)

0.75%+* (051,0.98)

—2.18%* (=281, -157)

~0.70%* (~1.20,-0.20)

—2.54*** (~3.36, ~1.72)

0.30(-0.13,0.74)
119%+% (065, 1.73)
0.11(-020,0.42)
~0.11 (=037, 0.14)
~0.12(~090, 0.67)
0.43 (<042, 1.29)
0.88(-0.17, 1.82)
~0.20%* (~0.34,-0.06)
0.58% (003, 1.14)

0.12(-0.41,065)

9000.4

9038.4

0224

0221

0.109

0022

0055

1,582

791

23.40%%* (19.03,27.75) -

0.116

103%% (0.28,1.79)
156* (0.40,273)
122%% (032,2.12)
253%+% (1.35,3.72)
1.98%5% (1,29, 2.68)
0.49 (~0.87, 1.86)
2.27%+% (1.48,3.07)
—2.19%%* (282, -158) 0223
0219
~0.70%* (~1.20, -0.20)
—2.54*** (=337, -1.73)
0.108
0.28(-0.16,0.71)
1174%% (0.63,1.70)
0.10(~0.20,0.41) -
~0.12(~037,0.14) -
~0.10 (~0.88,0.69) -
0.46 (~039,1.31) -
091 (-0.13, 1.85) B
~0.19%% (=033, ~0.05) 0.015
0.60% (0.5, 1.16) 0.054

0.10(~0.43,0.63) =

8986.5

9036.5

p<0.05, **p<0.01, ***p<0.001; R represents the partial R’ indicating the variables explanatory power for the dependent variabl afte controlling for other variables.
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Fixed effect

Minimally adjusted®
Children

Neighbors

Friends

Spouses

Relatives

Siblings

Model statistics
-2 Log Likelihood
AlC

Fully adjusted®
Children

Neighbors

Friends

Spouses

Relatives

ngs
Model statistics
-2 Log Likelihood
AIC

Observations

Number of participants

13155

90221

121%%%

9014.2

9052.2

102+

9027.6

9053.6

0,96+

9017.7

9055.7

Model 1

071%*

9041.4

9067.4

0.67%%

9029.7

9067.7

037
018
0.06
9047.9 9048.3 9050.0
90739 90743 90760
030
024
005
9035.8 9036.2 9037.3
9073.8 9074.2 9075.3
1,582
791

Model 2

B

12434
0.81%%%
051%
-017
—0.43

0.06

9004.4

9040.4

L1733
0.79%%%
0.49%
-0.19
-037

0.04

8998.2

9046.2

‘Gender,age, economic status, marial status, and empty nest status. Gender, age, economic status, marital status, empty nest status,chronic discase conditions, slf-reported health, BMI,

depression symptoms, and limitations on ADL. *p <0.05; *#p <0.01; ***p 0,001
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Characteristic ) MMSE score, mean (SD)

Baseline Follow-up

Gender 13.841 <0.001
Male 318(39.82) 2420(431) 2272(4.40)
Female 473(60.18) 20.04(4.98) 18.30(4.81)

Age (years) 55.152 <0.001
60-69 364(46.02) 22.78(4.80) 21.28(4.43)
70-79 365(46.14) 2119(5.11) 19.65(4.95)
280 62(7.84) 18.53(5.52) 1561(5.12)

Educational level 13.938 <0.001
No formal education 315(39.82) 18.37(4.64) 16.33(4.46)
Primary school 382(48.29) 23.39(4.15) 21.87(4.10)
Middle school or above 94(11.88) 26.10(3.50) 2534(2:86)

Economic status 22824 <0.001
Poor 396(50.06) 2157(5.03) 19.64(4.94)
050 215(27.18) 2247(5.04) 19.94(5.58)
Rich 180(22.76) 2317(472) 21.22(4.49)

Marital status 8917 <0.001
Partnered 497(62.83) 2237(499) 20.73(5.00)
Single 294(37.17) 20.48(5.19) 18.95(4.98)

Chronic disease 1638

conditions bl
No 443(56.00) 2185(4.20) 2002(5.29)
Yes 348(44.00) 21.18(4.08) 20.16(4.74)

BMI (kg/m?) 1621 0903
Underweight 67(8.47) 2148(5.30) 19.88(5.33)
Normal weight 456(57.65) 21.77(505) 2015(5.05)
Overweight/obesity 268(33.88) 2167(5.27) 2001(5.01)

Limitations on ADL 15926 <0.001
No 765(96.73) 2195(496) 20.34(4.84)
Yes 26(3.29) 14.77(5.55) 12.58(6.42)

Depressive symptoms 3201 0.037
No 678(85.71) 2192(4.17) 2018(5.04)
Yes 113(14.29) 20.46(3.84) 19.45(5.10)

Self-reported health 2684 0185
Unhealthy 524(66.24) 2155(3.98) 19.90(4.85)
Healthy 267(33.76) 2204(5.45) 2044(5.42)

Empty nester 9323 0.003
No 369(46.65) 21.12(4.29) 19.32(5.09)
Yes 422(53.35) 2223(496) 20.74(4.94)

Perceived social support

From spouse 19374 <0.001
No 371(46.90) 2084(4.15) 18.96(4.90)
Yes. 420(53.10) 2249(5.02) 21.07(5.02)
From friends 11179 <0.001
No 555(70.16) 2124(4.10) 19.56(5.00)
Yes. 236(29.84) 23.24(4.98) 21.79(4.91)
From neighbors 8979 0.005
No 312(39.44) 2079(441) 19.45(5.06)
Yes. 479(60.56) 22.13(4.97) 20.36(5.03)
From children 10311 0.002
No 234(29.58) 20.58(4.02) 18.79(5.06)
Yes. 557(70.42) 21.96(5.14) 2037(5.02)
12382 <0.001
586(74.08) 2138(4.23) 19.56(5.15)
Yes 205(25.92) 2267(478) 21.58(451)
Form relatives 10708 0.001
No 597(75.47) 21.42(4.18) 19.69(4.18)
Yes 194(24.53) 2260(4.94) 21.28(3.49)

Bold values indicate satistically significant differences.
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ate p ate p ate p
Total effect (TE) —0.0022 0.002 —0.0022 0.002 —0.0021 0.006
Natural direct effect (NDE) —0.0013 0.076 —0.0015 0.030 —0.0017 0.026
Natural indirect effect (NIE) —0.0009 <0.001 —0.0007 0.002 —0.0004 0.016
Percentage mediated (PM) 0.4033 0.0020 0.3018 0.004 0.1915 0.022

“Model 1 was rude; Model 2 was adjusted for age, gender, education, smoke, and drink; and Model 3 was further adjusted for adl, iadl, depression, chronic discase (hypertension, diabetes), and
biomarkers (low density lipoprotein cholesterol, triglycerids).
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Variable Model 12 Model 22 Model 3*

OR (95%Cl) P-value OR (95%Cl) P-value OR (95%Cl) P-value

Age < 50

WC (Per SDY) RAvs. ST 1.00 (0.97, 1.04) 0.816 1.00 (0.96, 1.04) 0.891 1.01 (0.96, 1.05) 0.720
SLvs. ST 0.99 (0.97, 1.00) 0.131 0.99 (0.97, 1.00) 0.157 0.99 (0.97, 1.01) 0.261

Normal RA vs. ST Ref. = Ref. - Ref. -
SLvs. ST Ref. - Ref. - Ref. =

Obesity RA vs. ST 1.70 (0.76, 3.79) 0.196 1.67 (0.68, 4.02) 0.249 1.87 (0.74, 4.73) 0.184
SLvs. ST 0.96 (0.69, 1.34) 0.831 1.01(0.69, 1.45) 0.969 1.07 (0.72, 1.58) 0.737

Age > 50

WC (Per SD®) RAvs. ST 0.98 (0.97,0.99) 0.001 0.97 (0.96,0.99) <0.001 0.97 (0.96, 0.99) 0.001
SLvs. ST 0.99 (0.98,1.00) 0.025 0.98 (0.97,0.99) 0.013 0.99 (0.98, 1.00) 0.037

Normal RA vs. ST Ref. - Ref. - Ref. -
SLvs. ST Ref. = Ref. - Ref. -

Obesity RA vs. ST 0.74 (0.56, 0.98) 0.042 0.58 (0.41,0.81) 0.001 0.62 (0.43, 0.90) 0.010
SLvs. ST 0.80 (0.67, 0.97) 0.023 0.75 (060, 0.92) 0.006 0.77 (0.61, 0.97) 0.024

“Model 1 was rude; Model 2 was adjusted for age, gender, education, smoke, and drink; and Model 3 was further adjusted for adl, iadl, depression, chronic disease (hypertension, diabetes), and
biomarkers (low density lipoprotein cholesterol, triglycerids).
bSD, standard deviation. WC, waist circumference; RA, rapid decline; ST, stable; SL, slow decline.
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Variable Model 12 Model 2?2 Model 32

OR (95%CI)P  OR (95%CI)P  OR (95%CI)P
WCb Per SDb

RA vs. STb 0.98 (0.97,0.99) 0.97 (0.96, 0.98) 0.97 (0.96, 0.98)
<0.001 <0.001 <0.001

SLvs. STb 0.98 (0.97,0.99) 0.99 (0.98, 0.99) 0.99 (0.98, 0.99)

<0.001 <0.001 0.001
Normal
RA vs. STb 1.0 1.0 1.0
SLvs. STb 1.0 1.0 1.0
Obesity

RA vs. STb 0.74(0.60, 0.93) 0.64 (0.50, 0.81) 0.67 (0.51,0.87)
0.008 <0.001 0.002

SLvs.STb 0.81(0.70,0.92) 0.79 (0.68, 0.91) 0.81(0.69, 0.95)
0.002 0.002 0.009

“Model 1 was non-adjusted; Model 2 was adjusted for age, gender, education, smoke, and
drink; and Model 3 was further adjusted for adl, iadl, depression and chronic disease
(hypertension, diabetes), and biomarkers (low density lipoprotein cholesterol, triglycerides).
bSD, standard deviation. WC, waist circumference; RA, rapid decline; ST, stable; SL,
slow decline.
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P-value

(2,176)

Age, mean (SD®) 56.31£7.55 | 5642747 | 56.17+7.66 0218

Gender

Male 2,117 (55.61) | 1,403 (64.48) | 714 (43.78) <0.001
Female 1,690 (44.39) | 773 (35.52) | 917(56.22)
Education®

No formal level 837(22.00) | 474 (21.80) | 363 (22.26) 0.825
Primary school 1,045 (27.46) | 610 (28.06) | 435(26.67)

Middle or high 1,239 (32.56) | 702 (32.39) 537 (32.92)

Collegeandabove | 684 (17.98) | 388 (17.85) | 296 (18.15)

Smoke

Yes 1,260 (33.10) | 875 (40.21) 385 (23.61) <0.001
No 2,547 (66.90) | 1,301 (59.79) | 1,246 (76.39)

Drink

Yes 1,452 (38.14) | 917 (42.14) | 535 (32.80) <0.001
No 2,355 (61.86) | 1,259 (57.86) | 1,096 (67.20)

ADLb<

Yes 405(10.73) | 211(9.76) | 194(12.03) 0.026
No 3,369 (89.27) | 1,950 (90.24) | 1,419 (87.97)

IADLD

Yes 463 (12.16) | 258 (11.86) | 205 (12.57) 0.506
No 3,344 (87.84) | 1,918 (88.14) | 1,426 (87.43)
Hypertension®

Yes 1,624 (42.75) | 705 (32.49) | 919 (56.41) <0.001
No 2,175 (57.25) | 1,465 (67.51) | 710 (43.59)

Diabetes®

Yes 427 (11.31) 161 (7.45) 266 (16.47) <0.001
No 3,348 (88.69) | 1,999 (92.55) | 1,349 (83.53)
Depression ’

Yes 1,135 (29.81) | 677 (3L.11) | 4,580 (28.08) 0.043
No 2,672 (70.19) | 1,499 (68.89) | 1,173 (71.92)

HDL-C’¢, mean 50.23 +15.10 | 53.76 & 15.55 |  45.35+ 35 <0.001
(SD®), mg/dl

LDL-C*¢, mean 117.59 + 114.63 + 118.96 =+ 35.15 <0.001

(SD®), mg/dl 34.22 3341

TGS, mg/dl 135.96 £ 115.83 & 166.86 & <0.001
124.59 90.82 IS

9P Value: based on x 2 or Mann-Whitney U test where appropriate.

bSD, standard deviation. Adl, activities of daily living; Iadl, instrumental activities
of daily livingg HDL-C, high density lipoprotein cholesterol; LDL-C, low density
lipoprotein cholesterol.

Missing data: 2 for education;33 for Adl; 8 for hypertension; 32 for diabetes; expect for 905
participants without fasting, 891 for HDL-C; 899 for LDL-C; 894 for triglycerides.
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Variable Exp(B) 95% ClI p-value

Gender 1180 1.030-1.353 0017
Age 1031 1023-1.038 <0.001
Education <0.001
<6years 1645 1.643-117 0.004
7-9years 2406 2403-1.704 <0.001
10-12years 1061 0.727-1.548 0759
Marital status 1173 0.973-1416 0.095
Residency 0678 0.604-0.759 <0.001
Living arrangement <0.001
Live alone without
X 0859 0627-1178 0345
caregiver
v alone with 0.805 0.503-1.289 0367
caregiver
Nursing home 0144 0.114-0.183 <0.001
Hypertension 0926 0.819-1.048 0222
1417 1.086-1.844 0010
Cerebrovascular disease 0595 0.506-0.700 <0.001
Cardiovascular disease 1092 0931-1.281 0280
Polypharmacy 0.061
0 0977 0.820-1161 0790
1-2 1123 0.981-1.284 0.092
Alcohol consumption 0.004
Never 1171 0938-1456 0159
Used to 0.884 0.702-1.110 0293
Smoking 0016
Never 0738 0.600-0.908 0.004
Used to 0830 0.675-1.021 0077
Social activity <0.001
None 0.566 0.484-0.663 <0.001
1-3diw 0512 0.437-0.600 <0.001
4-6diw 0745 0.621-0.895 0.002
Hearing impairment 1542 136-1745 <0.001
TUGT 1410 1191-1619 <0.001
ADLs <0.001
Total dependent 099 0.723-1.369 0979
Extensive assistance 0748 0.588-0.949 0017
Moderate assistance 1045 0.885-1.226 0598
Limited assistance 1418 1198-1670 <0.001

IADL 0852 0.840-0.864 <0.001
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Variable Exp(B) 95% Cl p-value
Gender

Female 1000

Male 1273 1170-1.386 <0.001
Age 1079 10741085 <0.001
Education

>l2years 1.000

<6years 2170 16452862 <0.001

7-9years 1852 1393-2.463 <0.001

10-12years 0836 0,608-1.150 0272
Marital status

Single 1000

Married 2235 1977-2527 <0.001
Residency

Urban 1000

Rural 0784 0.720-0854 <0.001
Living arrangement

Live with family 1000

Live alone without

X 1033 0.797-1.338 0808

caregiver

tive avlom v 2654 1829-3.851 <0.001

caregiver

Nursing home 1137 0.978-1323 0095
Hypertension

No 1.000

Yes 0710 0.650-0.775 <0.001
Diabetes

No 1.000

Yes 1047 0945-1.160 0377
Hyperlipidemia

No 1.000

Yes 1602 1289-1.991 <0.001

Cerebrovascular disease

No 1.000

Yes 0405 0356-0.460 <0.001
Cardiovascular disease

No 1.000

Yes 0814 07180923 0.001
Polypharmacy

>3 1.000

0 0483 0.430-0.544 <0.001

12 0707 0638-0.785 <0.001
Alcohol consumption

Always 1.000

Never 1656 1399-1.960 <0.001

Used to 1530 1.276-1835 <0.001
Smoking

Always 1000

Never 1364 1181-1576 <0.001

Used to 1441 1226-1694 <0.001

Social activity

Daily 1.000

No 1336 1179-1514 <0.001
1-3diw 0.881 0.772-1.005 0059
4-6diw 0912 0.777-1.071 0.261

Hearing impairment

Yes 1000

No 2238 2022-2476 <0.001
TUGT

Pass 1000

Fail 3601 3297-3.932 <0.001
ADLs

Independent 1000

Total dependent 9,672 7.897-11.847 <0.001

Extensive assistance 6439 5.537-7.490 <0.001

Moderate assistance 3560 3.170-3.999 <0001

assistance 2524 21812921 <0001

IADLs 0.869 0.863-0.875 <0.001





OPS/images/fpubh-12-1460941/fpubh-12-1460941-t001.jpg
Variables Total Cogpnitive function (%)

lnploels Normal Impaired
(n =7,111) (n =3,106)
Gender
Male 5,166 (50.56) 3,726 (52.40) 1,440 (46.36) 31506 <0.001
Female 5,051 (49.4) 3,385 (47.60) 1,666 (53.64)
Age (years)*
Median (P25, P75) 72(66,79) 701(65,76) 76 (70,83) - <0.001
Education
<6years 6,313 (61.79) 4,200 (59.06) 2,113 (68.03) 147162 <0.001
7-9years 2,536 (24.82) 1774 (2495) 762 (24.53)
10-12years 1,028 (10.06) 861 (12.11) 167 (5.38)
>12years 340(3.33) 276 (3.88) 64 (2.06)
Marital status
Married 9,029 (8837) 6479 (91.11) 2,550 (82.10) 170.906 <0.001
Single 1,188 (11.63) 632 (8.89) 556 (17.90)
Residency
Urban 5,514 (5397) 3,708 (52.14) 1806 (58.15) 31337 <0.001
Rural 4,703 (46.03) 3,403 (47.86) 1,300 (41.85)
Living arrangement
Live alone without
278(2.72) 193 2.71) 85(274) 30622 <0.001
caregiver
Live alone with caregiver 13 (L1 53(0.75) 60(1.93)
Nursing home 842(5.24) 567 (7.97) 275 (8.85)
Live with family 8,984 (87.93) 6,298 (88.57) 2,686 (86.48)
Hypertension
Yes 6,056 (59.27) 4,039 (56.80) 2017 (64.94) 59329 <0.001
No 4161 (4073) 3,072 (43.20) 1,089 (35.06)
Diabetes
Yes 2,250 (2202) 1,583 (22.26) 667 (21.47) 0779 0377
No 7,967 (77.98) 5,528 (77.74) 2,439 (78.53)
Hyperlipidemia
Yes 496 (4.85) 388 (5.46) 108 (3.48) 18333 <0.001
No 9,721 (95.15) 6,723 (94.54) 2,998 (96.52)
Cerebrovascular disease
Yes 1,068 (10.45) 542 (7.62) 526 (16.93) 200303 <0.001
No 9,149 (89.55) 6,569 (92.38) 2,580 (83.07)
Cardiovascular disease
Yes 1,235 (12.09) 811 (11.40) 424 (13.65) 10263 0.001
No 8,982 (87.91) 6,300 (88.60) 2,682 (86.35)
Polypharmacy
0 3,123 (3057) 2392(33.64) 731 (23.54) 149.326 <0.001
1-2 4760 (46.59) 3,289 (46.25) 1471 (47.36)
>3 2,334 (22.84) 1430 20.11) 904(29.10)
Alcohol consumption
Never 6,840 (66.95) 4,675 (65.74) 2,165 (69.70) 35.464 <0.001
Used to 2,503 (24.50) 1753 (24.65) 750 (24.15)
Always 874(5.55) 683 (9.60) 191(6.15)
Smoking
Never 6,837 (6692) 4729 (6.50) 2,108 (67.87) 21268 <0.001
Used to 2,243 (21.95) 1,525 (21.45) 718 (23.12)
Always 1137 (1113) 857 (12.05) 280 (9.01)
ADLs
Total dependent 484 (474) 150 (2.11) 334 (10.75) 1276.008 <0.001
Extensive assistance 849 (8.31) 342 (4.81) 507 (1632)
Moderate assistance 1,634 (1599) 898 (12.63) 736 (23.70)
Limited assistance 955 (9.35) 604 (8.49) 351 (11.30)
Independent 6,295 (61.61) 5,117 (71.96) 1,178 (37.93)
IADLs 20(15,24) 22(18,24) 15(6,19) - <0.001
(P25,P75)
pairment
No 8,240 (80.65) 6,026 (84.74) 2214(71.28) 250985 <0.001
Yes 1977 (19.35) 1,085 (15.26) 892 (28.72)
TUGT
Pass 6,042 (59.14) 4872 (68.51) 1,170 (37.67) 851.089 <0.001
Fail 4,175 (40.86) 2,239 (31.49) 1936 (6233)
Social activity
None 3,983 (38.98) 2,577 (36.24) 1,406 (45.27) 77416 <0.001
1-3d/w 3,251(3182) 2391(33.62) 860 (27.69)
4-6d/w 1,345 (13.16) 980 (13.78) 365 (11.75)
Daily 1,638 (16.03) 1,163 (16.35) 475 (15.29)
MMSE score* 25(21,29) 28(25,30) 18 (15, 20) - <0001

Median (P25, P75)

Values are reported as n (%), unless otherwise indicated.
“Based on the chi-square test, unless otherwise indicated.
‘Mann Whitney U test was performed for continuous variables.
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MMSE decline OR (95% ClI) MoCA decline OR (95% CI)

Variable
Total Male Female Total Male Female

Sex (female = 1) 136 (0.44,4.23) - - 115(0.57,2.32) - -

112(107, 119) 116(106,127) | L13(106,122)  109(106,L13) | LI1(105117) | 109(104,115)
Age (years) - - - - e o
Education level 419(251,700)  398(158,1007)  578(2851169) | 247(177,347) | 246(139,436) | 261(1.69,405)
(<elementary e - s e e .
school = 1)
Alcohol use status 129(0.73,228) 141(055,363) 118055256 | 129(090,188) | 108(0.67,174)  175(1.00,3.07)
(ever drinking
alcohol = 1)
Smoking status 0.81(0.35,1.90) LI1(040,307)  0.60(0.06,574)  074(046,118)  082(049,139) | 093(0.22,385)

(ever smoker = 1)

BMI (kg/m?) 1.01(0.92, 1.12) 0.83 (0.67, 1.03) 1.04(0.92, 1.18) 0.97 (091, 1.04) 1.00 (0.90, 1.11) 0.96 (0.87, 1.05)
SBP (mmHg) 1.00 (0.98, 1.01) 0.99 (0.96, 1.03) 1.00 (0.98,1.02) 1.01(0.99, 1.02) 0.99 (097, 1.01) 1.02 (1.00, 1.04)
DBP (mmHg) 1.04 (1.00, 1.08) * 107 (101, 1.14) * 1.03 (0.98, 1.08) 1.01 (0.99, 1.04) 1.03 (1.00, 1.07) 1.00 (0.96, 1.03)
Muscle mass (kg) 0.99 (0.93, 1.06) 0.99 (0.90, 1.10) 1.03(0.93,1.13) 1.00 (0.96, 1.04) 0.99 (0.95,1.04) 0.99(0.92,1.06)
Good Reference Reference Reference Reference Reference Reference
Subjective health Fair 0.75 (043, 1.31) 0.54(0.21,1.38) 0.88 (0.41,1.89) 1.41 (1,00, 1.98) 1.32(0.82, 2.11) 1.45 (0.85, 2.46)
Stars Bad 141 (0.80, 2.50) 032(008,1.24)  212(102,437)  227(151,3.42) 147(077,284) | 3.05(1.73,5.40)
FBG (mg/dL) 1.00 (1.00, 1.01) 1.00 (0.98, 1.01) 1.01 (1.00, 1.02) 1.00 (1.00, 1.01) 1.01 (1.00, 1.02) 1.00 (0.9, 1.01)
Insulin (uIU/mL) 1.00 (0.99, 1.02) 1.00(0.97,1.03) 1.00 (0.99, 1.02) 1.00(0.99, 1.01) 1.00 (0.98, 1.02) 1.00 (0.98, 1.01)
Hb (g/dL) 0.99(0.79,1.25) 1.08(0.75, 1.54) 0.85 (0.60, 1.20) 1.09 (0.94, 1.27) 1.01 (0.83, 1.22) 1.25(0.96, 1.62)
TC (mg/dL) 100(100,101)  099(098,10) | 101(100,102) | 100(099,100) | 100(099,101) | 100(099,100)
HDL-C (mg/dL) 0.99 (097, 1.02) 0.93(0.88,0.99) * 1.01 (0.98, 1.04) 1.00 (0.99, 1.02) 0.99 (097, 1.02) 1.02(0.99, 1.04)
TG (mg/dL) 1.00 (0.99, 1.00) 1.00 (0.99, 1.01) 1.00 (0.99, 1.00) 1.00 (0.99, 1.00) 1.00 (0.99, 1.01) 1.00 (1.00, 1.01)
Homocysteine 1.01 (0.97, 1.06) 1.01(0.95,1.08) 1.03 (0.97, 1.09) 1.00(0.97, 1.04) 0.98 (0.94, 1.03) 1.02(0.97,1.07)
(umol/L)
<56 Reference Reference Reference Reference Reference Reference
HbAIc (%,
5.7-6.4 1.23(0.71,2.12) 0.51(0.18, 1.41) 2.16(1.04,4.49) * 0.88 (0.63, 1.22) 1.09 (0.68, 1.76) 0.63 (0.39, 1.04)
category)
265 2.82(1.33,5.99) ** 296 (0.85,10.31) 2.96 (1.04,8.39) * 1.23(0.72, 2.12) 1.14(0.54, 2.42) 1.25(0.54,2.91)

Statistcally significant p values are indicated as *p <0.05, **p<0.01, *+*) <0.0001. MMSE, Mini-Mental State Examination; MoCA, Montreal Cogitive Assessment; BMI, body mass index;
SBP,systolic blood pressure; DBP, diastolic blood pressures HbAL, glycosylated hemoglobin; FBG, fsting blood glucoses Hb, hemoglobin; TC, total cholesterols HDL-C, high-density
lipoprotein cholesterol; TG, triglycerides.
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Variable Category MMSE (n = 849) MoCA (n = 839)

<23,n=106 >24,n=743 <22,n=372 >23,n=467
(12.5%) (87.5%) (44.3%) (55.7%)
Male 32(7.6) 387 (92.4) <0.0001 165 (39.9) 249 (60.1) 0010
s Female 74(17.2) 336 (82.8) 207 (48.7) 218(51.3)
59-64 22(6.1) 338 (93.9) <0.0001 120 (336) 237 (66.4) <0.0001
Age (years, category) 65-69 37(14.7) 215(85.3) 120(47.8) 131(522)
270 47(198) 190 (80.2) 132(57.1) 99 (429)
<Elementary school 72(255) 210(74.5) <0.0001 172(616) 107 (38.4) <0.0001
Education level
>Middle school 33(59) 531(94.1) 200(35.7) 360 (64.3)
Never alcohol
dinker 68 (14.4) 406 (85.6) 0028 212(45.3) 256 (54.7) 0.087
Alcohol drinking Past alcohol drinker 7(20.6) 27(79.4) 20(606) 13 (39.4)
Current alcohol
o 31(9.1) 310(90.9) 140 (41.4) 198 (58.6)
Never smoker 80(156) 434 (84.4) 0.001 243 (47.8) 265 (52.2) 0026
Smoking status Past smoker 17(65) 245(93.5) 97 (37.6) 161 (62.4)
Current smoker 9(123) 64(87.7) 32(438) 41(56.2)
Good 36 (12.0) 263 (88.0) 0.001 110(37.4) 184 (626) <0.0001
Subjective health status Fair 32(8.9) 326 (91.1) 151 (425) 204 (57.5)
Bad 38(19.8) 154 (80.2) 111 (584) 79 (41.6)
BMI (kg/m?) 253832 24729 0,030 248£30 247£29 0,695
SBP (mmHg) 12294179 1196£159 0,046 12204180 1855145 0002
DBP (mmHg) 7552105 745£88 0.268 750496 744285 0311
Muscle mass (kg) 40.1£66 431575 0.001 418+7.4 434274 0.002
<56 31(9.1) 308 (90.9) 0.001 143 (427) 192(57.3) 0.086
HbALC (%, category) 57-64 45(12.2) 324 (87.8) 156 (42.6) 210 (57.4)
265 30(213) 111(78.7) 73(529) 65 (47.1)
HbA1c (%, continuous) 62410 59+08 0.001 60410 5908 0034
FBG (mg/dL) 11082434 1025£289 0011 1059£35.4 10172273 0053
Insulin (uIU/mL) 1374248 1015148 0,036 107141 1052181 0.865
Hb (g/dL) 133£12 137£13 0.007 13,6513 13713 0216
TC (mg/dL) 19784372 19754383 0.949 1960380 19892384 0277
HDL-C (mg/dL) 4395114 4424107 0.789 435110 4412107 0878
TG (mg/dL) 1414£704 13842734 0,692 140.6£75.2 1370716 0482
Homocysteine (pmol/L) 148545 148254 0895 148255 147251 0702

Categorical variables were analyzed using the chi-square test. Categorical and continuous variables were analyzed using a general linear model (GLM). MMSE, Mini-Mental State Examination;
MoCA, Montreal Cognitive Assessment; BMI, body mass index; SB systoli blood pressure; DB, diastolic blood pressure; HbA L, glycosylated hemoglobin; FBG, fasting blood glucose; Hb,
hemoglobin; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides.
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Variable Category HbA1c (%, category) Bonferroni

57-6.4
(n=371,
43.5%)
Male 190 (45.2) 156 (37.2) 74017.6) 0.001
s Female 151 (349) 21549.7) 67(15.4)
Age (years, continuous) 663546 665548 665448 0733
59-64 142(39.4) 158 (43.9) 60(16.7) 0377
Age (years, category) 65-69 114(44.7) 102 (40.0) 39(153)
270 85(35.7) 111 (46.6) 4207.7)
<Elementary school 96 (34.0) 137 (48.6) 49(17.4) 0047
Education level
>Middle school 241(42.7) 232(41.1) 91(162)
Never alcohol use 169 (35.5) 223(469) 84(17.6) 0028
Alcohol use status Former alcohol use 14(41.2) 12(35.3) 8(23.5)
Current alcohol use 158 (46.1) 136 (39.7) 49(14.2)
Never smoker 194(37.5) 241 (46.6) 82(15.9) 0243
Smoking status Former smoker 116 (44.3) 101 (38.6) 45(17.1)
Current smoker 31(41.9) 29(39.2) 14(189)
BMI (kg/m?) 242+29C 2494308 257287 ABY, A-CHE% B-CH <0.0001
SBP (mmHg) 1196£160 1201£17.0 1208145 0748
DBP (mmHg) 745£8.6C 753£9.2B 7274947 ABH 0011
Muscle mass (kg) 43.1£7.1C 418£7.7B 4445744 ABH 0.001
HbAIc (%, continuous) 53£03C 59£0.2B 74 L1A ABFFE ALCHEE B.CHHE <0.0001
FBG (mg/dL) 924:8.1C 983+12.8B 144.0£57.44 ABEES, A-CH BLCHE <0.0001
Insulin (WIU/mL) 80:3.1C 97538 19.0£37.9A AR, ALCHR <0.0001
Hb (g/dL) 138514 136513 136515 0.159
TC (mg/dL) 196.9+34.4C 2023£405B 187.2£38.04 A ACH 0.001
HDL-C (mg/dL) 456£11.0C 440£112B 4124894 ABY ACHE 0.001
TG (mg/dL) 122.7464.3C 1460£76.7B 161528174 A-CHeE, BCHEE <0.0001
Homocysteine (pmol/L) 14925.1C 145598 1532434 0325
Bad 63(32.8) 81(42.2) 48(25.0) 0.002
Subjective health status Fair 159 (44.0) 147 (40.7) 55(15.3)
Good 119 (39.7) 143 (47.7) 38(12.6)
MMSE score 265+2.6C 264268 2574324 ABHACH 0.009
Cognitive function
MoCA score 226+38C 2254408 2134484 ABEEACH 0002

Categorical variables were analyzed using the chi-square test, and continuous variables were analyzed using the GLM. Superscriptleters (2, b, ¢) denote the results of the Bonferroni multiple
comparisons across groups. Satistically significant p values are indicated as *p<0.05, **p<0.01, ***p<0.0001. MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive
Assessment; BMI, body mass index; SB, systolic blood pressure; DB, diastolic blood pressure; HbALG, glycosylated hemoglobin; FBG, fasting blood glucose; Hb, hemoglobin; TC, total
cholesterol; HDL-C, high-density lipoprotein cholesterols TG, triglycerides.
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Variable Category \] n (%) Mean

Male 853 420 (49.2)
Sex
Female 433 (50.8)
Age (years, continuous) 853 664247
59-64 853 360 (42.2)
Age (years, category) 65-69 255(29.9)
270 238(27.9)
<Elementary school 846 282(33.3)
Education level
2Middle school 564 (66.7)
Never alcohol use 853 476 (55.8)
Alcohol use status Former alcohol use 34(40)
Current alcohol use 343(40.2)
Never smoker 853 517 (60.6)
Smoking status Former smoker 262(30.7)
Current smoker 74(8.7)
BMI (kg/m?) 852 28£30
SBP (mmHg) 846 12004162
DBP (mmHg) 846 746490
Muscle mass (kg) 852 427275
HbAIc (%, continuous) 853 5909
853
<6 341(40.0)
HbALc (%, category)
57-64 371(43.5)
265 141(16.5)
FBG (mg/dL) 853 10352311
Insulin (WIU/mL) 853 1062164
Hb (g/dL) 853 13.7£13
TC (mg/dL) 853 197.6238.1
HDL-C (mg/dL) 853 4422109
TG (mg/dL) 853 13938743
Homocysteine (pmol/L) 853 148253
Bad 853 192(225)
Subjective health status Fair 361 (42.3)
Good 300(35.2)
MMSE score 849 263428
Cognitive function
MoCA score 839 24241

SD, standard deviation; MMSE, Mini-Mental tate Examination; MoCA, Montreal Cognitive Assessment; BMI, body mass index; SBE,systolic blood pressure; DBE, diastolic blood pressure;
HbALC, glycosylated hemoglobin; FBG, fasting blood glucose; Hb, hemoglobin; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides.
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3,262 participants
2009-2010 Ansan Cohort of the Korean Genome and
Epidemiology Study (KoGES)

2322

——————————————|Exclusion of cohort participants not
eligible for MMSE or MoCA test

940 participants

86

| Exclusion of cohort participants who
have not been tested among the MMSE
or MoCA test subjects

854 participants

1

f———————————————|Exclusion of cohort participant who
diagnosed(treated) with dementia at the
time of fifth wave follow-up

853 participants
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Variables Path C
PA ¢ Family support ® L] ®
support Friend support ® ® °

Informational ® ®

support °

Instrumental ® ®

support .
Basic psychological needs ® ® ®
Motivation ® L ®
Physical literacy ® . ®
Raw coverage 0.282 0.063 0.062
Unique coverage 0.244 0.027 0.045
Consistency 0872 0907 0848
Solution coverage 0356
Solution consistency 0.872

Black circles indicate the presence of a condition, and circles with “X" indicate the absence of
a condition. Large circles indicate core conditions and small circles indicate peripheral
conditions. Blank spaces indicate “do not care” Overall the solution coverage is the total
coverage for all configurations.
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Variables

PA Family support

SUPPOTt riend support
Informational
support
Instrumental
support

Basic psychological needs

Motivation

Physical literacy

Raw coverage

Unique coverage
Consistency
Solution coverage

Solution consistency

Pathl Path2 Path3 Path4
o ° ° °
® LJ °

® ° °
® o . ®
o ° ®
® ° ° °
o ° ° ®

0.103 0132 0.262 0052
0.061 0046 0.185 0020
0.881 0854 0.847 0831
0.409
0838

Black circles indicate the presence of a condition, and circles with “X” indicate the absence of
a condition. Large circles indicate core conditions and small circles indicate peripheral
conditions. Blank spaces indicate “do not care” Overall the solution coverage is the total

coverage for all configurations.
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Effect Point estimate CES Lower Higher p-value

decomposition 95%Cl 95%Cl

PA social support— Basic Mediation effect (o) 0047 0027 0213 0.008
psychological needs — PA Direct effect 0150 0057 0035 0258 0011
L Total effect 0.262 0062 0.137 0382 0,000
o Mediation effect 0043 0022 0.008 0097 0013
support— Motivation — PA Direct effect 0150 0057 0035 0258 0011
behavior Total effect 0194 0060 0074 0307 0001
PA social support — Basic 0329 0076 0.175 0471 0001
psychological Direct effect 0150 0057 0035 0258 oon
needs — Motivation — PA

bebsvior Total effect 0480 0086 0302 0638 0000
Physical Mediation effect 0029 0017 0.005 0077 001
literacy — Motivation — PA Direct effect 0149 0062 0024 0267 0021
beliavior Total effect 0192 0081 0.031 0351 0020

PA, physical activity; S.E., standard error; CI, confidence interval.
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Path

Basic psychologi

needs

Motivation

Motivation

Motivation

PA behavior

PA behavior
PA behavior

PA behavior

support

Basic psychological
needs

PA social support
Physical literacy

Basic psychological
needs

PA social support
Motivation

Physical literacy

PA, physical activity; S.E., standard error; C.R,, critical ratio.

p
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0039
0020

0017
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Variables Frequency (%)

Gender

Male 172(56.8)
Female 131 (43.2)
Marital status

Married/Living with partner 239 (78.9)
Unmarried/Widowed 64(21.1)

Place of living
Rural area 210 (69.3)
Urban area 93(30.7)

Educational attainment

Primary school and below 150 (49.5)
Middle school 103 (34.0)
High school and above 50(165)

Current smoker

No 193 (63.7)
Yes 110 (36.3)
Current drinking

No 218(71.9)
Yes 85(28.1)

Personal monthly income (RMB)

<1,000 49(16.2)
1,000 <RMB <2000 52(17.2)
2,000 <RMB £3,000 141 (46.5)

>3,000 61(20.1)
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Descriptive summary statstics of the sample derived from the DELCODE study of n = 372 participants. 'SEI (International Socioeconomic Index of Occupational Information) scores range
from 16 t0 90, with higher scores corresponding to.a higher socioeconomic status. A total of 11 participants were lacking data to compile respective (ISE) scores. *For 30 participants, data on
various LEQ items were missing, so that the corresponding values for environmental enrichment (EE) could not be calculated. ‘Higher FADE scores indicate higher deviation of an older
adults brain activity patterns from those of young adulis ‘Higher SAME scores indicate higher similariies of an older adults brain activation and deactivation patterns with those of young
adults. Using fullinformation maximum likelihood (FIML), we performed data analyses with the full sample of n = 372 (see the data processing section for adetailed description of the
treatment of missing values). M, mean; SD, standard deviation; OA, cognitively unimpaired older adults; SCD, subjective cognitive decline; FH, family history of AD.
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Cognitive domains Hypertension status Hypertension duration p-value

N = 95 (Mean =+ SD) N = 95 (Mean =+ SD)
Controlled Uncontrolled <5 years >5 years
Attention 172£13 16£2.5 0.01 15.8+£26 165£22 0.142
Memory 168+4 15451 0.19 143:£54 16246 0.067
Fluency 88+22 75%21 0.02 72421 8.1£22 0.058
Language 249%12 242423 0.08 238+28 24717 0053
Visuospatial 13.7£18 13.4+£23 0.53 133+£24 135+£22 0.801
Overall score 81.5+6.6 76.2410.7 0.04 745+ 117 789+9.1 0.044

Statistics: independent £-test, p-value < 0.05 is considered as statistically significant denoted by bold values, SD, standard deviation.





OPS/images/frdem-03-1486147/frdem-03-1486147-t001.jpg
Variable Cognitive function

Impairedn = 24 Unimpaired Totaln =95
=74

Socio-demographic variables

Gender Male 20(25.39%) 59 (74.68%) 79 0.979
Female 4(25%) 12 (75%) 16

Mean age in years = SD 68.1£2.12 68.4£323 68.2£329 0.700

Residence Urban 14 (26.41%) 39 (73.58%) 53 0.772
Rural 10 (23.80%) 32(76.19%) 42

Clinical variables

Hypertension status Controlled 1(5.55%) 17 (94.44%) 18 0.033
Uncontrolled 23(29.81%) 54 (70.12%) 77

Hypertension duration <5 years 14 (38.88%) 22 (61.11%) 36 0.017
>5 years 10 (16.94%) 49 (83.05%) 59

Systolic blood pressure 159.8 237 156.4 4232 157.31 £23.29 0.900

Diastolic blood pressure 83.67£17.5 83.07 £ 11.69 83224 1331 0.001

Family history of HTN Yes 5(29.41%) 12 (70.58%) 17 0.664
No 19 (24.35%) 59 (75.64%) 78

Comorbidities Yes 17 (24.63) 52 (75.36) 69 0819
No 7(2692) 19(73.07) 26

Duration of treatment (n=90) | <1 year 6 (40%) 9 (60%) 15 0.009
1-3 years 4(25%) 12 (75%) 16
3-5 years 4 (80%) 1(20%) 5
>5 years 9 (16.66%) 45 (83.88%) 54

Regular medication (1 = 90) Yes 17 (23.61) 55 (76.38%) 72 0.398
No 6(33.33%) 12 (66.66%) 18

Statistics: chi-square test and independent t-test, p-value < 0.03 is considered as statistically significant denoted by bold values, D, standard deviation.
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Models CERAD! total word CERAD delayed recall Animal fluency test Digit symbol

recall substitution test
Model I
One line slope 015 (~0.25, ~0.04) ~0.07 (=0.12,~001) ~0.01 (~0.14,0.12) ~0.02(~035,003)
Model IT

10.7 127 47 385

<K 0.03(=0.02,007) p=0.2035 0.01(-0.01,0.03) p =0.2582 022(0.11,034) P <0.001 0.97 (061, 1.33) P<0.001
>K ~003(-0.04,-001) P=0.001 | ~001(~002,-0.00)P=0002 003 (~0.04,~0.01) P=0.006 0.9 (~0.13, ~0.04) P <0001
ORbetween <Kand>K =005 (<0.11,-0.00) P=0.046  —0.02(~0.05,0.00)p=00580 —-025(~0.38,~0.12) P<0.001  —1.06 (~1.44,~0.67) P<0.001
Logarithmic likelihood 0.045 0057 <0.001 <0001
ratio test

Adjust for: age; gender; race; martials education; PIR; BMI; smoking status; blood pressure; diabetes; congestive heart falure; coronary heart disease; angina; heart attack; stroke; cancer.
‘CERAD, Consortium to Establish a Registry for Alzheimer’ Disease.
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‘CERAD, Consortium to Establish a Registry for Alzheimers Disease.
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Overall Non-Heavy drinkers avy drinkers p-value
N 2675 2402 273
Age (Years) 694268 695468 685£6.6 0020
PIR' 2615 26%15 31516 <0.001
BMI 29163 293464 275458 <0.001
Alcohol intake (gm) 5664154 20£05 410+27 <0.001
CERAD’ total word recall 190246 18946 193244 0217
CERAD delayed recall 5923 59:23 60+22 0583
Animal fluency test 166£5.4 165455 177453 <0.001
Digit symbol substitution test 46.1£17.1 455£17.1 5135159 <0.001
Gender 0498
Male 1,310 (49.0%) 1,171 (48:8%) 139 (50.9%)
Female 1,365 (51.0%) 1,231 (51.2%) 134 (49.1%)
Race <0.001
Mexican American 232(8.7%) 211 (8.8%) 21(7.7%)
Other Hispanic 272(10.2%) 252(10.5%) 20(7.3%)
Non-Hispanic White 1,310 (49.0%) 1,135 (47.3%) 175 (64.1%)
Non-Hispanic Black 632(23.6%) 580 (24.1%) 52(19.0%)
Other races 229 (8.6%) 224(9.3%) 5(1.8%)
Marital status 0.659
Married/living with partner 1,557 (58.2%) 1,392 (58.0%) 165 (60.4%)
‘Widowed/divorced/separated 967 (36.1%) 872(36.3%) 95 (34.8%)
Never married 151 (5.6%) 138 (5.7%) 13 (4.8%)
Education Level <0.001
Less than high school 664 (24.8%) 623 (25.9%) 41 (15.0%)
High school or GED 630 (23.6%) 574 (23.9%) 56 (20.5%)
Above high school 1381 (51.6%) 1,205 (50.2%) 176 (64.5%)
Had atleast 100 cigarettes/life <0.001
No 1,307 (48.9%) 1,213 (50.5%) 94 (34.4%)
Yes 1,368 (51.1%) 1,189 (49.5%) 179 (65.6%)
High blood pressure 0025
No 1,000 (37.4%) 881(36.7%) 119 (43.6%)
Yes 1675 (62.6%) 1,521 (63.3%) 154 (56.4%)
Diabetes <0.001
No 1922 (71.9%) 1,684 (70.1%) 238 (87.2%)
Yes 631 (23.6%) 606 (25.2%) 25 (9.2%)
Borderline 122 (4.6%) 12(47%) 10(3.7%)
Congestive heart failure 0107
No 2484 (92.9%) 2,224 (926%) 260 (95.2%)
Yes 191 (7.1%) 178 (7.4%) 13 (4.8%)
Coronary heart disease 0.092
No 2423 (90.6%) 2,168 (90.3%) 255 (93.4%)
Yes 252 (9.4%) 234 (9.7%) 18 (6.6%)
Angina 0758
No 2527 (94.5%) 2,268 (94.4%) 259 (94.9%)
Yes 148 (5.5%) 134 (5.6%) 14(5.1%)
Heart attack 0.106
No 2,438 (91.1%) 2,182 (90.8%) 256 (93.8%)
Yes 237 (8.9%) 220 (9.2%) 17 (6.2%)
Stroke 0139
No 2,490 (93.1%) 2,230 (92.8%) 260 (95.2%)
Yes 185 (6.9%) 172(7.2%) 13 (4.8%)
Cancer 0814
No 2,131 (79.7%) 1915 (79.7%) 216 (79.1%)
Yes 544(20.3%) 487 (20.3%) 57(20.9%)

Mean:+SD for continuous variables: the p value was calculated by the weighted linear regression model; (%) for categorical variables: the P value was calculated by the weighted chi-square test
'PIR, the ratio of income to poverty.

‘BMI, Body Mass Index.

‘CERAD, Consortium to Establish a Registry for Alzheimer’ Disease.
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Excluding missing data of
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Participants from CLHLS in the baseline
(n=9,765)

~
Excluded(n = 86):
<65 years

Participants from CLHLS in the baseline
(n=9,679)

p

Excluded(n = 470):
Missing values of waist circumference and weight

\

Participants from CLHLS in the baseline
(n=9,209)

Vs
) | Excluded(n =5971):

Dementia, missing of MMSE and cognitive
impairment in the 2011 survey

~ | Died or lost to follow-up in the 2015 survey
Participants from CLHLS in the baseline (.
(n=3,238)

-
Excluded(n = 64):
Outliers of waist circumference and weight

\

N

Participants from CLHLS in 2011-2018
(n=3,174)

-
Excluded(n = 1782):
Incomplete demographic information

Y

~ | Females
|

Participants from CLHLS in 2011-2018
(n=1,392)
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Variable B (SE) P 95% ClI

Age at menopause —0.01(0.02) | —04 0.67 (—0.06, 0.04)
Education level —0.22(0.07) | —29 | 0.003 | (—0.36,—0.07)
HRT use —045(0.35) | —13 | 0.19 (~1.13,0.22)
APOEA carrier status 0.14 (0.34) 0.42 0.67 (—0.52,0.81)
Age 0.03 (0.03) 119 0.23 (—0.02, 0.08)
Alcohol consumption —0.25(0.15) -17 0.09 (—0.54, 0.04)
Smoking status —0.15 (0.26) —0.6 0.56 (—0.66, 0.36)
Physical activity 0.00 (0.01) 0.13 0.9 (—0.02,0.03)
Healthy diet —0.09 (0.04) -23 0.02 (=0.17, —0.01)
Cancer diagnosis —0.31(0.42) | —0.7 0.46 (—1.12,0.51)
Hypertension 0.19(0.31) 0.61 0.54 (—0.42, 0.80)
Diabetes diagnosis 0.01 (0.45) 0.02 0.98 (—0.88, 0.90)
Constant —224(210) | —11 | 029 (—6.36,1.87)

HRT, hormone replacement therapy.
Bold p-values indicate significant p < 0.05.
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Univariate models Fully adjusted models

Variable Coefficient (SE)  p-value 95% ClI Coefficient (SE)  p-value 95% ClI

Age at menopause 0.05 (0.04) 021 (~0.03,0.13) 0.05 (0.04) 0.20 (~0.03,0.13)
education level 0.15 (0.09) 0.10 (=0.03,0.33) 0.13 (0.09) 0.17 (=0.06,0.31)
HRT use 1.19 (0.50) 0.02 (0.20,2.18) 0.65 (0.52) 022 (—0.38, 1.68)
APOEA carrier status —0.33 (0.57) 0.56 (—1.45,0.79) —0.43 (0.57) 045 (=155, 0.69)
Age 0.05 (0.04) 021 (—0.03,0.13) —0.14 (0.04) 0.00 (—0.23, —-0.06)
Cancer diagnosis —0.36 (0.66) 0.58 (—1.66, 0.94) —0.08 (0.66) 091 (-1.37,1.22)
Diabetes diagnosis 1.67 (1.09) 0.12 —0.47,3.85) 1.34 (1.41) 034 (—143,4.12)
Hypertension —0.59 (0.49) 023 (~1.57,0.38) —0.07 (0.51) 0.90 (~1.07,0.94)
Alcohol consumption 0.47(0.23) 0.04 (0.02,0.92) 0.28 (0.24) 023 (—0.18, 0.75)
Smoking status 0.42 (0.42) 031 (—0.48, 1.26) 0.15 (0.43) 073 (—0.69, 0.99)
Physical activity 0.04(0.02) 0.02 (0.007, 0.07) 0.02 (0.02) 0.34 (—0.02, 0.06)
Healthy diet 0.08 (0.06) 0.20 (—0.04,0.21) 0.03 (0.07) 0.71 (=0.11, 0.16)
Constant 7.88 (3.60) 0.03 (081, 14.96)

HRT, hormone replacement therapy.
Bold p-values indicate significant p < 0.05.
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Univariate models Fully adjusted models

Variable Coefficient (SE)  p-value 95% ClI Coefficient (SE)  p-value 95% ClI
Age at menopause 0.10 (0.05) 0.043 (0.03,0.19) 0.09 (0.05) 0.04 (0.01,0.18)
Education level 0.61 (0.11) 0.00 (039,0.83) 053 (0.11) 0.00 (0.32,0.73)
HRT use 2.76 (0.61) 0.00 (156,3.97) 1.39 (0.59) 0.02 (0.24,2.55)
APOEA carrier status —0.03 (0.70) 0.96 (—141,1.35) —0.29 (0.64) 0.65 (—1.55, 0.96)
Age —0.42 (0.040 0.00 (—0.51,-0.33) —0.33 (0.05) 0.00 (~0.43, —0.23)
Cancer diagnosis —0.37 (0.81) 0.64 (—1.98,1.22) 029 (0.74) 0.69 (~1.16, 1.74)
Diabetes diagnosis 2.05 (1.35) 0.13 (—0.63,4.71) 278 (1.59) 0.08 (—0.34, 5.89)
Hypertension —17(0.61) 0.005 (~2.92, —0.52) ~0.26 (0.58) 0.66 (~1.39, 0.88)
Alcohol consumption 1.38 (0.27) 0.00 (0.83,1.93) 0.89 (0.36) 0.00 0(.37, 1,41)
Smoking status 126 (0.52) 0.02 (023,2.28) 055 (0.48) 025 (~0.39, 1.50)
Physical activity 0.10 (0.02) 0.00 (0.06,0.14) 0.03 (0.02) 0.14 (~0.01,0.08)
Healthy diet 032 (0.08) 0.00 (0.17,0.48) 0.18 (0.08) 0.02 (0.03,0.33)
Constant 107.56 (4.04) 0.00 (99.63, 115.5)

HRT, hormone replacement therapy.
Bold p-values indicate significant p < 0.05.
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Variable n SD Min Max
Age at baseline 629 72.95 622 65 97
Education (years) 629 12.06 265 1 28
Age of menopause 629 4928 6.17 23 65
HRT use history 264 4197

ApoeE4 carrier status | 159 2528

Cancer 107 17.01

Diabetes 20 318

Hypertension 289 4595

Lifestyle variables

Current alcohol 629 230 1.08 1 4
History of smoking 629 0.47 0.58 0 2
Total physical activity | 629 196 139 0 88
Current diet 629 18.80 3.80 6 28
Cognition

MMSE baseline 629 28.17 1.55 25 30
CAMCOG baseline 629 9133 538 61 102
CAMCOG follow-up 629 90.83 7.69 12 103
CAMCOG change 629 —0.5 6.24 —78 20

HRT, hormone replacement therapy; MMSE, mini-mental state examination; CAMCOG,

Cambridge Cognitive Examination.
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Modell

Estimate (95% ClI)

Model2
Estimate (95% ClI)

Model3
Estimate (95% ClI)

Direct effect 0.896 (0.778-1.013) 0.582 (0.454 to —0.709) 0.582 (0.453-0.710)
Indirect effect (EV) 0.038 (0.012-0.066) 0.024 (0.006-0.045) 0.021 (0.006 to —0.040)
Indirect effect (PDI) 0007 (=0.002 to 0.021) —0.001 (~0.010 to 0.006) —0.002 (~0.014 to 0.006)
Indirect effect (hPDI) —0.010 (~0.030 to 0.009) —0.006 (~0.022 to 0.008) —0.004 (—0.019 to 0.008)
Indirect effect (uPDI) 0.020 (0.004-0.039) 0018 (<0.001-0.040) 0018 (—0.0003 to 0.039)
Total effect 0934 (0.813 to —1.054) 0.605 (0.477-0.735) 0.603 (0.473-0.732)

Model 1: Crude Model; Model 2, adjusted for age, gender, region, marital, econ state, living conditions, children number; Model 3, model 2 + smoke, drink, exercise and BMI.
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Factors

High stability

Slow decline

Rapid decline

1102 710 303
Gender (%) Female 450 (40.8) 447 (63.0) 210 (69.3) <0.001
Male 652 (59.2) 263 (37.0) 93 (30.7)
Ethnic (%) Others 71(6.4) 41(5.8) 28(9.2) 0.120
Han nationality 1,031 (93.6) 669 (94.2) 275 (90.8)
Rural (%) Rural 987 (89.6) 668 (94.1) 285 (94.1) 0.001
Urban 115 (10.4) 42(5.9) 18 (5.9)
Marital (%) Others 339 (30.8) 338 (47.6) 186 (61.4) <0.001
Married 763 (69.2) 372(52.4) 117 (38.6)
Econ state (%) No 940 (85.3) 643 (90.6) 271 (89.4) 0.002
Yes 162 (14.7) 67 (94) 32 (106)
Medical Insurance (%) No 931 (84.5) 609 (85.8) 261 (86.1) 0.657
Yes 171 (15.5) 101 (14.2) 42(13.9)
Co_residence (%) No 966 (87.7) 587 (82.7) 240 (79.2) <0.001
Yes 136 (12.3) 123 (17.3) 63 (20.8)
Smoke (%) Never 620 (56.3) 488 (68.7) 233 (76.9) <0.001
Formerly 176 (16.0) 88 (12.4) 31(10.2)
Current 306 (27.8) 134 (18.9) 39 (12.9)
Drink (%) Never 687 (62.3) 464 (65.4) 222 (73.3) 0.001
Formerly 136 (12.3) 103 (14.5) 32 (10.6)
Current 279 (25.3) 143 (20.1) 49 (16.2)
Exercise (%) Never 582 (52.8) 417 (58.7) 191 (63.0) <0.001
Formerly 86(7.8) 66(9.3) 32(10.6)
Current 434(39.4) 227 (32.0) 80 (26.4)
BMI (%) <185 188 (17.1) 173 (24.4) 90 (29.7) <0.001
18.5-24.0 645 (58.5) 396 (55.8) 164 (54.1)
24.0-28.0 211(19.1) 115(16.2) 39(12.9)
>28.0 58(5.3) 26(3.7) 10 (3.3)
Age [mean (SD)] & 72.41 (6.47) 75.79 (6.90) 82.17 (8.34) <0.001
Education [mean (SD)] - 4.19 (4.00) 1.64 (2.72) 1.10 (2.49) <0.001
Children number [mean (SD)] - 4.03 (1.75) 4.52 (1.96) 4.78 (2.26) <0.001
Income [mean (SD)] - 19546.51 (23,507.46) 18003.34 (24,202.16) 19481.10 (26,450.77) 0.389
mmse [mean (SD)] - 28.71 (1.38) 24,52 (3.82) 1178 (8.51) <0.001
PDI [mean (SD)] = 50.83 (6.20) 50.78 (6.10) 149.75 (6.43) 0.022
hPDI [mean (SD)] = 48.45 (5.68) 48.05 (5.70) 47.65 (5.55) 0.065
uPDI [mean (SD)] - 48.79 (5.30) 49.81 (5.50) 49.41 (5.55) <0.001
FV [mean (SD)] = 6.03 (2.51) 5.30 (2.35) 5.01(242) <0.001
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Total score of CERAD

SE Y]

GDS item #10 (helplessness)

Model 1*
Helplessness -5724 1.887 -0.175 0003
Non-helplessness Reference

Model 2*
Helplessness =5.300 1.899 —=0.162 0.006
Non-helplessness Reference

GDS item #14 (subjective memiory problems)
Model 1*
Subjective
memory 3557 1.680 ~0.109 0036
problems
Non-subjective
memory Reference
problems
Model 2
Subjective
memory -3177 1667 ~0.097 0058
problems
Non-subjective
memory Reference

problems

CERAD, Consortium to Establish a Registry for Alzheimers Disease; APOE4, apolipoprotein
e4; VRS, vascular isk score; BMI, body mass index.

‘Adjusted for age, sex, education, APOE, and VRS,
“Adjusted for age, sex, education, APOE4, VRS, BMI, annual income, physical activit,
alcohol intake, smoking, alburmin, fasting glucose, and HDL-/LDL-cholesterol,
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Total score of CERAD

SE
Helplessness ~11.930 2641 -1375 0.049
Age ~0.637 0205 -0243 0.002
Helplessness x Age 0546 0311 1224 0.081
Helplessness ~6:679 2253 ~0204 0.003
Sex ~2349 3275 ~0069 0474
Helplessness x Sex 4748 4183 0.094 0258
Helplessness ~5.180 2098 ~0.158 0015
APOE4 ~5.938 2691 ~0.149 0029
Helplessness x APOE4 ~0.686 5066 ~0010 0892
Helplessness 13.848 13284 0424 0299
BMI 0531 0338 ons ons
Helplessness x BMI ~0.774 0531 ~0592 0147
Helplessness ~5.889 2562 ~0.180 0023
VRS 0077 0074 0.080 0299
Helplessness x VRS 0039 ons 0032 0732
Helplessness ~11.200 3252 -0343 <0.001
Physical activity 0,005 0.024 0015 0828
Helplessness x Physical activity 009 0042 0225 0034

CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; APOEA, apolipoprotein e4; BMI, body mass index; VRS, vascular risk score.
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Total score of CERAD

B SE /]

Low physical activity (n=98)

Model 1*
Helplessness -7.627 2802 0226 0.008
Non-helplessness Reference

Model 2*

Helplessness =7.291 2.862 -0.216 0.013
Non-helplessness Reference

High physical activity (n=98)

Model 1*
Helplessness —3.543 2652 =0.114 0.185
Non-helplessness Reference

Model 2*
Helplessness =3.207 2.800 =0.103 0255
Non-helplessness Reference

CERAD, Consortium to Establish a Registry for Alzheimers Disease; APOEA, apolipoprotein
e4; VRS, vascular isk score; BMI, body mass index.

‘Adjusted for age, sex, education, APOE4, and VRS,

“Adjusted for age, sex, education, APOE4, VRS, BMI, annual income, alcohol intake,
smoking, albumin, fasting glucose, and HDL-/LDL-cholesterol.
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OR 95% CI

GDS item #10 (helplessness)
Model 1* 3.692 1.911t07.133 <0.001 0.198
Model 2* 4531 2.218109.258 <0.001 0.269
GDS item #14 (subjective memory problems)

Model 1* 1.993 1.057 to 3.756 0.033 0.128
Model 2* 1.999 1.040 to 3.840 0.038 0.166

GDS, geriatric depression scale; MCI, mild cognitive impairment; APOE4, apolipoprotein E
e4 allele; VRS, vascular risk score; BMI, body mass index

‘Adjusted for age, sex, education, APOE, and VRS,

“Adjusted for age,sex, education, APOE4, VRS, BMI, annual income, physical activity
alcohol intake, smoking, albumin, fasting glucose, and HDL-/LDL-cholesterol
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Classification Adf  Significance test

accuracy (%) for —LL difference
One candidate model
Model H (helplessness)
GDS item #10 701 220967 43316 <0.001 1

Model § (subjective memory problems)

GDS item #14 68.0 237.085 27.085 0.008 1
Model M
MMSE 711 213314 50.970 <0.001 1

Two candidate model
Model HM (helplessness + MMSE)

Model HM vs. M: p<0.001

GDS item #10+ MMSE 784 192565 71719 <0.001 1
A accuracy (%)=7.3

Model M (subjective memory problems

+ MMSE)
Model SM vs. M:
GDS item #14+ MMSE 747 209.336 54948 <0.001 1 Pp=00461
A accuracy (%) =36
Three candidate model

Model HSM (helplessness + subjective
memory problems + MMSE)
‘Model HSM vs. HM:
GDS item #10+GDS item #14 + MMSE 789 192342 71941 <0.001 1 p=0.6368
A\ accuracy (%) =05
Model HSM vs. SM:
1 <0001
A\ accuracy (%) =42
Model HSM vs. M:
2 p<0.001
A accuracy (%)=7.8

MCI, mild cognitive impairment; GDS, geriatric depression scale; MMSE, mini-mental state examination.
~2LL indicates -2 log ikelihood.
“Adjusted for age, sex, education, APOE4, VRS, BMI, annual income, physical activity, alcohol intake, smoking, albumin, fasting glucose, and HDL-/LDL-cholesterol.
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OR 95% ClI

Model HM (helplessness + MMSE)

Model 1* 0349
GDSitem#10 4078 1.986108.373 <0.001
MMSE 0725 0632100832 <0.001

Model 2* 0415
GDSitem#10 5392 24311011959 <0.001
MMSE 0711 0.616100.820 <0.001

GDS, geriatric depression scales MCI, mild cognitive impairment; APOE4, apolipoprotein E
e4 allele; VRS, vascular risk scores MMSE, mini-mental state examination.
“Adjusted for age, sex, education, APOE4, and VRS.

“Adjusted for age, sex, education, APOEA, VRS, BMI, annual income, physical a
alcohol intake, smoking, albumin, fasting glucose, and HDL-/LDL-cholesterol,
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OR

Model HM (helplessness + MMSE)

Model 1*
Helplessness 4499
MMSE 0.728

Model 2*

Helplessness 6.132
MMSE 0.707

2038109932

0631100840

254310 14.788

0.608 t0 0.822

0366
<0001
<0001

0425
<0001
<0001

GDS, geriatric depression scale; MCI, mild cognitive impairment; APOEA, apolipoprotein E
e4 allele; VRS, vascular risk score; MMSE, mini-mental state examination.
“Adjusted for age, sex, education, APOE4, and VRS.

“Adjusted for age, sex, education, APOEA, VRS, BMI, annual income, physical a

alcohol intake, smoking, albumin, fasting glucose, and HDL-/LDL-cholesterol,
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Characteristi Ovel ()] MClI
n 196 3 8
Agey 7265 (595) 7188 (5.46) 7370 (6.45) 0.035*
Female, n (%) 113 (57.65) 83 (73.45) 30(36.14) 0.276"
Education, y 962 (451) 982 (453) 935 (4.49) 0.469°
MMSE score 2558 (3.45) 26.63(254) 2416 (399) <0001
APOEA-positivity, n (%) 39 (19.90) 15(1327) 24(2892) 0.007°
VRS, % 23.98 (18.58) 2434(1823) 2349 (19.13) 0755
BMI 2483 (341) 2472(295) 2498 (3.96) 05910
Annual income, 1 (%) 0012°
<MCL 25(0.13) 12(1062) 13 (15.66)
2MCL, <2MCL 62(3163) 28 (24.78) 34(40.96)
22MCL 109 (55.61) 73 (64.60) 36(43.37)
UPDRS, gait disturbance requiring assistance 0(0.00) 0(0.00) 0(0.00)
Physical activity
Total score of PASE 6477 (46.21) 68.93 (47.70) 59.11 (43.74) 0142
Alcohol drink status, 1 (%) 0092
Never 107 (54.59) 69 (61.06) 38 (45.78)
Former 34(17.35) 18 (15.93) 16 (19.28)
Drinker 55 (28.06) 26 (23.01) 29(34.94)
Smoking status, 1 (%) 0.101°
Never 149 (76.02) 92 (81.42) 57 (68.67)
Former 39 (19.90) 17 (15.04) 22(26.51)
Smoker 8 (4.08) 4(3.54) 4(482)
Blood nutritional markers
Albumin, g/dL 457 (0.26) 4,60 (0.26) 453 (026) 0,057
Glucose, fasting, mg/dL 108.15 (19.94) 107.77 (20.13) 108.67 (19.80) 0756
HDL-cholesterol, mg/dL 5464 (1296) 55.04(12.10) 54.11 (14.10) 062"
LDL-cholesterol, mg/dL. 9641 (33.82) 98,53 (32.98) 9351 (34.94) 0309
Gps
Total score 1092 (7.24) 9.81(6.85) 1242 (753) 0012
Individual item, n (%)
item #10 (helpless) 69(35.20) 28 (24.78) 41(49.40) <0.001°
item #14 (subjective memory problems) 70 (35.71) 33(29.20) 37(44.58) 0.026"
Total score 6998 (15.61) 77.14(11.93) 60.23 (14.77) <0.001

MMSE, mini-mental stte examination; APOE4, apolipoprotein E e4 allele; VRS, vascular risk score; BMI, body mass index; MCI, mild cognitive impairment; MCL, minimum cost of lving;
UPDRS, Unified Parkinsons Disease Rating Scale; PASE, physical activity scale for the elderly; GDS, geriatric depression scale; CERAD, C m to Establish a Registry for Alzheimer's
Disease.

Data are expressed as mean (standard deviation), unless otherise indicated.

by one-way analyss of variance.

by chi-square test.

by fisher exact test.
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Characteristic Overall Non-helplessness Iplessness
n 196 127 6
Agey 7265 (595) 7254(5.79) 7286 (6.29) 0727
Female, n (%) 113 (57.65) 90(70.87) 48 (69.57) 0.849°
Education, y 9.62(451) 9.80 (4.56) 9.30 (442) 0.468"
MMSE score 2558 (3.45) 2577 (3.43) 2523 (3.48) 0,297
APOE4-positivity, 1 (%) 39(19.90) 29(22.83) 10(14.49) 0.162°
VRS, % 23.98 (18.58) 24.02(18.38) 2391 (19.06) 09710
BMI 2483 (3.41) 24.94(3.35) 2463 (3.52) 0545
MCI 7 (%) 83 (42.35) 42(33.07) 41(59.42) <0.001
Annual income, n (%) 0014
<MCL 25(0.13) 12(0.08) 13.(18.84)
2MCL, <>MCL 62(31.63) 35(27.56) 27(39.13)
22MCL 109 (55.61) 80(62.99) 29(42.02)
UPDRS, gait disturbance requiring 3(000) (a0 alai0)
assistance
Physical activity
Total score of PASE 6477 (46.21) 66.27 (47.64) 62,03 (43.65) 0541°
Alcohol drink status, (%) 0.705"
Never 107 (54.59) 70(55.12) 37(53.62)
Former 34(17.35) 20(15.75) 14(2029)
Drinker 55 (28.06) 37(29.13) 18 (26.09)
Smoking status, 1 (%) 0.266°
Never 149 (76.02) 101 (79.53) 48 (69.57)
Former 39(19.90) 21(16.54) 18(26.09)
Smoker 8(4.08) 5(3.94) 3(435)
Blood nutritional markers
Albumin, g/dL. 457 (026) 4,58 (0.26) 456 (027) 0.740"
Glucose, fasting, mg/dL 108.15 (19.94) 109.51 (21.55) 105.68 (16.50) 0.201°
HDL-cholesterol, mg/dL 5464 (1296) 55.20 (12.74) 53.64 (13.38) 0.423°
LDL-cholesterol, mg/dL. 96.41 (33.82) 94.46 (47.64) 99.94 (36.16) 0.281°
GDS total score 10,92 (7.24) 7.10 (436) 17.94(6.17) <0.001*
Total score 69.98 (15.61) 7224 (15.51) 65.83 (15.05) 0.006"

ini-mental state examination; APOE4, apolipoprotein E e4 allee; VRS, vascular risk score; BMI, body mass index; MCI, mild cognitive impairment; MCL, minimum cost oflving;
UPDRS, Unified Parkinsons Disease Rating Scale; PASE, physical activity scale for the elderly; GDS, geriatric depression scale; CERAD, Consortium to Establish a Registry for Alzheimer's
Disease.

Data are expressed as mean (standard deviation), unless otherwise indicated.

by one-way analyss of variance.

by chi-square test.

by fisher exact test.
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Non-cognitive

Cognitive decline

decline

n =726 n =180
Age (years) 702 £6.7 69.9 +6.5 71.2+£73 0.023
Sex (men %) 50.8 (460) 50.4(366) 52.2(94) 0.664
BMI (kg/mz) 22.7£2.8 22.6 £2.8 2294238 0.232
Education (% <9/10-12 / >13 years) 26.8/42.8/30.4 23.8/44.6/31.5 38.9/35.6/25.6 <0.001
Alcohol intake (ml/day) 13.0 £23.6 13.4+23.6 11.34+234 0.274
Smoking status (current %) 8.7 (79) 9.0 (65) 7.8 (14) 0.617
Total physical activity (METs h/day) 342 +£3.0 342429 343+36 0.404
Income (% > 5.5 million yen) 37.9 (343) 38.3 (278) 36.1(65) 0.589
Stroke (%) 5.3 (48) 5.2 (38) 5.6 (10) 0.863
Heart disease (%) 6.8 (62) 6.3 (46) 8.9 (16) 0.225
Hypertension (%) 40.5 (367) 40.4 (293) 41.1(74) 0.854
Dyslipidemia (%) 262 (237) 25.3 (184) 29.4(53) 0.263
Diabetes (%) 10.4 (94) 10.9 (79) 8.3(15) 0.316
MMSE 28.1£1.6 279+ 1.6 288+ 1.3 <0001
Depressive tendency (%) 11.1 (101) 10.9 (79) 12.2(22) 0.609
CSLA (% everyday/STs a week/once a 5.1/10.5/20.2/11.3/7.1/45.9 5.6/10.9/20.8/11.2/6.5/45.0 2.8/8.9/17.8/11.7/9.4/49.4 0.308
week/once or STs a month/once or STs a
year/never)
ARA (mg/day) 152 (118-190) 154 (120-191) 140 (109-180) 0.005
EPA (mg/day) 280 (150-449) 280 (154-451) 282 (145-447) 0.856
DHA (mg/day) 514 (295-798) 511 (299-798) 545 (270-803) 0.850

Data is presented as means & SDs or median (interquartile range). Differences in baseline characteristics among participants with non-cognitive decline and cognitive decline were assessed
using the Chi-squared test for categorical variables and either Student’s ¢-test or the Wilcoxon rank-sum test for continuous variables. BMI, body mass index; MMSE, Mini-Mental State
Examination; CSLA, cognitively stimulating leisure activity; STs, several times; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
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Variable

Age, median (IQR) [in year] 73 (69-78)
Sex, woman, 7 (%) 249 (55.5)
Education, median (IQR) [in year] 12 (12-16)
MMSE score, median (IQR) 29 (27-30)
Heart disease, yes, n (%) 57 (12.7)
Diabetes, yes, 1 (%) 64 (14.3)
Hypertension, yes, n (%) 170 (37.9)
Hyperlipidemia, yes, n (%) 157 (35.0)
Medication, median (IQR) 2(1-4)
Walking speed, median (IQR) [in m/sec] 1.24 (1.12-1.36)
GDS score, median (IQR) 2(1-4)
Living alone, yes, 1 (%) 76 (16.9)
Work, yes, n (%) 101 (22.5)
Word list memory composite score, median (IQR) 12.3 (9.7-14.3)
Hippocampal volume, median (IQR) [in % eTIV] 0.56 (0.52-0.60)
DAN, median (IQR) [in wV?/M*/Hz| 2566.4
(2225.5-3059.0)
VAN, median (IQR) [in pV2/M*/Hz] 9691.6
(9257.0-10072.2)

IQR, interquartile range; n, Number; MMSE, mini-mental state examination; GDS, 15-item
geriatric depression scale; DAN, dorsal attention network; VAN, ventral attention network;
€T1V, estimated total intracranial volume.





OPS/images/fnagi-16-1401818/fnagi-16-1401818-t002.jpg
Network IC Frequency band X (MNI) Y (MNI) Z (MNI) Brodmann area

DAN 14 Beta 20 —65 65 7 SPL
DAN 14 Beta —20 —60 65 7 SPL
DAN 14 Beta 65 -35 25 40 PL
DAN 14 Gamma 15 —65 65 7 SPL
DAN 14 Gamma —15 —60 65 7 SPL
VAN 15 Beta —20 60 25 10 MEG
VAN 15 Beta 70 —30 5 42 STG
VAN 15 Beta 35 —65 40 39 PL
VAN 15 Beta 65 —50 25 40 SMG
VAN 15 Beta 65 —50 20 22 TP]
VAN 15 Beta 45 -85 —10 19 vC
VAN 15 Gamma —65 —20 —15 21 MTG
VAN 15 Gamma —60 —10 —25 20 ITG
VAN 15 Gamma —10 —100 -5 17 vC

DAN, dorsal attention network; VAN, ventral attention network; ICs, independent components; SPL, superior parietal lobule; IPL, Inferior parietal lobule; MFG, middle frontal gyrus; STG,
superior temporal gyrus; SMG, supramarginal gyrus; TP], temporoparietal junction; VC, visual cortex; MTG, middle temporal gyrus; ITG, inferior temporal gyrus.
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Word list memory

Independent 95%Cl

variables

Model 1:

Hippocampal volume 0.1543806 [0.0553502, 0.002
0.2534111]

Model 2:

DAN activity values 0.0000029 [—0.0000045, 0.439
0.0000103]

Model 3:

VAN activity values —0.0000035 [—0.0000110, 0.357
0.0000040]

Model 4:

Hippocampal volume 0.2009565 [0.0915488, < 0.001
0.3103643]

DAN activity values —0.0000024 [—0.0000160, 0.735
0.0000113]

VAN activity values —0.0000012 [—0.0000149, 0.863
0.0000125]

Hippocampal volume x DAN 0.0000043 [—0.0002294, 0.971
0.0002380]

Hippocampal volume x VAN 0.0000374 [—0.0002098, 0.767
0.0002846]

DAN x VAN —0.000000004 | [—0.000000010, 0.222

0.000000002]

Hippocampal volume x DAN 0.0000001 [—0.000000003, 0.057

x VAN 0.000000219]

Model 5

Hippocampal volume 0.1552881 [0.0559102, 0.002
0.2546660]

DAN activity values 0.0000023 [—0.0000051, 0.544
0.0000096]

Hippocampal volume x DAN —0.0001227 [—0.0002396, 0.040

—0.0000058]

Model 6:

Hippocampal volume 0.1525955 [0.0536656, 0.003
0.2515255]

VAN activity values —0.0000029 [—0.0000103, 0.441
0.0000045]

Hippocampal volume x VAN 0.0001360 [0.0000130, 0.031
0.0002591]

Model 7:

DAN activity values —0.0000017 [—0.0000154, 0.813
0.0000121]

VAN activity values —0.0000018 [—0.0000156, 0.800
0.0000120]

DAN x VAN —0.000000003 | [—0.000000009, 0.324

0.000000003]

DAN, dorsal attention network; VAN, ventral attention network; B: standardized regression

coefficient; CI, confidence interval; p: p-value.
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Participants enrolled in
“Self-Management Activity Program for the Older”
n= 3,596

v
Participants enrolled in this study

n =449

Exclusion, n = 3,147
* Did not wish to participate for this study, n = 2,409
* MRI measurements contraindicated (such as metals,
implants, or stents), n = 189
* Notable or unstable medical conditions (panic disorder or
claustrophobia), n = 45
+ Significant neurological background (such as epilepsy,
brain tumors, or stroke), n = 88
* Missing questionnaires on MRI measurements, n = 30

* MRI or EEG measurements have not been taken, n = 386
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Tai Chi group Walking group Control group F-value P-value

Post-intervention 23.06 £ 1.434 21.72 + 1.274* 20.50 £ 1.383* 15.778 < 0.001

Follow-up 22.17:4+1.339 21.22:4+1.353 20.61 £ 1.420* 5.880 0.005

*indicates a statistically significant difference between post hoc two-by-two comparisons compared to the Tai Chi group.
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Time effect Between-group Baseline MoCA Interaction effect
effect

Time*intergroup | Time*baseline

MoCA

0.955 15.839 21.036 3.906 1.393
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Tai Chi group Walking group Control group F P
T1 20.78 + 1.734 19.94 + 1.259 20.61 +1.335 1.648 0.203
T2 23.06 + 1.434 21.72 4+ 1.274* 20.50 + 1.383* 15.778 <0.001
T2-T1 2.279 + 1.406 1.778 £ 0.832 —0.111 % 1.656* 16.466 <0.001
T3 22.17 +1.339 21.22 41353 20.61 + 1.420* 5.880 0.005
T3-T1 1.389 £ 1.650 1.277 £ 1.127 0.000 =+ 0.889* 4719 0.013

Variables that are normally distributed and have equal variances are described with (X = S); Differences between groups are analyzed by analysis of variance and multiple comparisons are
performed using Dunnett’s test. T1, before intervention; T2, after intervention; T3, Follow-up; *indicates that there is a statistically significant difference with the Tai Chi group according to

the post hoc pairwise comparison.
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Groups Did not Did not Total P-
complete complete value
motor post-
exercise intervention
indicator
ratings

Tai Chi 2 0 2 =
group

Walking 2 0 2 0.429
group

Control 2 2 4 -
group
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Category Tai Chi group Walking Control Statistical

(N = 18) group group value
(N = 18) (N =18)
Age (years) 86.17 & 6.022 85.28 £ 4.650 81.96 £6.12 F=2.668 0.079
Sex (cases) Male 9 (50.0%) 4(22.2%) 5(27.8%) Xz =3.500 0.174
Female 9 (25.0%) 14 (38.9%) 13 (36.1%)
Years of education (years) 10.89 £ 4.639 10.78 & 3.135 10.78 4+ 4.023 F =0.005 0.995
Number of chronic diseases (number) 0 7 (33.3%) 7 (33.3%) 7(33.3%) ¥2=0.158 0.924
1r2, 6 (35.3%) 6 (35.3%) 5(29.4%)
>3 5(31.3%) 5(31.3%) 6 (37.5%)
Marital status (cases) Married 7 (38.9%) 4(22.2%) 7 (38.9%) ¥? =1.500 0.472
Widowed or 11 (30.6%) 14 (38.9%) 14 (30.6%)
divorced
Family history of dementia (cases) Yes 3(30.0%) 3(30.0%) 4 (40.0%) x%=0.245 0.885
No 15 (34.1%) 1,515 (34.1%) 14 (31.8%)
MoCA 20.78 £ 1.734 19.94 4+ 1.259 20.61 £ 1.335 F=1.648 0.203
TMT-A 121 (109.5, 128.75) 123 (108.75, 121 (106.5, Z =0.024 0.988
126.25) 136.26)
AVLT-immediate recall 18.67 + 2.169 18.94 & 2.155 18.67 & 1.495 F=0.120 0.887
AVLT-delay recall 3.94 £ 1.626 344+ 1.294 3.50 £1.383 F=0.651 0.526
AVLT-recognition recall 18.00 £ 1.749 18.06 + 1.349 18.00 £ 1.029 F=0.009 0.991
BDNF (pg/ml) 134.27 +10.79 130.48 + 12.72 12948 +15.97 F=0.037 0.093
PF4 (ng/ml) 194.17 4+ 14.83 203.42 £ 18.52 202.72 £15.34 F=0.105 0.096

N, sample size; F, analysis of variance; %2, chi-square test; Z, rank sum test; p, probability value for statistical significance. Continuous variables are expressed using mean = standard deviation,
and categorical variables are expressed using frequency (percentage). MoCA, Montreal Cognitive Assessment; AVLT, Auditory Verbal Learning Test, including AVLT-Immediate Recall,
AVLT-Delay Recall, and AVLT-Recognition Recall; TMT-A, Trail Making Test-A; BDNE brain-derived neurotrophic factor; PF4, platelet factor 4.
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Parameters GSH GPx (U/mg SOD (U/ mg

(pmol/ g protein) protein)
wet liver)

Brain tissue

Control group 1.32£0.17 0.7510.08 29.941264
MR hydrosol 255804 149:0.08" 5694334
SO hydrosol 2.34£048" 1.44£0.1 57.16+8.01"
Liver tissue

Control group 4874046 858+0.7 45454804
MR hydrosol 9.9310.78" 13.88+0.51" 83.89+11.87"
SO hydrosol 918405 1297508 73632797

Values are mean = SD (1 =6). The resuls are considered significantly different for p <0.05.*
in comparison with the standard, ® in comparison with SO hydrosol.
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Tai Chi group Walking group Control group Z P
T1 121 (109.5, 128.75) 123 (108.75, 126.25) 121 (106.5, 136.25) 0.024 0.988
T2 102 (98,107.5) 112.5 (107.75, 116)* 112 (106.75, 117)* 25.13 <0.001
T2-T1 —20 (—24, —13) —10 (—13.25, —2.00)* 0.500 (26, 18.75)* 8.131 0.017
T3 103.5 (100, 105.5) 112 (106.75, 117)* 120 (110, 125.25)* 21.77 <0.001
T3-T1 —18.5(—27.5, =3.75) —6(—12,4.25) —2(~15.25,9.5) 5.64 0.060

For variables that do not follow a normal distribution and have equal variances, use M (P25, P75) for description; Differences between groups are analyzed by the non-parametric Kruskal-Wallis
H test for independent samples, and multiple comparisons are carried out using the Dunn-Bonferroni method. T1, before intervention; T2, after intervention; T3, at follow-up; *indicates that

there is a statistically significant difference with the Tai Chi group according to the post hoc pairwise comparison.
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Hydrosols DPPH ABTS+

ICso (ng/mL)
MR hydrosol 95.54+1.91* 101097 £2.04"
SO hydrosol §7.194£2.72° 823158022
Ascorbic acid 1.93+1.47 -
“Trolox - 5.21£0.64

Values are presented as mean +SD of triplicate readings (1 = 3). The results are considered
significantly different for p < 0.05. in comparison with the standard, * in comparison with
SO hydrosol.
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Post-intervention Follow-up F-value
Tai Chi group 23.056 + 1.434 22.167 + 1.339 3.694 0.063
Walking group 21722 + 1.274 21.222 + 1.353 1.303 0.262
20500 + 1.383 20.611 + 1.420 0.057 0.813

Control group
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Treatments Fur aspect Hunched Ptosis
Dull | Coarse | Hair "OStre
loss
Control group e ot . - w
MR hydrosol + 4 . . -

SO hydrosol - +
+-+: Present i all individuals of the group, ++: Present in the majority/half of individuas in

the group, +: Present in the minority of individuals in the group, —: absent
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Parameters AST GGT Bilirubin

UI/L plasma

Controlgroup  11476+13.15 | 8635£1285 7024234 172£05
MR hydrosol 4218£281° | 2819+360°  081£036° 1244018

SO hydrosol 38632244 26796105 3074092 1512036

Values are mean+ SD (1 =6). The results are considered significantly different for p <0.
in comparison with the standard, ® in comparison with SO hydrosol.
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Exercise ICC Domain
Name game 0.6 DivAtt
Red ball 0.48 SelAtt 0.37
Wind-rewind 0.69 ProSpeed 0.51
Zip Zap Zup (all clap) 0.48 Planning 0.32
Pass the look 0.41 DecMak 0.25
Buzz 0.49 WorkMem 0.52
Receiving circle 0.32 RespFB 0.31
Picture description 0.5 Override 0.67
Object work 0.46 MenFlex 0.7
Zip Zap Zup (BBC) 0.54 ImmMem 0.42
Labeling 0.58 RecenMem 0.33
Category patterns 0.65 LongMem 0.56
Two-part words 0.48 Implicit 0.16
Mind meld 0.44 ExpressL 0.64
Yeah/boo 0.53 ReceptL 0.47
- VisPerc 0.27
- VisConst 0.18
= PercMoto 0.53
= Gnosis 0.18
- DivAtt 0.47
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Name game

M (sd) range

Red ball
M (sd) range

Wind-rewind
M (sd) range

Zip Zap Zop
all clap
M (sd) range

Pass the look
M (sd) range

Buzz
M (sd) range

Sustained attention

3.8(1.0) 2-5*

3.9(1.1)2-5

45 (1.1)2-6

4.4(1.0) 3-6

3.6(1.2)2-6

4.2(12)2-6

Divided attention

3.2(2.0) 0-6

Selective attention

Processing speed

4.1(1.3)1-6

3.2(1.4) 1-5

4.1(1.4) 2-6

32(1.3) 1-6

Planning

Decision making

Working memory

4.0 (1.4) 2-6

4.3(12)2-6

Error correction

Inhibition

0.4 (0.5) 0-1

3.2(1.8) 0-6

Mental flexibility

Immediate memory

4.2(1.7) 0-6

3.6(2.1) 0-6

5.0(1.3)2-6

3.2(1.7) 1-6

Recent memory

4.1 (1.6) 0-6

Very long-term memory

0.1(0.3) 0-1

0.08 (0.3) 0-1

02(0.6)0-2

0(0)0

0.1 (0.3) 0-1

Implicit learning

Expressive language

Receptive language

Visual-perception

Visuo-construction

0(0)0

0.1(0.3) 0-1

Perceptual-motor

Gnosis

0.2 (0.6) 0-2

0.2 (0.4) 0-1

*The ability or subdomain with the highest mean rating, the second highest mean rating and all of the abilities with ratings of 3.0 and higher were listed in the table. The shaded cells represent the ability or subdomain with the lowest mean values.
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Age in years

Mean (SD) 42 (13)
(Range in years) (26-62)
Female gender 8(62%)
Non-Hispanic white 10 (77%)
Non-Hispanic black 1(7.7%)
Non-Hispanic Asian 1(7.7%)
Hispanic 1(7.7%)
Years practicing

Mean (SD) 8(10)
(Range in years) (0-30)
Board certified neuropsychologist 4 (31%)
Practicing neuropsychologist 5(38%)
Neuropsychologist in training 4 (31%)

Mean (SD); n (%).
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Model 1

HR (95% ClI)

WWI, cm/v/kg 1.24 (1.08,1.43) 0.002
Low WWI (<11.25) Ref =
High WWI (2 11.25) 1.41(1.05,1.89) 0.023
Optimal threshold
Low WWI Ref -
(<1152)
High WWI 172(1.27,2.32) <0.001
(21152)

Model 2 Model 3
HR (95% CI) HR (95% CI)
120(1.05,1.38) 0.009 117 (1.02,1.35) 0028
Ref - Ref -
131(097,1.75) 0077 126 (0.94,1.69) 0129
Ref - Ref K
151 (1.12,2.05) 0007 144 (1.07,1.96) 0018

Model 1: no covariates were adjusted. Model 2: age was adjusted. Model 3 age, education, occupation, residence, marital status, smoker, drinker, hypertension and diabetes were adjusted. HR,

hazard ratio; CI, confidence interval; WWI, weight-adjusted waist index.
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Variables Overall (n = 1,392) Low WWI (n = 814) High WWI (n = 578) p-value
Age, years 787 (83) 78.1(83) 79.5(83) 0.002
Education (%) 0392
Formal education 1,040 (74.7) 615(75.6) 425(73.5)
Informal education 352(253) 199 (24.4) 153 (265)
Occupation (%) 0598
Non-professional work 1,167 (83.8) 686 (84.3) 481 (832)
Professional work 225(162) 128 (15.7) 97(16.8)
Residence (%) 0022
Rural 684 (49.1) 421(51.7) 263 (45.5)
Urban 708 (50.9) 393 (48.3) 315(545)
Marital status (%) <0.001
Married 962 (69.1) 591(72.6) 371(64.2)
Other 430 (309) 223(27.4) 207 (35.8)
Smoker (%) 0312
No 833 (59.8) 478 (58.7) 355 (61.4)
Yes 559 (40.2) 336 (41.3) 223 (386)
Drinker (%) 0629
No 934 (67.1) 542 (66.6) 392(67.8)
Yes 458 (329) 272(33.4) 186 (32.2)
Hypertension (%) 0.196
No 994 (71.4) 592(72.7) 402 (69.6)
Yes. 398 (286) 222(27.3) 176 (30.4)
Diabetes (%) 0447
No 1,336 (96) 784(96.3) 552(95.5)
Yes 56 (4) 30(3.7) 26(45)
WWI em/ kg 11 104207 119507 <0.001
Duration of follow-up, years 44521 45%2 4242
Cognitive impairment (%)
Non-cognitive impairment 1,215 (87.3) 723 (88.8) 492(85.1)

Cognitive impairment 177 (12.7) 91(11.2) 86(14.9)
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T2DM [M (S.E)]  Controls [M (S.E)] T2DM Controls

N=12 N=12 b p
(T1vs. T2) (TLvs. T2)
Age (years) 624(221) 59.5(1.71) - - -
Weight (kg) 8177 (4.34) 7555 (3.23) - - -
Height (m) 1.67(0.03) 170 (0.03) - - -
Duration of disease (years) 18.00(2.22) - - - -
HbAc (%) T1 10.02(0.94) 5.69(0.13) <0.002% <0.021% 50742
HbAc (%) T2 8.08 (0.47) 5.67 (0.15) <0.001%
Glycose (mg/dL) T1 192,17 (25.79.35) 93.56 (4.12) <0.004% 0,151 50645
Glycose (mg/dL) T2 15233 (21.68) 95.17 (481) <0.025%
Total chol. (mg/dL) Tt 18750 (12.08) 198.20(15.02) 50585 50082 0284
Total chol. (mg/dL) T2 16342 (14.71) 180.09 (7.29) <0.020%
LDL (mg/dL) T1 13117 (10.36) 137,50 (11.71) 50695 <0.027% 0,120
LDL (mg/dL) T2 97.00 (15.85) 110,25 (8.22) 50,073
Triglycerides (mg/dL) T1 181,67 (30.337) 100.70 (15.49) <0.031% 50,157 0720
Triglycerides (mg/dL) T2 14475 (39.896) 116,37 (21.66) 50311
Med - oral AntiD (%) 58 - - - N
Med - Insulin (%) 75 - - - -
Smok. habits (Yes; No) 27 o1 - - -
Quit (Yes) 3 1 - - -
Alcoh. habits (Yes; No) (Yes; No) 65 57 - - -
Quit (Yes) 1 0 - - -
Exerc. habits (Yes; No) (Yes;No) 75 - - - -
SMC 192(0.61) 2.25(063) 50615 - -
GDS-30 667(0.99) 475 (1.29) 50,171 - -
FCSRT
Total immediate recall 43.2501.22) 43.17(1.22) 0,292 - -
Total delayed recall 1525 (0.31) 15.08 (0.29) - =
Free recall efficacy 0.60 (0.04) 0.67(0.03) - -
Toral recall efficacy 090(0.25) 0.90 (0.02) - -
RCE -
Copy 312(0.96) 3292 (0.61) 50,241 - -
Immediate Recall 17.95(1.89) 18.38 (1.99) - -
Delayed Recall 18.71(2.08) 18.71(1.90) - -
TAFAT -
Cognitive incapacity (%) 0.17(0.17) 0 >0.118 - -
Emotional incapacity (%) 0 0 - -
Physical incapacity 141 (0.60) 0.17(0.17) - -
MoCA (total score) 23.42(1.04) 2650 (0.38) >0.703 - -
Matrices (WAIS-IIT) 1307 (1.74) 17.83 (0:88) 0,824 - N
Similarities (WAIS-1II) 19.00 (1.82) 25.17 (1.44) 50812 - -

Sample characterization by mean (M) and standard errors (SE). Displays clinical and neuropsychological measures.
T2DM, type 2 diabetes melltus; T1, time 1 (1st visit; T2, time 2 (2nd visit) ; years; AntiD, antidiabetics; SMC, subjective memory complaints; GDS-30, geriatric depression scale; FCSRT, free
and cued selective reminding test; RCE, rey-osterrieth complex figure; IAFAL functional assessment inventory of adults and elderly: MoCA, montreal cognitive assessment. *Significant at 0.05
level. Age, weight and height depicted for the second vis
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