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Editorial on the Research Topic
 Neuropsychiatric symptoms and cognitive impairment




Neuropsychiatric symptoms (NPS) are increasingly recognized not as mere consequences of cognitive decline, but as core features of minor and major neurocognitive entities. Mounting evidence suggests that affective symptoms, emotional lability, behavioral changes and/or psychotic symptoms may precede cognitive deficits (1, 2), predict disease progression (3, 4), institutionalization, and mortality (5), profoundly affect patients' quality of life and caregiver burden (6). Yet, clinical and research paradigms often maintain a fragmented view, separating cognition from behavior and emotion and thus limiting diagnostic precision and impeding holistic interventions. This fragmentation is further compounded by the prevailing reliance on observable phenotypes rather than on pathophysiologically grounded endotypes. Disorders like delirium or dementia are still largely defined by surface-level behavioral and cognitive criteria, despite emerging evidence that distinct or overlapping biological mechanisms, i.e., endotypes, may underlie superficially similar presentations (7). The conflation or divergence of phenotypes and endotypes introduces substantial bias into clinical research and mechanistic modeling, particularly when converging symptoms mask heterogeneous etiologies or when similar biological processes present with diverging behavioral features (8). Integrating biological signatures into diagnostic frameworks could therefore sharpen our understanding of progression, prognosis, and treatment response.

This Research Topic was conceived to address that gap by focusing on the interplay between NPS and cognitive impairment, while also incorporating approaches such as neuroimaging and fluid biomarkers to overcome the limitations of purely phenotypic classification to move toward biologically grounded endotypes. Some authors examined the understudied dimensions of positive affect and social vulnerability, others explored caregiver burden and finally some studies focused on non-medicinal interventions and their merit in the management of cognitive and/or behavioral symptoms in older adults with cognitive impairment. The 16 articles published draw from heterogeneous clinical populations across different continents. They span a rich diversity of methodologies and perspectives, including epidemiological analyses, systematic reviews and network meta-analyses, machine learning approaches, protocol development, and bibliometric mapping. This editorial synthesizes the key contributions of these studies and outlines how they enhance published literature and advance an integrative model of cognitive health—one in which Neuropsychiatric symptoms and cognitive impairment are seen as core, interconnected elements of minor and major neurocognitive disorders.

First, Chokesuwattanaskul et al. explored a relatively underexplored behavioral dimension in dementia: inappropriate trusting behavior. Inappropriate trusting was more common in semantic variant primary progressive aphasia (svPPA, 55%) and behavioral variant FTD (bvFTD, 44%), than non-fluent/agrammatic variant primary progressive aphasia (nfvPPA, 17%) and AD (24%).The authors identified neuropsychiatric, cognitive, and psychosocial predictors of such behavior across different dementia syndromes; apathy in the semantic variant primary progressive aphasia (PPA), disinhibition and altered pain responsiveness in the behavioral variant FTD, and lower mini-mental state examination (MMSE) and revised self-monitoring scale (RSMS) scores in AD. Such findings offer new insights into social vulnerability and ethical care, with implications for clinical counseling and safeguarding strategies for patients with impaired judgment.

While the vast majority of studies on NPS focus on identifying and treating “negative emotion,” Miklitz et al. argue for a more holistic understanding of neuropsychiatric health in dementia. Their work emphasizes positive affect, happiness, and subjective wellbeing; dimensions often overlooked in dementia care. The authors argue that due to the profound cognitive impairment, past events and future thinking assume less important roles in the subjective wellbeing of patients with dementia and momentary experiencing becomes more significant. They propose the study of positive emotions in the experienced moment of the participants using ecological momentary assessments. By highlighting emotional resilience and the potential for wellbeing even in the context of cognitive decline, they challenge negative emotion-oriented paradigms and offer direction for future research and dementia trials.

Next, the role of NPS as prodromal signs of cognitive impairment were explored. Yakemow et al. applied machine learning to MRI and clinical data in individuals with post-traumatic stress disorder (PTSD). The authors identified neuroimaging patterns emulating those seen in early Alzheimer's disease (AD). Their findings suggest that PTSD-related NPS paired with structural brain changes may serve as early indicators of an increased risk for future development of dementia. Peixoto et al. extended this early-detection focus to the post-COVID-19 context. They investigated cognitive performance 6 months after infection with the SARS-CoV-2 gamma variant. Their findings identified anxiety symptoms, among others, as key correlates of persistent cognitive impairment. This underscores the relevance of neuropsychiatric symptomatology in post-viral cognitive syndromes, especially in older adults. Finally, Rao et al. conducted comprehensive neuropsychological assessments in a community-based Chinese cohort, revealing a high prevalence (16%) of amnestic mild cognitive impairment (aMCI) in individuals aged 60 and above. Sleep disorders were not related to aMCI, which is a matter of ongoing debate in literature (9). Memory, language and executive impairments were more predominant, with long-term delayed recall emerging as the strongest predictor of aMCI. These findings reinforce the clinical importance of targeted memory assessments, particularly for verbal learning and retention, in early detection.

The biological underpinnings of cognitive impairment were examined through neuroimaging and metabolic frameworks. Mu et al. demonstrated that individuals with vascular cognitive impairment due to cerebral small vessel disease showed aberrant resting-state brain activity and disrupted network connectivity, correlating with specific domains of cognitive dysfunction. Their results point to neurofunctional mechanisms underlying cognitive disturbances in vascular dementia. Ye et al. conducted a dose–response meta-analysis on hypoglycemic events in individuals with type 2 diabetes mellitus. Their findings demonstrated a significant relationship between the frequency of hypoglycemia and the risk of cognitive decline, reinforcing the neurocognitive vulnerability conferred by metabolic stress. Liu et al. complemented this by assessing the prevalence of cognitive dysfunction in diabetic populations and the potential for tailored treatment strategies. Together, these studies highlight a metabolic–neurocognitive interplay in aging that merits further exploration. Long et al. conducted a systematic review and meta-analysis examining the role of trimethylamine-N-oxide (TMAO), a gut-derived metabolite. Elevated TMAO levels were associated with cognitive impairment, linking peripheral metabolic signals to cognitive dysfunction. These findings lend support to emerging gut–brain interaction models in dementia research.

This Topic includes several studies evaluating non-pharmacological interventions for cognitive and neuropsychiatric outcomes. Cai et al. focused specifically on the use of exergames—digitally mediated physical activities—reporting significant improvements in cognitive function among older adults with MCI. Previous research has also demonstrated that exergames may improve NPS in neurocognitive disorders (10). Overall, these interventions offer scalable, engaging strategies for dual cognitive and neuropsychiatric benefits. Chen and Kim systematically reviewed the impact of mind–body and aerobic exercise programs on individuals with MCI. They reported small to moderate benefits in reducing depressive symptoms and improving quality of life—findings that support the utility of lifestyle-based interventions in early-stage cognitive impairment. In a complementary bibliometric analysis, Zhang et al. mapped the global research landscape on body–mind exercises in MCI. Their analysis highlights the growing interdisciplinary interest in interventions that simultaneously target physical, emotional, and cognitive health. Yi et al. synthesized existing data on non-pharmacological adjunctive therapies for vascular dementia (e.g., acupuncture, repetitive transcranial magnetic stimulation, and so on) through network meta-analysis. They found modest but consistent effects on both cognitive performance and functional outcomes, providing actionable insights for evidence-based dementia care planning. Arrieta et al. detailed the FORTCARE-MCI study protocol, which evaluates Fortasyn Connect in individuals with MCI in primary care settings. Fortasyn Connect is a specialized medical food combining nutrients formulated to support memory function in early AD. Importantly, the trial includes both cognitive and behavioral outcome measures, reflecting a translational emphasis on real-world effectiveness and patient-centered evaluation.

Huang et al. presented a striking case of Creutzfeldt–Jakob disease that was initially misdiagnosed as a primary psychiatric condition. Their case review underscores the importance of maintaining diagnostic suspicion when atypical behavioral symptoms appear late in life. This holds particular significance especially when they progress rapidly or are unresponsive to conventional psychiatric treatment.

Finally, Li et al. evaluated caregivers of individuals with Alzheimer's disease across different disease stages. They reported that patients' mental states substantially influenced caregiver distress and psychological health. These conclusions reinforce the bidirectional burden of dementia and the necessity of psychosocial support in family-based care.

Together, the studies in this Research Topic affirm that neuropsychiatric symptoms are core features integral—not incidental—to cognitive disorders (11). They are early markers of pathology, contributors to functional impairment, drivers of caregiver distress, and potential treatment targets (12, 13). Integrating NPS into the clinical and research frameworks of neurodegeneration allows for more precise diagnosis, earlier management and more holistic care (14). Moreover, NPS can offer unique pathophysiological insights into the underlying disease, as they often manifest during critical states of network dysfunction (15). In such states, neurobiological alterations may become visible that would otherwise remain undetected under stable or compensated conditions. Without acknowledging the relevance of NPS within cognitive disorders, biologically meaningful signatures and potential endotypes risk being overlooked. This body of work reflects the strength of interdisciplinary research in shaping the future of neurocognitive health. As editors, we hope that the findings presented here will guide further work in developing integrative, individualized models of dementia prevention and care.


Author contributions

IL: Writing – original draft, Writing – review & editing. ED: Writing – review & editing. VS: Writing – review & editing. RF: Writing – review & editing.



Acknowledgments

We thank all contributing authors and reviewers for their scholarly excellence and commitment.



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 author(s) declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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
	 1. Wise EA, Rosenberg PB, Lyketsos CG, Leoutsakos J-M. Time course of neuropsychiatric symptoms and cognitive diagnosis in national Alzheimer's coordinating centers volunteers. Alzheimers Dement. (2019) 11:333–9. doi: 10.1016/j.dadm.2019.02.006
	 2. Taragano FE, Allegri RF, Heisecke SL, Martelli MI, Feldman ML, Sánchez V, et al. Risk of conversion to dementia in a mild behavioral impairment group compared to a psychiatric group and to a mild cognitive impairment group. J Alzheimers Dis. (2018) 62:227–38. doi: 10.3233/JAD-170632
	 3. Krell-Roesch J, Syrjanen JA, Machulda MM, Christianson TJ, Kremers WK, Mielke MM, et al. Neuropsychiatric symptoms and the outcome of cognitive trajectories in older adults free of dementia: the mayo clinic study of aging. Int J Geriatr Psychiatry. (2021) 36:1362–9. doi: 10.1002/gps.5528
	 4. Liampas I, Siokas V, Lyketsos CG, Dardiotis E. Associations between neuropsychiatric symptoms and incident Alzheimer's dementia in men versus women. J Neurol. (2023) 270:2069–83. doi: 10.1007/s00415-022-11541-w
	 5. O'Hara-Veintimilla K, Borda MG, Martínez-Alderete L, Mariscal G, Watt JA, Hui D. The impact of nondepressive neuropsychiatric symptoms on mortality in dementia: a systematic review and meta-analysis. Am J Geriatr Psychiatry 2025:S1064-7481(25)00385-9. doi: 10.1016/j.jagp.2025.06.016
	 6. Kim B, Noh GO, Kim K. Behavioural and psychological symptoms of dementia in patients with Alzheimer's disease and family caregiver burden: a path analysis. BMC Geriatr. (2021) 21:160. doi: 10.1186/s12877-021-02109-w
	 7. Bowman EML, Brummel NE, Caplan GA, Cunningham C, Evered LA, Fiest KM, et al. Advancing specificity in delirium: the delirium subtyping initiative. Alzheimers Dement. (2024) 20:183–94. doi: 10.1002/alz.13419
	 8. Fleischmann R, Mengel A, Stam CJ, Leroy S, Schneider P, Slooter AJC, et al. Amplitude coupling is altered in delirium of various etiologies: results from a retrospective multi-center case-control EEG study. Clin Neurophysiol. (2025) 173:132–7. doi: 10.1016/j.clinph.2025.02.266
	 9. Hayes TL, Riley T, Mattek N, Pavel M, Kaye JA. Sleep habits in mild cognitive impairment. Alzheimer Dis Assoc Disord. (2014) 28:145–50. doi: 10.1097/WAD.0000000000000010
	 10. Robert P, Albrengues C, Fabre R, Derreumaux A, Pancrazi MP, Luporsi I, et al. Efficacy of serious exergames in improving neuropsychiatric symptoms in neurocognitive disorders: results of the X-TORP cluster randomized trial. Alzheimers Dement. (2021) 7:e12149. doi: 10.1002/trc2.12149
	 11. Lyketsos CG, Lopez O, Jones B, Fitzpatrick AL, Breitner J, DeKosky S. Prevalence of neuropsychiatric symptoms in dementia and mild cognitive impairment: results from the cardiovascular health study. JAMA. (2002) 288:1475–83. doi: 10.1001/jama.288.12.1475
	 12. Liampas I, Siokas V, Zoupa E, Lyketsos CG, Dardiotis E. Neuropsychiatric symptoms and incident Lewy body dementia in male versus female older adults with mild cognitive impairment. Psychiatry Clin Neurosci. (2024) 78:144–6. doi: 10.1111/pcn.13621
	 13. Kwon KJ, Kim HY, Han S-H, Shin CY. Future therapeutic strategies for Alzheimer's disease: focus on behavioral and psychological symptoms. Int J Mol Sci. (2024) 25:11338. doi: 10.3390/ijms252111338
	 14. Liampas I, Siokas V, Zoupa E, Kyriakoulopoulou P, Stamati P, Provatas A, et al. Neuropsychiatric symptoms and white matter hyperintensities in older adults without dementia. Int Psychogeriatr. (2024) 36:1051–63. doi: 10.1017/S1041610224000607
	 15. Chen Y, Dang M, Zhang Z. Brain mechanisms underlying neuropsychiatric symptoms in Alzheimer's disease: a systematic review of symptom-general and -specific lesion patterns. Mol Neurodegener. (2021) 16:38. doi: 10.1186/s13024-021-00456-1
	Copyright
 © 2025 Liampas, Dardiotis, Siokas and Fleischmann. 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.









 


	
	
TYPE Original Research
PUBLISHED 11 January 2024
DOI 10.3389/fneur.2023.1327487






Mental states in caregivers toward people with Alzheimer’s disease at different stages

Bei Li1†, Haiqiang Jin1†, Guiying Yan2,3, Chen Zhang1, Siwei Chen1, Yue Wang4,5, Ting Wang1, Qiaoqin Wan6, Zhimin Wei7* and Yongan Sun1*


1Department of Neurology, Peking University First Hospital, Peking University, Beijing, China

2Academy of Mathematics and Systems Science, Chinese Academy of Sciences, Beijing, China

3School of Mathematical Sciences, University of Chinese Academy of Sciences, Beijing, China

4The National Clinical Research Center for Mental Disorders and Beijing Key Laboratory of Mental Disorders, Beijing Anding Hospital, Capital Medical University, Beijing, China

5Advanced Innovation Center for Human Brain Protection, Capital Medical University, Beijing, China

6Nursing School of Peking University, Beijing, China

7Health Service Department of the Guard Bureau of the Joint Staff Department, Beijing, China

[image: image2]

OPEN ACCESS

EDITED BY
 Ioannis Liampas, University of Thessaly, Greece

REVIEWED BY
 Alison Warren, George Washington University, United States
 Jun Xu, Beijing Tiantan Hospital, Capital Medical University, China

*CORRESPONDENCE
 Yongan Sun, sya@bjmu.edu.cn 
 Zhimin Wei, 51807124@qq.com

†These authors have contributed equally to this work and share first authorship

RECEIVED 25 October 2023
 ACCEPTED 26 December 2023
 PUBLISHED 11 January 2024

CITATION
 Li B, Jin H, Yan G, Zhang C, Chen S, Wang Y, Wang T, Wan Q, Wei Z and Sun Y (2024) Mental states in caregivers toward people with Alzheimer’s disease at different stages. Front. Neurol. 14:1327487. doi: 10.3389/fneur.2023.1327487

COPYRIGHT
 © 2024 Li, Jin, Yan, Zhang, Chen, Wang, Wang, Wan, Wei and Sun. 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.
 




Introduction: Caring for people with Alzheimer’s disease (AD) is burdensome, especially when family members act as caregivers. This multicenter survey first aimed to investigate caregivers’ mental states as well as its influencing factors in caring for people with different severities of AD in China.
Methods: People with AD and their caregivers from 30 provincial regions in mainland China were enrolled from October 2020 to December 2020 to be surveyed for caregivers’ mental states and living conditions, as well as caregivers’ attitudes toward treatment and caring. Logistic regression was used to explore the factors that influence the positive and negative states of caregivers who care for people with different stages of AD.
Results: A total of 1,966 valid questionnaires were analyzed (mild AD: 795, moderate AD: 521, severe AD: 650). A total of 73.6% of caregivers maintained normal states (mild group: 71.9%, moderate group: 73.9%, severe group: 75.2%; X2 = 2.023, p = 0.364), and the proportions of caregivers with positive and negative states were 26.3% (mild group: 38.4%, moderate group: 24.6%, severe group: 13.1%; X2 = 119.000, p < 0.001) and 36.5% (mild group: 25.2%, moderate group: 36.9%, severe group: 50.2%; X2 = 96.417, p < 0.001), respectively. The major factors that both influenced caregivers’ positive and negative states were the severity of AD, perceived efficacy of treatment, safety issues after AD dementia diagnosis and perceived social support (p < 0.005), while neuropsychiatric symptoms causing stress in caregivers (p < 0.001) only affected the negative states of caregivers. The results of further analysis according to disease severity showed that safety issues after AD dementia diagnosis (p < 0.005) only made significant differences in the mild-to-moderate group.
Conclusion: To reduce negative states and promote positive states among caregivers, flexible and sensitive caregiving support could be built on caregivers’ demands in caring for people with different stages of AD. The support of emotion, social functioning and nursing skills is one of the significant ways for health workers to enhance caregivers’ competency.

KEYWORDS
 dementia, Alzheimer’s, caregivers, mental states, influencing factors, severity of disease


Introduction

Dementia is the most prevalent condition that necessitates caregivers in the aging population (1). The number of individuals globally with Alzheimer’s disease (AD), which is the major type of dementia, will reach 150 million by 2050 (2). According to the report of the World Health Organization (WHO) in 2019, dementia costs globally 1.3 trillion US dollars, and informal caregivers of family members with dementia provide on average 5 h of care and supervision per day (1). It is well known that dementia caregivers have more mental health problems than noncaregivers (3, 4). High levels of anxiety, depression, stress, and distress in caregivers of people with AD have been confirmed (5–8). In addition, the psychological burden may further cause somatic symptoms, such as hypertension and sleep disorders (5, 6). At the same time, mental burden could harm dyadic relationship quality and lead to caregivers’ negligence in mutual communication with people with AD (9). It could aggravate the difficulty of care when caregivers do not understand the need and the reason for psychobehavioral symptoms presented in patients (10). Therefore, efforts could be made to improve the mental health of caregivers.

Caregivers might express different mental states toward the demands of caring for people with AD. Indeed, the adaptation process of caregiving is characterized by the coexistence of both positive and negative experiences (11). In the negative aspect of caring, previous literature showed that caring for someone with AD was related to feelings of burden, perceived stress, depression, anxiety, and loneliness, especially after the wave of the COVID-19 pandemic (3, 7). However, Rosa et al. found that caregivers with a high level of capacity for successful adaptation in the face of stressful demands of care reported fewer emotional problems (12). There was evidence that caring duties could also bring positive experiences such as a sense of personal accomplishment and gratification (9). Positive aspects refer to the extent to which the caregiving roles are experienced as inspiring and rewarding, yielding positive consequences and enriching one’s lived experience (9, 13). Hence, the formulation of intervention strategies to reduce stress and optimize positive experiences are essential to maintain caregivers’ mental health.

The caregiving support services for AD can be developed on the basis of factors affecting both the positive and negative states of caregivers. In the transactional model of stress and coping, the evaluation of a positive or negative attitude toward a stressor depends on a secondary appraisal of whether one’s resources, abilities, and methods are adequate (9, 14, 15). According to stress models, a systematic review revealed that the important determinants of caregiver burden and depression were patients’ behavioral problems or mood disorders, and caregiver resources, for example personality traits, coping styles, and competencies, might be considered mediators (15). Another review integrated the findings regarding positive aspects of caregiving, and indicated that social support consisting of emotional support and social interactional support played an essential role in positivity (9). In addition, the care demands of people with various stages of AD are different, and the mental health of caregivers may be driven by different factors according to disease severity. In terms of information needs, caregivers of people with mild dementia needed information on pharmacotherapy of the disease, while those caring for people with moderate to severe dementia were primarily concerned about dementia prognosis and health care services (16). A previous study found that caregivers’ capacity for successful adaptation was influenced by different factors between the groups of mild and moderate AD (12). The increase of caregiver burden might be related to the severity of cognitive deficit and neuropsychiatric symptoms (17, 18). Nevertheless, the flexibility and sensitivity of services to the specific needs of caregivers are the key components of the successful adaptation for care of people with AD at different stages (16, 19). The factors affecting the positive and negative states of caregivers during disease progression might receive attention.

In China, there are almost 9.83 million people aged 60 years or older with AD (20). More than 60% of families in a previous study expressed a medium to high level burden of caring for people with AD (21). The process of stress and coping is affected by traditional Chinese culture, such as the concepts of family, and the mental state of these caregivers might gradually change as the patient’s condition changes (22, 23). There is insufficient evidence to explore the mental states of caregivers and form suitable and sensitive caregiving support systems in China. This national survey first aimed to investigate the caregivers’ states of positive and negative mental states as well as its influencing factors in caring for people with AD with different severities, and further offers basic insight for health workers and researchers in China and worldwide.



Method


Study design and samples

The process of this large-sample, multicenter, cross-sectional survey has been previously described (24). Participants from 30 provincial, municipal, and autonomous regions in mainland China were enrolled between October 2020 and December 2020. Patients were diagnosed with probable AD dementia by cognitive experts from comprehensive psychiatric hospitals through a series of tests according to the national diagnostic guidelines (25) and were considered potential participants. People with other neurological diseases that were related to cognitive impairment and major psychiatric disorders were excluded, and then patients or their caregivers were introduced to the purpose and content of this survey. If they agreed with and provided informed consent, caregivers completed the questionnaires.



Measures and data collection

The demographic and clinical characteristics of people with AD were surveyed. This study also assessed caregivers’ mental states and living conditions, as well as caregivers’ attitudes toward treatment and caring. The questionnaire was derived from the results of a previous survey (21, 26) and had been modified by several specialists according to the aim of this study.

The assessments of demographic and clinical characteristics of people with AD were introduced previously (24), including gender, age, length of education, residential area, form of care, family earnings, and severity of AD. The severity of AD was estimated by neurologists based on patients’ symptoms and neuroimaging data according to the MTA criterion, which ranks the degree of hippocampal atrophy (27).

Caregivers’ mental states and living conditions were assessed with a self-designed questionnaire. Different feelings might coexist during the process of caregiving experience (9, 28). According to the valence of mental states (29), the item of caregivers’ current mental state toward patients was set as a multiple choice incorporating normal states, positive states and negative states. Normal states represented a willingness to bear hardships and fulfill responsibilities. Caregivers might passively drift along in this way. However, caregivers with positive states were full of hope and optimism. In contrast, negative states refers to a feeling of powerlessness, hopelessness, anxiety, or depression. Caregivers would be filled with despair and lose faith in the future. Caregivers’ living conditions had 7 options covering the possible changes in caregivers’ lives, such as the concept of value, relationship, time dependence, quality of life, and economic and emotional burden.

Caregivers’ attitudes toward treatment and caring were also assessed with self-designed items, including perceived efficacy of treatment, safety issues after AD dementia diagnosis, neuropsychiatric symptoms causing stress in caregivers, perceived social support, the situation of sharing troubles or stress, and the reasons for not talking about patients’ condition. The neuropsychiatric symptoms were derived from the Neuropsychiatric Inventory (NPI) (30). Considering the cooccurrence of specific symptoms in some individuals, making it difficult to determine the unique effect of each symptom, we classified these symptoms into three symptom clusters: hyperactivity, psychosis, and physical behavior symptom clusters (3, 31).



Ethical consideration

This study was approved by the Ethics Committee of Peking University First Hospital. The right to informed consent, voluntary participation, and confidentiality of responses were verbally assured.



Statistical analyses

All analyses were performed using SPSS 23.0 software. First, all variables were described as the means and SD or frequencies and percentages, as appropriate. Then, ANOVA and chi-square tests were used to calculate p values for differences, and further pairwise comparisons were performed to determine the differences between any two groups. Finally, binary logistic regression was used to explore the factors that influence the mental states of caregivers. On the basis of the mental states of caregivers, both positive and negative states were outcome variables. All the characteristics of patients and caregivers’ attitudes toward treatment and caring were considered potential influencing factors and filtered by the backward method with a likelihood ratio test. Among them, the multichoice variables were assigned as bivariate variables (e.g., whether or not safe issues have occurred after AD dementia diagnosis; whether or not there were gains from social support; whether or not sharing troubles or stress with others) to participate in regression analysis. In terms of the variable of neuropsychiatric symptoms, each symptom was assigned 1 point, and the total score of each participant was calculated for logistic analysis.




Results


Demographic and clinical characteristics of patients

A total of 2,813 questionnaires were collected, and 1,966 valid questionnaires were analyzed. Questionnaires were eliminated for the incorrect and incomplete filling of items. A total of 40.4% (n = 795) of patients had mild AD, 26.5% (n = 521) of patients had moderate AD, and 33.1% (n = 650) of patients had severe AD. The demographic and clinical characteristics of the groups are presented in Table 1. Their average age was 73.1 ± 10.7 years (mild: 70.8 ± 10.8; moderate: 74.3 ± 10.3; severe: 75.0 ± 10.3; F = 33.170, p < 0.001). The results of pairwise comparisons between the two groups showed that the moderate and severe groups were older than the mild group (p < 0.001). According to the results of univariate analysis, people with different severities of AD had significant variation in demographic and clinical variables. Most patients were male (57.6%), had less than 6 years of schooling (37.3%), lived in an urban area (72.6%), and were cared for by family (92.7%).



TABLE 1 The demographic and clinical characteristics of people with AD.
[image: Table showing the distribution of Alzheimer's disease severity across various demographic and socioeconomic variables. Categories include gender, age, education, residence, form of care, and family earnings. Severity is divided into mild, moderate, and severe, with corresponding counts and percentages. Statistical significance is noted with p-values from Chi-square tests.]



The caregivers’ mental states and living conditions

The results for caregivers’ mental states and living conditions across different stages from mild to severe AD are shown in Table 2. A total of 73.6% of caregivers were willing to bear hardships and fulfill responsibilities, and there were no significant differences across the three groups (X2 = 2.023, p = 0.364). While 36.5% of all caregivers and 50.2% of caregivers of people with severe AD expressed their negative mood, 26.3% of all caregivers and 38.4% of caregivers of people with mild AD felt a positive mood. Further analysis of pairwise comparison showed significant differences among all groups in the aspects of negative states (X2 = 96.417, p < 0.001) and positive states (X2 = 119.000, p < 0.001).



TABLE 2 The caregivers’ meatal states and living conditions.
[image: Table showing the impact of Alzheimer's Disease (AD) severity on caregivers. It includes data on mental states and life changes across mild, moderate, and severe AD cases, with corresponding overall percentages and p-values. Positive states decrease from mild to severe (38.4% to 13.1%), whereas negative states increase (25.2% to 50.2%). Notable life changes include time dependence and economic burden, both increasing with AD severity. P-values indicate statistical significance, particularly in negative states and life changes.]

For changes in the life of caregivers, 66.5% showed an improvement in their concepts of value, and no significant differences were shown across the three groups (X2 = 1.573, p = 0.455). In terms of positive change, 34.5% of caregivers in the severe group indicated a closer relationship with the patients, and the severe group had a lower proportion than the mild or moderate group (X2 = 24.890, p < 0.001). However, 55.4% of all caregivers expressed a reduction in free time, and three groups showed significant differences (mild: 41.0%; moderate: 58.9%; severe: 70.2%; X2 = 126.540, p < 0.001). At the same time, among caregivers of people with severe AD, 51.2 and 50.3% of them expressed an increase in economic burden and a decline in quality of life, respectively. The results of further pairwise comparison indicated that their proportions were significantly different across the three groups (p < 0.001).



Caregivers’ attitudes toward treatment and caring

The caregivers’ attitudes toward treatment and caring are shown in Table 3. A total of 75.7% did not perceive effective improvement from treatment, and 19.3% of them did not receive help in caring skills from social support. During the process of caring, the safety issues were falls (39.6%) and wandering away (37.5%). The neuropsychiatric symptoms causing stress in caregivers were physical behavior symptoms (78.3%). In the mild group, the safety issues were falls (25.9%) and taking the wrong medicine (24.0%), and the neuropsychiatric symptoms were hyperactivity symptoms that led to stress (72.2%). Moreover, 4.8% of caregivers did not share troubles or stress with others, because 19% of them believed it was useless except for comfort.



TABLE 3 Caregivers’ attitudes toward treatment and caring.
[image: Table displaying variables related to Alzheimer's disease severity (mild, moderate, severe) and overall, with percentages for treatment efficacy, safety issues, neuropsychiatric symptoms, social support, stress sharing, and reasons for non-disclosure. P-values from Chi-square test indicate significance for various factors, with most values being less than 0.05.]



Factors that influence the mental states of caregivers

The screening results of binary logistic regression exploring the relevant factors influencing the positive states of caregivers are shown in Table 4. The major factors that influence caregivers’ positive states were residence (p = 0.009, OR = 0.70, 95% CI: 0.54–0.91), severity of AD (p < 0.001, OR = 0.67, 95% CI: 0.58–0.77), perceived efficacy of treatment (p < 0.001, OR = 1.97, 95% CI: 1.70–2.28), safety issues after AD dementia diagnosis (p = 0.009, OR = 0.73, 95% CI: 0.57–0.92), and perceived social support (p = 0.001, OR = 1.77, 95% CI: 1.27–2.46). Further analyses with factors that influenced the positive states of caregivers were conducted in different stages of AD and found that perceived efficacy of treatment (p < 0.001) was the common factor.



TABLE 4 Binary logistic regressions of positive states of caregivers among different stages of AD.
[image: Table displaying factors affecting Alzheimer's disease (AD) patients, categorized by all patients, mild, moderate, and severe AD. Variables include residence, severity, efficacy of treatment, safety issues, and social support, with corresponding p-values, odds ratios (OR) with confidence intervals, and chi-square values. Notable findings: efficacy of treatment shows significant association across all groups. Caregivers without positive states serve as the reference category.]

The screening results of binary logistic regression exploring the relevant factors influencing the negative states of caregivers are shown in Table 5. Age (p < 0.001, OR = 0.82, 95% CI: 0.74–0.90), form of care (p < 0.001, OR = 1.99, 95% CI: 1.35–2.92), severity of AD (p < 0.001, OR = 1.40, 95% CI: 1.23–1.60), perceived efficacy of treatment (p < 0.001, OR = 0.65, 95% CI: 0.56–0.75), neuropsychiatric symptoms causing stress in caregivers (p < 0.001, OR = 1.17, 95% CI: 1.13–1.22), safety issues after AD dementia diagnosis (p = 0.004, OR = 1.43, 95% CI: 1.12–1.83), and perceived social support (p = 0.004, OR = 0.44, 95% CI: 0.34–0.56) entered the final model among all caregivers. The results of further analyses with factors that influenced the negative states of caregivers among different stages of AD showed that form of care (p > 0.05) was not significant in the mild group, while safety issues after AD dementia diagnosis (p > 0.05) was not significant in the severe group.



TABLE 5 Binary logistic regressions of negative states of caregivers among different stages of AD.
[image: Table comparing variables across different Alzheimer's disease stages, including all patients, mild, moderate, and severe AD. Variables analyzed include age, form of care, severity, perceived efficacy, neuropsychiatric symptoms, safety issues, and perceived social support. Statistical results displayed include p-values, odds ratios with 95% confidence intervals, and Chi-square tests, all indicating significant associations.]




Discussion

AD is the leading cause of disability and dependency among elderly individuals, and the support of mental health for their carers has been underscored (3, 32). This national cross-sectional survey explored the situation of caregivers’ mental states as well as its influencing factors in caring for people with AD with different severities in China. These results hinted at distinctions in both the positive and negative states of caregivers during different stages of AD and further laid the foundation for health workers to provide flexible and sensitive caregiving support services.

Alzheimer’s Disease International (ADI) reported that over 50% of carers globally say their health has suffered as a result of their caring responsibilities even while expressing positive sentiments about their role (33). This proportion of caregivers with negative states was similar to our results in the severe group, while 26.3 and 36.5% of all caregivers had positive and negative states, respectively. Consistent with previous studies (28, 32, 34), time dependency, economic burden and decline of quality life were caregivers’ major predicaments in this study. Therefore, it is urgent to take targeted strategies to promote the positive states of caregivers and reduce their negative states, especially for caregivers of people with severe AD. When caregivers undertake caring responsibilities in different stages of the disease, it is essential to target caregivers’ needs for the provision of flexible and sensitive support (9, 34, 35).

The positive or negative states of caregivers depended on whether the carers could fulfill caregiving demands. Consistent with previous studies (9, 12, 15, 36), the regression analysis of positive and negative states in this study found that the common influencing factors were the severity of AD and perceived social support. Furthermore, the results of this survey detected that the efficacy of treatment and safety issues after AD dementia diagnosis would affect caregivers’ mental status, but the latter made significant differences in the mild-to-moderate group after stratified analysis according to the severity of AD. The efficacy of treatment affects the degree of self-care ability, which is related to the burden of caring tasks in the different stages of AD (3, 37). According to the results of this study, the common security issues were falls, getting lost, and taking the wrong medicine, which might be attributed to the symptoms of AD; however, less than half of caregivers in our survey mastered the methods to prevent accidental injury. The imbalance between care demands and competence promotes negative states and reduces positive states (9, 15). Social and instrumental support, including emotion, social functioning, and nursing skills, could mediate the effects of caregivers’ stressors and consequently arouse distinct mental reactions of caregivers (12, 38). In short, it is worth noting that effective treatment to maintain patients’ activities of daily living and caregiving support from others were essential strategies for caregivers’ mental health. The skills of nursing safety could be reinforced especially among the caregivers of people with mild-to-moderate AD.

To develop targeted strategies for caregivers’ mental health, discrepancies in influencing factors between positive and negative states cannot be ignored. Regarding sociodemographic factors, this study showed that residence was related to caregivers’ positive states, especially in the severe group. More caregivers showed positive states in rural areas, which might be attributed to the patients in rural areas who more frequently participate in nonpharmaceutical therapy. As the previous article described, these nonpharmaceutical activities, including physical activity, mental activity (e.g., chess, mahjong), and musical therapy, were demonstrated to be beneficial for the improvement of cognition and neuropsychiatric symptoms (24). On the other hand, caregivers could receive support from health workers and have time for respite during the patients’ participation in nonpharmaceutical treatment. Moreover, in our survey, age and form of care correlated with caregivers’ negative states. Meanwhile, age affected caregivers’ mental states among mild-to-moderate groups, while the form of care influenced their states in moderate-to-severe groups. If patients are older, they might be more dependent, and their caregivers spend more time in daily caring (3, 34). Caregivers more frequently experienced negative states when patients lived in professional institutions, which might be explained by the regional cultural characteristics in China. Traditional cultural heritage, referred to as filial piety, made caregivers feel guilt, as they abandoned their families to nursing homes (6, 21). Guilt presents obstacles for caregivers in acknowledging their value in protecting and maintaining the patient’s wellbeing (6). Thus, to promote positive states, caregivers could facilitate patients’ participation in nonpharmaceutical activities that are conducive to delaying disease progression. However, caregivers of people with moderate-to-severe AD or a lack of self-care ability could ask for professional help when they cannot afford the caring responsibilities and experience negative states. For instance, respite care services and nursing homes are alternative sources for both patients’ and caregivers’ health.

In addition, it is important to note that neuropsychiatric symptoms were only concerned with caregivers’ negative states in this study, regardless of the severity of AD. Previous reviews also agree that patients’ neuropsychiatric symptoms were the main detector of caregiver burden (15, 37). Even though a question remains as to whether certain symptoms are more challenging than others and are more useful indicators of the caregiver’s need for assistance or intervention, the presence of different neuropsychiatric symptoms in patients carries different distress patterns in caregivers (3, 8, 18). This study showed that the main symptoms causing caregiver stress were hyperactivity symptoms in the mild group and physical behavior symptoms in the moderate-to-severe group. A systematic review found that the application of problem-focused and emotion-focused coping strategies could ameliorate caregivers’ negative emotions (39). Jung et al. (10) identified the conceptual model of caregiver competence in managing neuropsychiatric symptoms, which laid the foundation for future education or training programs. In brief, the skills and competence of coping with neuropsychiatric symptoms could be grasped by caregivers for relief from negative states when facing patients’ demands at different stages.

This study was a national survey to explore the status of caregivers’ mental states and its influencing factors among people with different stages of AD. However, the study is not without its limitations. First, we cannot exclude selection bias because only caregivers who had access to our recruitment channels could participate in the survey, and there was a gap between the number of participants recruited in urban and rural areas. Nevertheless, the study population had a broad sociodemographic spectrum, which provides support at least to some extent, for the external validity of our results. Second, recall bias could hardly be excluded, which might affect the reported experiences of caring. Third, this survey adopted self-designed questionnaires that originated from the results of a previous survey and were modified by several specialists. Although the results had restrictions in comparability with studies from other countries, the mental states of carers in China was revealed to pave the way for future management of mental health.



Conclusion

This study in China is the first to feature a large sample to explore the caregivers’ mental states and its influencing factors. To reduce their negative states and promote positive states, flexible and sensitive caregiving support could be built on caregivers’ demands in caring for people with different stages of AD. During the stage of mild-to-moderate AD, caregivers’ skills in nursing safety might be strengthened. When caring for people with moderate-to-severe AD, nonpharmaceutical treatment was regarded as a compensatory method of pharmacotherapy to relieve patients’ neuropsychiatric symptoms, and it was an alternative to receiving institutional care with professional help. In addition, it is important to know that the skills and competence of coping with neuropsychiatric symptoms in all stages of AD are alleviators of the negative states of caregivers.
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Background: Mild cognitive impairment (MCI) is a common neurodegenerative disorder that poses a risk of progression to dementia. There is growing research interest in body–mind exercise (BME) for patients with MCI. While we have observed a rapid growth in interest in BME for MCI over the past 10 years, no bibliometric analysis has investigated the knowledge structure and research trends in this field. Consequently, the objective of this research is to conduct a bibliometric analysis of global publications of BME for MCI from 2013 to 2022.
Methods: A total of 242 publications in the field of BME for MCI were retrieved from the Web of Science Core Collection. Bibliometric analysis, including performance analysis, science mapping, and visualization, was performed using CiteSpace, VOSviewer, and Microsoft Excel.
Results: Publications and citations in the field of BME for MCI have shown a rapidly increasing trend over the last decade. Geriatrics & Gerontology, and Neurosciences were the most frequently involved research categories. China (78 documents) and the USA (75 documents) contributed to the largest number of publications and had the strongest international collaborative networks. Fujian University of Traditional Chinese Medicine contributed to the largest number of publications (12 documents), and Chen, L of this institution was the most prolific author (12 documents). Frontiers in Aging Neuroscience (16 documents), and JOURNAL OF ALZHEIMER’S DISEASE (12 documents) were the most prolific journals. Tai Chi and Baduanjin, as specific types of BME, were the hotspots of research in this field, while evidence synthesis and guidelines might be future research trends.
Conclusion: In the last decade, there has been a rapid growth in scientific activities in the field of BME for MCI. The results of this study provide researchers and other stakeholders with knowledge structure, hotspots, and future research trends in this field.
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1 Introduction

As global aging accelerates, cognitive decline, including mild cognitive impairment (MCI), has attracted growing concerns from researchers, clinical practitioners, as well as a wide range of other stakeholders (1). As a status between normal cognitive aging and dementia, MCI has emerged as a priority in both research and clinical practice to delay the development of neurodegenerative disease (2). MCI typically consists of memory impairments accompanied by abnormal memory test scores, affecting professional and social activities, but with maximum preservation of activities of daily living (3). The latest meta-analysis proposed that 15.6% of adults over 50 years old were suffering from MCI (4), while the incidence of MCI was 22.5, 40.9, and 60.1% in people aged 75–79 years, 80–84 years, and over 85 years, respectively (5). Due to the natural trajectory of cognitive decline, aging is a risk factor for MCI, while males are more prone to suffer from MCI than females (6). More importantly, MCI carries a varying cognitive developmental trajectory, including a reversal to normal cognitive function, retention of stability, and progression to dementia (7). Previous research suggested that approximately 80% of patients with MCI may have converted to Alzheimer’s disease with annual conversion rates around 10–15% (8–10). Meanwhile, it was reported that 18% of patients reversed from MCI to normal cognitive function (11). Nevertheless, the risk of cognitive decline is still higher for patients with MCI than for people with a normal trajectory of cognitive decline (12). Furthermore, patients with MCI are commonly accompanied by a variety of neuropsychiatric symptoms and reduced ability to perform activities of daily living (13). The average annual direct medical costs for an individual with MCI in the USA were estimated at $6,499, which is substantially higher than those without MCI ($2,969) (14). Therefore, MCI, as a prevalent cognitive disorder among middle-aged and elderly people, needs to be prevented and treated with more action, especially in this aging world.

Even though a number of pharmacological interventions have been developed to treat MCI (15–17), none of them has been reported to be effective (7). Meanwhile, exercise has shown potential value as a non-invasive and highly feasible non-pharmacological treatment for patients with MCI (18). The body–mind exercise (BME), which combines body movement, mental focus, and controlled breathing to improve strength, balance, flexibility, and overall health (19), has been reported to benefit on cognitive disorders such as MCI among middle-aged and elderly adults (20–22). Fabre et al. (23) proposed that combined aerobic and mental training was more effective than separate aerobic or mental training in memory quotient among healthy older adults. Similarly, Theill et al. (24) found that 10 weeks of combined cognitive and physical training was more effective for cognitive performance than single cognitive training among older adults. More recently, Tai Chi, Yoga, Qigong, and other types of BME have been increasingly employed to enhance cognitive function and to manage MCI among older adults (25–27).

As mentioned above, researchers have conducted quite a few in-depth original investigations of BME for MCI, and this has resulted in several evidence syntheses, such as systematic reviews, and meta-analyses (28, 29). These kinds of syntheses employ systematic approaches that allow for the robust extraction of qualitative or quantitative information from publications and then identify the existing evidence on various specific research questions (30). However, these syntheses are not suitable for a broad and rapidly developing research field and fail to deal with highly heterogeneous publications (30). For instance, in the field of BME for MCI, the original investigations include randomized controlled trials and laboratory mechanistic studies. Existing approaches, whether systematic reviews or meta-analyses, are unable to synthesize evidence from interventions’ effectiveness and evidence from imaging reports simultaneously.

Therefore, Nakagawa et al. (31) proposed a “Research Weaving” framework that combines bibliometrics and systematic mapping to reveal and visualize the knowledge structure and research trends in a research field. The major advantage of this approach is that it allows for the synthesis of a large number of heterogeneous scientific publications, thus providing better insights into the knowledge structure and future research trends (30). Considering these advantages, bibliometric analyses have begun to become a standard instrument in science policy and research management (32). In research fields related to BME for MCI, such as exercise for Parkinson’s Disease (33), and neuroinflammation-induced MCI (34), bibliometric analysis has provided a one-stop overview of the field, as well as the identification of knowledge gaps. Nevertheless, there is an absence of bibliometric analysis in the field of BME for MCI. Therefore, a robust bibliometric analysis of BME for MCI, which is a rapidly growing field with highly heterogeneous publications, is required to support researchers to identify future research directions and to provide quantitative evidence for policy makers to identify future funding priorities.

Accordingly, this research aims to assess the knowledge structure of the field of BME for MCI from 2013 to 2022, and to predict future research directions. Specifically, this present research will answer the following research questions: (1) Which country, institution, author, discipline, journal, and reference significantly contributed to the research in the field of BME for MCI? (2) What are the research trends in the field of BME for MCI from 2013 to 2022? (3) What are the hotspots of research in the field of BME for MCI?



2 Methods


2.1 Data source and search strategy

This study was conducted in rigorous accordance with the step-by-step guidelines for bibliometric analysis (30).

All eight indexes of the Web of Science Core Collection (WoSCC) were utilized as an electronic database for this bibliometric analysis. The rationale for WoSCC is that, as this study aims to perform a bibliometric analysis of the multidisciplinary field of BME for MCI, the usage of specialist field databases such as PubMed and SPORTDiscus may result in an omission of search results. Furthermore, using multiple databases can introduce bias into subsequent bibliometric analyses because of the differences in data formats and the included information of various databases (e.g., the difference between WoSCC and Scopus@ regulations on author initials) (35). As WoSCC provides the most extensive information for bibliometric analysis compared to other multidisciplinary electronic databases such as Google Scholar and Scopus@, WoSCC was chosen as the only database in this study (36). Moreover, WoSCC has been successfully used by researchers as a data source to conduct bibliometric analysis in the field of Tai Chi for Health (37), electroencephalogram research in MCI (38), and other fields related to BME for MCI.

As recommended by the guidelines for conducting bibliometric analyses, the search strategy used for this study was defined by the keywords used in the previous reviews in the field of BME for MCI, as well as brainstorming by all the authors (30). Taking into account the update of the WoSCC electronic database, all data were retrieved on March 13, 2023, to eliminate search bias. Keywords related to BME were entered in the topic column and recorded as #1, while keywords related to MCI were entered in the topic column and recorded as #2. The final search strategy is available in Supplementary material. The document type was set as “Article” and “Review Article,” the timespan was set as 2013–2022, and the language of publication was limited to English. The reason for limiting the search to the last 10 years is that the BME for MCI research field has developed over a relatively short period and that 10 years of bibliometric analyses have already demonstrated their ability to detect the knowledge structure and to predict research trends in previous studies (39). The flow chart of the literature search was shown in Figure 1. This search strategy resulted in 242 eligible documents, and basic information about each document was downloaded from the electronic database in formats of plain text files and tab-delimited files.

[image: Flowchart illustrating article selection process from the Web of Science Core Collection. Initially, 264 articles were obtained. After excluding 20 articles due to various reasons (meeting abstracts, editorial materials, proceeding papers, early access, and corrections), 244 articles remained. Two non-English articles were then excluded, resulting in 242 articles.]

FIGURE 1
 Flow chart of the literature search in the field of body–mind exercise for patients with mild cognitive impairment.




2.2 Analysis tool

To perform this bibliometric analysis, three software programs, CiteSpace, VOSviewer, and Microsoft Excel, were used to analyze the data downloaded from WoSCC (40, 41). CiteSpace is a Java-based software that has been used extensively in bibliometric analysis and knowledge map visualizations. In this research, the reference co-citation network, and the co-occurring author keyword network in CiteSpace were applied to generate maps of knowledge structures of BME for MCI. As a key function of co-citation networks and co-occurring keyword networks that can characterize the intensity and frequency of mentions of an item over time (42), citation bursts were employed to describe research trends in this study. Due to its advantages in generating visual graphs and handling big data in bibliometric analysis, VOSviewer was used in this study to generate the collaborative networks of countries, institutions, and authors who published in the field of BME for MCI. VOSviewer automatically calculated the total link strength (TLS), which represents the number of co-occurrences of two items (countries/institutions/authors) in publications. Meanwhile, the average citations per item (ACI) was derived by dividing the total number of citations for the item automatically generated by VOSviewer by the number of publications of the item. Microsoft Excel was used to generate publication and citation trends in the field of BME for MCI.




3 Results


3.1 Annual publication activity

From 2013 to 2022, a total of 242 eligible publications were retrieved in the field of BME for MCI, which received a total of 4,118 citations, with 17.02 citations per publication. Among the 242 publications in the field of BME for MCI, 143 publications were “Article,” and 99 publications were “Review Article.” Figure 2 clearly illustrates the rapid upward trend in the past 10 years in both publications and citations in the field of BME for MCI. Annual publications in this field topped 10 for the first time in 2016 and then peaked in 2021 and 2022 (53 publications). Meanwhile, annual citations also grew rapidly after first exceeding 100 times in 2016 and then surpassing 1,000 times in 2021 until peaking in 2022 (1,382 times). In addition, 182 of the 242 publications in this field over the past decade received at least one grant (75.21%) and were published in 50 Web of Science categories. Geriatrics & Gerontology (72 publications, 29.75%), Neurosciences (49 publications, 20.25%), Psychiatry (33 publications, 13.64%), Gerontology (31 publications, 12.81%), and Clinical Neurology (22 publications, 9.09%) were the top five categories that had the largest number of publications in the field of BME for MCI.

[image: Bar and line chart showing the number of publications and cited times from 2013 to 2022. The number of publications gradually increased from 5 in 2013 to 53 in 2022. The blue line shows cited times, which also rose significantly over this period, reaching a peak in 2022.]

FIGURE 2
 Annual distribution of publications and citations in the field of body–mind exercise for patients with mild cognitive impairment.




3.2 Analysis of national and institutional productivity

According to the results from WoSCC, a total of 42 countries/regions, as well as 635 institutions contributed to at least one publication in the field of BME for MCI in the past decade. Table 1 shows the countries and institutions that contributed to the largest number of publications in the field of BME for MCI from 2013 to 2022. China, with 78 publications (32.23%), and the USA, with 75 publications (30.99%), were the top two countries that published the largest number of documents in the field of BME for MCI and were well ahead of other countries. Furthermore, of the 11 countries with the highest scientific productivity in the field of BME for MCI, only China, Brazil, and Thailand are developing countries. Germany (ACI = 48.10), Thailand (ACI = 36.88), and Australia (ACI = 31.88) had the highest ACI, demonstrating the higher quality of their research in the field of BME for MCI. The USA and China held the strongest collaborative networks, and England, Canada, and Australia also had strong collaborations with other countries. Among the 12 institutions with the highest scientific productivity in the field of BME for MCI, eight are from the USA, three from China, and one from England. The Fujian University of Traditional Chinese Medicine in China contributed to the largest number of publications (12 publications, 4.96%) in the field of BME for MCI, followed by the Harvard Medical School in the USA (10 publications, 4.13%). Massachusetts General Hospital (ACI = 57.71) and the University of California, Los Angeles (ACI = 38.17) in the USA had the highest ACI, proposing that the two institutions had an early start and a high quality of research in the field of BME for MCI. Furthermore, the Fujian University of Traditional Chinese Medicine, the University of Florida, and the University of Washington had the strongest collaborative networks (TLS = 23) in the field of BME for MCI, whereas some institutions had very low collaborative intensity. The inter-country collaborative network in the field of BME for MCI is presented in Figure 3A, while Figure 3B shows the inter-institutional collaborative network in this field.



TABLE 1 Top 11 active countries and top 12 active institutions in the field of body–mind exercise for patients with mild cognitive impairment.
[image: Table displaying the quantity and metrics of academic work by country and institution. China ranks first with 78 publications, followed by the USA with 75. Key metrics include percentage of total work, average citations per item (ACI), and total link strength (TLS). Chinese and American institutions lead, with Fujian University and Harvard Medical School ranked first and second, respectively. Metrics include ACI and TLS for each institution.]

[image: Two network diagrams labeled A and B show relationships using colored nodes and connecting lines. Diagram A has countries like Australia, USA, and China linked by lines, indicating collaborations. Diagram B features universities like Fujian University, University of Florida, and Stanford University similarly connected. Each node's size suggests its importance or frequency in the network.]

FIGURE 3
 (A) Inter-country collaborative network in the field of body–mind exercise for patients with mild cognitive impairment. (B) Inter-institutional collaborative network in the field of body–mind exercise for patients with mild cognitive impairment.




3.3 Analysis of authors’ productivity

A total of 1,357 authors contributed to the 242 publications in the field of BME for MCI in the past decade, and Table 2 shows the 13 active authors with the largest number of publications. Chen, L of Fujian University of Traditional Chinese Medicine was the most prolific author in this field (12 publications, 4.96%), and the only author with more than 10 publications. Khalsa, DS of the Alzheimer’s Research & Prevention Foundation (ACI = 40.20), and Lavresky, H of the University of California, Los Angeles (ACI = 38.17), had the highest ACI in the field of BME for MCI, proposing that their research had high quality. Chen, L (TLS = 68), Li, M (TLS = 55), and Tao, J (TLS = 55) had the strongest collaborative networks. The inter-authorial collaborative network in the field of BME for MCI is illustrated in Figure 4.



TABLE 2 Top 13 active authors in the field of body–mind exercise for patients with mild cognitive impairment.
[image: Table listing authors ranked by publication quantity from various institutions. Top ranked is Chen, L from Fujian University of Traditional Chinese Medicine with 12 publications, 4.96%. Other authors include Li, M, Tao, J, and Zheng, G with 7 publications each, 2.89%. Institutions span China and the USA. Metrics include ACI and TLS.]

[image: Network graph illustrating connections between individuals represented by nodes. Nodes vary in size and color, indicating different groups and the strength of connections. Notable nodes include "li, m" in red and "chen, l" in purple, suggesting significant central roles. Lines represent relationships or collaborations between these individuals.]

FIGURE 4
 Inter-authorial collaborative network in the field of body–mind exercise for patients with mild cognitive impairment.




3.4 Journal characteristics

A total of 242 publications in the past decade in the field of BME for MCI were published by 127 journals, while the top 14 journals which published the largest number of documents are presented in Table 3. Frontiers in Aging Neuroscience (16 publications, 6.61%), and JOURNAL OF ALZHEIMER’S DISEASE (12 publications, 4.96%) were the two journals publishing the largest number of documents in the field of BME for MCI. Meanwhile, Frontiers in Aging Neuroscience [Impact factor (IF) = 5.702], and Frontiers in Psychiatry (IF = 5.435) were the only two journals with an IF of more than 5, suggesting that publishing research in the field of BME for MCI in high quality journals is still challenging.



TABLE 3 Top 14 active journals in the field of body–mind exercise for patients with mild cognitive impairment.
[image: Table showing journals ranked by quantity of work, percentage, impact factor, and country. Top three: "Frontiers in Aging Neuroscience" (Switzerland) with 16 entries (6.61%), "JOURNAL OF ALZHEIMER'S DISEASE" (Netherlands) with 12 entries (4.96%), and "Frontiers in Psychology" (Switzerland) with 9 entries (3.72%). Remaining journals include "Geriatric Nursing" and "Trials" among others, from various countries like USA, Canada, and England. Impact factors vary across journals.]



3.5 Keyword analysis

The occurrence of the author’s keywords reflects the degree of interest in the field of BME for MCI and can predict future research trends. Meanwhile, the centrality of items was calculated automatically through CiteSpace, while nodes with high centrality represented their critical or turning point significance in a particular research field (43). The 14 most frequently occurring authors’ keywords in the field of BME for MCI are shown in Table 4. MCI was the most frequently occurring keyword and had the highest centrality (0.88). Tai Chi, Older Adults, and Alzheimer’s Disease were also commonly occurring. It is clearly shown in Figure 5 that the top 10 keywords with the strongest citation bursts in the field of BME for MCI in the past decade. The blue line represents the timeline from 2013 to 2022, while the red line represents the duration of the keyword outbreak from 2013 to 2022. In the last decade, body–mind exercise (Burst = 1.66) and Alzheimer’s Disease (Burst = 1.36) were the keywords with the highest citation burst value, as well as the keywords with the longest duration of burst. Since 2020, quality of life has been the keyword with the highest burst value in the field of BME for MCI.



TABLE 4 Top 11 high-frequency keyword in the field of body–mind exercise for patients with mild cognitive impairment.
[image: Table showing a ranked list of keywords related to cognitive health. "Mild cognitive impairment" ranks first with a quantity of 87 and centrality of 0.88. Other keywords include "Tai Chi," "Older adults," "Alzheimer’s disease," and more, with quantities and centralities decreasing down the list.]

[image: Bar chart listing the top ten keywords with the strongest citation bursts from 2013 to 2022. Keywords include "mind-body exercise," "Alzheimer's disease," "cognitive performance," among others. Each keyword is associated with start and end years and a strength value. The bars visually represent the duration and strength of citation bursts for each keyword.]

FIGURE 5
 Top 10 keywords with the strongest citation bursts in the field of body–mind exercise for patients with mild cognitive impairment.




3.6 Reference analysis

The five most cited publications in the field of BME for MCI are shown in Table 5. These five most-cited publications received a total of 719 citations, and only one of the five publications was “Article.” The most cited publication in this field is entitled “Effect of Tai Chi on Cognitive Performance in Older Adults: Systematic Review and Meta-Analysis” (220 times). Wayne et al. (44) systematically reviewed the effectiveness of Tai Chi on overall cognitive function among older adults with normal or pathological cognitive declines (including MCI), and reported that Tai Chi, as a BME, is promising in improving cognitive function in this population. The five most cited articles were all published in journals whose IF was greater than 5, such as COCHRANE DATABASE OF SYSTEMATIC REVIEWS (IF = 11.874), and NEUROSCIENCE AND BIOBEHAVIORAL REVIEWS (IF = 9.062).



TABLE 5 Top 5 most-cited publications in the field of body–mind exercise for patients with mild cognitive impairment.
[image: A table listing five academic publications related to cognitive performance and aging. Columns include Rank, Title, First Author, Journal, Impact Factor (IF), Year, Citation, and Type. Notable entries: Wayne, P.M. ranked first, with a 2014 publication in the Journal of the American Geriatrics Society. Forbes, D. ranks second, with an IF of 11.874 from 2013. The types are mostly reviews, except for an article ranked fifth by Bamidis, P.D.]

This study conducted an analysis of the reference co-citation network by CiteSpace to explore hotspots and trends in the field of BME for MCI. To measure the validity of clustering strategy, the modularity value (Q) and the weighted average silhouette value (S) were automatically calculated with CiteSpace, while Q > 0.5 and S > 0.7 are the recognized validity thresholds. Therefore, the clustering strategy in this study was valid and reasonable due to its Q = 0.7879 and S = 0.9276. Figure 6 clearly shows the cluster view of the knowledge map of the field of BME for MCI over the past decade, in which 13 clusters were found. Cluster #0 dual-task training had the largest size, followed by #1 Alzheimer’s disease, #2 baduanjin, and #3 yoga. Dual-task training is another description of BME, as we also included this terminology in our search strategy (45). Alzheimer’s disease is the most common type of dementia, and MCI has the potential to progress to Alzheimer’s disease (46). Baduanjin and yoga are two common BME that have been increasingly investigated as potential ways to manage MCI. Meanwhile, a timeline view of clusters, which describes their evolutionary process, is shown in Figure 7. The top 10 co-cited references with the strongest citation bursts are shown in Figure 8, with Erickson et al. (47) having the strongest burst (Burst = 7.49), followed by Song et al. (48) (Burst = 5.28). From 2019 onwards, the publications by Song et al. (48), Livingston et al. (49), and Petersen et al. (50) have been at the frontiers of the burst.

[image: Network diagram displaying clusters of interconnected terms. Each cluster is distinguished by color: orange for "Alzheimer's disease" and related terms, green for topics like "cortisol" and "cognitive-motor exercise," blue for "psychiatry" and "anxiety." Terms are numbered and connected by nodes, indicating relationships.]

FIGURE 6
 The cluster view of the knowledge map based on reference co-citation analysis in the field of body–mind exercise for patients with mild cognitive impairment.


[image: Data visualization showing a network map of related topics in circles of various colors and sizes. Nodes are labeled with terms like "dual-task training," "Alzheimer disease," and "yoga." Lines connect related nodes, forming an interconnected web. The map is color-coded with a legend on the right indicating topic groups, such as red for dual-task training and yellow for quality of life.]

FIGURE 7
 The timeline view of the knowledge map based on reference co-citation analysis in the field of body–mind exercise for patients with mild cognitive impairment.


[image: Top ten references chart with strongest citation bursts from 2013 to 2022. Each entry shows author, year, journal, DOI, burst strength, start and end years. Red bars indicate burst duration, highlighting significant citation activity.]

FIGURE 8
 Top 10 references with the strongest citation bursts in the field of body–mind exercise for patients with mild cognitive impairment.





4 Discussion

This is the first study to systematically analyze the productivity, research hotspots, and future research trends within the field of BME for MCI over the past decade using a robust bibliometrics approach. The rapid increase in the past decade in both publications and citations in the field of BME for MCI is indicative of the continued steady increase in interest and input from researchers and other stakeholders within the field. Review articles accounted for 40.91% of total publications, which is higher than the results from bibliometric analyses in related fields (33). One possible explanation is that in recent years, having been affected by the COVID-19 pandemic, patients with MCI have been defined by some ethical committees as a vulnerable population and cannot be accessed by intervention studies or epidemiological investigations (51). The proportion of funded research in this area was similar to previous figures for related fields (52), indicating that the field of BME for MCI is preferred by funding agencies and has a large scientific and translational potential. Publications in this field were mainly classified as Geriatrics & Gerontology and Neurosciences, indicating that research in this field was multidisciplinary involving the intersection of geriatrics, neuroscience, and exercise science.

China and the USA were far ahead in terms of national productivity of publications, and Brazil and Thailand also had a high number or quality of publications. Tai Chi, Baduanjin and other BME are popular Chinese traditional exercises, while China also has the largest population of older adults and patients with MCI around the world (53). Therefore, the interest and investment in the field of BME for MCI in China is comprehensible and significant. Nevertheless, developed countries such as Germany and Australia had higher quality research than China. This suggests that developing countries such as China and Brazil need to continue to support research in the field of BME for MCI, and to enhance the quality of research through international exchange and cooperation.

In terms of institutional productivity, although Fujian University of Traditional Chinese Medicine in China was the most productive institution, American institutions occupied eight of the 11 most productive institutions in the field of BME for MCI. Moreover, the level of cooperation between all institutions was low, with some institutions in China having almost no interinstitutional cooperation. Therefore, more international and inter-institutional collaborations are urgently needed for subsequent research in this field. Chen, L was the most productive author in this field and had the strongest collaborative network. Nine of the top 13 most productive authors were from China, but the authors from the USA published higher-quality research. This suggests that Chinese researchers in this field need to improve the quality of their research while maintaining productivity and collaborating across institutions and countries. Furthermore, Frontiers in Aging Neuroscience and JOURNAL OF ALZHEIMER’S are the most popular journals. However, there appear to be some challenges in publishing research in this field in high-quality journals compared to other related fields (33).

Through co-occurrence keyword networks and reference co-citation networks, we identified BME, including Tai Chi and Baduanjin, as hotspots in the field of BME for MCI over the past decade. Tai Chi, a popular traditional Chinese exercise, is a moderate-intensity aerobic exercise that combines both physical and cognitive exercise (54). Research applying Tai Chi, as an intervention for patients with MCI has started relatively early, while Tai Chi has been demonstrated to be effective in enhancing general cognitive performance, memory, attention, and executive function in patients with MCI (55, 56). This may be since it obtains the benefits of both mind and body exercise. First, as moderate-intensity aerobic exercise, tai chi slows age-related brain atrophy, increases cerebral blood circulation, and even alters brain plasticity (57, 58). Second, as a cognitively stimulating activity, Tai Chi requires learning, memorizing, and performing a series of sequential choreographed movements, which promote cognitive functions in participants performing Tai Chi (59). Baduanjin is another traditional Chinese exercise that has been popular in China for more than a thousand years as an important part of the Qigong method (60). Compared to Tai Chi, Baduanjin is a more accessible type of BME and was used later to intervene with patients with MCI but has certainly become a popular intervention in recent years. Previous meta-analyses proposed that Baduanjin also enhanced general cognitive function and executive function among patients with MCI (61, 62). As a BME, Baduanjin may have similar mechanisms of enhancing cognitive function in patients with MCI as Tai Chi. First, Baduanjin improves cardiopulmonary function by controlling breathing, thus enhancing the inhibitory control sublevel of executive function (63). Second, in the practice of Baduanjin, older adults need working memory and executive functions to learn, memorize, and perform motor movements, thus improving their cognitive function (64). Tai Chi and Baduanjin are hot research topics in the field of BME for MCI, they also have greatly promoted the role of traditional Chinese exercise in healthy aging. However, given the difficulty of acquiring these BMEs, there are challenges in promoting and researching them in countries outside of China. This may explain why there is little international or even inter-institutional cooperation in this field.

We identified the future research trends in the field of BME for MCI as evidence synthesis and guidelines through an analysis of bursts in co-occurrence keyword networks and reference co-citation networks. First, over 40% of the publications in this field were review articles. Apart from the limitations of interventions or investigations of patients with MCI during the COVID-19 pandemic, the large number of studies in this field published in Chinese may be another explanation.

However, systematic reviews allow researchers to synthesize evidence from studies published in both English and Chinese. For example, Lin et al. (61) included 13 randomized controlled trials published in Chinese in the meta-analysis. This is an advantage for Chinese researchers but also poses challenges. Mastering both English and Chinese can uniquely position them to synthesize evidence from original research in the field of BME for MCI, but it also limits their ability to internationalize and enhance the quality of evidence synthesis through international collaboration. Furthermore, the large number of publications in this field were published in Chinese and provided only English abstracts limit the development of open science in the field. Another frontier in this field is the guidelines. Livingston et al. (49) in the 2017 report of the Lancet Commission: Dementia prevention, intervention, and care stated that a combination of interventions is needed to delay the progression of MCI to dementia, such as treatment of vascular risk factors, diet, exercise, cognitive and social stimulation, etc. In the updated 2020 report, Livingston et al. (65) indicated that most meta-analyses on the effectiveness of cognitive training for patients with MCI were low-standard, positive, and mostly achieved statistical significance. Currently, there is also evidence that sleep plays an important role in the relationship between exercise and cognitive function (66–68). However, the clinical significance of the results remains uncertain due to the poor standards of the studies and the heterogeneity of the results. Furthermore, the American Academy of Neurology recommended that patients diagnosed with MCI should exercise twice a week, and may have cognitive interventions (50). However, this guideline also notes that the strength of evidence for exercise and cognitive interventions was insufficient and that heterogeneity in outcome measures needed to be reduced in subsequent studies, thus facilitating evidence synthesis and guideline development.


4.1 Limitation and further recommendations

Inevitably, there are limitations to this study. First, only one database, WoSCC, was utilized in this study, which may have led to the omission of high-quality studies that exist in other databases but were not indexed by WoSCC. Therefore, software developers are required to upgrade relevant bibliometric tools and algorithms in the future. Second, only English-published studies were included in this study, which may have overlooked high-quality studies published in other languages such as Chinese and Spanish. With advances in bibliometrics techniques as well as international cooperation, it may be possible in the future to minimize linguistic bias. Finally, some high-quality studies may have been overlooked due to late publication, thus not generating hotspots.




5 Conclusion

This study performed a bibliometric analysis of BME for MCI in the past decade using a robust methodology, describing knowledge structures, and hotspots, and predicting future research trends in this field. The results of this study help researchers to quickly grasp the knowledge structure in the field of BME for MCI, inform future research, and facilitate inter-institutional and international collaboration. Evidence synthesis and guidelines might be future research trends in this field. Future bibliometric research needs to reduce the limitations imposed by bibliometric techniques, language, and citation delays.
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Objective: Dementia is a significant public health concern, and mild cognitive impairment (MCI) serves as a transitional stage between normal aging and dementia. Among the various types of MCI, amnestic MCI (aMCI) has been identified as having a higher likelihood of progressing to Alzheimer’s dimension. However, limited research has been conducted on the prevalence of aMCI in China. Therefore, the objective of this study is to investigate the prevalence of aMCI, examine its cognitive characteristics, and identify associated risk factors.
Methods: In this cross-sectional study, we investigated a sample of 368 older adults aged 60 years and above in the urban communities of Chengdu, China. The participants underwent a battery of neuropsychological assessments, including the Mini-Mental State Examination (MMSE), the Clinical Dementia Rating (CDR), Auditory Verbal Learning Test (AVLT), Wechsler’s Logical Memory Task (LMT), Boston Naming Test (BNT) and Trail Making Test Part A (TMT-A). Social information was collected by standard questionnaire. Multiple logistic regression analysis was utilized to screen for the risk and protective factors of aMCI.
Results: The data analysis included 309 subjects with normal cognitive function and 59 with aMCI, resulting in a prevalence of 16.0% for aMCI. The average age of participants was 69.06 ± 7.30 years, with 56.0% being females. After controlling for age, gender and education, the Spearman partial correlation coefficient between various cognitive assessments and aMCI ranged from −0.52 for the long-term delayed recall scores in AVLT to 0.19 for the time-usage scores in TMT-A. The results indicated that all cognitive domains, except for naming scores (after semantic cue of BNT) and error quantity (in TMT-A), showed statistically significant associations with aMCI. Furthermore, the multiple logistic regression analysis revealed that older age (OR = 1.044, 95%CI: 1.002~1.087), lower educational level, and diabetes (OR = 2.450, 95%CI: 1.246~4.818) were risk factors of aMCI.
Conclusion: This study found a high prevalence of aMCI among older adults in Chengdu, China. Individuals with aMCI exhibited lower cognitive function in memory, language, and executive domains, with long-term delayed recall showing the strongest association. Clinicians should prioritize individuals with verbal learning and memory difficulties, especially long-term delayed recall, in clinical practice.

Keywords
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Introduction

Alzheimer’s Disease (AD) poses a significant public health challenge, resulting in huge disease burdens for families, health-care systems, and societies worldwide. It is estimated that approximately 40–50 million people are currently living with dementia, and this number is projected to reach 131.5 million by 2050 due to the aging global populations (1, 2). Low- and middle-income countries bear a considerable burden of dementia, and China, as the most populous middle-income nation, accounts for a significant proportion of individuals diagnosed with dementia.

Given the absence of a cure for AD, early intervention measures are recognized as the most cost-effective approach to manage the disease (3, 4). Research suggests that delaying the onset of AD dementia by just 5 years could lead to a 57% reduction in AD cases and save 344 billion to 627 billion US dollars (5). Therefore, there is a crucial need to shift the focus of AD diagnosis and treatment to earlier stages.

Mild cognitive impairment (MCI) is considered an intermediate phase between normal cognitive aging and overt dementia. Individual with MCI has objective impairment in one or more cognitive domains that differ from healthy age-matched individuals, accompanied by normal general cognitive function and relatively intact activities of daily living (6, 7). As an early stage of dementia, MCI is believed by some researchers to have an annual progression rate to clinically diagnosed dementia ranging from 7% to 22% (6–12). It is important to note that not all individuals with MCI will develop AD dementia, emphasizing the importance of studying clinical subtypes of MCI. Based on the involvement of memory, MCI can be classified into two subtypes: amnestic MCI (aMCI), where memory impairment is predominant, and non-amnestic MCI (naMCI), where memory is unaffected (13). Recent evidence indicates that individuals with aMCI have approximately twice the likelihood of developing AD compared to those with naMCI (8, 14, 15).

To gain a better understand the prevalence of aMCI and associated risk factors, it is essential to examine findings from different cultures and populations. In the United States, Michau’s study reported an incidence of 12.4% for aMCI using data from the Uniform Data Set (UDS) of the National Alzheimer’s Coordinating Center (NACC) (9). In Australia, Pusswald found that the incidence was 15.4% for aMCI in a memory outpatient clinic (16). A Swedish study by Overton showed that the prevalence of aMCI was 7.34% among older adults aged 60 years old and above (17). The reported prevalence of aMCI in China varied, ranging from 10.9% to 17.1% (18–21). Furthermore, researchers have also made efforts to identify associated factors for aMCI, with age and education emerging as important risk factors (22–24). However, the results regarding other potential associated factors including hypertension, diabetes, sleep disturbance, physical exercise, smoking, and drinking, have not shown consistent associations (23, 25, 26).

To address the inconsistencies and regional differences in previous research, particularly regarding the prevalence and risk factors of aMCI, our study aimed to investigate these aspects among urban community-dwelling older adults aged 60 years and above in Chengdu, Sichuan Province. Additionally, we aimed to explore the cognitive characteristics of individuals with aMCI, an area that has been underexplored. Notably, no relevant studies have been conducted in this specific location. By comparing the prevalence of aMCI, examining its cognitive characteristics, and identifying associated risk factors in different cultures, including our study in Chengdu, we aim to contribute valuable insights to the existing knowledge in this field and provide a comprehensive understanding of aMCI within our specific study population.



Methods


Study design and participants

A sample of urban older adults was obtained from a cross-sectional survey. The survey was conducted in Jinjiang District, one of the 12 districts in Chengdu, Sichuan Province in China. Chengdu is an important central city in western China, ranking eighth in Gross Domestic Product (GDP) among all cities in China, generating 1,217.02 billion yuan in 2016. Jinjiang District also belongs to one of the central districts of Chengdu, ranking fifth in GDP (among all districts in China) with 83.46 billion yuan in 2016. In this area, 21.62% of people were aged 60 years and over in 2016. A multi-stage cluster sampling method was applied to ensure that study participants were selected from various socio-economic sectors, which made it more representative of the population. The 11 towns in Jinjiang District were divided into three levels based on income level – low, middle, and high. Six residential areas were selected randomly from each group, with a total of 18 residential areas. Then we randomly selected three to six buildings from each residential area and investigated all older adults meeting the inclusion criteria. The data was collected from October 2016 to March 2017.

The inclusion criteria for participants were as below: (1) individuals who were permanent residents (residing for a duration of at least 12 months); and (2) Aged 60 years and older. Participants were excluded if they: (1) Experienced severe visual or hearing impairments, serious physical illness, or weakness that hindered their ability to complete the survey; (2) Had a history of traumatic brain injuries or psychiatric disorders that could impact cognitive function; (3) Exhibited symptoms of depressive disorders, defined as a Chinese self-reported version of the geriatric depression inventory (GDI-SR) score ≥ 3 (27); (4) Were classified as demented, defined as having a Clinical Dementia Rating (CDR) score ≥ 1 or adjusted MMSE scores based on educational level (≤17 for illiterate, ≤20 for primary school and ≤24 for above the middle school); and (5) had naMCI, defined as objective non-memory impairment according to a z score ≤ −1.5 for at least one non-memory neuropsychological test, a CDR score of 0.5, preserved general cognitive function according to MMSE scores adjusted by educational level (>17 for illiterate, >20 for primary school, and >24 for above the middle school), intact daily living ability and absence of dementia. In total, 617 randomly selected older adults participated this survey. Among these, 13 participants had visual or hearing impairments, 20 refused to answer questions, 84 participants exhibited symptoms of depression, 39 participants gave incomplete data, 91 participants were potentially diagnosed with dementia, and 2 participants had naMCI. Ultimately, a total of 368 older adults were included for analysis.

The survey protocol (including the informed consent) was approved by the Medical Ethics Committee of Sichuan University. All the participants signed the informed consent forms. Qualified research assistants with medical backgrounds and community physicians administered this survey. All the research assistants and clinicians were intensively trained by psychiatrists from the Department of Psychiatry of West China Hospital.



Cognitive assessment

All participants underwent the following neuropsychological assessments: Mini-Mental State Examination (MMSE), the Clinical Dementia Rating (CDR), Auditory Verbal Learning Test (AVLT), Wechsler’s Logical Memory Task (LMT), Boston Naming Test (BNT) and Trail Making Test Part A (TMT-A).

The MMSE scale was used to assess global cognitive function (28). The MMSE consists of multiple questions and covers six cognitive domains: orientation (10 points), immediate memory (3 points), attention and calculation (5 points), recall ability (3 points), language (8 points), and visuospatial ability (1 point). Usually, the visuospatial ability task was classified as one of the language items. The score totals ranged from 0 to 30, with higher scores indicating better cognitive function.

The CDR is a reliable tool for staging dementia severity (29). It includes six cognitive categories, namely memory, orientation, judgment, and problem-solving, community affairs, home and hobbies, and personal care. According to clinical scoring rules, CDR 0 indicates no dementia, CDR 0.5 indicates questionable dementia, CDR 1 indicates mild dementia, CDR 2 indicates moderate dementia and CDR 3 indicates severe dementia. In our study, the CDR was also used to assess cognitive complaints and activities of daily living. Trained psychiatrists from the Department of Psychiatry of West China Hospital were responsible for conducting the CDR ratings.

The AVLT is a well-recognized measure used to assess verbal learning and memory (30). In this test, the examiner read a list of 12 unrelated Chinese words three times. Immediately following each presentation and after 20 min delay, participants were required to recall as many words as possible without a time constraints and in any order. The immediate recall scores consisted of the number of words recalled in each trial (ranging from 0 to 12) and the total number of words recalled across the three immediate trials (ranging from 0 to 36). The delayed score consisted of the number of words recalled after the 20-min delay (ranging from 0 to 12), which we refer to as the long-term delayed recall in our study. Finally, the participants were presented with the word list.

LMT primarily tested participants’ logical memory (31). The participants were told a short story orally, which contained 20 underlining keywords. Then the examinee was asked to recall the story (immediate recall). Approximately 20 or 30 min later, free recall of the story was again elicited (delayed recall).

BNT was used to assess language ability (32). Participants were presented with 30 images and asked to provide the corresponding names. For correct responses, including self-corrections, credits were awarded as “spontaneous naming scores (SN).” If a participant gave a wrong response or gave no response within 20 s, the examiner provided a standard semantic cue. If a participant was able to provide the correct answer with the cue, credit was given and recorded as “naming scores after phonemic cue (CN).”

TMT-A was used to assess the execution function of participants (33). It required the participants to link numbers from 1 to 25 as fast as possible while keeping the nib on the page. The amount of time consumed, and the number of errors made were recorded, defined as TMT-A (s) and TMT-A error, respectively.



Social information

Social information was obtained through participants or their appropriate informants. The following data was collected by standard questionnaire: (1) Demographic data such as age, gender, educational level, marital status, and income (average monthly income per person in family); (2) History of chronic diseases including hypertension, diabetes, coronary heart disease and cerebrovascular disease; (3) Daily living information (sleep disorders, smoking and drinking alcohol). Specifically, marital status consisted of two categories: “marriage” and “no marriage.” The latter was defined as being divorced, widowed, or unmarried.

The sleep disorders of older adults were assessed by the Chinese version of Pittsburgh Sleep Quality Index scale (PSQI) (34). The PSQI assessed sleep quality over the past month and contains of 19 items scored on a 3-point Likert scale. It encompasses seven domains, including subjective sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disturbances, use of sleep medications and daytime dysfunction. The global PSQI scores ranged from 0 to 21, with higher total scores indicating poorer sleep quality. The Chinese version of the PSQI has been shown to possess good reliability and validity (35).



Diagnostic criteria

Diagnosis of aMCI was made based on Petersen’s criteria (36–38): (1) Memory complaint by participants, preferably corroborated by their informants; (2) Objective memory impairment according to a z score ≤ −1.5 for at least one memory neuropsychological test and a CDR score of 0.5; (3) Preserved general cognitive function according to MMSE scores adjusted by educational level (39) (>17 for illiterate, >20 for primary school and >24 for above the middle school); (4) Intact daily living ability; and (5) Absence of dementia. Ultimately, among 368 older adults in this study, 59 were aMCI participants and 309 were participants with normal cognitive function.



Statistical analysis

The continuous variable was presented as mean ± standard deviation (SD) and categorical variables were described in terms of frequency (%). The Spearman correlation coefficient and the Spearman partial correlation coefficient controlling age, gender and educational level were used to detect differences in cognitive test results between the aMCI group and normal group (individuals in the aMCI group were assigned a value of 1 and individuals in the normal group were assigned a value of 0). A comparison of continuous data among aMCI participants and those with normal cognitive function was performed using independent-sample t-test analysis. Chi-square tests were applied to examine group differences in dichotomous variables data. For the ordinal categorical variable (educational level), the Cochran-Armitage test for trend was used to verify whether the prevalence of aMCI is higher with the lower educational level. Multiple logistic regression analysis was utilized to screen for the risk and protective factors of aMCI. The reported p values are the results of two-sided tests. p values of <0.05 were considered as statistically significant. Statistical analysis was performed using Stata version 15.1.




Results


Prevalence and cognitive characteristics

The prevalence of aMCI in this study was found to be 16.0%. Table 1 provides a summary of the cognitive characteristics of participants with aMCI compared to those with normal cognitive function. The unadjusted Spearman correlation coefficients ranged from −0.58 for AVLT-LR to 0.26 for TMT-A (s). Results revealed that participants with aMCI had lower scores on MMSE, AVLT, LMT, and spontaneous naming scores (BNT) compared to cognitively normal participants. Additionally, individuals with aMCI demonstrated longer completion times and more errors in TMT-A compared to the normal group. After controlling for age, gender and educational level, the Spearman partial correlation coefficient ranged from −0.52 for the AVLT-LR to 0.19 for the TMT-A (s). Participants in the aMCI group continue to perform worse on most cognitive assessments compared to the normal group. While there were no significant differences between the groups in naming scores after semantic cue of BNT based on unadjusted or adjusted correlational analysis, we also did not see significant differences in TMT-A errors after adjusting for age, gender, and education. By using a z score ≤ −1.5 for each neuropsychological test, we identified that among participants with aMCI, 29 (49.2%) had memory impairment only, 13 (22.0%) had memory and language (BNT) impairments, 12 (20.3%) had memory and executive function (TMT-A) impairments, and 5 (8.5%) had memory, language (BNT) and executive function (TMT-A) impairments.



TABLE 1 Cognitive assessment scores in participants with aMCI and normal group.
[image: Table displays cognitive assessment results for 368 individuals, comparing aMCI (59) and normal (309) groups. Tests include MMSE, AVLT, LMT, BNT, and TMT-A, with scores, Spearman correlations, and p-values. AVLT-LR shows strong correlation differences between groups.]



Sociodemographic and clinical characteristics

In this study, the average age of participants was 69.06 ± 7.30 years old. Female participants accounted for 56.0%, and participants with a middle school education and above accounted for 60.3%. The participants’ sociodemographic and clinical characteristics were presented in Table 2. The age, prevalence of hypertension and diabetes between participants with aMCI, and normal group were statistically different. And the results of Cochran-Armitage test for trend indicated that the prevalence of aMCI was increased with decreasing educational level. However, participants with aMCI and participants in the normal group did not differ in gender, marital status, income, coronary heart disease, cerebrovascular disease, sleep disorders, smoking, or drinking.



TABLE 2 Comparison of sociodemographic and clinical characteristics between participants with aMCI and normal group.
[image: Table displaying demographic factors, chronic diseases, and daily living information for a study group. It includes percentages for age, gender, education, marital status, income, hypertension, diabetes, coronary heart disease, cerebrovascular disease, sleep disorders, smoking, and drinking across total, aMCI, and normal groups, with statistical significance values (t/χ² and p-value) for each variable.]



Risk factors

In the multiple logistic regression analysis, our model included sociodemographic and clinical characteristics that were statistically associated with the prevalence of aMCI. As such, age, educational level, hypertension, and diabetes were selected. Considered as a confounder, gender was also placed in the model. The results presented in Table 3 revealed that older age (OR = 1.044, 95%CI: 1.002~1.087), obtaining less education, and having diabetes (OR = 2.450, 95%CI: 1.246~4.818) were risk factors of aMCI. Particularly, the risk of aMCI was nearly twice as high among illiterate individuals (OR = 8.161, 95%CI: 3.402~19.575) compared to those with primary school education (OR = 3.746, 95%CI: 1.816~7.724), using participants with middle school education or above as the reference. However, no statistically significant association was observed between gender and hypertension, and the prevalence of aMCI.



TABLE 3 Multiple logistic regression analysis of risk factors for aMCI.
[image: A table displays logistic regression analysis results for various variables: age, gender, education level, hypertension, and diabetes. Key statistics shown include B, standard error (SE), Wald score, p-value, odds ratio (OR), and 95% confidence interval (CI). Notably, female gender has OR of 0.777, with CI 0.407 to 1.485; primary education OR is 3.746, CI 1.816 to 7.724; illiteracy OR is 8.161, CI 3.402 to 19.575. Hypertension and diabetes statuses also show respective ORs of 1.773 and 2.450 with respective CIs.]




Discussion

To the best of our knowledge, this is the first study conducted in Western China that specifically focuses on the prevalence and characteristics of aMCI and its associated factors among older adults aged 60 years and above in the urban communities. Our study contributes to the existing literature by providing insights into the prevalence of aMCI in Chengdu. In our study, we found that the prevalence of aMCI among older adults in community-dwellings in Chengdu was 16.0%. This prevalence is consistent with the findings of previous studies conducted by Li (17.1% prevalence of aMCI among older adults aged 60 years old and above) (19), and Zhang (16.1% prevalence of aMCI among older adults in Shijiazhuang) (21) in China. It is worth noting that the reported prevalence rates of aMCI in many other countries have been found to be lower, ranging between 7.3% and 11.6% (17, 24, 40, 41).

On the one hand, the observed differences between countries, including our study, could be attributed to various factors such as differences in survey scales, sample size, and sampling methods employed across different cultural contexts. These methodological variations can influence the prevalence rates and make direct comparisons challenging. On the other hand, early life experiences may impact on cognitive health in later in life. Our participants were born before 1957, which means they may have experienced significant historical events that could have influenced their cognitive health. For instance, they may have lived through the Great Famine in the early 1960s, a period of severe food scarcity and malnutrition during their developmental years. In addition, our participants also experienced the Cultural Revolution, a time characterized by social upheaval in China. During this period, education opportunities was limited, and pursuing formal education was often discouraged. It is widely recognized that education acts as an important protective factor against cognitive decline (42, 43). The limited access to education during the Cultural Revolution may have further contributed to the higher prevalence of aMCI observed in our study population. Further research is needed to explore the long-term effects of early life experiences on cognitive health and to better understand the complex interplay between education and cognitive decline.

After adjusting for age, gender, and education, we observed significant differences in almost all global cognitive functions and individual neuropsychological domains between individuals with normal cognitive function and those with aMCI. However, there were no significant differences in semantic cue naming scores of the Boston Naming Test and the number of errors in Trail Making Test Part A. Among the various cognitive domains, verbal learning and recall showed stronger relationships with aMCI, with delayed recall demonstrating the strongest association. This finding is in line with previous studies. Zhao’s study found that both short-term delay and long-term delay recall were equally effective in identifying aMCI patients (44). Fisher’s and Simon’s study suggested that delayed recall had a higher predictive value for the conversion of aMCI to AD compared to other domains of cognitive test (45, 46).

In our study, we found that increasing age was associated with increased prevalence of aMCI. Age is also recognized as the most important factor for AD, as older age is linked to higher rates of AD. This is evident in various populations, including China and the United State. In a systematic review conducted in China in 2010, the prevalence of AD was found to be 1.27% among individuals aged 65 to 69 years and 18.54% among those aged 85 to 89 years (47). The 2020 Alzheimer’s Disease Facts and Figures reported that in the United States, the percentage of people with AD increases greatly with age: 3% for individuals aged 65–74, 17% for individuals aged 75–84, and 32% for individuals aged 85 or older (48). Similar patterns have been observed worldwide. aMCI, as a subtype of MCI, is characterized by memory impairment and is strongly associated with the development of AD. The relationship between age and prevalence rates of aMCI in different countries has yield mixed results. While many studies have reported that age as a risk factor for aMCI (9, 17, 22), Sosa’s study conducted in Latin America, China, and India demonstrated that although some countries showed positive associations between age and aMCI prevalence, others exhibited negative associations (49). However, it is important to note that age consistently remains a risk factor for the conversion from aMCI/MCI to AD (50). It is worth emphasizing that aMCI is not a normal part of aging, and advanced age alone is not sufficient to cause aMCI.

A second finding was that education was a protective factor for aMCI. This is consistent with previous studies indicating that increasing education is negatively related to aMCI, MCI, AD, and is also protective against the development of AD (20, 51, 52). This could be explained by the Cognitive Reserve Hypothesis. To highlight this point, research has shown that having a higher cognitive reserve, which refers to the brain’s ability to make flexible and efficient use of cognitive networks (networks of neuron-to-neuron connections), helps a person’s ability to cope and compensate for brain damage (48, 53). Therefore, it is reasonable that having a higher education level can delay the progression of cognitive impairment and AD by way of increasing one’s cognitive reserve.

We also identified diabetes as a risk factor for aMCI in our study, which is consistent with previous research. Both cross-sectional and longitudinal studies have demonstrated the influence of diabetes on cognitive impairment (54–56). However, the underlying mechanism through which diabetes impairs cognitive function is still unclear. One theory suggests that cerebral insulin resistance promotes the phosphorylation of tau protein, making the brain more susceptibility to neurodegeneration, potentially leading to AD (57). Another emerging concept in mechanistic studies is the potential role of advanced glycation end products (AGEs). AGEs contribute to the production of reactive oxygen species, which in turn promote oxidative stress and inflammatory cytokines, resulting in diabetes-associated neurovascular damage (58). Furthermore, diabetes has been associated with abnormalities such as accelerated hippocampal atrophy and reduction in whole brain volume, indicating a potential role in neurodegeneration (55).

We did not observe an association between hypertension and aMCI after adjusting for demographic factors. Although some studies have reported an association between hypertension and cognitive impairment and dementia (59, 60), the effects of hypertension on the subtypes of MCI remain unclear. For instance, Casado’s study found an association between hypertension and aMCI (61), while others have reported a relationship with naMCI, particularly in relation to vascular dementia (VaD) (24, 59). Additionally, evidence suggests that aMCI has a greater tendency to progress to AD, while naMCI is more likely to develop into VaD (14, 25). In our study, we did not observe an association between aMCI and cardio-cerebrovascular diseases, smoking, and drinking. This may indicate that these factors are not directly related to aMCI but rather to naMCI. However, we did not have enough naMCI cases in our study to investigate the relationship between hypertension and other cardio-cerebrovascular diseases with naMCI. Furthermore, considering that many current studies do not consider the severity or duration of hypertension, there is an opportunity to expand our understanding of how hypertension and cardio-cerebrovascular diseases impact aMCI, naMCI, VaD, and AD. This could be further explored with a well-designed cohort study.

Finally, we did not find an association between aMCI and sleep disorders. While several studies have shown that sleep disturbances increase risk of aMCI (62–64), there are also studies have demonstrated the opposite findings. For example, Gavuoto’s study conducted among a large sample of community-dwelling older adults found that those with less sleep disruption were more like to report higher levels of subjective memory decline, which is one of the diagnostic criteria for aMCI (65). The authors argued that this might be attributed to compensatory sleep behavior in response to increased cognitive effort to compensatory sleep behavior in response to increased cognitive effort to maintain memory function (65). It should be noted that the Pittsburgh Sleep Quality Index scale used in our study does not include measures of sleep depth and stages, which indicate different sleep patterns. Analyzing sleep patterns would provide valuable insights into which specific sleep disturbances are associated with aMCI. A system review found that individuals with aMCI may experience more disturbances in sleep efficiency and slow-wave sleep (66). Therefore, further longitudinal analyses of cohorts will be necessary to fully evaluate the associations between sleep and aMCI.

Our study provides novel insights into the prevalence and characteristics of aMCI in Chengdu, shedding light on potential regional variations in its prevalence compared to other countries. Understanding these epidemiological differences is crucial for developing targeted interventions and healthcare strategies in the region. Additionally, our findings highlight the differential relationships between various cognitive domains and aMCI, emphasizing the importance of assessing verbal learning and recall, specifically delayed recall. Clinicians should prioritize patients with difficulties in these areas, particularly long-term delayed recall, in clinical practice.

We acknowledge several important limitations as well. Firstly, it is important to note that our sample is representative of urban settings, which may differ significantly from rural settings in terms of economic factors, culture influences, and other relevant variables. Therefore, caution should be exercised when generalizing our results to older adults residing in rural areas. Additionally, it is important to recognize that community samples may exhibit milder symptoms compared to clinical samples. As a result, our findings may not be applicable to individuals diagnosed with clinical aMCI. Secondly, it is crucial to highlight that our study design was a cross-sectional in nature. Therefore, it is not appropriate to infer causal relationships. To gain a deeper understanding of the dynamic processes that potentially contribute to the development of aMCI, further research utilizing longitudinal designs is warranted.



Conclusion

This study revealed a high prevalence of aMCI among urban, community-dwelling older adults aged 60 years and over in Chengdu, China. Compared with cognitively normal persons, individuals with aMCI exhibited lower cognitive function in memory, language, and executive domains. Notably, long-term delayed recall demonstrated the strongest association with aMCI, even after adjusting age, gender, and education. These findings suggest that clinicians should prioritize individuals with verbal learning and memory difficulties, particularly those with challenges in long-term delayed recall, in clinical practice. Furthermore, this study identified older age, lower education, and diabetes as factors associated with aMCI. These results highlight the importance of cognitive training and effective management of chronic disease in preventing and delaying the onset of Alzheimer’s dementia.
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Background: Cognitive deficits are commonly reported after COVID-19 recovery, but little is known in the older population. This study aims to investigate possible cognitive damage in older adults 6 months after contracting COVID-19, as well as individual risk factors.
Methods: This cross-sectional study involved 70 participants aged 60–78 with COVID-19 6 months prior and 153 healthy controls. Montreal Cognitive Assessment—Basic (MoCA-B) screened for cognitive impairment; Geriatric Depression Scale and Geriatric Anxiety Inventory screened for depression and anxiety. Data were collected on demographics and self-reports of comorbid conditions.
Results: The mean age of participants was 66.97 ± 4.64 years. A higher proportion of individuals in the COVID group complained about cognitive deficits (χ2 = 3.574; p = 0.029) and presented with deficient MoCA-B scores (χ2 = 6.098, p = 0.014) compared to controls. After controlling for multiple variables, all the following factors resulted in greater odds of a deficient MoCA-B: COVID-19 6-months prior (OR, 2.44; p = 0.018), age (OR, 1.15; p < 0.001), lower income (OR, 0.36; p = 0.070), and overweight (OR, 2.83; p = 0.013). Further analysis pointed to individual characteristics in COVID-19-affected patients that could explain the severity of the cognitive decline: age (p = 0.015), lower income (p < 0.001), anxiety (p = 0.049), ageusia (p = 0.054), overweight (p < 0.001), and absence of cognitively stimulating activities (p = 0.062).
Conclusion: Our study highlights a profile of cognitive risk aggravation over aging after COVID-19 infection, which is likely mitigated by wealth but worsened in the presence of overweight. Ageusia at the time of acute COVID-19, anxiety, being overweight, and absence of routine intellectual activities are risk factors for more prominent cognitive decline among those infected by COVID-19.
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1 Introduction

The disease caused by the SARS-CoV-2 virus has been the main public health concern for more than 3 years. Extensive literature has been published on the clinical aspects of the acute disease (1), and although the end of the COVID-19 public emergency was declared on May 5, 2023 (2), uncertainties about the long-term nature of sequelae that survivors might face still exist. As so, many longitudinal studies have been looking into post-covid symptoms, their predictors, and whether they might impact patients transiently or in a definitive way (3).

COVID-19 may affect the central nervous system in distinct ways, which may combine in some individuals. Neuroinflammation may be triggered by the acute infection and perpetuated chronically, resulting in increased blood–brain-barrier (BBB) permeability, persistent elevated inflammatory cytokines and chemokines, and hyperactivation of microglia and other brain cells (4). Severe pulmonary or vascular disease can lead to hypoxic damage, which is often worsened by multi-organ dysfunction (5). Finally, there is very limited but available evidence that the virus can directly invade the brain (6). Consequently, neurological and psychiatric problems are commonly reported long after COVID-19 recovery, even in those experiencing mild disease (7). In a recent systematic review and meta-analysis, 50.1% of survivors (95% CI 45.4–54.8) had at least one physical or mental symptom up to 12 months after the acute infection, in which the combined prevalence of cognitive deficits was 19.7% (8.8–33.4), 17.5% for memory impairment (8.6–29.6), and 12.6% for concentration impairment (5.9–21.3) (8). Intriguingly, data showed that memory complaints were twice greater in younger individuals compared to those aged 60 and over and that asymptomatic and milder cases tended to present more persistent neuropsychiatric symptoms than those who were hospitalized and experienced moderate and severe disease.

Evidence from post-COVID-19 electronic records of more than 242,000 adults over 65 years pointed to an increased cumulative risk of cognitive deficits and dementia when compared to cohorts affected by other respiratory infections, with new diagnoses still occurring up to 2 years after the index event (9). Although this study relied solely on electronic records of new diagnoses and did not involve any participant interviews, concerns have arisen facing the current scenario of 55 million people living with dementia (10) and the expected burden of 10 million new cases annually, especially in low and middle-income countries, in the pre-COVID-19 era (11). If dementia risk is persistently higher [HR 1.33 (1.26–1.41)] among older individuals affected by SARS-CoV-2 (9), then clinicians and public health agencies must be prepared to deal with a wave of cognitively impaired individuals that may arise following COVID-19 pandemic.

It is imperative to mention that a few studies are focused exclusively on the older age group, which is highly susceptible to cognitive disorders. Furthermore, there is insufficient literature regarding post-COVID symptoms related to the gamma variant of SARS-CoV-2. We hypothesize that the virus leads to cognitive impairment, and advanced age might be a predictor of this outcome. Therefore, this study aims to investigate (1) if older adults experience cognitive decline 6 months after contracting COVID-19 and (2) whether individual underlying conditions may influence this outcome.



2 Methods


2.1 Study design and population

This is a cross-sectional analysis of a longitudinal cohort study with a total follow-up of 2 years, comprising two groups of older adults, either previously infected by SARS-CoV-2 or not (controls). Based on a ratio of 4/8 between unexposed and exposed, a significance level of 95%, a power of 80%, and accounting for a 20% loss, the minimum required sample size was estimated to be 77 participants. Recruitment took place in March 2021, during the second wave of the pandemic, in which the Gamma variant was circulating. Eligible participants were those aged 60 to 80 with a formal education of over 4 years. Individuals with previous cognitive decline, uncontrolled psychiatric conditions, recent stroke, heart attack, or cardiac arrest were excluded. The general inclusion and exclusion criteria were applied to both cohorts. COVID (+) participants were recruited from a private laboratory in Natal, Brazil, among all 527 patients aged 60 to 80 diagnosed with SARS-CoV-2 infection by RT-PCR technique in March 2021. Healthy controls, which means, those who had never been infected by SARS-CoV-2, were engaged through social media advertisements in the same month and city; their serologic status was tested through the ELISA technique to rule out previously unknown disease. None of the participants had received any COVID-19 vaccine yet. Of 527 COVID candidates, 153 volunteered to join the study, but only 70 composed the COVID group after general inclusion and exclusion criteria were applied. Of the 214 volunteers who answered the social media announcement for the CONTROL group, 153 were recruited through the same criteria. Due to the longitudinal nature of the study and the anticipated proportion of controls to contract COVID-19 during the follow-up, a final of 70 COVID and 153 control participants comprised the initial sample. The data presented in this paper was collected between May and September 2021, concerning the first of three assessments of the prospective follow-up. In the COVID group, 6 months elapsed from the diagnosis to the assessment. A certified geriatrician, neuropsychologist, and trained research assistants conducted the assessments at the Institute of Tropical Medicine, Federal University of Rio Grande do Norte (UFRN).



2.2 Instruments

A structured questionnaire was used to record data on demographics (age, gender, marital status, education, family income, occupational status, routine activities), subjective memory complaints, self-report of comorbid conditions, and clinical characteristics of acute and post-COVID-19 symptoms (for the COVID group). Regarding income, we collected respondents’ information on individual family amounts, which were summed up to estimate the aggregated total family income. The income ranges were divided according to multiples of the Brazilian minimum monthly wage (12). Depression was screened by the Geriatric Depression Scale (GDS-15), ranging from 0 to 15, with scores >5 indicating depression. Anxiety was suggested by scores higher than 10 on the Geriatric Anxiety Inventory (GAI) (13). Pfeffer’s Functional Activities Questionnaire (FAQ) score > 6 and the Telephone Interview for Cognitive Screening (TICS-m) < 21 were used to rule out participants with previous dementia. TICS-m is a 13-item assessment (maximum score is 39) of four domains: orientation; memory (registration, recent memory and delayed recall); attention/calculation; language (semantic memory, comprehension and repetition) (14, 15). Global cognitive function was tested through the Brazilian version of the Montreal Cognitive Assessment – Basic version (MoCA-B) – adopted in this study to better evaluate individuals with lower educational levels. MoCA-B assesses eight domains: attention and concentration; executive functions; memory; language; visuoconstructional skills; conceptual thinking; calculations, and orientation (16). The maximum score is 30 points, and to represent the most relevant metric of MoCA-B for clinical practice, the performances were binary classified as normal, whenever the score from the test was at least 25, or deficient, otherwise.



2.3 Statistics

Descriptive and inferential analyses were completed for demographic and clinical data, GDS-15, GAI, TICS-m, and MoCA-B. According to the Shapiro–Wilk test, normally distributed continuous variables were analyzed by Student’s t-test or Mann–Whitney test for non-normally distributed variables. Pearson’s chi-square or Fisher’s tests were used for group comparisons on nominal variables. The purpose of testing (and estimating) the effect of COVID-19 on cognitive function as addressed by MoCA-B was pursued by fitting logistic regression models on the scopus of parametric statistical modeling. Once such an objective had been achieved, statistical modeling was also used to probe for COVID-19 manifestations that could explain (or predict) the severity of cognitive symptoms, this time grounded on the class of cumulative link models (CLM), being the expected cumulative probability of a given outcome linked to a linear combination of the predictors by the logit function. In both circumstances, the statistical modeling was guided by previous extensive exploratory analysis to unveil tentative patterns and relationships to be further tested in a formal inferential context. In addition, these qualitative preliminary steps allowed us to outline the correlation structure among putative predictors so that multicollinearity could be avoided. On the basis of the exploratory information, plausible models were fitted to data, then validated and selected according to the goodness of fit and the suitability to address the scientific hypothesis supporting this study. In this regard, model validation proceeded according to the tools available for each model class. Thus, for logistic models, validation was grounded chiefly on leverage and influence measures as well as the analysis of residuals’ envelope. When it came to CLM, validation was supported by metrics such as Akaike Information Criteria (AIC) and conditional Hessian. CLM was fitted under the assumptions of flexible thresholds and constant odds. The latter implies that the odds for a greater score are the same regardless of the level of the MoCA-B scale. Finally, the statistical significance of any association was conditioned to the significance level α = 0.05, and all the codes, analyses, and graphical elements were elaborated in RStudio software.



2.4 Ethics statement

The study was conducted according to ethical guidelines after approval by the local Research Ethics Committee of UFRN, under process number 44011221.8.0000.5537. Written informed consent was collected from all participants before conducting the study. All information was kept confidential.




3 Results

The study involved 223 participants (70 previously exposed to SARS-CoV-2—6 months from the diagnosis to the assessment—"COVID group”; and 153 healthy peers “CONTROL group”). The mean age of participants was 66.97 ± 4,64 years (age range from 60 to 78), and approximately 70% were female. Other sociodemographic characteristics of the sample are summarized in Table 1. The features of acute COVID-19 and persistent symptoms at the time of assessment, as well as the leading comorbidities and medications in use for both groups are listed in Supplementary material.



TABLE 1 Comparison of sociodemographic and other characteristics between COVID and CONTROL groups during the second wave of COVID-19.
[image: A table comparing demographic and lifestyle variables between two groups: COVID (n = 70) and Control (n = 153). Categories include age, gender, marital status, schooling, income, occupation, routine activities, and subjective cognitive complaints. Statistics and p-values are provided, with significant results in bold. Differences are noted for schooling, income, and cognitive complaints.]

The COVID group presented lower scores on TICS-m (U = 4806.5; p = 0.001) and MoCA-B (U = 6018.5; p = 0.134) compared to controls. Considering a cut-off point 25 for cognitive decline on MoCA-B, a higher proportion of impaired individuals were found in the COVID group (χ2 = 6.098, p = 0.014; Table 2).



TABLE 2 Comparison of screening test results for cognitive dysfunction, depression, and anxiety (TICS-m/MoCA-B/GDS-15/GAI) between the COVID and control groups (absolute values and respective classification according to cut-off points, when available).
[image: Comparison table showing cognitive and psychological measures between COVID (n=70) and CONTROL (n=153) groups with statistical values and p-values. COVID group shows lower TICS-m scores and higher deficient percentages with significant p-values (TICS-m: 4806.5, p=0.001; Deficient: 6.098, p=0.014). No significant differences in MoCA-B, GDS-15, and GAI. Measures include TICS-m, MoCA-B, GDS-15, and GAI. Values expressed as mean ± standard deviation or percentages. Significant results marked in bold.]

The risk for an impaired MoCA-B was found to rely on the diagnosis of COVID-19, as well as on the participant’s age, his/her income, and respective body weight. In this regard, the odds for an impaired outcome were estimated to increase by 15.76% [odds ratio (OR) = 1.157] for every unit increment in the participant age, while all other factors were kept constant. Such an association was based on evidence robust enough to assure its statistical significance (Table 3) (Wald test: estimate = 0.146, std. error (SE) = 0.040, Z = 3.606, p < 0.001), and it is naturally limited to the age group addressed here (60–78 years old). In addition, while controlling for the other factors, participants’ income was also likely to influence the performance on MoCA-B test, although the evidence provided by the sample to support such an association was insufficient to overcome the significance level, hence remaining as a statistical trend (Table 3) (Wald test: p = 0.070 and p = 0.054, respectively for the contrasts between R$10 k–R$15 k and R$15 k–R$23 k, both related to R$1 k–R$1.6 k). Even though, as compared to the lowest income range, the odds for an impaired MoCA-B were estimated to reduce by 63.24% (OR = 0.367) and 84.32% (OR = 0.156), respectively, among participants whose reported income was in the range of R$10 k–R$15 k and R$15 k–R$23 k. Moreover, overweight participants were estimated to have 183.44% superior odds (OR = 2.834) for an impaired MoCA-B outcome as compared to normal-weight peers, an association strength estimative controlled by keeping the other factors constant and endorsed by its statistical significance (Table 3) (Wald test: estimate = 1.041, SE = 0.420, Z = 2.476, p = 0.013). Finally, the risk for impaired MoCA-B was found to be significantly affected by the diagnosis of COVID-19 regardless of the participant’s age, income, and overweight status (Table 3) (Wald test: estimate = 0.895, SE = 0.380, Z = 2.354, p = 0.018). On this subject, the odds for impaired MoCA-B were estimated to increase by 144.83% (OR = 2.448) once the patient is diagnosed with COVID-19 while controlling for age, income, and overweight condition. Figure 1 depicts these models graphically. The probability of an impaired MoCA-B outcome is estimated to increase as the participant grows older, although the height of the curve seems to depend on income. Except for the highest earnings category (whose incidence was smaller), a trend for lower risk as the income increases seems to take shape. The profile of risk aggravation over aging, which is likely mitigated by wealth, shifts upward as a whole when the participant is overweight. Considering the interaction of social and biological characteristics influencing the result of the MoCA-B test, the association between COVID-19 and cognitive impairment is represented by the vertical distance separating the colored bold curves. In this context, the COVID-19 association with MoCA-B is represented while excluding the bias from age, income, and overweight condition.



TABLE 3 Logistic regression for MoCA-B (Wald test).
[image: Statistical table displaying coefficients from a model assessing probability of impaired MoCA-B test outcomes based on COVID-19 status, age, income levels, and overweight status. Columns include Estimate, Standard Error, Z-value, and p-value, with an explanatory note below detailing the model's purpose and statistical significance evaluation.]

[image: Graph showing predicted risk for impaired MoCA-B based on age, income range, overweight status, and COVID-19 diagnosis. Ten panels depict risk from ages sixty to seventy-five. Risk is higher for COVID-19 positive and overweight individuals across all income brackets.]

FIGURE 1
 The predicted probability of impaired MoCA-B according to the model in Table 3 - association of age, monthly income, overweight condition, and COVID-19 diagnosis with the performance on such a cognitive test. The statistical parametric model fitted to data to account for the probability of an impaired outcome in the MoCA-B test according to the diagnosis of COVID-19, participant age, income, and overweight status. The class of the model is specified in the table’s head. The estimated coefficients fitting an instance of such a model class are introduced in the “Estimate” column. Each coefficient represents the association between the corresponding predictor (as informed in the row’s label) and the result in the MoCA-B and is followed by the respective statistics from the Wald test for the evaluation of its statistical significance.


Once the association between COVID-19 and cognitive impairment as assessed by MoCA-B had been confirmed, we continued to investigate for further characteristics that could explain or predict the severity of the cognitive decline in the cohort of COVID-19-affected individuals. In this context, both age (Table 4) (Wald test: p < 0.001 and p = 0.0155 for the first and second order orthogonal polynomials for age, respectively) and income (Table 4) (Wald test: all p < 0.083) were ratified as statistically significant variables influencing MoCA-B score. While controlling for these variables, an association between anxiety as assessed by GAI and the performance on MoCA-B emerged (Table 4) (Wald test: estimate = −1.303, SE = 0.662, Z = −1.966, p = 0.049). In this regard, the odds for a greater MoCA-B score were estimated to decrease by 72.83% (OR = 0.271) among anxious individuals. In addition, while keeping all other factors fixed, the occurrence of ageusia during acute COVID-19 was also found to be a relevant predictor of the MoCA-B outcome, although the evidence supporting such an association remained marginally significant (Table 4) (Wald test: estimate = −0.939, SE = 0.489, Z = −1.920, p = 0.054). The presence of ageusia during COVID-19 was estimated to reduce the odds of a greater MoCA-B score by 60.93% (OR = 0.390). Figure 2A illustrates the influence of COVID-19 patients’ age on MoCA-B score, evidencing that individuals as older as 75 tend to prevail in the range of 17–23 (65.90% estimated probability), against a lower probability (around 30%) among patients between 60 and 70. Such influence was represented while income was fixed at the lowest reference level. When income increases, higher MOCA-B scores are expected (Figure 2B). It is likely that participants who experience anxiety score in the lowest range of MoCA- B (17–23; Figure 2C), so are participants who present with ageusia during acute COVID-19, although not so prominent (Figure 2D). At last, it is important to note that the predictions above are based on scenarios where only one predictor changes, while all others remain fixed at the basal reference level (i.e., 67 years for age, R$1 k to R$3 k for income, no anxiety according to GAI and absence of ageusia).



TABLE 4 CLM with logit link for MoCA-B (Wald test)—models 1 and 2.
[image: A table with statistical parametric models for MoCA-B scores. Model 1 includes age (linear and quadratic), income brackets, anxiety (GAI), and Covid symptom (ageusia). Estimates, standard errors, Z values, and p-values are shown. Model 2 includes habits like cognitive stimulating courses, overweight, and ageusia, with similar statistics provided. The models analyze relationships between these factors and cognitive outcomes, with commentary on statistical significance and multicollinearity.]

[image: Four line graphs labeled A, B, C, and D display predicted probabilities related to MoCA-B scores ranging from 17 to 30. Graph A shows age groups 60 to 75, with higher probabilities at lower scores. Graph B illustrates income levels affecting probabilities, with variations most notable at scores 26 and 29. Graph C compares normal and affected anxiety levels, highlighting differences at lower scores. Graph D contrasts the presence and absence of ageusia, showing higher probabilities for those with ageusia at lower scores. Each graph has colored lines with markers denoting data points.]

FIGURE 2
 The predicted probability of each MoCA-B outcome on COVID-19-affected patients according to model A in Table 4. (A) The predicted probability of MoCA-B outcome according to COVID-19-affected patients’ age; (B) MoCA-B according to patients’ income; (C) MoCA-B according to anxiety; (D) MoCA-B according to the presence of ageusia. Individual plots illustrate the expected effect of changing levels of a single predictor, while the others are kept in the basal category reference (i.e., 67 years as the average for age, R$1k to R$3k for income, no anxiety according to GAI and absence of ageusia).


In order to further explore individual characteristics influencing the MoCA-B performance, a second model described in Table 4 ratifies the association between ageusia and MoCA-B impairment (Wald test: estimate = −1.028, SE = 0.478, Z = −2.147, p = 0.031) and introduces new associations. In addition, the odds for a higher MoCA-B score were also estimated to reduce by 89.00% when a patient is overweight (Table 4; OR = −2.207, Wald test: estimate = −2.207, SE = 0.602, Z = −3.660, p < 0.001). Next, we found substantial evidence supporting an association between the habit of attending cognitively stimulating courses (cognitive training, foreign language or technology classes) and MoCA-B, although insufficient to overcome significance and remaining as a statistical trend (Table 4; Wald test: estimate = 1.2710, SE = 0.6828, Z = 1.8613, p = 0.0627). Nonetheless, the odds for a higher MoCA-B score were estimated to increase by 256.43% (OR = 1.2710) when a patient is regularly engaged in such courses compared to those seldom enrolled in equivalent brain stimulation activities. Cognitive stimulation was consistently indicated as a significant predictor along the modeling process, and it rather represents a set of stimulatory routines, such as the practice of traveling, for which statistical significance was also repeatedly confirmed. Some post-COVID symptoms, such as alopecia and arthralgia, were also indicated as embodying significant associations with the MoCA-B outcome. Nevertheless, such relations could not be explored in the present study, given the inherent space limitation for further complementary statistical models. Figure 3A describes the association between routine cognitive training programs and the MoCA-B performance, manifested as a strong inclination (65% probability) toward the highest scores (from 28 up to 30). In turn, such a profile is expected to shift markedly when COVID-19 patients are overweight, resulting in the virtual abolition of scores higher than 26 and a sharp increase in the probability of the lowest range of scores (Figure 3B). At last, ageusia was predicted to increase the probability of lower MoCA-B scores and reduce the probability of higher scores, whereas intermediate scores were likely to remain insensitive to this symptom.

[image: Three line graphs titled A, B, and C display predicted probabilities versus MoCA-B scores. Graph A compares habits-courses: probabilities are mostly similar for "no" and "yes", with an increase at higher scores. Graph B contrasts overweight groups: "no" has a higher probability initially, which decreases as scores rise. Graph C illustrates ageusia: probabilities are close and fluctuate slightly across scores.]

FIGURE 3
 The predicted probability of each MoCA-B outcome on COVID-19-affected patients according to model B in Table 4. (A) The predicted probability of MoCA-B outcome according to the habit of cognitively stimulating courses; (B) MoCA-B according to patients’ weight classification; (C) MoCA-B according to the presence of ageusia; Individual plots illustrate the expected effect of changing levels of a single predictor, while the others are kept in the basal category reference (i.e., no engagement in cognitive stimulating courses, no overweight, and absence of ageusia).




4 Discussion

Our data points to cognitive sequelae in older adults 6 months after COVID-19 infection, as assessed by the MoCA-B test. After adjusting for multiple variables, the risk for an impaired MoCA-B was found to rely on the diagnosis of COVID-19, as well as on age, income, and body weight.

Individuals with previous COVID-19 infection had almost a 150% increase in the probability of cognitive impairment, even controlling for his/her age, income, and overweight status. This is consistent with the emerging literature on the subject. Del Bruto et al. compared MoCA results from an Ecuadorian cohort (mean age of 62.6 years) before and during the pandemic and demonstrated that individuals with serological evidence of previous exposure to SARS-CoV-2 increased the chance of cognitive decline by 18.1 times after adjusting for education, sleep quality, depression, and cardiovascular risk factors (17). The metanalysis conducted by Crivelli et al. compared MoCA results of COVID survivors and healthy controls and concluded that patients who recovered from COVID-19 experienced a decline in general cognition (≈1-point difference on MoCA) when compared to healthy controls, up to 7 months after infection (18). Nevertheless, controversies still exist regarding the link between COVID-19 and cognitive impairment; for instance, the study of Whiteside et al. did not show significant cognitive deficits in a battery of cognitive tests 6 months post-infection (19).

The precise mechanisms through which SARS-CoV-2 may impact cognition have yet to be synthesized. Cognitive function depends on precise neural circuit activity regulated by neurons and glial cells (4), and it is acknowledged that microglial and astrocyte reactivity plays a significant role in SARS-CoV-2-induced neuroinflammation. Therefore, growing evidence has been built in disentangling the association between neuroinflammation and imbalanced cerebral homeostasis, neurogenesis, and plasticity (20–22). Such events might trigger new or exacerbate preexisting neurodegenerative processes (23). Additionally, functional and structural neuroimaging studies suggest a variety of brain areas susceptible to SARS-CoV-2 neurotropism that have been linked to impaired cognitive performance (24), such as the prefrontal and frontoparietal (25), cerebellum (26), limbic and paralimbic regions (22, 25–27), the later possibly indicating a CNS SARS-CoV-2 route through olfactory pathways. Reinforcing this hypothesis, a number of studies have associated COVID-19 olfactory dysfunction with impaired cognitive measures and mood disturbances (26–28), suggesting similar mechanisms underpinning both conditions.

Interestingly, our results persistently evidenced that acute ageusia, not anosmia, predicted the severity of cognitive impairment in those previously in contact with SARS-CoV-2. Some of the explanations for acute ageusia include the viral activity on ACE2 receptors followed by inflammatory reactions in sialic receptors and taste buds, with reduced salivary output, edema, hypoxia, and apoptosis of taste buds, leading to atypical taste bud turnover and chemosensory impairment (29). In a Brazilian study of 701 hospitalized adults with moderate to severe COVID-19, those who experienced hypogeusia alone or concomitant with hyposmia performed worse on memory tests. The authors suggest that the division between taste and smell resides more on theory than practical issues, and a provisional explanation for the findings might again involve the interaction of SARS-CoV-2 with several brain structures linked to the olfactory cortices (30). In fact, gustatory and olfactory areas in the brain are often interrelated, and most apparent gustatory dysfunctions are the result of impaired olfaction rather than gustation (31).

Some sociodemographics implicated poorer performance on MoCA-B in our total sample and were also individual predictors of the severity of cognitive decline among those previously affected by COVID-19. It is known that aging is a major risk factor for cognitive impairment (32). We found a 15% increase in the odds of MoCA-B impairment for every age unit increment, in line with some previous COVID-19 research that indicates older age is associated with greater changes in cognition (33, 34). Lower income was strongly correlated with the risk for cognitive decline. Income is often considered an indicator of wealth and is generally associated with one’s level of education, occupational status, and access to health services (35). These factors often interrelate with lifestyle, cardiovascular disease, and cognitive reserve, all potentially modifiable risk factors for dementia (36). Cognitive reserve results from education, intellectually stimulating occupation, and various other activities across the lifespan and is thought to protect individuals against clinically significant cognitive decline even in the presence of neuropathology (37, 38). Cognitive training, a late-life intellectual stimulation, usually focuses on enhancing fluid cognitive abilities and is believed to add up to cognitive reserve through mechanisms that theoretically may expand cognitive capacity, increase cognitive efficiency, or both (39). In this perspective, COVID-19-affected patients who regularly engaged in cognitively stimulating activities—cognitive training, foreign language classes, or tech courses—performed better on MoCA-B. The evidence of the preventive role of cognitive training in dementia is controversial. A Chinese study followed up on more than 15,000 older adults for 5 years and found a 30% reduced risk of incident dementia in those participating in daily intellectual activities (40). Contrarily, some meta-analyses and systematic reviews found immediate improved cognition but no long-lasting effects, possibly due to heterogeneous interventions and outcome measures (41, 42).

Being overweight – one of the modifiable risk factors for dementia—had a significant negative impact on cognition in our sample (36). A systematic review of more than 500,000 adults followed up on obese adults for four decades and showed a 1.3 times greater risk of developing dementia (43). Interestingly, another meta-analysis found that a loss of 2 kg or more was associated with significant improvements in tests of attention and memory in obese adults over 50 years (44). Several pathways may account for the association between overweight/obesity and cognitive decline: adiposity accumulation results in the release of adipokines and insulin resistance, implicated in the genesis of diabetes, arterial hypertension, dyslipidemia, and cardiovascular diseases. These, in turn, are involved in changes in the brain structure and circulation, contributing to the installation of both the pathologies of AD and vascular dementia (45).

In the same direction as Delgado-Alonso et al. (46), having a diagnosis of anxiety but not depression increased the odds of poorer cognition among COVID-19 patients. A 2016 systematic review of longitudinal studies on anxiety disorders found a 6.5% increased risk of cognitive impairment in the community and a 7.9% increase in dementia risk, especially in the population aged 80 and over (47). According to the authors, anxiety can either be a prodrome of neurocognitive disorders or be a symptom in the course of neurodegeneration through a variety of mechanisms: (1) the state of hypercortisolism and consequent glucocorticoid hyperstimulation in medial temporal lobe receptors can result in hippocampal atrophy, increased amyloid production, and tau accumulation; (2) increased inflammatory cytokines in anxiety, for example, IL-6 and TNF, contributes to neuroinflammation; (3) patients with anxiety present lower production of neurotrophic factors like the Brain Derived Neurotrophic Factor (BDNF); (4) physiological reactions triggered by anxiety, such as increased blood pressure and heart rate, vasoconstriction and platelet hyperreactivity, culminates in cardiovascular diseases, known to be associated with cognitive disorders, and (5) lower cognitive reserve resulting from poorer mental and social stimuli usually experienced throughout life by those with anxiety disorders.

We found a higher prevalence of subjective cognitive complaints among COVID-19 participants compared to previous meta-analyses (57%) (48, 49), possibly justified by the older population in our study. Although there is increasing evidence supporting concerns about older adults’ subjective cognitive complaints (50), such complaints were not associated with poorer results in the objective cognitive screening. In the context of COVID-19, it seems that psychosocial burden and other social determinants of health may influence the perception of cognitive deficits even in the absence of objective dysfunction, as evidenced in previous studies (19, 51–53).

Currently, the MoCA test is widely used for screening cognitive decline, including in the context of COVID-19 (54, 55). We chose to adopt the `Basic’ version as this is better suited for individuals with lower educational levels, which is particularly common among Brazilian elders. Surprisingly, most of our sample - in both groups - had higher education and income levels, resulting in statistically disproportional subgroups concerning these sociodemographic variables. Nevertheless, both COVID and control participants scored near the threshold of cognitive decline in MoCA-B, despite their higher educational background; 35.7% of COVID-19 survivors against 20.3% of the control group were classified as cognitively impaired (p = 0.014). These numbers exceed the pre-COVID-19 expected prevalence of mild cognitive impairment (8.4%) (56) and dementia (1.2%) (57) for people aged 65–69 (mean age in our study). It could be hypothesized that the social isolation imposed by the COVID-19 pandemic triggered even higher levels of stress in the older population and greater vulnerability to illness and death, which possibly explains the increased proportion of individuals with low cognitive scores, even if not previously exposed to SARS-CoV-2 infection (58). Recently published systematic review and meta-analysis blamed prolonged social isolation as responsible for incident cognitive decline (59) and up to 60% greater risk of developing dementia in older adults (60).

One of the key strengths of this study is its focus on the older age group. Soon, the longitudinal nature of our data will help add crucial information about the long-term cognitive effect of SARS-CoV-2 infection on this population. Having a control group without previous serological SARS-CoV-2 exposure adds reliability to our work, as well as recruiting volunteers and collecting data before COVID-19 vaccination. Additionally, researchers were blind to the previous exposure of participants to SARS-CoV-2, which helped to reduce bias. Finally, our sample’s level of income and education may indicate that our results can be generalizable also to high-income countries (HIC). Hopefully, our findings may add important contributions to public health policies, targeting modifiable risk factors in the aging population toward cognitive decline risk reduction after COVID-19 infection. Nevertheless, we acknowledge some limitations in this study. First, it is important to note that the findings may not apply to younger individuals, as the study focused specifically on those 60 and older. Second, we recognize some possible selection biases, such as individuals with high income and educational levels and those with cognitive complaints; all these might have influenced greater interest in research volunteering. Third, the clinical data regarding comorbidities, medications, and COVID-19 infection was provided by the participants themselves instead of being obtained from medical records. Fourth, it should be noted that while both TICS-m and MoCA-B tests have been translated and adapted to Portuguese, there are currently no validated cutoffs for cognitive decline non-dementia in the general Brazilian population. It is worth noting that MoCA can be used as an initial cognitive screening tool, and a more comprehensive neuropsychological evaluation is imperative to understand the cognitive sequelae of COVID-19 infection fully.



5 Conclusion

Our study highlights a profile of cognitive risk aggravation over aging after COVID-19 infection, which is likely mitigated by wealth but worsened in the presence of overweight. At the same time, it suggests the importance of initiating interventions toward risk reduction, such as late-life engagement in cognitively stimulating activities, weight reduction, and treatment of psychiatric conditions. Further research is necessary to understand the nature of this condition fully and to determine whether specific cognitive functions might be affected on a long-term basis. It is imperative to prioritize studies on COVID-19 cognitive impairment in older adults, given their heightened vulnerability to cognitive disorders.
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Objective: This study aims to examine the alterations in aberrant brain activity and network connectivity between individuals with mild and major vascular cognitive impairment (VCI).
Materials and methods: A total of 114 patients with cerebral small vessel disease (CSVD) were included in this study, comprising 61 individuals with mild VCI (mean age, 55.7 ± 6.9 years; male, 42.6%) and 53 cases with major VCI (mean age, 57.6 ± 5.5 years; male, 58.5%). Additionally, 53 age-, gender-, and education-matched healthy subjects were recruited as normal controls (NC) (mean age, 54.9 ± 7.9 years; male, 52.9%). All participants underwent neuropsychological assessments and magnetic resonance imaging scans. One-way analysis of variance was used to compare fractional amplitude of low-frequency fluctuation (fALFF) values among the three groups. Two-sample t-tests were conducted to assess functional connectivity matrices between different groups for each connection. Moreover, mediation analyses were performed to explore the mediating effect of aberrant brain activity on the relationship between cognitive impairment and CSVD total burden.
Results: VCI patients exhibited aberrant brain activity in regions such as the right thalamus (THA_R), right cuneus (CUN_R), left postcentral gyrus (PoCG_L), right postcentral gyrus (PoCG_R), right median cingulate, paracingulate gyri (PCG_R), and left precuneus (PCUN_L). Reduced positive functional connectivity was predominantly observed among nodes including PCUN_L, CUN_R, PoCG_L, PoCG_R, right posterior cingulate (PCG_R), and left occipital gyrus (IOG_L) in VCI patients. The aberrant baseline brain activity and disrupted brain network were more pronounced with worsening cognitive function. Increased fALFF values in THA_R, CUN_R, and PoCG_L mediated cognitive impairment in CSVD patients.
Conclusion: Abnormal brain activities in THA_R, CUN_R, and PoCG_L, along with their associated abnormal functional connections, play a significant role in VCI. The study revealed a progressive increase in aberrant brain activity and network connectivity with advancing stages of VCI.
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Introduction

CSVD (cerebral small vessel disease) is a condition characterized by impaired microcirculation in the brain and is a leading cause of vascular cognitive impairment (VCI) (1). It is prevalent among middle-aged individuals and its prevalence increases with age (2). As life expectancy rises in aging societies, VCI poses a significant threat to the elderly population in China, leading to a growing economic burden on families and society (3). The heterogeneous nature of CSVD has made it challenging for researchers to identify reliable biomarkers that can elucidate the common mechanisms underlying VCI (4). Imaging markers obtained through magnetic resonance imaging (MRI) play a crucial role in understanding the pathophysiology and clinical progression of CSVD. These markers include lacunar infarction, cerebral microbleed, white matter hyperintensity, and enlarged perivascular spaces (5). While these imaging markers are valuable in reflecting cognitive impairment in CSVD patients, the presence of multiple pathological changes in the aging brain and an increased total load of CSVD imaging markers can weaken the predictive capacity of individual markers for cognitive impairment over time (6). Developing and validating a non-invasive protocol for predicting VCI is of utmost clinical importance for enabling early intervention and treatment of VCI. Such a protocol could help in the identification of at-risk individuals and potentially aid in reducing the burden of VCI on individuals and society.

Resting state functional MRI (rs-fMRI) has emerged as a valuable tool for studying brain activity due to its ability to detect brain oxygen levels with high spatial resolution. This sensitivity makes rs-fMRI particularly useful for investigating the neural basis of VCI. One important metric used in rs-fMRI studies is the amplitude of low-frequency fluctuations (ALFF), which reflects the total power of the blood oxygenation level dependent (BOLD) time course and provides insight into spontaneous brain activities (7). Fractional ALFF (fALFF) is another metric that can help reduce interference from physiological signals, thereby enhancing the detection of spontaneous neural activity (8). As a non-invasive imaging technique, fALFF allows for the detection of intrinsic brain activities associated with VCI. Previous studies have identified aberrant fALFF in various brain regions such as the precentral gyrus, superior parietal gyrus, parahippocampal gyrus, and inferior temporal gyrus in VCI patients (9). The functional connectivity (FC) analysis focuses on the coherence of activity within and between brain regions, measuring the strength of connections between regions with shared functional properties (10). Abnormal FC patterns suggest disruptions in specific brain networks, indicating underlying brain dysfunction (11). Study has reported abnormal FC in regions such as the inferior frontal gyrus, middle frontal gyrus, precentral gyrus, and postcentral/superior parietal lobule in VCI patients (12), emphasizing the impact of disrupted brain network connections on cognitive impairment. As cognitive impairment worsens, there is evidence to suggest that brain activity and network connectivity disruptions may also worsen, with an increasing number of decreased connections between brain regions (13). The progression of cognitive impairment is associated with disruptions in various brain areas, including thalamo-cortical, dorsal attention, visual, and sensorimotor regions (14). In future VCI research, it will be important to further investigate how abnormal brain activity and network disruptions evolve as cognitive impairment worsens, which additional brain regions are affected, and how these abnormalities contribute to the clinical manifestations of CSVD and cognitive impairment.

The aim of this study is to investigate the alterations in aberrant brain activity and network connectivity in individuals with mild and major VCI resulting from CSVD. The study hypothesis posits that the changes in abnormal brain activity will intensify progressively as cognitive impairment worsens. Additionally, it is anticipated that as mild VCI advances to major VCI, there will be increased or varied involvement of brain regions, which could serve as critical indicators of cognitive decline. Understanding the differences and progression of abnormal brain activity across varying degrees of cognitive impairment can provide valuable insights into the pathological processes driving cognitive deterioration in individuals with CSVD. By exploring these disparities and changes in abnormal brain activity, this study aims to shed light on the underlying mechanisms contributing to the development of cognitive impairment in CSVD patients.



Subjects and methods


Subjects

The study was conducted at Nanxishan Hospital of Guangxi Zhuang Autonomous Region from May 2020 to December 2023 and was approved by the Ethics Committee of the hospital (2020NXSYEC-006). Written informed consent was obtained from all participants or their legal guardians. This study is a prospective cross-sectional study, including a total of 114 patients with CSVD, among whom 61 were classified as having mild VCI and 53 were classified as having major VCI. Additionally, 53 healthy subjects matched in terms of age (p = 0.119), gender (p = 0.225), and education (p = 0.075) were recruited as normal controls (NC). Patients were categorized as having CSVD-related VCI based on imaging criteria batteries of cognitive assessment scales, including the presence of lacunar infarctions and/or cerebral microbleeds, moderate to severe enlarged perivascular spaces >20, and deep white matter hyperintensity ≥ Fazekas 2 or periventricular white matter hyperintensity > Fazekas 3 (15). Each item above is scored one point, and the overall burden of CSVD is evaluated using the total score of CSVD.

Exclusion criteria for the study encompassed individuals with a history of psychiatric or neurological disorders, alcohol or substance abuse, craniocerebral operations, liver, kidney, or other vital organ damage, visual or hearing impairments, and systemic illnesses that may impact cognition.



Collection of demographic and clinical data

Trained medical staff collected demographic, epidemiological and clinical data through face-to-face interviews, clinical examinations, and neuropsychological tests. The data were collected using structured questionnaires, which included demographic features (age, sex, education, and occupation), lifestyle habits (such as smoking and alcohol consumption), and vascular risk factors (hypertension, diabetes mellitus, coronary heart disease, lacunar infarction, carotid atherosclerosis, etc.).



Neuropsychological assessment

Multiple cognitive domains, such as executive function, memory, attention, visuospatial skills, and orientation, were evaluated using the Beijing version of the Montreal Cognitive Assessment (MoCA), scoring up to 30 points. The severity of VCI was determined using the Activities of Daily Living instrument, assessing independence in daily activities. In accordance with the guidelines of Vascular Impairment of Cognition Classification Consensus, mild VCI was identified in patients where daily living independence remained unaffected or mildly affected, while major VCI was diagnosed in patients with significant impairment in daily living independence (5).



MRI protocols of data acquisition

The MRI examinations were conducted using a 3.0 T MRI system (Ingenia 3.0CX; Philips Healthcare, Best, the Netherlands) with 32-channel head coils. Various three-dimensional (3D) MR parameters were employed in this study, including 3D T1, 3D T2, and 3D FLAIR sequences. The specific scan sequences utilized were as follows: The 3D T1-weighted imaging employed a fast field echo sequence with a 6.4 ms repetition time (TR) and a 3.0 ms echo time (TE). The field of view (FOV) was 240 mm × 240 mm × 180 mm, reconstruction voxel size was 1.1 × 1.1 × 1.1, the reconstruction matrix was 512 × 512, and the slice thickness was 1.1 mm. For the 3D T2 spin echo sequence, the TR was 2,500 ms, TE was 232 ms, FOV was 250 × 250 × 180 mm, reconstruction voxel size was 1.1 × 1.1 × 1.1, the reconstruction matrix was 512 × 512, and the slice thickness was 1.1 mm. The 3D FLAIR sequence had a TR of 4,800 ms, TE of 244 ms, FOV of 240 mm × 240 mm × 173 mm, reconstruction voxel size of 1.1 × 1.1 × 1.1, reconstruction matrix of 384 × 384, and slice thickness of 1.2 mm. Additionally, diffusion-weighted imaging (DWI) was performed with a TR of 2,462 ms, TE of 63 ms, FOV of 230 mm × 230 mm × 143 mm, reconstruction matrix of 192 × 192, slice thickness of 5 mm, reconstruction voxel size of 1.5 × 2.2 × 5, and 24 axial slices. For susceptibility-weighted imaging (SWI), the TR was 29 ms, TE was 7.2 ms, FOV was 230 mm × 189 mm × 130 mm, reconstruction matrix was 768 × 768, slice thickness was 2 mm, reconstruction voxel size was 0.6 × 0.6 × 2, and there were 130 axial slices. Resting-state fMRI parameters were TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV = 240 × 240 × 144 mm, reconstruction voxel size = 2.5 × 2.5 × 2.5, reconstruction matrix = 96, slice thickness = 3.6 mm, no spacing between layers, 40 scan layers, and NSA = 1, the acquisition of this sequence lasted approximately 8 min, encompassing 240 functional volumes per subject. Each participant underwent the aforementioned MRI scan protocol, which lasted approximately 30 min.



Quality control

Participants were instructed to keep their eyes open, remain awake, breathe regularly, and refrain from engaging in specific thoughts during the procedure. Following the scan, participants were queried about any instances of nodding off, which were duly noted. All images underwent manual scrutiny to assess data quality, with those exhibiting significant artifacts, irregularities, and/or poor quality excluded from further processing and analysis. A radiologist and technician jointly verified the aforementioned procedures.



Structural MRI analysis

Gray matter, white matter, and cerebrospinal fluid (CSF) were automatically segmented from structural 3D T1 brain images using the CAT12 toolbox integrated into Statistical Parametric Mapping 12 (SPM 12). The total intracranial volume (TIV) was calculated by summing the volumes of gray matter, white matter, and CSF. The processing steps involved: (1) Segmentation of T1-weighted images into gray matter, white matter, and CSF using the unified segmentation module. (2) Generation of study-specific group templates using Diffeomorphic Anatomical Registration using Exponentiated Lie algebra (DARTEL) to achieve robust inter-subject registration. (3) Normalization of each participant’s brain to the MNI space with the group brain template as the reference image. The normalized images were modulated to maintain relative gray matter volumes post-spatial normalization. (4) The modulated gray matter images underwent smoothing with an 8 mm full width at half maximum (FWHM) Gaussian kernel filter. Subsequent verification of the output results was conducted by two expert radiologists.



Resting-state fMRI analysis

The fMRI data preprocessing was conducted utilizing SPM12 and the Resting-state fMRI data analysis toolkit (REST plus).1 This process involved several steps, outlined as follows: (1) The initial 10 functional volumes were discarded to stabilize the fMRI signal and allow participants to acclimate. (2) Subsequently, slice-timing disparities between acquired images were corrected, and subjects exhibiting head movements exceeding 2.0 mm or rotations exceeding 2.0° were excluded to mitigate motion artifacts’ impact on the signal. (3) Normalization was executed using the DARTEL method with a new segmented T1 image, leading to voxel resampling at a size of 3 mm × 3 mm × 3 mm. (4) Nuisance covariate regression was performed to further diminish noise effects, incorporating white matter signals, CSF, global brain signals, and the standard six head motion parameters. (5) Detrending and filtering in the range of 0.01–0.08 Hz were implemented to eliminate low-frequency drifts and high-frequency physiological noise.



Metrics calculation


fALFF

The ALFF represents the strength or intensity of low frequency oscillations and is defined as the total power within the low frequency range of 0.01–0.08 Hz. The fALFF is defined as the ratio of the power spectrum of the low-frequency range, 0.01–0.08 Hz, to that of the entire detectable frequency range (0–0.25 Hz), and it represents the relative contribution of specific low frequency oscillations to the entire frequency range. Because fALFF is assumed to be less sensitive to physiological noise, the functional time series of each voxel was transformed to the frequency domain using a fast Fourier transform algorithm, and the power spectrum was obtained. The power of a frequency is dependent on the square of its amplitude component, thus, the square root of each frequency in the power spectrum was calculated, and an averaged square root was taken across the range of 0.01–0.08 Hz for each voxel. Using the power spectrum of the low-frequency range, 0.01–0.08 Hz, and that of the whole frequency range, fALFF was derived through a ratio calculation. Z-score normalization was performed for statistical analysis to create zfALFF maps.



Seed-based functional connectivity analysis

We used a seed-voxel correlation approach to evaluate the functional connectivity of all participants based on gray matter of the brain. Brain regions that showed zfALFF alterations for patients were selected as regions of interest (ROIs), we calculated the resting-state functional connectivity between the average time series of the seed and the time series of each voxel in the gray matter remaining after removing the seed region. And computing Pearson’s correlation coefficients between them and the time course of all other voxels in the brain. Correlation coefficients were normalized to z values via Fisher’s z-transformation.



Network-based statistics

We identified group differences in sub-networks using the network-based statistic (NBS) approach implemented in the NBS (V1.2) toolbox2 to determine which nodes and connections are likely to have contributed to the differences in network density (16). Regions that showed zfALFF alterations in patients were selected as ROIs.




Statistics


Demographic and clinical data

We conducted statistical analyses using Matlab and R software. Sample characteristics were compared among the NC, mild VCI, and major VCI groups using the Chi-squared test for categorical variables and analysis of variance for numerical variables.



Calculation of the fALFF value

Based on a gray matter template, one-way ANOVA analysis was applied using SPM 12 to investigate differences of whole-brain zfALFF values among NC, mild VCI, and major VCI groups, with age, education level, sex, and gray matter volume as covariates. Statistical analysis was performed voxel-wise and ROI-wise using SPM software. Multiple comparisons during the analyses were corrected using the Gaussian random field theory (significant for voxel levels at p < 0.001 and cluster at p < 0.05).



Calculation of the FC value

ROI-wise connectivity was measured by time course data from each ROI above and calculating the Pearson’s correlation coefficients between each ROI pair. The resulting correlation coefficients were then Fisher-transformed into ‘Z’ scores to increase normality. Two-sample t-test was used to compare connectivity matrices between pairs of groups at each connection. Connections with t-values higher than 3.1 were combined to create a sub-network, using the t-value as a descriptive threshold. The size of the sub-network was compared to the null distribution of sub-network sizes to obtain a p-value. To create the null distribution, the procedure was repeated 10,000 times with group labels randomly permuted. As stated previously, an adjusted significance level of ɑ = 0.05 was used. Age, education level, sex, and gray matter volume were used as covariates in the process mentioned above. We visualized statistically significant sub-networks using BrainNet Viewer (version 1.63).3



Mediation analysis

Furthermore, to investigate if the association between cognitive impairment across various subjects and the total load of CSVD was mediated by specific brain regions manifesting abnormal activity, we conducted mediation analyses with adjustments for age, education level, sex, and gray matter volume. We applied Bonferroni correction for multiple comparisons, and bilateral p-values below 0.05 were considered statistically significant, indicating significant differences.





Results


Demographic and clinical characteristics of the participants

One hundred and sixty-five subjects were included in the final analysis. Detailed demographic and clinical data are presented in Table 1. The MoCA scores were significantly lower in the major VCI group than those in the mild VCI group. There were no significant group differences among the three groups in age, sex, education, TIV, gray matter volume, and other Variables.



TABLE 1 Demographic and neuropsychological characteristics of the included subjects.
[image: A table compares characteristics among normal controls (NC), mild vascular cognitive impairment (VCI), and major VCI groups. It includes demographics, such as age, gender, education, BMI, blood pressure, smoking, drinking, diabetes, heart disease, atherosclerosis, and snoring. Cognitive and neuroimaging markers, including MoCA scores, GMV, and TIV, are also listed. Statistical values and p-values are provided for each characteristic. Key findings show significant differences in MoCA scores between groups, with a p-value of less than 0.001. Neuroimaging markers include lacunar infarcts, white matter hyperintensities, enlarged perivascular spaces, and cerebral microbleeds.]



Comparison of zfALFF between groups in voxel levels

In terms of the comparison of zfALFF, we found significant differences in the right thalamus (THA_R), right cuneus (CUN_R), left postcentral gyrus (PoCG_L), right postcentral gyrus (PoCG_R), right median cingulate and paracingulate gyri (DCG) and left precuneu (PCUN_L) regions across the three groups, in the post-hoc multiple comparisons, our results showed that zfALFF exhibited a tendency of major VCI < mild VCI < NC in these regions. However, we found the opposite tendency in the left inferior occipital gyrus (IOG_L), right posterior cingulate (PCG_R) and the right superior parietal gyrus (SPG_R), with NC < mild VCI < major VCI (Figure 1; Table 2).

[image: MRI brain scan slices displayed in a grid, showing various cross-sections from top to bottom. Red-highlighted areas indicate regions of interest or activation. A color scale above ranges from black (0) to bright red (10).]

FIGURE 1
 Brain regions with abnormal amplitude of low-frequency fluctuations in vascular cognitive impairment patients. Abnormal regions are detailed in Table 1.




TABLE 2 Differences in zfAlff values among groups.
[image: Table displaying brain regions with data columns for cluster size, peak intensity, MNI coordinates (x, y, z), F value, and post-hoc comparison. Regions include IOG_L, PCG_R, THA_R, and others. Post-hoc notes: A, B, C groups—A is NC, B is mild VCI, C is major VCI.]



Differences in functional connectivity

NBS analysis revealed significant differences in FC matrices between mild VCI and NC groups. The subnetwork was comprised of six nodes and nine edges, representing positive functional correlations among NC nodes (Table 3; Figure 2A). Compared to NC group, mild VCI group exhibited reduced positive FC, mainly comprised of nodes in PCUN_L, CUN_R, PoCG_L, PoCG_R, SPG_R and IOG_L.



TABLE 3 Network-based statistics analysis between different brain regions in three groups.
[image: Table showing brain connections and their corresponding T-statistics for two comparisons: NC-mild VCI and Mild VCI-major VCI. The columns include Connection 1, Connection 2, and T-stat values. Connections in NC-mild VCI include CUN_R, PCUN_L, and PoCG_R, with T-stat values ranging from 5.52 to 3.64. Mild VCI-major VCI connections include CUN_R, PoCG_R, and SPG_R, with T-stat values from 3.55 to 3.22. The abbreviations refer to brain regions, detailed below the table.]

[image: Diagram showing brain connectivity on left and right hemispheres with labeled regions. Panel A and B both display similar networks with nodes and connecting lines. Color scale below ranges from blue (1) to red (9), indicating connection strength or frequency.]

FIGURE 2
 Brain functional connectivity alterations in patients with different groups. (A) Increased functional connectivity in NC compared to mild VCI (p < 0.05, NBS corrected). (B) Increased functional connectivity in mild VCI compared to major VCI (p < 0.05, NBS corrected). The brain network edges were extracted from the correlation matrix of rs-fMRI connectivity across the regions of interest. Ball locations represent the peak Montreal Neurological Institute Coordinate System coordinate of differences within clusters, and the size indicates the cluster size. The color of the connections represents differences between groups.


Results also showed a significant difference in the FC matrix between mild VCI and major VCI groups. The subnetwork was mainly comprised of five nodes and four edges, representing positive functional correlations among mild VCI nodes (Table 3; Figure 2B). Compared to mild VCI group, major VCI group exhibited further reduced positive FCs, mainly comprised of nodes in CUN_R, PoCG_L, PoCG_R, SPG_R, and THA_R.



The mediating effect of abnormal brain activity on cognitive function

Given the significant influence of CSVD and abnormal brain activity on cognitive function, we conducted a mediation analysis to explore the role of abnormal brain activity in mediating cognitive impairment. The mediation analysis depicted in Figure 3 revealed a noteworthy indirect impact of THA_R, CUN_R, and PoCG_L on MoCA scores via VCI progression (from NC to mild VCI), attributing 16.8, 16.8, and 17.9% to the mediation effect, respectively. Similarly, in Figure 4, mediation analysis unveiled a substantial mediating effect of PCG_R, THA_R, CUN_R, PoCG_L, and SPG_R on MoCA scores through VCI progression (from mild to major VCI), with 22.7, 16.9, 13.1, 11.5, and 21.5% mediating effects, respectively. However, no other brain regions demonstrated a significant partial mediation in the association between CSVD and cognitive impairment.

[image: Flowchart diagrams labeled A to I represent indirect effects on the relationship between cerebral small vessel disease (CSVD) and Montreal Cognitive Assessment (MoCA) scores through different brain regions. Each diagram shows path coefficients (a, b, c) and indirect effect values with confidence intervals. Notable regions include IOG_L, PCG_R, THA_R, CUN_R, PoCG_L, PoCG_R, DCG_R, PCUN_L, and SPG_R. Statistical significance is indicated by asterisks, and effect percentages are shown in diagrams C, D, and E.]

FIGURE 3
 Mediation effect of aberrant brain activity between NC and mild VCI. The zfALFF value of THA_R, CUN_R, and PoCG_L partially mediate associations between CSVD and VCI in NC and mild VCI groups.


[image: Nine diagrams labeled A to I analyze the indirect effects of variables in a study. Each diagram shows the relationships between cerebral small vessel disease (CSVD), various brain regions, and the Montreal Cognitive Assessment (MoCA). Percentages, paths a, b, and c, indirect effects (a*b), and 95 percent BCCI are detailed in each. The brain regions discussed are IOG_L, PCG_R, THA_R, CUN_R, PoCG_L, PoCG_R, DCG_R, PCUN_L, and SPG_R. Significance is denoted with asterisks. Each diagram highlights the effect size and confidence intervals.]

FIGURE 4
 Mediation effect of aberrant brain activity between mild VCI and major VCI. The zfALFF value of PCG_R, THA_R, CUN_R, PoCG_L, and SPG_R partially mediate associations between CSVD and VCI in mild VCI and major VCI group.





Discussion

In this study, we aim to identify the changes in aberrant brain activity and network connectivity between mild and major VCI caused by CSVD. Our study has highlighted the following results: (1) Compared to NCs, VCI patients experience various degrees of changes in baseline brain activity. Specifically, decreased fALFF values were found in THA_R, CUN_R, PoCG_L, PoCG_R, DCG_R, and PCUN_L; while increased activity values were observed in IOG_L, PCG_R, and SPG_R. (2) The changes in FC between FCCUN_R-PoCG_R, FCCUN_R-SPG_R, and FCPoCG_L-PoCG_R may underlie alterations of brain networks in VCI patients. (3) The aberrant baseline brain activity and disrupted brain network intensified with cognitive function weaken. The nodal connectivity efficiency of thalamus was involved when cognitive function progressively weakens. (4) We also verified that the increased fALFF values in brain regions THA_R, CUN_R, and PoCG_L may mediate the impact of CSVD total burden on cognitive impairment.

On the clinical setting, these overall findings indicated that rs-fMRI can provide information on cognitive impairments related to CSVD from various perspectives. Studying the mechanisms of CSVD from the perspective of resting-state activity contributes to exploring the neural basis of cognitive impairments in CSVD patients. The altered functional connectivity derived from these abnormal brain activities may play a crucial role in cognitive impairments in CSVD patients.


Aberrant brain activity in VCI patients

CSVD is primarily associated with small vessel damage in the brain caused by endothelial damage, blood–brain barrier disruption, atherosclerosis, vascular wall hyalinosis, and amyloid deposition, resulting in alterations in the adjacent parenchyma, eventuating in impairment of cognitive and emotional functions (17). Low-frequency oscillations in the BOLD signal reflects cerebral vascular function and can detect cognitive impairments caused by endothelial dysfunction in CSVD patients. A recent study has shown that the ALFF value reflects the stability of spontaneous brain activity and can detect changes in intrinsic brain activity in CSVD patients with cognitive impairment, which is crucial for early treatment and alleviating the progression of CSVD disease (18). Another study indicated a reasonably consistent regional variation in the magnitude of low frequency oscillations in relation to the severity of persistent markers of CSVD, suggesting its potential as a novel index for evaluating endothelial dysfunction of CSVD (19). Consistent with these findings, our study revealed widely altered fALFF in VCI subjects, mainly manifested as decreased THA_R, CUN_R, DCG_R, PCUN_L, PoCG_L, and PoCG_R. Ni et al. suggested that the decrease of ALFF in individuals with LI, might result from compensatory vascular damage (20). Another study reported that cognitive impairment associated with WMH was connected with an augmented number of regions exhibiting abnormal ALFF values (21). A study found that abnormal brain activity were prominent among the DMN, frontoparietal network, sensorimotor network, and somatosensory network in CMB patients (22). In this study, we found an increase in fALFF in the parietal and occipital lobes, including IOG_1, PCG_2, and SPG_2, which may indicate that compensatory mechanisms and cognitive reserves play an important role in this process. The occipital lobe is involved in visual memory processing and stores visual information in working memory through interaction with other brain regions (23). Meanwhile, the parietal cortex encodes both the perceived image and transformed content (24). They both highlight the importance of the interaction between the parietal and occipital lobes in visual memory processing (25). Thus, the abnormal activity in the parietal-occipital brain regions is closely associated with cognitive processes such as processing speed.



Disrupted functional connectivity in VCI patients

The brain activity abnormalities associated with CSVD are diverse and complex. Vipin et al. found cerebrovascular disease patients had more early and severe structural connectivity disruptions than control groups, providing important evidence for the impact of cerebrovascular disease on early structural network disruptions (26). Cai et al. reported that the alterations in the brain network’s structure due to interactions within the resting-state network are closely linked to the pathophysiology of cognitive impairment (27). Liu et al. found that both CSVD patients with cognitive impairment and those without cognitive impairment have varying degrees of reduced network connectivity (28). Consistent with the above study findings, our study revealed widely altered static FC in CSVD subjects especially in those with VCI. Our study discovered functional network anomalies concentrated in the brain regions of PCUN_L, CUN_R, PoCG_L, and PoCG_R, these anomalies extended into peripheral areas, as presented. The functional connectivity of PCUN_L, a crucial component of the DMN, experienced impairment, leading to damage within the DMN, it is consistent with previous research (29). However, a study found that FC is not affected by CSVD clinical features such as imaging markers (30). This is different from our results, the variation could stem from significant CSVD risk factors, like age and hypertension, among the subjects. In their study, the brain’s FC abnormalities induced by CSVD might be overshadowed by other factors, potentially undermining the reliability of the results.



Progressive aberrations in brain activity and disruptions in network connectivity are associated with a decline in cognitive function

Our results revealed that individuals with major VCI exhibit more severe aberrant activity and disruption network connectivity in specific brain regions compared to mild VCI. Firstly, we found that as cognitive impairment weakens, the abnormality of fALFF gradually increases. Diciotti et al. reported that the baseline brain activity were significantly negatively correlated with MoCA scores, which indicated more severe cognitive impairment linking to higher regional abnormal brain activity (31). Ni et al. reported that, in LI-related MCI patients, the MoCA scores showed a relatively weak correlation with ALFF values in specific brain domain (20). Su et al. reported that the ALFF z-scores for the bilateral superior frontal gyrus were negatively associated with cognitive performance, whereas those of the right precuneus and cuneus were positively correlated with the neuropsychological test score (32). Song et al. concluded that there is a wide range of dynamic abnormalities of spontaneous brain activity in patients with CSVD, in which the abnormalities of this activity in specific brain regions are related to cognitive impairment degree (33). Secondly, compared with the mild VCI group, the FCs of the major VCI group were further reduced in several nodes and edges. Sang et al. reported that more reductions were found in nodal efficiency in the prefrontal and temporal cortices for major VCI than for mild VCI (13). In another study about the alteration of dynamic functional connectivity patterns in CSVD, the authors found that major VCI had similar but more extensive changes in the temporal properties of brain states compared to mild VCI. Furthermore, switching from weak connectivity state to strong connectivity state was more difficult in patients with major VCI than in patients with mild VCI. The results revealed that not only the transition to but also maintenance in strongly connected states became increasingly difficult when CSVD-related cognitive impairment progressed into a more severe stage (34). In addition, the Instrumental Activities of Daily Living scores, which was used to differentiate the severity of VCI, were also associated with FC in specific brain regions (35). These findings suggest that brain network connectivity is progressively disrupted as cognitive impairment caused by CSVD gradually increases. Finally, the nodal connectivity efficiency of thalamus was affected when cognitive function progressively weakens. In this study, the FC decline mainly involved in the thalamus in mild VCI compared to major VCI, which plays an essential role in both the salience network and the DMN. The attenuation of thalamic FC is an important neural basis for cognitive decline in patients with CSVD (36). FC disruption in the thalamus may be a potential mechanism for the occurrence and development of cognitive impairment in CSVD (37). Li et al. advocated that the damage to specific white matter fibers projection from the thalamus to the cortex is a imaging marker of CSVD patients with deteriorated cognitive impairments (38).



Mediation effect of aberrant brain activity in cognitive impairment

We conducted mediation analysis to investigate the potential link between CSVD burden, fALFF index, and cognitive function. Our findings indicate that THA_R, CUN_R and PoCG_L may partially mediate the relationship between CSVD burden and MoCA scores in NC and mild VCI patients. Additionally, PCG_R, THA_R, CUN_R, PoCG_L, and SPG_R partly mediate this relationship in mild VCI and major VCI patients, suggesting different pathways to cognitive impairment caused by CSVD burden. Abnormal activity in specific brain regions partly explains the connection between increased CSVD burden and cognitive impairment. Prior studies have demonstrated that cerebral vascular disease interferes with the structural brain network of patients with small vessel disease (39). The different pathological processes associated with CSVD imaging markers may directly or indirectly impact white matter tract integrity (40). This impact may, in turn, cause gradual reductions in functional connectivity, resulting in disconnection between cortical regions and consequent cognitive impairment, which confirm our research conclusion.



Limitations

Several limitations should be addressed in this study. Firstly, this is a single-center study, and this should be validated in future research. Secondly, although this study found that CSVD has an impact on the cognitive impairment in different brain areas, after all, it is only a cross-sectional study, and no causal inferences or directionality could be made. Thirdly, the statistical power of our study findings is limited due to its relatively small sample size. Lastly, the current study exclusively explored the differences between brain functional networks in intergroup settings. Further research is required to investigate the differences and connections in the topological properties between brain functional networks.




Conclusion

In summary, the abnormal brain activities observed in regions such as THA_R, CUN_R, and PoCG_L, along with their corresponding abnormal functional connections, are pivotal in VCI individuals. These aberrant brain activities and disrupted functional connections serve as the neural basis underpinning cognitive impairment in CSVD. Our study indicates that as cognitive impairment due to VCI progresses, there is a concomitant escalation in abnormal brain activity and network connectivity disruptions. Furthermore, the disruption in functional connectivity in the thalamus may represent a potential mechanism contributing to cognitive decline in VCI patients.
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Objectives: The incidence of vascular dementia (VaD) is steadily rising annually, significantly impacting the mental well-being and overall quality of life of the elderly, and imposing substantial economic burdens on families and society. In recent years, non-pharmacological therapies as supplementary treatments for VaD have garnered significant attention and have been extensively utilized in clinical settings. Consequently, a network meta-analysis (NMA) was conducted by us to assess the effectiveness of various non-pharmacological therapies in the management of VaD.
Design: We systematically searched seven databases from their inception up to January 2024 to identify randomized controlled trials focusing on non-pharmacological interventions for the treatment of VaD. The methodological quality and risk of bias were rigorously assessed utilizing the RoB 2.0 evaluation tool. The NMA was performed using R software and STATA 14 software, adhering to frequentist theory principles. Additionally, sensitivity analysis, meta-regression analysis, and funnel plot were conducted to assess the stability, heterogeneity, and publication bias, respectively.
Results: The NMA included 91 eligible studies involving 7,657 patients. The NMA results indicated that in terms of improving Mini-Mental State Examination (MMSE), the following non-pharmacological interventions ranked higher based on p-value: acupuncture_moxibustion_ conventional treatment (ACUP_MB_CT) [P-score = 0.95; pooled mean difference (95% CI): 5.09 (3.82; 6.36)], fastigial nucleus stimulation_CT (FNS_CT) [0.87; 4.51 (2.59; 6.43)], ACUP_rehabilitation training_CT (ACUP_RT_CT) [0.84; 4.19 (2.77; 5.61)], repetitive transcranial magnetic stimulation_CT (rTMS_CT) [0.82; 3.98 (3.08; 4.88)], and aerobic exercise_CT (AE_CT) [0.82; 4.25 (1.86; 6.64)]. Regarding improvement in Activities of Daily Living Scale (ADL), the following non-pharmacological interventions ranked higher based on P-score: ACUP_MB_CT [0.98; 17.21 (13.19; 21.23)], ACUP_RT_CT [0.87; 14.32 (8.43; 20.22)], rTMS_CT [0.78; 11.83 (9.92; 13.75)], and ACUP_CT [0.73; 11.23 (9.26; 13.19)]. No significant adverse reactions were reported in the included studies.
Conclusion: ACUP_MB_CT may be considered the most efficacious intervention for enhancing cognitive function and daily living skills in individuals diagnosed with VaD. Furthermore, ACUP_RT_CT, rTMS_CT, FNS_CT, ACUP_CT, and AE_CT also demonstrate significant clinical utility. Non-pharmacological interventions are unlikely to significantly increase adverse reactions and has a certain degree of safety.
Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier [CRD42024498902].
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1 Introduction

Vascular dementia (VaD) is a syndrome of severe cognitive dysfunction caused by ischemic stroke, hemorrhagic stroke, and cerebrovascular disease causing hypoperfusion in brain regions such as memory, cognition, and behavior (1). Patients with VaD also have severe impairment of financial capacity (2). Notably, vascular risk factors (3) or comorbidities such as depressive symptoms (2) also accelerate the decline in cognitive function and financial capacity, severely affecting patients’ ability to perform daily life and quality of life. VaD, being the second most prevalent form of dementia following Alzheimer’s disease, comprises 15–20% of cases in Western nations (4) and as much as 40% in Asian countries and regions (5). Owing to the escalating occurrence of cerebrovascular ailments and improved post-stroke survival rates, the prevalence of VaD continues to increase (6). Therefore, Effective interventions are critical to the healthcare enterprise, healthcare professionals, caregivers, and patients themselves.

The pathogenesis of VaD is commonly believed to involve brain vascular disease that damages the frontal, temporal, and limbic systems, ultimately leading to cognitive impairment (7, 8). Research has found that degeneration, damage, and inflammation of the central nervous system caused by cerebrovascular disease can disrupt the blood–brain barrier (9, 10), whose permeability is closely associated with cognitive function (11). Through additional research, various cellular biological mechanisms and hypotheses such as excitotoxicity, oxidative stress, neuroinflammation, and neuronal apoptosis have been progressively uncovered (12–15). The interplay among diverse complex mechanisms (16) has somewhat contributed to the challenge of managing VaD in clinical settings. Presently, there are no specialized pharmacological agents available for VaD treatment. The treatment of VaD primarily focuses on treating primary brain vascular diseases and promoting brain function recovery to delay disease progression and extend life. Numerous drugs have been subjected to randomized controlled trials to test their efficacy, including acetylcholinesterase inhibitors such as donepezil and galantamine, N-methyl-D-aspartate receptor (NMDAR) antagonists like memantine, and drugs that improve brain function. Nonetheless, a network meta-analysis (NMA) has revealed that though these medications can partially ameliorate clinical symptoms, their efficacy is largely comparable, yielding unsatisfactory long-term outcomes (17). The fact that their efficacy often entails gastrointestinal, hepatic, and renal adverse reactions poses a significant challenge (18). In recent years, non-pharmacological therapies have been widely used in the treatment of VaD due to their advantages such as simplicity, affordability, and minimal adverse effects. Therefore, the exploration of non-pharmacological therapies holds significant value.

In the past, traditional meta-analyses have indicated that non-pharmacological therapies are effective in enhancing cognitive function and activities of daily living in patients with VaD (19–21). The study conducted by You and colleagues (19) reported the beneficial effects of hyperbaric oxygen therapy for VaD; however, the limited sample size in their study might have led to an overestimation of the therapy’s efficacy. Chen et al. (20) demonstrated that acupuncture could be advantageous for VaD; however, their control group encompassed both conventional treatments and non-conventional interventions like proprietary Chinese medicines and Chinese herbal tonics. Among these studies, only the research conducted by Jiang et al. (21) incorporated comparisons of non-pharmacological interventions in subgroup analyses, albeit with only two studies included. Hence, these meta-analyses failed to provide robust evidence, primarily comparing against conventional treatments. NMAs are considered the highest level of evidence in treatment guidelines (22). However, existing network meta-analyses of non-pharmacological interventions have mainly focused on mild cognitive impairment (23) or Alzheimer’s disease (24). While there is a NMA for VaD, it primarily focuses on the aspect of acupuncture (25). Their research found that combined acupuncture therapy is superior to single intervention in improving cognitive function and activities of daily living. However, clinicians face challenges in selecting the most suitable interventions from a range of non-pharmacological therapies. Therefore, this study utilizes a NMA to comprehensively and systematically compare the impacts of different non-pharmacological therapies on enhancing cognitive function and activities of daily living in patients with VaD. This research also provides evidence-based support for clinicians in choosing treatment strategies.



2 Materials and methods

We performed a systematic review and NMA according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement (26). In addition, this study has been registered with PROSPERO, under the number 42024498902.


2.1 Search strategies

We searched the data in PubMed, Embase, Cochrane Library, China National Knowledge Infrastructure (CNKI), Wanfang Database (Wanfang), China Science and Technology Journal Database (VIP) and Chinese Biomedical Literature Database (SinoMed) from the database’s inception through January 2024 using Medical Subject Headings (MeSH) for “vascular dementia” and “complementary therapies” search terms in Supplementary Appendix 1. In order to ensure the comprehensiveness of the study, we conducted additional searches by reviewing the reference lists of previously published systematic reviews that were identified through the Cochrane Database of Systematic Reviews (search terms: vascular dementia, complementary therapies; limits: none) and PubMed (search terms: vascular dementia, complementary therapies; limits: systematic reviews or meta-analysis). We also searched the Chinese Clinical Trial Registry and Clinicaltrials.gov for some unpublished clinical trials.



2.2 Eligibility criteria

The inclusion criteria were based on the PICOS (participants, interventions, comparators, outcomes, and study design) approach (26). Studies included in this meta-analysis must meet the following criteria and report specific experimental characteristics: (a) Participants had to meet the diagnostic criteria for VaD, including the Chinese Guidelines for the Diagnosis and Treatment of Dementia and Cognitive Impairment and the Diagnostic and Statistical Manual of Mental Disorders (DSM-V). Dementia within 3 months of stroke, sudden onset of cognitive decline or fluctuating or step-like progressive cognitive impairment. Neuropsychological, magnetic resonance imaging, and electron computed tomography scans are required for the diagnosis of VaD. Participants’ eligibility is not limited by age, gender, race, geographic region, ethnicity, or duration of illness. (b) The intervention in the study must incorporate a minimum of one non-pharmacological therapy. Detailed information about these therapies is provided in Supplementary Appendix 2. Only non-pharmacological therapies can be used as the experimental group for comparison with the control group. (c) The control group received conventional anti-dementia drug treatment and symptomatic supportive treatment. Anti-dementia drugs such as donepezil, galantamine, and memantine were used. For supportive treatment, antiplatelet agents like aspirin and clopidogrel, as well as conventional lipid-lowering drugs, hypoglycemic agents, and antihypertensive medications, were administered. In head-to-head studies, any single or combination of non-pharmacological therapies may be employed as the treatment modality. (d) The study must incorporate at least one outcome measure, such as MMSE and ADL. (e) The study design of the included articles must follow a randomized controlled trial methodology.

Exclusion criteria for this study were: (a) patients with Alzheimer’s disease or dementia caused by other factors, as well as those with various mild cognitive impairments and non-dementia vascular cognitive impairments; (b) patients who meet the diagnosis of depression or other psychiatric disorders or who have severe neurological impairments that interfere with neuropsychological assessment; (c) studies with duplicate publications or duplicate data; (d) non-RCT studies, such as meta-analyses, reviews, theoretical discussions, clinical experiences, animal experiments, etc.; (e) Unable to access the original text or extract the mean and standard deviation of the study, or unable to obtain the research data from the authors; (f) studies that did not have one primary endpoint or secondary endpoint indicator as a primary endpoint indicator.



2.3 Outcome indicators

The Mini-Mental State Examination (MMSE) is primarily used to provide a comprehensive, accurate, and rapid assessment of the intellectual status and degree of cognitive impairment in patients with VaD. Additionally, the Barthel Index is utilized as the activities of daily living scale (ADL) to evaluate the patient’s ability to perform daily activities, assessing self-care and functional independence. Adverse reactions from various randomized controlled trials (RCTs), including symptoms like dizziness, headache, syncope, and hematoma, will be recorded to assess the safety of different treatments. Thus, the primary outcome measure in our study is the MMSE, with ADL as the secondary outcome measure (Supplementary Appendix 3).



2.4 Data collection

Two independent researchers (YYH and ZGH) screened potentially eligible papers by reading the titles, abstracts, and full texts of their respective articles based on the inclusion and exclusion criteria. Two researchers (YYH and ZGH) independently retrieved publication details, patient characteristics (such as the number of patients, gender distribution, and disease duration), pertinent intervention specifics (including treatment period, frequency, and time), as well as the mean and standard deviation of outcome measures. If the standard deviation (SD) was not explicitly provided, we derived it by utilizing standard errors (SE), 95% confidence intervals, quartiles, upper and lower range limits of variability, and disparities in baseline values. For image type data, GetData software was used to perform the extraction. If data remained unavailable, we would then reach out to the respective authors of the publications. If discrepancies arise, consultation with a third researcher (QYW) would be sought to reach a resolution.



2.5 Quality assessment and CINeMA

Two investigators (YYH and ZGH) referred to the Cochrane Collaboration’s recommendation of the latest Risk of Bias assessment tool 2.0 (ROB 2.0) for risk of bias assessment (27). ROB 2.0 comprises of five modules: randomization process, deviations from intended interventions, missing outcome data, measurement of the outcome, selection of the reported result. The results of each module were assessed using the modular decision pathway diagrams. Ultimately, these results were summarized to determine the overall assessment of bias, which was categorized as “Low risk,” “Some concerns,” or “High risk” based on the contents of the literature. We used the online application Confidence in Network Meta-Analysis (CINeMA) to assess the certainty of evidence for each outcome, categorizing the evidence into four levels: high, moderate, low, and very low (28). It is worth noting that interactions between different domains may influence each other. Therefore, we analyzed all six CINeMA domains collectively to prevent duplicative situations that could jeopardize the overall quality of evidence due to interconnected issues.



2.6 Data synthesis and analysis

We conducted statistical analysis using R software (version 4.3.2) and Stata software (14.0) (29, 30). Within a frequentist framework, we employed the “meta” and “netmeta” packages in R for NMA. Continuous variables were represented by mean difference (MD), and their 95% confidence intervals (CI) were calculated. We utilized the “network map” command in Stata to create a network diagram. Here, node size indicated the sample size of interventions, while the thickness of edges represented the number of studies comparing two direct interventions. Furthermore, our forest plot presented MD summary values and their 95%CI for all comparisons. Additionally, the P-score in the forest plot assessed the efficacy of different non-pharmacological therapies, with higher scores denoting superior efficacy. Simultaneously, we conducted cluster analysis on two distinct outcome indicators to identify interventions with superior combined efficacy. Global heterogeneity and inconsistency were assessed utilizing the “decomp.design” function in R software. The global I2 statistic was employed to evaluate heterogeneity, where I2 values exceeding 50% signify notable heterogeneity, prompting the application of a random-effects model. Furthermore, global consistency and the Separated Indirect From Direct Evidence (SIDE) test were utilized to evaluate overall and local inconsistency (31). The R package “gemtc” was used to pinpoint sources of heterogeneity in the study, including variables like publication year, sample size, gender, age, illness duration, treatment duration, treatment frequency, and treatment timing. The stability of treatment effects across different outcome indicators in network meta-regression was evaluated by computing the mean values of covariates from the models. Studies with treatment durations outside the 4–16 weeks range and those exhibiting high bias risk were excluded, followed by a sensitivity analysis. To identify publication bias and small study effects within the included studies, comparison-adjusted funnel plots were employed.




3 Results


3.1 Literature screening process and basic characteristics

Figure 1 illustrates the specific details of the literature screening process. After searching relevant literature databases, a total of 4,856 articles were obtained. Following the removal of 913 duplicates using Endnote X9 software, 3,943 articles were excluded based on abstracts and titles, leaving 216 full-text articles. Subsequently, two researchers finalized the inclusion of 91 studies based on the established inclusion and exclusion criteria (32–122). The specific details of the literature screening process can be seen in Figure 1. Table 1 contains information about the 91 studies of RCTs published between 2005 and 2023 that met the criteria for natriuresis. The 91 studies included a total of 7,657 participants, with 4,235 (55.31%) males and 3,422 (44.69%) females, predominantly elderly individuals, with sample sizes ranging from 33 to 234 and an average disease duration of 19.07 months (SD 13.42). Among the 91 studies, 21 different treatment modalities were included (Supplementary Appendix 2), with an average treatment duration of 8.16 weeks (SD 4.53), treatment frequencies ranging from 1 to 14 times per week (average 6.4 times, SD 1.79), and treatment durations per session ranging from 16 to 80 min (average 45.1 min, SD 15.41) (Supplementary Appendix 4). Basic characteristics of the included studies such as authors, publication year, participant information (average age, gender), interventions, duration, and outcome indicators were summarized in Table 1. The detailed interventions for each study are in Supplementary Appendix 4.

[image: Flowchart illustrating the selection process for studies in a systematic review, following PRISMA guidelines. Four main phases are detailed: Identification includes 4,856 records from databases and none from other sources. Screening removes 913 duplicates, resulting in 3,943 records. Eligibility involves excluding 3,727 records based on predefined criteria, with 216 full-text articles assessed. Eight detailed reasons lead to the exclusion of 125 articles. Finally, 91 studies are included in the qualitative synthesis.]

FIGURE 1
 PRISMA flow diagram for the entire review.




TABLE 1 Characteristics of the included studies.
[image: A table lists various studies, detailing sample sizes, gender distribution, age, interventions, treatment courses, and outcomes. Each study is identified by an author and year. Interventions include therapies like rTMS, CT, and ACUP. Outcomes are noted as MADRS, HAMD, and CGI. The table encompasses multiple rows, indicating diverse data for each study conducted.]

There were 21 treatment modalities forming 27 direct comparisons, including auricular acupuncture (AA) vs. AA_moxibustion (AA_MB) (2 comparisons), AA vs. conventional treatment (CT) (3 comparisons), AA_MB vs. CT (2 comparisons), acupuncture (ACUP) vs. CT (7 comparisons), ACUP vs. MB (1 comparison), ACUP_CT vs. ACUP_MB_CT (2 comparisons), ACUP_CT vs. CT (11 comparisons), ACUP_MB_CT vs. CT (2 comparisons), ACUP_rehabilitation training_CT ACUP_RT_CT vs. CT (1 comparison), ACUP_RT_CT vs. RT_CT (4 comparisons), aerobic exercise_CT (AE_CT) vs. CT (1 comparison), cognitive function training_CT (CFT_CT) vs. CT (4 comparisons), electroacupuncture (EA) vs. CT (7 comparisons), EA_CT vs. CT (8 comparisons), electromyographic biofeedback_CT (EMGBFB_CT) vs. CT (5 comparisons), Fastigial nucleus stimulation_CT (FNS_CT) vs. CT (3 comparisons), hyperbaric oxygen therapy (HBO) vs. CT (3 comparisons), HBO_CT vs. CT (21 comparisons), MB vs. CT (1 comparison), MB_CT vs. CT (3 comparisons), RT_CT vs. CT (5 comparisons), repetitive transcranial magnetic stimulation_ACUP_MB_CT (rTMS_ACUP_MB_CT) vs. CT (2 comparisons), rTMS_CT vs. CT (6 comparisons), EA vs. EA_CT (4 comparisons), EA_CT vs. rTMS_CT (1 comparison), EMGBFB vs. EMGBFB_CT (1 comparison), HBO vs. HBO_CT (3 comparisons).



3.2 Bias risk assessment of involved literature

The bias risk of each study can be identified in Supplementary Appendix 5, while the summary of bias risk across all studies is depicted in Figure 2. The proportion of studies with low bias risk during the randomization process was 45.05%, deviations from intended interventions was 84.62%, missing outcome data stands at 96.70%, the measurement of outcomes was 46.15%, and the selection of reported results was 85.71%. Overall, the proportion of studies with high bias risk is 16.48%, medium bias risk was 43.96%, and low bias risk accounts for 39.56%.

[image: Horizontal bar chart displaying risk assessment across six categories: overall bias, selection of the reported result, measurement of the outcome, missing outcome data, deviations from intended interventions, and randomization process. Each bar is divided into sections signifying low risk (green), some concerns (yellow), and high risk (red), measured on a scale from zero to one hundred.]

FIGURE 2
 Results of risk of bias evaluation of included studies.




3.3 Network meta-analysis


3.3.1 MMSE

Figure 3 shows a network graph of different non-pharmacological interventions for VaD. Eighty nine studies (32–78, 80–102, 104–122) (97.80%) involving 7,413 participants (96.81%) evaluated the MMSE in the context of 21 non-pharmacological interventions, forming 7 closed loops, with the largest number of studies concentrating on HBO_CT (21 studies) (Figure 3A). Figure 4 shows the pooled MD values for different nonpharmacological interventions compared to CT and the ranking of different nonpharmacological interventions according to P-score. Sixteen non-pharmacological therapies significantly improved MMSE compared to CT, with MDs (95%CI) ranging from 5.09 (3.82; 6.36) for ACUP_MB_CT to 1.45 (0.53; 2.37) for ACUP (Figure 4A). Ranked by the degree of MMSE improvement, ACUP_MB_CT (P-score = 0.95) was defined as the best, while CT (0.07) was considered the worst (Figure 4A). Table 2 shows the results of the NMA on MMSE. NMA results indicated that ACUP_MB_CT, FNS_CT, ACUP_RT_CT, rTMS_CT, AE_CT, MB_CT, HBO_CT, AA_MB, ACUP_CT, rTMS_ACUP_MB_CT, and EMGBFB_CT showed significant significance compared to many other treatments (more than 2).

[image: Two network diagrams labeled A and B. Diagram A in purple shows connections among nodes like CT, HBO, and EA, with varying line thicknesses indicating connection strength. Diagram B in green displays a similar network with differences in connection patterns and thicknesses, highlighting nodes such as CT, rTMS, and ACUP. Both diagrams illustrate relationships and comparisons between various treatments or conditions.]

FIGURE 3
 Network graph of network meta-analysis for main outcomes. (A) Mini-Mental State Examination (MMSE), (B) Activities of Daily Living Scale (ADL). AA, auricular acupuncture; ACUP, acupuncture; AE, Aerobic exercise; CFT, Cognitive function training; CT, Conventional treatment; EMGBFB, electromyographic biofeedback; EA, electroacupuncture; FNS, Fastigial nucleus stimulation; HBO, hyperbaric oxygen therapy; MB, moxibustion; RT, Rehabilitation training; rTMS, Repetitive Transcranial Magnetic Stimulation.


[image: Forest plots comparing different treatments versus a control (CON) across two panels. Panel A lists treatments such as ACUP_MB_CT and FNS_CT, with mean differences (MD) and confidence intervals (CI). Panel B similarly compares treatments like ACUP_MB_CT and ACUP_RT_CT. Both panels include p-scores and show results on a horizontal axis favoring either CON or intervention (IN).]

FIGURE 4
 Forest plot of network meta-analysis for main outcomes. (A) Mini-Mental State Examination (MMSE), (B) Activities of Daily Living Scale (ADL). AA, auricular acupuncture; ACUP, acupuncture; AE, Aerobic exercise; CFT, Cognitive function training; CT, Conventional treatment; EMGBFB, electromyographic biofeedback; EA, electroacupuncture; FNS, Fastigial nucleus stimulation; HBO, hyperbaric oxygen therapy; MB, moxibustion; RT, Rehabilitation training; rTMS, Repetitive Transcranial Magnetic Stimulation.




TABLE 2 League table of MMSE.
[image: A densely populated table presents results from statistical analyses. The table ranks non-pharmacological interventions based on p-values, with the top-performing results in the lower left and pairwise comparison results in the upper right. Notable interventions include acupuncture, repetitive transcranial magnetic stimulation, and mental state examinations, among others, with numerical values and confidence intervals indicating varying effects.]



3.3.2 ADL

Twenty seven studies (34, 36, 40, 45, 46, 49, 63, 65, 71, 74, 76–80, 88, 92, 94, 97, 103, 104, 109, 110, 113, 121) (29.67%) involving 2,105 participants (27.49%) evaluated the ADL in the context of 12 non-pharmacological therapies, forming a closed loop, with ACUP_CT and HBO_CT vs. CT (10 studies) being the most studied interventions (Figure 3B). Compared to CT, all 12 non-pharmacological therapies significantly improved ADL, with MDs (95%CI) ranging from 17.21 (13.19; 21.23) for ACUP_MB_CT to 3.87 (1.40; 6.35) for CFT_CT (Figure 4B). Ranked by the degree of ADL improvement, ACUP_MB_CT (0.98) was defined as the best, while CT was considered the worst (Figure 4B). Table 3 shows the results of the NMA on ADL. The NMA results indicated that ACUP_MB_CT, ACUP_RT_CT, rTMS_CT, ACUP_CT, AE_CT, EMGBFB_CT, and HBO_CT showed significant significance compared to many other treatments (more than 2).



TABLE 3 League table of ADL.
[image: Table displaying results from a network meta-analysis. Non-pharmacological interventions are ranked left to right by p-value. Values represent mean differences (MD) with 95% confidence intervals (CI). Comparisons are shown in the lower left segment. Abbreviations include ADL, MD, CI, ACUP, RT, rTMS, AE, EMGBFB, HBO, FNS, CFT, EA, CT, and more, defined in the note below the table.]




3.4 Cluster analysis

Figure 5 shows the results of the cluster analysis. We conducted cluster analysis on the MMSE and ADL outcomes in this study to identify interventions that were effective for improving both outcomes. The cluster analysis of MMSE and ADL showed that ACUP_MB_CT, ACUP_RT_CT, rTMS_CT, AE_CT, and ACUP_CT were located in the upper right corner, indicating relatively better performance.

[image: Scatter plot showing the correlation between MMSE (x-axis, 0 to 100) and ADL (y-axis, 0 to 100). Various data points are labeled, with ACUP_MB_CT at the top right, suggesting higher MMSE and ADL values, while CT is at the bottom left with lower values. Different colors indicate various categories.]

FIGURE 5
 Cluster analysis plot of main outcomes. ACUP, acupuncture; MB, moxibustion; RT, Rehabilitation training; rTMS, Repetitive Transcranial Magnetic Stimulation; AE, Aerobic exercise; EMGBFB, electromyographic biofeedback; HBO, hyperbaric oxygen therapy; FNS, Fastigial nucleus stimulation; CFT, Cognitive function training; EA, electroacupuncture; CT, Conventional treatment; MMSE, Mini-Mental State Examination; ADL, Activities of Daily Living Scale.




3.5 Adverse reactions

Among the 18 studies (34, 37, 46, 47, 52, 53, 66, 70, 82, 87, 93, 95, 98, 100, 101, 104, 106, 110) included, adverse reactions were reported in all cases. Specifically, 14 studies (34, 37, 46, 47, 66, 70, 87, 93, 95, 98, 100, 104, 106, 110) documented various adverse reactions, primarily characterized by symptoms such as nausea, abdominal pain, and dizziness, which exhibited mild intensity and did not disrupt the treatment procedures. These adverse reactions were predominantly noted in research studies linked to rTMS_CT, ACUP_CT, MB_CT, ACUP_MB_CT, HBO_CT, EMGBFB_CT, and FNS_CT. Additional details regarding the specific adverse reactions were accessed in Supplementary Appendix 6.



3.6 The small sample effect and publication bias

The comparative adjusted funnel plot results demonstrate that the funnel plots of MMSE and ADL are generally symmetrical (Figure 6). The study findings are symmetrically distributed around the midline at the top, indicating a lower likelihood of small sample effects.

[image: Funnel plots labeled A and B compare effect sizes centered at a comparison-specific pooled effect with the standard error of effect size. Both plots feature a vertical red line at zero effect size and dashed lines forming a funnel shape. The plots display scatter points representing study data, with more concentration near the top. Plot A ranges from -4 to 4 on the x-axis and 2 to 5 on the y-axis, while Plot B ranges from -10 to 10 on the x-axis and 2 to 5.5 on the y-axis.]

FIGURE 6
 Comparison adjusted funnel plots for main outcomes. (A) Mini-mental state examination (MMSE), (B) Activities of Daily Living Scale (ADL).




3.7 Heterogeneity and certainty of evidence

Table 4 shows the results of the assessment of heterogeneity and inconsistency. The heterogeneity results varied from moderate to high, with a global I2 of 74.3% for MMSE and 54.8% for ADL. Moreover, none of the global inconsistencies in the outcome measures were statistically significant, and the local inconsistency assessed by the SIDE test did not demonstrate substantial disparities (Table 4; Supplementary Appendix 7). Furthermore, the level of evidence grading for each outcome measure varied from very low to high certainty, suggesting an overall low quality (Supplementary Appendix 10).



TABLE 4 Evaluation of heterogeneity and inconsistency.
[image: Table comparing heterogeneity and design-by-treatment test statistics for MMSE and ADL outcomes. For MMSE: 89 studies, tau-squared of 0.9763, Q of 310.89, P less than 0.0001, I-squared of 74.3%, moderate to high heterogeneity, with no inconsistent comparisons. For ADL: 27 studies, tau-squared of 2.0683, Q of 35.42, P of 0.0035, I-squared of 54.8%, moderate to high heterogeneity, with no inconsistent comparisons. Design-by-treatment test for MMSE: Q of 15.54, df of 9, tau-squared of 0.7332, p-value of 0.0770. For ADL: Q of 1.74, df of 1, tau-squared of 1.4219, p-value of 0.1875.]



3.8 Network meta-regression and sensitivity analysis

Table 5 shows the results of the meta-regression. We identified sources of heterogeneity through meta-regression and sensitivity analysis, with a primary focus on baseline information, treatment duration, treatment frequency, and other covariates. We found that sample, duration and time were the sources of heterogeneity in this study. Additionally, we compared the adjusted results with the original outcomes through the centralization of values for various covariates according to the model. The MDs of non-pharmacological interventions types did not change significantly, and the hierarchy largely remained consistent compared to the unadjusted model (Supplementary Appendix 8). Refined sensitivity analyses, which excluded studies with high risk of bias or focused on studies with treatment duration between 4 and 16 weeks, did not significantly influence the MDs and rankings (Supplementary Appendix 9). In conclusion, the results of our study were stable.



TABLE 5 Network meta-regression.
[image: Table displaying shared beta coefficients (median and 95% credible interval) for MMSE and ADL outcomes. Variables include Year, Sample, Male, Age, Duration, Period, Frequency, and Time. Notable significant influences are observed in the Sample and Duration under MMSE and in the Sample, Duration, and Time under ADL. The asterisk denotes significance where 95% CI does not contain zero. Abbreviations: MMSE, Mini-Mental State Examination; ADL, Activities of Daily Living Scale.]




4 Discussion

Our study included 91 studies on non-pharmacological therapies and 2 outcome indicators. We conducted a comprehensive evaluation of the effectiveness of various non-pharmacological therapies in managing VaD through NMA. We found that the majority of non-pharmacological therapies employed as complementary treatments for VaD were statistically significant. The NMA results indicated that (1) acupuncture-related therapies achieved high rankings in both MMSE and ADL assessments, including ACUP_MB_CT, ACUP_RT_CT, and ACUP_CT; (2) 16 non-pharmacological therapies significantly improved the MMSE, with ACUP_MB_CT showing the best effect, and FNS_CT, ACUP_RT_CT, rTMS_CT, AE_CT achieving similarly high p-values; (3) 12 non-pharmacological therapies significantly improved the ADL, with ACUP_MB_CT showing the best effect; (4) rTMS_CT and AE_CT also showed significant improvements in both MMSE and ADL.

In addition, our study revealed that all non-pharmacological therapies combined with conventional treatment significantly outperformed conventional treatment in improving ADL. Furthermore, in terms of enhancing MMSE, most non-pharmacological therapies combined with conventional treatment were superior to conventional treatment; however, MB, AA, HBO, and EMGBFB showed no significant difference compared to conventional treatment in this aspect. This lack of significance may be attributed to the limited number of studies incorporating MMSE or the lower baseline MMSE scores. Notably, the analysis indicated that rTMS_ACUP_MB_CT did not improve MMSE as effectively as utilizing rTMS_CT, ACUP_CT, or MB_CT alone. Given the quality, quantity, and baselines of the included RCTs, more research is necessary to validate this observation. Importantly, the findings suggest that non-pharmacological therapies did not significantly increase the incidence of adverse reactions based on the outcomes reported in the included studies.

As clinical trials and animal experiments progress, the mechanisms of non-pharmacological therapies for treating VaD are gradually being unveiled. Acupuncture-related treatments such as ACUP_MB_CT, ACUP_RT_CT, and ACUP_CT have demonstrated promising outcomes in enhancing MMSE and ADL scores. This indicates that acupuncture is a clinically valuable approach, and its synergistic effects can be enhanced when combined with RT or MB therapies. Acupuncture is a unique traditional Chinese therapy known for its multi-target, multi-faceted, and holistic approach. Recent research indicates that acupuncture holds promise in reducing peripheral inflammation and immune abnormalities by targeting inflammatory mediators like Interleukin-1 beta (IL-1β), IL-2, and Tumor Necrosis Factor-alpha (TNF-α) (123), consequently alleviating neural inflammation and ameliorating cognitive impairments (124). Furthermore, acupuncture exhibits a direct mechanism for enhancing cognitive function affected by neural inflammation through the inhibition of the microRNA-93 (miR-93)-mediated Toll-like receptor 4 (TLR4) signaling pathway (125, 126). Past investigations have underscored the pivotal role of TLR4 in mediating inflammatory responses of immune cells within the central nervous system (127), directly linking it to brain damage and neuronal death observed in cases of cerebral ischemia and stroke (128). Furthermore, according to an MRI-based imaging study, acupuncture has been shown to enhance cerebral white matter perfusion and maintain myelin integrity, subsequently safeguarding cognitive function (129). Notably, acupuncture can boost synaptic plasticity (130), acting as the biological foundation for learning and memory processes (131). According to the included studies, we found that Baihui (DU20), Shenting (DU24), Si Shencong (EX-HN1), and Zu Sanli (ST36) were the most commonly used acupoints for treating vascular dementia. A functional brain imaging study showed that adding DU20 enhanced cognitive function by enhancing the medial temporal lobe system, thalamus system, and prefrontal cortex system (132). Furthermore, acupuncture discovered by Yang et al. reduced the inhibitory effects of the 2-vessel occlusion model on hippocampal long-term potentiation, thereby protecting synaptic plasticity. Among the acupoints, DU20 and ST36 exhibited the best therapeutic effect (133). Additionally, needling DU20 and DU24 augmented the density of dendritic spines in the hippocampus of rats (134). An increase in dendritic spine density is associated with improvements in cognitive processes such as learning and memory (135). Within clinical settings, acupuncture has demonstrated promising outcomes in improving limb movement, swallowing function, and language skills (136–138), thereby playing a crucial role in rejuvenating patients’ everyday life capabilities. As a passive non-pharmacological intervention, the integration of acupuncture with active rehabilitation exercises can enhance the restoration of motor and daily life functions (139). Consequently, these findings may elucidate the favorable rankings of acupuncture-related interventions in enhancing MMSE and ADL within this NMA.

ACUP_MB_CT ranks the best according to the P-score in improving both MMSE and ADL. Moxibustion enhances neurogenesis and angiogenesis in rats by upregulating the expression of nestin, doublecortin, and CD34 in the hippocampus (140). Furthermore, It further improves cognitive function in rats with VaD by attenuating hippocampal neuronal apoptosis (141). We speculate that the combined effect of acupuncture and moxibustion makes ACUP_MB_CT the most effective in improving MMSE and ADL.

The clinical value of FNS_CT in enhancing MMSE performance is notable; however, its effectiveness in improving ADL is relatively limited. In upcoming clinical trials, the consideration of integrating other treatment modalities to address this limitation is warranted. FNS, as a non-invasive electrical stimulation therapy, plays a crucial role in enhancing cerebral blood flow and exerting neuroprotective effects by inhibiting excitotoxicity, neuroinflammation, and cell apoptosis (142). Significantly, animal experiments have demonstrated that FNS can downregulate NLRP3 mRNA and protein expression, thereby inhibiting autophagy processes and suppressing the expression of caspase 1, IL-1β, and IL-18. This leads to a reduction in neuroinflammation, neuronal apoptosis, and an improvement in cognitive function among patients (143).

One treatment method is unlikely to be the sole best approach for VaD. rTMS_CT and AE_CT also demonstrate good efficacy. This provides more treatment options for healthcare professionals and patients to choose the most suitable approach based on individual circumstances. Studies have shown that rTMS can improve the learning and memory abilities of rats with VaD by upregulating the expression of vascular endothelial growth factor, brain-derived neurotrophic factor, and the NMDAR (144). BDNF is well-known for its important role in repairing and regenerating neural cells, as well as enhancing neural function (145). Additionally, the NMDAR is closely associated with synaptic plasticity within the hippocampal cornu ammonis 1 region (146). Previous research has also found that rTMS can protect hippocampal cholinergic neurons damaged by chronic brain ischemia-hypoxia and restore the activity of the hippocampal cholinergic system (147). These may be reasons why rTMS_CT ranks highly in improving ADL and MMSE. AE regulates the expression of Beclin-1 in the hippocampus, impacting autophagy and apoptosis, and enhancing hippocampal function (148). This exercise also promotes brain blood circulation, increasing cerebral blood flow (149). Furthermore, aerobic exercise enhances metabolism, strengthens muscle training, and improves cardiovascular function, all contributing to improved daily life abilities and cognitive function (150, 151) Based on the analysis presented above and the results of NMA, it is evident that the combination of non-pharmacological therapy with conventional treatment can address VaD through diverse pathways and targets, offering valuable insights for clinicians to select more effective and suitable non-pharmacological interventions.



5 Strengths and limitations

To our knowledge, this is the first NMA comparing the effectiveness and safety of different non-pharmacological therapies for VaD. The NMA combines direct and indirect evidence to compare different interventions, thereby enhancing the evidence. It also provides a comprehensive evaluation and ranking of various interventions to identify their strengths and weaknesses. We searched 7 databases, including 3 English databases and 4 Chinese databases, to increase the breadth and diversity of studies. We assessed the overall heterogeneity and used network meta-regression to explore potential sources of heterogeneity. For inconsistency, we performed both global inconsistency tests and localized inconsistency tests using the SIDE test, which allows for clear assessment of significant differences between each node comparison. We demonstrated the stability of our results through network meta-regression and sensitivity analysis.

Our research also has certain limitations: (1) There may be certain methodological limitations. Out of the included studies, 41 (45.05%) described specific randomization methods, 37 (40.66%) only mentioned randomization, and 13 (14.29%) grouped participants based on visit order or did not mention it. Moreover, only 3 studies mentioned blinding. (2) The sample size ranged from 33 to 234, resulting in moderate to high heterogeneity in the studies. However, the funnel plot did not reveal any significant small sample effects, suggesting the possible presence of individual studies with larger sample sizes. (3) The included studies had a wide range of disease duration (approximately 1–85 months). Previous studies have found that overall, VaD worsens with time. Our meta-regression also identified disease duration as a source of heterogeneity in this study. (4) The included studies were predominantly conducted in China, which may affect the generalizability of the results. (5) Most literature reported adverse reactions descriptively, and there were safety variations among different interventions, so we only conducted descriptive analysis. (6) Our treatment methods were classified based on the descriptions in the included literature, resulting in 21 different treatment methods, which may introduce some bias to the results. For example, rTMS_ACUP_MB_CT is a combination of multiple treatment methods, while EA does not include conventional treatment. Therefore, more research is needed in the future to support our findings.



6 Conclusion

This study, which utilizes the NMA method, aims to compare the efficacy and safety of non-pharmacological therapies in conjunction with conventional treatments for VaD. In summary, following pairwise comparisons of different treatment methods and utilizing P-score ranking and cluster analysis, ACUP_MB_CT emerges as the most effective intervention for enhancing VaD, as indicated by improvements in both MMSE and ADL. Moreover, ACUP_RT_CT, rTMS_CT, ACUP_CT, FNS_CT, and AE_CT exhibit significant efficacy across various domains. As for safety, the descriptive results reveal no instances of serious adverse reactions, and it is noted that non-pharmacological therapies do not lead to a significant increase in adverse reactions, thereby indicating a certain degree of safety. It is anticipated that the outcomes of this study will assist clinicians, caregivers, and patients in making informed decisions.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

YY: Writing – review & editing, Writing – original draft, Software, Methodology, Formal analysis, Data curation, Conceptualization. YQ: Writing – review & editing, Validation, Supervision. SL: Writing – review & editing, Software, Methodology, Investigation. GZ: Writing – review & editing, Software, Investigation, Data curation, Conceptualization. YR: Writing – review & editing, Software, Resources, Project administration, Methodology. ML: Writing – review & editing, Visualization, Validation, Supervision, Funding acquisition.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Inheritance Studio of Traditional Chinese Medicine Master Zhang Canjia of State Administration of Traditional Chinese Medicine (no. [2010]59), the Chinese Medicine Science and Technology Project of Shandong Province in 2023 (M-2023031), and the Key Project of Undergraduate Teaching Reform Research in Shandong Province (Z2023292).



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.

The reviewer CD declared a shared affiliation with the authors to the handling editor at the time of review.



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/fneur.2024.1397088/full#supplementary-material



References
	 1. O’brien, JT, and Thomas, A. Vascular dementia. Lancet. (2015) 386:1698–706. doi: 10.1016/S0140-6736(15)00463-8

	 2. Giannouli, V, and Tsolaki, M. Vascular dementia, depression, and financial capacity assessment. Alzheimer Dis Assoc Disord. (2021) 35:84–7. doi: 10.1097/WAD.0000000000000374 
	 3. Giannouli, V, and Tsolaki, M. Liberating older adults from the bonds of vascular risk factors: what is their impact on financial capacity in amnestic mild cognitive impairment? Psychiatry Clin Neurosci. (2022) 76:246–50. doi: 10.1111/pcn.13348 
	 4. Hébert, Ŕ, Lindsay, J, Verreault, R, Rockwood, K, Hill, G, and Dubois, MF. Vascular Dementia. Stroke. (2000) 31:1487–93. doi: 10.1161/01.str.31.7.1487

	 5. Yu, WX, and Wang, YJ. Epidemiology status and development trends of Asian vascular cognitive impairment. Chin Front Med. (2020) 12:1–7. doi: 10.12037/yxqy.2020.10-01

	 6. Pinkston, JB, Alekseeva, N, and González Toledo, E. Stroke and dementia. Neurol Res. (2009) 31:824–31. doi: 10.1179/016164109x12445505689643

	 7. Inoue, Y, Shue, F, Bu, G, and Kanekiyo, T. Pathophysiology and probable etiology of cerebral small vessel disease in vascular dementia and Alzheimer’s disease. Mol Neurodegener. (2023) 18:46. doi: 10.1186/s13024-023-00640-5 
	 8. Yang, T, Sun, Y, Lu, Z, Leak, RK, and Zhang, F. The impact of cerebrovascular aging on vascular cognitive impairment and dementia. Ageing Res Rev. (2017) 34:15–29. doi: 10.1016/j.arr.2016.09.007

	 9. Candelario-Jalil, E, Dijkhuizen, RM, and Magnus, T. Neuroinflammation, stroke, blood-brain barrier dysfunction, and imaging modalities. Stroke. (2022) 53:1473–86. doi: 10.1161/strokeaha.122.036946 
	 10. Korczyn, AD
. Mixed dementia--the most common cause of dementia. Ann N Y Acad Sci. (2002) 977:129–34. doi: 10.1111/j.1749-6632.2002.tb04807.x

	 11. Uchida, Y, Kan, H, Sakurai, K, Arai, N, Inui, S, Kobayashi, S , et al. Iron leakage owing to blood-brain barrier disruption in small vessel disease CADASIL. Neurology. (2020) 95:e1188–98. doi: 10.1212/wnl.0000000000010148 
	 12. Wang, XX, Zhang, B, Xia, R, and Jia, QY. Inflammation, apoptosis and autophagy as critical players in vascular dementia. Eur Rev Med Pharmacol Sci. (2020) 24:9601–14. doi: 10.26355/eurrev_202009_23048 
	 13. Hei, Y, Chen, R, Yi, X, Long, Q, Gao, D, and Liu, W. HMGB1 neutralization attenuates hippocampal neuronal death and cognitive impairment in rats with chronic cerebral Hypoperfusion via suppressing inflammatory responses and oxidative stress. Neuroscience. (2018) 383:150–9. doi: 10.1016/j.neuroscience.2018.05.010 
	 14. Kang, YC, Zhang, L, Su, Y, Li, Y, Ren, WL, and Wei, WS. MicroRNA-26b regulates the microglial inflammatory response in hypoxia/ischemia and affects the development of vascular cognitive impairment. Front Cell Neurosci. (2018) 12:154. doi: 10.3389/fncel.2018.00154 
	 15. Rajeev, V, Fann, DY, Dinh, QN, Kim, HA, de Silva, TM, Lai, MKP , et al. Pathophysiology of blood brain barrier dysfunction during chronic cerebral hypoperfusion in vascular cognitive impairment. Theranostics. (2022) 12:1639–58. doi: 10.7150/thno.68304 
	 16. Iadecola, C
. The pathobiology of vascular dementia. Neuron. (2013) 80:844–66. doi: 10.1016/j.neuron.2013.10.008 
	 17. Cochrane Dementia and Cognitive Improvement GroupBattle, CE, Abdul-Rahim, AH, Shenkin, SD, Hewitt, J, and Quinn, TJ. Cholinesterase inhibitors for vascular dementia and other vascular cognitive impairments: a network meta-analysis. Cochrane Database Syst Rev. (2021) 2021:Cd013306. doi: 10.1002/14651858.CD013306.pub2 
	 18. Kröger, E, Mouls, M, Wilchesky, M, Berkers, M, Carmichael, PH, van Marum, R , et al. Adverse drug reactions reported with cholinesterase inhibitors: an analysis of 16 years of individual case safety reports from VigiBase. Ann Pharmacother. (2015) 49:1197–206. doi: 10.1177/1060028015602274

	 19. You, Q, Li, L, Xiong, SQ, Yan, YF, Li, D, Yan, NN , et al. Meta-analysis on the efficacy and safety of hyperbaric oxygen as adjunctive therapy for vascular dementia. Front Aging Neurosci. (2019) 11:86. doi: 10.3389/fnagi.2019.00086

	 20. Chen, Y, Wang, H, Sun, Z, Su, X, Qin, R, Li, J , et al. Effectiveness of acupuncture for patients with vascular dementia: a systematic review and meta-analysis. Complement Ther Med. (2022) 70:102857. doi: 10.1016/j.ctim.2022.102857 
	 21. Jiang, X, Lu, T, Dong, Y, Shi, J, Duan, M, and Zhang, X. Effectiveness and safety of moxibustion for vascular dementia: a systematic review and meta-analysis. Medicine. (2022) 101:e29804. doi: 10.1097/MD.0000000000029804 
	 22. Leucht, S, Chaimani, A, Cipriani, AS, Davis, JM, Furukawa, TA, and Salanti, G. Network meta-analyses should be the highest level of evidence in treatment guidelines. Eur Arch Psychiatry Clin Neurosci. (2016) 266:477–80. doi: 10.1007/s00406-016-0715-4

	 23. Li, R, Xu, C, Zhong, P, Wang, K, Luo, YX, Xiao, L , et al. Efficacy of acupuncture and pharmacological therapies for vascular cognitive impairment with no dementia: a network meta-analysis. Front Aging Neurosci. (2023) 15:1181160. doi: 10.3389/fnagi.2023.1181160 
	 24. Luo, G, Zhang, J, Song, Z, Wang, Y, Wang, X, Qu, H , et al. Effectiveness of non-pharmacological therapies on cognitive function in patients with dementia: a network meta-analysis of randomized controlled trials. Front Aging Neurosci. (2023) 15:1131744. doi: 10.3389/fnagi.2023.1131744 
	 25. Wen, J, Cao, Y, Chang, S, Huang, Q, Zhang, Z, Wei, W , et al. A network meta-analysis on the improvement of cognition in patients with vascular dementia by different acupuncture therapies. Front Neurosci. (2022) 16:1053283. doi: 10.3389/fnins.2022.1053283 
	 26. Hutton, B, Salanti, G, Caldwell, DM, Chaimani, A, Schmid, CH, Cameron, C , et al. The PRISMA extension statement for reporting of systematic reviews incorporating network meta-analyses of health care interventions: checklist and explanations. Ann Intern Med. (2015) 162:777–84. doi: 10.7326/M14-2385 
	 27. Sterne, JAC, Savović, J, Page, MJ, Elbers, RG, Blencowe, NS, Boutron, I , et al. RoB 2: a revised tool for assessing risk of bias in randomised trials. BMJ. (2019) 366:l4898. doi: 10.1136/bmj.l4898

	 28. Nikolakopoulou, A, Higgins, JPT, Papakonstantinou, T, Chaimani, A, del Giovane, C, Egger, M , et al. CINeMA: an approach for assessing confidence in the results of a network meta-analysis. PLoS Med. (2020) 17:e1003082. doi: 10.1371/journal.pmed.1003082

	 29. Shim, S, Yoon, BH, Shin, IS, and Bae, JM. Network meta-analysis: application and practice using Stata. Epidemiol Health. (2017) 39:e2017047. doi: 10.4178/epih.e2017047

	 30. Shim, SR, Kim, SJ, Lee, J, and Rücker, G. Network meta-analysis: application and practice using R software. Epidemiol Health. (2019) 41:e2019013. doi: 10.4178/epih.e2019013 
	 31. Dias, S, Welton, NJ, Caldwell, DM, and Ades, AE. Checking consistency in mixed treatment comparison meta-analysis. Stat Med. (2010) 29:932–44. doi: 10.1002/sim.3767 
	 32. Hao, JW, Li, J, and Li, QQ. Observation of the therapeutic effects of ozagrel combined with rTMS on patients with vascular dementia after cerebral infarction. Intern Med. (2022) 17:21–4. doi: 10.16121/j.cnki.cn45-1347/r.2022.01.06

	 33. Ren, YF, Fu, SQ, Yu, M, Zhang, HT, and Zhang, SL. Clinical efficacy of edaravone combined with rTMS and its effects on serum Ang-1, MMP-9, and LPO levels in patients with vascular dementia. J Clin Psychosom Dis. (2018) 24:25–7, 62. doi: 10.3969/j.issn.1672-187X.2018.06.009

	 34. Yang, MJ
. Clinical effects of high-frequency repetitive transcranial magnetic stimulation combined with nimodipine in the treatment of vascular dementia. Contemp Med China. (2023) 30:11–15. doi: 10.3969/j.issn.1674-4721.2023.11.005

	 35. Li, XY, and Zhang, T. Observations on the therapeutic efficacy of TMS combined with nimodipine and donepezil in the treatment of vascular dementia. Clin Med Res Pract. (2016) 1:56–7. doi: 10.19347/j.cnki.2096-1413.2016.23.027

	 36. Li, H, Cao, X, Zhong, X, and Zheng, XW. The effects of rTMS therapy on serum NSE levels and cognitive function in patients with vascular dementia. J Lab Med Clin Res. (2020) 17:647–9, 710. doi: 10.3969/j.issn.1672-9455.2020.05.022

	 37. Guo, L, Chen, WM, Wu, XH, Wu, BJ, Wang, XY, Ye, XP , et al. Clinical effects of repeated transcranial magnetic stimulation and electroacupuncture on the psychiatric symptoms of patients with vascular dementia. World Latest Med Inform Abstr. (2021) 21:128–9, 131. doi: 10.3969/j.issn.1671-3141.2021.76.052

	 38. Pan, HS, Mo, CY, and Hu, XY. The impact of acupuncture combined with TMS on cognitive function and quality of life in patients with mild vascular dementia. J Shenzhen Integr Trad Chin Western Med. (2018) 28:30–1. doi: 10.16458/j.cnki.1007-0893.2018.06.014

	 39. Wu, XH, Hu, XY, Chen, WM, Liu, SM, Feng, WX, Guo, L , et al. Clinical efficacy evaluation of acupuncture combined with repeated transcranial magnetic stimulation on cognitive function and sleep disorders in patients with mild vascular dementia. Chin J Mod Drug Appl. (2020) 14:185–7. doi: 10.14164/j.cnki.cn11-5581/r.2020.10.087

	 40. Cheng, NF, and Tan, F. The effect of the awakening and refreshing needling method on cognitive function and cerebral blood flow status in patients with vascular dementia. Guangxi J Trad Chin Med. (2021) 44:43–5. doi: 10.3969/j.issn.1003-0719.2021.03.016

	 41. Meng, YC, and Han, JX. Clinical observation of tonifying qi, regulating blood, supporting the root, and nurturing the primal needling method in the treatment of vascular dementia. J Acup Clin Med. (2011) 27:35–7. doi: 10.3969/j.issn.1005-0779.2011.09.016

	 42. Han, H, Li, X, Jiang, HN, Xu, K, and Wang, Y. Effect of early acupuncture on cognitive function in patients with vascular dementia after cerebral infarction. Zhongguo Zhen Jiu. (2021) 41:979–83. doi: 10.13703/j.0255-2930.20210117-k0008 
	 43. Qiao, SG, and Hu, N. Clinical observation of acupuncture treatment for vascular dementia in elderly patients after cerebral infarction. Chin Trad Mod Dist Educ Trad Chin Med. (2023) 21:111–3. doi: 10.3969/j.issn.1672-2779.2023.13.040

	 44. Chen, YJ
. Efficacy analysis of acupuncture in the treatment of vascular dementia. Chin J Prim Med Pharm. (2011) 18:2801–2802. doi: 10.3760/cma.j.issn.1008-6706.2011.20.036

	 45. Wang, HZ, Wang, YX, and Ni, HB. Clinical efficacy observation of acupuncture-medicine combination therapy for vascular dementia after cerebral infarction. Mod Diagn Treat. (2015) 26:57+67.

	 46. Hu, FX, Sun, YP, Hai, X, and Shi, YQ. Therapeutic efficacy of scalp acupuncture combined with ozacekstine on vascular dementia and its regulation on serum Livin, NOS, and brain neurotransmitters. Shanghai J Acup Moxibust. (2019) 38:607–12. doi: 10.13460/j.issn.1005-0957.2019.06.0607

	 47. Feng, XR, Zhang, SL, and Huang, CC. Effects of acupuncture combined with Dingkibenfen capsules on cognitive function and MRI imaging in patients with vascular dementia. J Cardiovasc Rehabil Med. (2019) 28:233–237

	 48. Ye, BY, Kang, JJ, Yu, ZZ, Chen, AZ, and Lin, Y. Donepezil combined with scalp acupuncture in the treatment of 30 cases of vascular dementia. Fujian J Trad Chin Med. (2016) 47:58–9. doi: 10.13260/j.cnki.jfjtcm.011199

	 49. Zhang, SL, and Qu, YH. Clinical study on the treatment of vascular dementia with acupuncture therapy combined with nemedipine tablets. New Trad Chin Med. (2022) 54:196–9. doi: 10.13457/j.cnki.jncm.2022.19.041

	 50. Cui, LL, Zhu, CQ, Wang, J, Jiang, LS, Chen, SF , et al. Clinical observation on the treatment of vascular dementia with Tongdu Tiaoshen acupuncture combined with nemedipine. Shanghai J Acup Moxibust. (2015) 34:714–6. doi: 10.13460/j.issn.1005-0957.2015.08.0714

	 51. Yu, T, Shi, JW, and Han, JX. Clinical observation on acupuncture treatment of mild to moderate vascular dementia. Liaoning J Trad Chin Med. (2007) 34:978–80. doi: 10.3969/j.issn.1000-1719.2007.07.070

	 52. Hu, JJ, Zhang, TF, Zhang, HX, Sun, GJ, Liu, YC, Liu, YP , et al. Clinical observation on the effect of scalp acupuncture on cognitive scale in patients with vascular dementia. Shanghai J Acup Moxibust. (2009) 28:15–7. doi: 10.13460/j.issn.1005-0957.2009.01.006

	 53. Tan, T, Ren, Z, and Tan, ZA. Clinical study on regulating mind and governing governor vessel acupuncture method in treating vascular dementia. Chin Med Guide. (2017) 23:66–8. doi: 10.13862/j.cnki.cn43-1446/r.2017.04.020

	 54. Zhang, R, Wang, Y, and Sun, S. Clinical observation on the treatment of vascular dementia with kidney-tonifying and brain-strengthening acupuncture. J Clin Acup Moxibust. (2010) 26:13–4. doi: 10.3969/j.issn.1005-0779.2010.01.006

	 55. Zheng, SH, Wu, YJ, Jiao, JK, Wei, LL, Ren, R, Cui, X , et al. Clinical randomized controlled study on Jin’s three-needle therapy for the treatment of vascular dementia. J Clin Acup Moxibust. (2011) 27:7–10. doi: 10.3969/j.issn.1005-0779.2011.03.003

	 56. Gao, Q, Chen, S, and Huang, Y. Effect of head acupuncture on mild vascular dementia after cerebral infarction. J Pract Trad Chin Med. (2013) 2013:890–1. doi: 10.3969/j.issn.1004-2814.2013.11.001

	 57. Yao, W
. Clinical observation on the influence of Yizhi Tiaoshen needling method on cognitive function of patients with vascular dementia. Henan University of Traditional Chinese Medicine. (2017).

	 58. Xu, L
. Clinical study on the treatment of senile vascular dementia with Dianzhen Sishen Cong acupoint. Guangzhou University of Chinese Medicine. (2006).

	 59. Liu, LJ, Xie, F, Chen, XY, Wu, DD, Zhang, Y , et al. Analysis of the efficacy and impact on cognitive function of rehabilitation therapy on elderly patients with vascular dementia. Chin J Modern Drug Appl. (2022) 16:245–7. doi: 10.14164/j.cnki.cn11-5581/r.2022.04.094

	 60. Yang, X
. Clinical study on the treatment of vascular dementia with Dianzhen Zhisan primary needle. Guangzhou University of Chinese Medicine (2008).

	 61. Peng, XH, Zhao, Y, Liu, Y, Liu, J, and Li, QL. Randomized controlled study on the effect of head electroacupuncture on cognitive function in vascular dementia. Sichuan J Trad Chin Med. (2009) 27:113–5.

	 62. Zhao, L, Zhang, H, Zheng, Z, and Jiao, H. Electroacupuncture on the head points for improving cognition in patients with vascular dementia. J Tradit Chin Med. (2009) 29:29–34. doi: 10.1016/s0254-6272(09)60027-3 
	 63. Huiming, W
. Clinical efficacy observation of electroacupuncture in the treatment of vascular dementia. Tianjin J Tradit Chin Med. (2007) 24:218–220. doi: 10.3969/j.issn.1672-1519.2007.03.013

	 64. Yin, J, Li, L, and Feng, AC. Clinical observation of electroacupuncture at head acupoints in improving symptoms of patients with vascular dementia. China J Trad Chin Med. (2011) 29:415–6. doi: 10.13193/j.archtcm.2011.02.193.yinjq.006

	 65. Li, Q, Li, L, Xu, Q, Min, Y, and Qu, F. Effects of electroacupuncture Zhi san acupuncture on cognitive function and behavioral abilities in patients with vascular dementia. Chin J Practi Neurol Dis. (2015) 18:1–2.

	 66. Wang, M, Lin, L, and Zhang, F. Therapeutic effect and mechanism of moxibustion on vascular dementia. Acup Tuina Sci. (2020) 18:47–52. doi: 10.1007/s11726-020-1156-1

	 67. Sheng, DD, and Cai, S. Observation on the therapeutic effect of warming and tonifying kidney moxibustion in treating vascular dementia. J Pract Trad Chin Med. (2017) 33:58–9.

	 68. Gao, YJ, Yang, H, Yang, YH, An, XR, Liu, Q, Xue, XW , et al. Efficacy evaluation of hui medicine moxibustion combined with nimodipine in the treatment of vascular dementia. J Trad Chin Med Ethn Med. (2018) 29:119–20. doi: 10.3969/j.issn.1008-0805.2018.01.039

	 69. Luo, BH, Yu, JC, Hu, YQ, Xue, LF, Liang, YJ, Tan, BN , et al. Clinical observation of Yiqi Tiaoxue, Fuben Peiyuan drug thread moxibustion in the treatment of mild to moderate vascular dementia. J Trad Chin Med Ethn Med. (2015) 26:649–51. doi: 10.3969/j.issn.1008-0805.2015.03.053

	 70. Fan, WQ
. Observations on the therapeutic effect of integrated traditional Chinese and Western medicine in the treatment of vascular dementia. J Pract Trad Chin Med. (2019) 35:1116–1117.

	 71. Zhao, RX, and Chen, ZP. Clinical observation of acupuncture treatment for 76 cases of vascular dementia. Front Med Pharm. (2012) 2:335–6. doi: 10.3969/j.issn.2095-1752.2012.07.397

	 72. Ma, L, Ai, LW, and Feng, Y. Clinical observation of scalp acupuncture combined with moxibustion at GV14 in the treatment of vascular dementia with kidney essence deficiency type. J Acup Moxibust Clin. (2018) 34:33–6. doi: 10.3969/j.issn.1005-0779.2018.06.011

	 73. Wang, H, Yang, X, and Liu, YJ. Efficacy of warm needle acupuncture with Yongquan point as the main point in the treatment of vascular dementia (kidney essence deficiency type) and its influence on cognitive function, serum IL-8, TNF-α, and Livin levels in patients. Sichuan Trad Chin Med. (2021) 39:207–10.

	 74. Wang, XP, Chen, X, Li, Z, and Zhang, KZ. Effect of donepezil combined with rehabilitation training on cognitive function and plasma neurotransmitters in elderly patients with vascular dementia. J Stroke Nerv Dis. (2018) 35:632–4. doi: 10.19845/j.cnki.zfysjjbzz.2018.07.012

	 75. Wang, HJ, Xu, YT, and Wang, XL. The impact of rehabilitation training on vascular dementia. Southwest Milit Med. (2007) 2007:21–2. doi: 10.3969/j.issn.1672-7193.2007.04.012

	 76. Sun, PJ, and Gao, X. The effects of rehabilitation training on the intelligence and functional abilities of patients with vascular dementia. Chin J Popul Health. (2016) 28:56–7. doi: 10.3969/j.issn.1672-0369.2016.14.027

	 77. Zhai, ZY, An, J, Sun, M, and Feng, J. Therapeutic observation of the efficacy of rehabilitation training combined with atorvastatin in subcortical ischemic vascular dementia. Chin J Rehabil. (2015) 30:14–6. doi: 10.3870/zgkf.2015.01.004

	 78. Wu, XL, Shao, LC, and Ruan, SF. Clinical study of cognitive training combined with drug therapy in vascular dementia. J Shenzhen Integr Med. (2018) 28:130–1. doi: 10.16458/j.cnki.1007-0893.2018.22.058

	 79. Ji, J, Xie, YS, Xie, LX, and Xiao, YT. Clinical study of drug therapy and cognitive training in the treatment of vascular dementia. Gansu Med J. (2017) 36:246–8. doi: 10.15975/j.cnki.gsyy.2017.04.003

	 80. Zhu, KF, Chen, YH, Hong, ZP, and Deng, T. Efficacy observation of cognitive function rehabilitation training combined with drug therapy in patients with vascular dementia. Chin Med Guide. (2023) 21:69–71. doi: 10.15912/j.cnki.gocm.2023.36.044

	 81. Qu, YT, Huang, SS, Xiao, FN, and Lan, HL. Effects of cognitive function training on cerebral hemodynamics and hemorheology in elderly patients with mild to moderate vascular dementia. Contemp Nurse. (2019) 26:36–9.

	 82. Zhao, PX
. Observation on the efficacy of dihydroergotoxine mesylate soft capsules combined with hyperbaric oxygen therapy in the treatment of vascular dementia. Prim Health Care Forum. (2015) 19:610–611.

	 83. Liu, L, and Gao, Y. Observation on the efficacy of oxiracetam combined with hyperbaric oxygen therapy in the treatment of vascular dementia. Chin J Peoples Health. (2015) 27:80–1. doi: 10.3969/j.issn.1672-0369.2015.02.041

	 84. Chen, SD
. Observation on the therapeutic effect of oxiracetam combined with hyperbaric oxygen in the treatment of vascular dementia in 41 cases. Med Theory Pract. (2011) 24:1425–1426. doi: 10.3969/j.issn.1001-7585.2011.12.028

	 85. Liu, ZY
. Clinical efficacy analysis of oxiracetam combined with hyperbaric oxygen therapy in the treatment of vascular dementia. China medical device. Information. (2016) 22:87–88. doi: 10.15971/j.cnki.cmdi.2016.18.043

	 86. Lei, XD
. Clinical efficacy observation of oxiracetam combined with hyperbaric oxygen therapy in the treatment of vascular dementia. Heilong Med Sci. (2016) 39:147+149. doi: 10.3969/j.issn.1008-0104.2016.01.068

	 87. Sun, W, Yang, JB, Xu, JF, Zhang, Q, Zhou, Q, Meng, XL , et al. Clinical efficacy observation of Dibenzoylmethane soft capsule combined with hyperbaric oxygen therapy in the treatment of elderly vascular dementia. J Pract Cardiopul Vasc Dis. (2015) 23:62–4. doi: 10.3969/j.issn.1008-5971.2015.09.019

	 88. Wang, YS, Wu, ZP, Wang, P, Zhao, YC, and Tang, WG. Clinical efficacy observation of Dibenzoylmethane soft capsule combined with hyperbaric oxygen therapy in the treatment of vascular dementia. Chin Mod Doct. (2013) 51:58–60.

	 89. Wang, SP, Tao, Z, Ding, SJ, Cheng, JC, Yv, SB, Wang, XQ , et al. Clinical observation of hyperbaric oxygen combined with donepezil hydrochloride in the treatment of vascular dementia. Chin J Phys Med Rehabil. (2009) 31:478–80. doi: 10.3760/cma.j.issn.0254-1424.2009.07.016

	 90. Tang, LC, Zheng, ZY, Li, XH, Liang, YH, and Fang, HB. The influence of hyperbaric oxygen on cognition in patients with vascular dementia. Chin J Med Guide. (2013) 11:92. doi: 10.15912/j.cnki.gocm.2013.13.564

	 91. Li, W
. Efficacy analysis of hyperbaric oxygen combined with olanzapine in the treatment of 36 cases of vascular dementia. Chin J Med Sci. (2013) 3:63–64.

	 92. Feng, YF
. Effect of hyperbaric oxygen combined with Piracetam tablets and Dibenzoyl soft capsules in the treatment of elderly patients with vascular dementia. Henan Med Res. (2020) 29:2782–3. doi: 10.3969/j.issn.1004-437X.2020.15.039

	 93. Hu, Q
. Efficacy of hyperbaric oxygen combined with donepezil and Memantine in the treatment of elderly patients with vascular dementia. J Chronic Dis. (2023) 24:75–7. doi: 10.16440/j.Cnki.1674-8166.2023.01.20

	 94. Wang, YS, Wang, P, Wu, ZP, and Zhao, YC. Observation on the efficacy of hyperbaric oxygen combined with donepezil in the treatment of vascular dementia. Health Res. (2014) 2014:397–9. doi: 10.3969/j.issn.1674-6449.2014.04.013

	 95. Yang, L, Liu, Q, Han, XZ, and Wang, S. Effects of hyperbaric oxygen combined with Huperzine a on cognitive function and levels of serum hypoxia-inducible factor-1α and vascular endothelial growth factor in elderly patients with vascular dementia. Chin J Chron Dis Prevent Control. (2018) 26:676–9. doi: 10.16386/j.cjpccd.issn.1004-6194.2018.09.010

	 96. Li, ZC
. Analysis of the efficacy of hyperbaric oxygen combined with donepezil hydrochloride and Memantine in the treatment of elderly patients with vascular dementia. Capit Food Med. (2020) 27:53. doi: 10.3969/j.issn.1005-8257.2020.08.040

	 97. Wang, SL, and Zhai, LH. Observation on the efficacy of hyperbaric oxygen combined with Ozatine in the treatment of 40 cases of vascular dementia. Chin Med Guide. (2011) 9:312–3. doi: 10.15912/j.cnki.gocm.2011.32.324

	 98. Xia, XY
. Observation on the efficacy of hyperbaric oxygen therapy for vascular dementia. Asia Pacif Trad Med. (2012) 8:84–5. doi: 10.3969/j.issn.1673-2197.2012.01.041

	 99. Bao, ZY, Zhong, XB, Kang, P, Deng, BG, and Yuan, HQ. Observation on the efficacy of hyperbaric oxygen therapy in patients with vascular dementia. J Gannan Med Univ. (2007) 2007:532–3. doi: 10.3969/j.issn.1001-5779.2007.04.018

	 100. Wu, Y, Liang, Y, and Huang, DD. Observation on the efficacy of Ozatine combined with hyperbaric oxygen therapy in the treatment of vascular dementia. Chin J Pract Neurol Dis. (2010) 13:13–4. doi: 10.3969/j.issn.1673-5110.2010.07.006

	 101. Song, YH
. Observation on the efficacy of Ozatine combined with hyperbaric oxygen therapy in the treatment of vascular dementia: a study of 63 cases. Dajia Health. (2012) 6:5–7.

	 102. Bu, GW
. Clinical efficacy observation of combined application of Ozatine and hyperbaric oxygen in 96 cases of vascular dementia patients. Psychologist. (2012) 2012:80. doi: 10.3969/j.issn1007-8231.2012.10.082

	 103. Liu, YQ
. Observation on the efficacy of Ozatine combined with electromyography biofeedback therapy in the treatment of vascular dementia. J Mathem Med. (2020) 33:754–5. doi: 10.3969/j.issn.1004-4337.2020.05.057

	 104. Ran, Q, and Yang, GD. Observation on the efficacy of Dingbenqai soft capsules combined with electromyography biofeedback therapy in the treatment of vascular dementia. J Clin Psychosom Dis. (2018) 24:42–44+75. doi: 10.3969/j.issn.1672-187X.2018.04.013

	 105. Du, HQ, Liu, SD, Gao, J, and Kong, YM. Efficacy of electromyography biofeedback therapy on vascular dementia and its impact on NSE expression. Ningxia Med J. (2015) 37:519–21. doi: 10.13621/j.1001-5949.2015.06.0519

	 106. Liu, YL, Guo, YJ, Meng, WJ, and Kong, YM. Effects of electromyography biofeedback therapy combined with Ozatine on peripheral blood heme oxygenase-1, soluble apoptosis factor levels, and cognitive function in elderly patients with vascular dementia. Chin J Phys Dev. (2022) 45:559–563. doi: 10.3760/cma.j.cn115455-20201118-01620

	 107. Cai, R, Xie, YX, and Feng, L. Impact of Dingbenqai soft capsules combined with electromyography biofeedback on MMSE scores and changes in serum MMP-9, LPO levels in patients with vascular dementia. J Med Forum. (2018) 39:41–44.

	 108. Chen, SS, He, Y, and Yuan, PH. Effects of electrical stimulation of the cerebellar dentate nucleus on cognitive function and hemorheology in patients with vascular dementia. Shaanxi Med J. (2013) 42:731–732+734. doi: 10.3969/j.issn.1000-7377.2013.06.043

	 109. Wu, BJ, Zhang, YM, Yue, W , et al. (2003). Recent efficacy of electrical stimulation of the cerebellum in the treatment of vascular dementia. China Rehabilitation. (2005) 20:301–301. doi: 10.3870/j.issn.1001-2001.2005.05.018

	 110. Dai, JW, Cao, Y, and Hu, ZB. Clinical observation of donepezil combined with electrical stimulation of the cerebellar dentate nucleus in the treatment of vascular dementia. Chin J Clin Med. (2008) 2:52–53.

	 111. Li, J, Zhang, L, Xin, GL, Wang, L, and Guan, Y. Clinical efficacy of acupuncture Kangfaneurotransmitter regulation method in treating patients with vascular dementia and its impact on cognitive function and quality of life. World J Integr Trad Western Med. (2023) 18:377–82. doi: 10.13935/j.cnki.sjzx.230230

	 112. Wu, FY, Wang, LN, Sun, YN, and Lai, SD. Effects of the acupuncture Tonifying mind and enhancing intelligence method combined with rehabilitation training on patients with vascular dementia. Chin J Minhe Med. (2022) 34:65–7. doi: 10.3969/j.issn.1672-0369.2022.04.021

	 113. Li, WM, Liu, Q, Hong, J, Hu, ML, and Li, F. Effects of the temporal three-needle therapy on mild to moderate vascular dementia and its impact on serum hemorheology, ApoE, and AchE. J Qiqihar Med Coll. (2023) 44:441–5. doi: 10.3969/j.issn.1002-1256.2023.05.010

	 114. Li, WM, Li, F, Liang, DD, Hu, ML, and Li, F. Clinical observation of temporal three-needle combined with rehabilitation training in the treatment of vascular dementia. J Yunnan Univ Trad Chin Med. (2017) 40:66–8. doi: 10.19288/j.cnki.issn.1000-2723.2017.03.016

	 115. Wang, HY, Zhang, LM, Cao, Y, Huang, JL, and Wu, JJ. Clinical observation of acupuncture combined with rehabilitation training in the treatment of vascular dementia. J Hubei J Trad Chin Med. (2009) 31:11–2. doi: 10.3969/j.issn.1000-0704.2009.07.005

	 116. Shi, GR
. Clinical observation of auricular acupressure combined with moxibustion in the treatment of vascular dementia. Guangzhou University of Chinese Medicine (2011).

	 117. Chen, Q, Huang, HM, Xu, YJ, Lu, RL, Zhou, XH, and Zhou, C. Controlled study of auricular point taping and pressing therapy for treatment of vascular dementia. Zhongguo Zhen Jiu. (2009) 29:95–7. doi: 10.13703/j.0255-2930.2009.02.004 
	 118. Kuang, WC, Lu, YJ, Huang, F, Yang, HT, Lu, YQ, Lai, YQ , et al. Clinical observation of acupuncture combined with moxibustion in the treatment of vascular dementia in 78 cases. J Jilin Trad Chin Med. (2012) 32:406–8. doi: 10.13463/j.cnki.jlzyy.2012.04.027

	 119. Wang, XY, Han, LP, Zhao, F, and Tang, N. Clinical observation of acupuncture treatment in vascular dementia. J Pract Trad Chin Med. (2019) 35:1153–4.

	 120. Wang, LJ, Chu, HR, and Li, F. Clinical observation of Bianjing Cijing combined with Tiansan needle in the treatment of vascular dementia. J Trad Chin Med Clin Pharmacol. (2014) 26:221–2. doi: 10.16448/j.cjtcm.2014.03.027

	 121. Liu, SH
. Observation on the therapeutic effect of drug intervention combined with exercise rehabilitation in the treatment of vascular dementia. Chinese journal of continuing. Med Educ. (2016) 8:174–175. doi: 10.3969/j.issn.1674-9308.2016.24.113

	 122. Li, R
. Efficacy evaluation of Diphenylthiodimethylsulfonium bromide combined with electromyographic biofeedback in the treatment of vascular dementia. Chin Folk Ther. (2017) 25:86–8. doi: 10.3969/j.issn.1007-5798.2017.10.067

	 123. Pan, P, Ma, Z, Zhang, Z, Ling, Z, Wang, Y, Liu, Q , et al. Acupuncture can regulate the peripheral immune cell Spectrum and inflammatory environment of the vascular dementia rat, and improve the cognitive dysfunction of the rats. Front Aging Neurosci. (2021) 13:706834. doi: 10.3389/fnagi.2021.706834 
	 124. Dadsetan, S, Balzano, T, Forteza, J, Cabrera-Pastor, A, Taoro-Gonzalez, L, Hernandez-Rabaza, V , et al. Reducing peripheral inflammation with infliximab reduces Neuroinflammation and improves cognition in rats with hepatic encephalopathy. Front Mol Neurosci. (2016) 9:106. doi: 10.3389/fnmol.2016.00106 
	 125. Yang, R, Yang, J, and Huang, L. Acupuncture attenuates cognitive impairments in vascular dementia through inhibiting miR-143-3p. Acta Biochim Pol. (2022) 69:805–10. doi: 10.18388/abp.2020_6132 
	 126. Wang, L, Yang, JW, Lin, LT, Huang, J, Wang, XR, Su, XT , et al. Acupuncture attenuates inflammation in microglia of vascular dementia rats by inhibiting miR-93-mediated TLR4/MyD88/NF-κB signaling pathway. Oxidative Med Cell Longev. (2020) 2020:8253904. doi: 10.1155/2020/8253904 
	 127. Hua, F, Ma, J, Ha, T, Kelley, JL, Kao, RL, Schweitzer, JB , et al. Differential roles of TLR2 and TLR4 in acute focal cerebral ischemia/reperfusion injury in mice. Brain Res. (2009) 1262:100–8. doi: 10.1016/j.brainres.2009.01.018 
	 128. Wang, YC, Lin, S, and Yang, QW. Toll-like receptors in cerebral ischemic inflammatory injury. J Neuroinflammation. (2011) 8:134. doi: 10.1186/1742-2094-8-134 
	 129. Ma, SM, Wang, L, Su, XT, Yang, NN, Huang, J, Lin, LL , et al. Acupuncture improves white matter perfusion and integrity in rat model of vascular dementia: an MRI-based imaging study. Front Aging Neurosci. (2020) 12:582904. doi: 10.3389/fnagi.2020.582904 
	 130. Kan, B, Dong, Z, Tang, Z, Zhao, L, and Li, Z. Acupuncture improves synaptic plasticity of SAMP8 mice through the RhoA/ROCK pathway. Curr Alzheimer Res. (2023) 20:420–30. doi: 10.2174/1567205020666230828095826 
	 131. Gui, J, Liu, J, Han, Z, Yang, X, Ding, R, Yang, J , et al. The dysfunctionality of hippocampal synapses may be directly related to PM-induced impairments in spatial learning and memory in juvenile rats. Ecotoxicol Environ Saf. (2023) 254:114729. doi: 10.1016/j.ecoenv.2023.114729 
	 132. Huang, Y, Lai, XS, and Tang, AW. Comparative study of the specificities of needling acupoints DU20, DU26, and HT7 in intervening vascular dementia in different areas in the brain on the basis of scale assessment and cerebral functional imaging. Chin J Integr Med. (2007) 13:103–8. doi: 10.1007/s11655-007-0103-z 
	 133. Ye, Y, Li, H, Yang, JW, Wang, XR, Shi, GX, Yan, CQ , et al. Acupuncture attenuated vascular dementia-induced hippocampal long-term potentiation impairments via activation of D1/D5 receptors. Stroke. (2017) 48:1044–51. doi: 10.1161/STROKEAHA.116.014696 
	 134. Lin, R, Wu, Y, Tao, J, Chen, B, Chen, JX, Zhao, CK , et al. Electroacupuncture improves cognitive function through rho GTPases and enhances dendritic spine plasticity in rats with cerebral ischemia-reperfusion. Mol Med Rep. (2016) 13:2655–60. doi: 10.3892/mmr.2016.4870

	 135. Walker, CK, and Herskowitz, JH. Dendritic spines: mediators of cognitive resilience in aging and Alzheimer’s disease. Neuroscientist. (2021) 27:487–505. doi: 10.1177/1073858420945964 
	 136. Li, B, Deng, S, Zhuo, B, Sang, B, Chen, J, Zhang, M , et al. Effect of acupuncture vs sham acupuncture on patients with Poststroke motor aphasia: a randomized clinical trial. JAMA Netw Open. (2024) 7:e2352580. doi: 10.1001/jamanetworkopen.2023.52580 
	 137. Wu, B, Ding, Y, Peng, M, Wang, X, Li, Y, and Cheng, X. Influence of acupuncture and other clinical factors on the recovery of limb motor function in patients after stroke: a retrospective study. J Multidiscip Healthc. (2023) 16:463–74. doi: 10.2147/jmdh.S398202 
	 138. Ma, Y, Guo, H, Geng, L, Jia, Z, Li, G, Shen, W , et al. Effect of quick acupuncture combined with rehabilitation therapy on improving motor and swallowing function in patients with stroke. Clin Rehabil. (2024) 38:793–801. doi: 10.1177/02692155241228694 
	 139. Yu, Z, Yang, X, Qin, F, Ma, T, Zhang, J, Leng, X , et al. Effects of acupuncture synchronized rehabilitation therapy on upper limb motor and sensory function after stroke: a study protocol for a single-center, 2 × 2 factorial design, randomized controlled trial. Front Neurol. (2023) 14:1162168. doi: 10.3389/fneur.2023.1162168 
	 140. Weilan, Q, Yan, Y, Xuemei, L, Wei, S, Xiaohan, L, Qingke, M , et al. Effect of medicated thread moxibustion on apoptosis of hippocampal neurons in rat models of chronic cerebral ischemic vascular dementia. Cell Mol Biol (Noisy-le-Grand). (2018) 64:107–12. doi: 10.14715/cmb/2018.64.13.20 
	 141. Yang, K, Song, XG, Ruan, JR, Cai, SC, Zhu, CF, Qin, XF , et al. Effect of moxibustion on cognitive function and proteins related to apoptosis of hippocampal neurons in rats with vascular dementia. Zhongguo Zhen Jiu. (2021) 41:1371–8. doi: 10.13703/j.0255-2930.20210124-k0006 
	 142. Wang, J, Dong, WW, Zhang, WH, Zheng, J, and Wang, X. Electrical stimulation of cerebellar fastigial nucleus: mechanism of neuroprotection and prospects for clinical application against cerebral ischemia. CNS Neurosci Ther. (2014) 20:710–6. doi: 10.1111/cns.12288 
	 143. Xia, D, Sui, R, Min, L, Zhang, L, and Zhang, Z. Fastigial nucleus stimulation ameliorates cognitive impairment via modulating autophagy and inflammasomes activation in a rat model of vascular dementia. J Cell Biochem. (2019) 120:5108–17. doi: 10.1002/jcb.27787

	 144. Zhang, N, Xing, M, Wang, Y, Tao, H, and Cheng, Y. Repetitive transcranial magnetic stimulation enhances spatial learning and synaptic plasticity via the VEGF and BDNF-NMDAR pathways in a rat model of vascular dementia. Neuroscience. (2015) 311:284–91. doi: 10.1016/j.neuroscience.2015.10.038

	 145. Allen, SJ, Watson, JJ, Shoemark, DK, Barua, NU, and Patel, NK. GDNF, NGF and BDNF as therapeutic options for neurodegeneration. Pharmacol Ther. (2013) 138:155–75. doi: 10.1016/j.pharmthera.2013.01.004 
	 146. Wang, F, Geng, X, Tao, HY, and Cheng, Y. The restoration after repetitive transcranial magnetic stimulation treatment on cognitive ability of vascular dementia rats and its impacts on synaptic plasticity in hippocampal CA1 area. J Mol Neurosci. (2010) 41:145–55. doi: 10.1007/s12031-009-9311-7

	 147. Zhang, XQ, Li, L, Huo, JT, Cheng, M, and Li, LH. Effects of repetitive transcranial magnetic stimulation on cognitive function and cholinergic activity in the rat hippocampus after vascular dementia. Neural Regen Res. (2018) 13:1384–9. doi: 10.4103/1673-5374.235251 
	 148. Gao, L, Liu, F, and Liu, R. The mechanism of aerobic exercise regulating the PI3K/Akt-mTOR signaling pathway intervenes in hippocampal neuronal apoptosis in vascular dementia rats. Int J Environ Res Public Health. (2023) 20:1893. doi: 10.3390/ijerph20031893 
	 149. Tomoto, T, Pasha, E, Sugawara, J, Tarumi, T, Chiles, C, Curtis, B , et al. Effects of 1-year aerobic exercise training on cerebral blood flow and arterial stiffness in amnestic mild cognitive impairment. FASEB J. (2020) 34:1. doi: 10.1096/fasebj.2020.34.s1.02052

	 150. Smiley-Oyen, AL, Lowry, KA, Francois, SJ, Kohut, ML, and Ekkekakis, P. Exercise, fitness, and neurocognitive function in older adults: the “selective improvement” and “cardiovascular fitness” hypotheses. Ann Behav Med. (2008) 36:280–91. doi: 10.1007/s12160-008-9064-5 
	 151. Barnes, DE, Yaffe, K, Satariano, WA, and Tager, IB. A longitudinal study of cardiorespiratory fitness and cognitive function in healthy older adults. J Am Geriatr Soc. (2003) 51:459–65. doi: 10.1046/j.1532-5415.2003.51153.x 


Copyright
 © 2024 Yi, Qu, Lv, Zhang, Rong and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
SYSTEMATIC REVIEW
published: 16 July 2024
doi: 10.3389/fneur.2024.1424390








[image: image2]

The effects of exergames for cognitive function in older adults with mild cognitive impairment: a systematic review and metaanalysis

Xiaowan Cai1,2, Liya Xu2,3, Hanyue Zhang2,4, Tingting Sun2,5*, Jingjing Yu2,5, Xiao Jia1,2, Xiao Hou1,2, Ruizhe Sun6 and Jian Pang7


1Faculty of Sports and Human Sciences, Beijing Sports University, Beijing, China

2Key Laboratory of Sports and Physical Health, Ministry of Education, Beijing, China

3College of Education, Zhejiang University, Hangzhou, Zhejiang, China

4School of Physical Education, Northeast Normal University, Jilin, China

5China Institute of Sports and Health, Beijing Sports University, Beijing, China

6Tibet Institute of Sport Science, Tibet, China

7Shuren Academy, The Affiliated High School of Peking University, Beijing, China

Edited by
 Ioannis Liampas, University of Thessaly, Greece

Reviewed by
 Esteban Obrero-Gaitan, University of Jaén, Spain
 Chun-Hsien Su, Chinese Culture University, Taiwan

*Correspondence
 Tingting Sun, 3301204561@qq.com 

Received 28 April 2024
 Accepted 10 June 2024
 Published 16 July 2024

Citation
 Cai X, Xu L, Zhang H, Sun T, Yu J, Jia X, Hou X, Sun R and Pang J (2024) The effects of exergames for cognitive function in older adults with mild cognitive impairment: a systematic review and metaanalysis. Front. Neurol. 15:1424390. doi: 10.3389/fneur.2024.1424390
 





Purpose: Exergames are an innovative method that can promote neuroplasticity and improve the cognitive abilities of the elderly. This study aimed to compare the effects of single-task and multi-task exergames on the cognitive ability of the elderly with mild cognitive impairment (MCI).
Methods: Computerized literature search was performed using PubMed, Web of Science, EBSCO, Elsevier, ProQuest, China National Knowledge Infrastructure (CNKI), Wanfang and VIP database to identify relevant articles from the establishment of the database from inception to April 1, 2024. The inclusion criteria were: (i) participants aged 60 or older diagnosed with mild cognitive impairment, regardless of gender; (ii) use of randomized controlled trials (RCTs); (iii) interventions involving exergames with physical activity or as the primary variable; and (iv) outcome measures using standardized neuropsychological instruments to assess cognitive function, including statistical data on sample size, mean, and standard deviation. Finally, the included study comprised a total of 526 participants. Mean difference (MD) and 95% confidence interval (CI) were used to synthesize the effect size in the data.
Results: 11 studies were included. Due to the differences in the intervention methods, subgroup analysis was performed on the included research. Compared with the control group assessed by the Montreal Cognitive Assessment Scale, the single-task intervention improved the cognitive ability of the elderly with MCI (MD 3.40, 95% CI 2.43–4.37), the Mini-Mental State Examination Scale (MD 2.38, 95% CI −2.03 to 2.72), the Trail Making Test (MD −3.89, 95% CI −6.45 to −1.33), and the Digit Span Forward test (MD 1.16, 95% CI 0.73–1.60).
Conclusion: This meta-analysis supports that exergames could be an effective cognitive rehabilitation method for MCI patients. Our study recommends that patients implement a customized exergames program and adhere to it for a long time. It is necessary to pay attention to the exercise guidelines and provide evidence from clinicians.
Strengths and limitations of this study: (1) This meta-analysis supports that exergames could be an effective cognitive rehabilitation method for MCI patients. Our study recommends that patients implement a customized exergames program and adhere to it for a long time. It is necessary to pay attention to the exercise guidelines and provide evidence from clinicians. (2) This research provides preliminary evidence for the clinical utility of VR tasks developed for mild cognitive impairment. (3) In this paper, only relevant studies in Chinese and English were searched, and no studies in other languages were searched.
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1 Introduction

As the global population aging has become an important public health problem, more and more families and individuals are affected by cognitive impairment. Mild cognitive impairment (MCI) was proposed by Peterson and his colleagues in 1997, which refers to the decline of individual cognitive ability beyond expectation based on age and education level. Still, the impact on daily life could be more obvious (1). Dementia has a more serious decline in cognitive ability and a wide range of symptoms, which will significantly impact the independence and quality of life of individuals and is described as a worldwide epidemic (2). Worldwide, the prevalence of mild cognitive impairment (MCI) in community-dwelling adults aged 50 and older is about 15.56% (3). According to the American Academy of Neurology, MCI affects 8% of those aged 65–69, 15% of those aged 75–79, 25% of those aged 80–84, and 37% of those aged 85 and older (4). People with MCI may experience difficulties with memory, such as losing things often, having difficulty recalling names or words, missing appointments, and having a harder time finding familiar places and keeping track of important dates (5). Follow-up studies have shown that MCI patients have a 5–10% conversion rate of dementia each year, which is much higher than the incidence of 1–2% per year in the general population (6). Age is the biggest risk factor for MCI. According to the different folks involved in the study, the incidence of MCI in people over 65 years old is 3–22% (7–9), mainly manifested as memory, attention loss, and cognitive impairment (10). The brain began to change a few years before obvious symptoms appeared (11).

Various interventions have been proposed to delay the decline of cognitive ability in MCI patients, including pharmacological, non-pharmacological, and multi-component interventions. Since each drug has potential side effects, multiple medications may also lead to increased adverse reactions due to drug interaction. Therefore, non-pharmacological methods are now recommended for the treatment of MCI (6, 12). Existing studies have shown a link between physical exercise and improving cognitive and physical performance levels in the elderly with MCI (13–16).

Exergames is an active game that operates through physical activity in a closed, safe, interactive environment. In the two-dimensional or three-dimensional game environment, the player selects the virtual task, first composed of head-mounted goggles, computers, seats, and videos, and then adds handheld remote controls, infrared cameras, and balance boards to ensure that the player can receive game visual feedback in time. In addition, exergames also use a variety of manipulators (such as bicycles, badminton rackets, etc.) that are very similar to real-life objects, which not only have the advantages of physical exercise but also have the characteristics of interaction and are highly flexible tools. Researchers have proposed the MCI-Game Therapy Experience (MCI-GaTE) framework, which can be used to develop serious games as effective cognitive and physical rehabilitation tools. This framework consists of four components: the abilities of MCI players, core game elements that support gaming and entertainment activities, therapeutic elements that support cognitive and physical rehabilitation through tasks and scenarios, and motivational elements that enhance players’ attitudes toward serious tasks. As a novel cognitive rehabilitation training method, exergames can add the fun that traditional rehabilitation training lacks, potentially increasing the long-term motivation of MCI patients and thus promoting active participation. Furthermore, according to the MCI-GaTE framework, personalized treatment plans can be provided for different MCI patients, which may improve the effectiveness of traditional rehabilitation (17). Many recent studies have used video games as an intervention method; resulting in good clinical efficacy (18–21). Research indicates that exergames can improve cognitive health through several mechanisms. Firstly, mild cognitive impairment is accompanied by a loss of neuroplasticity. As a form of exercise game, exergames involve regular, sustained physical activity (averaging 2–3 h per week over a period of 4–6 months), which can enhance the neuroplasticity of certain brain structures. This increased neuroplasticity can help maintain or even improve cognitive abilities as individuals age (22). Additionally, during physical exercise, cardiac output increases, leading to enhanced blood circulation throughout the body, including the brain, to meet the heightened metabolic demands (23). This augmented cerebral blood flow is correlated with increased neural activity. Recent research demonstrates that elderly individuals who engaged in a structured exercise regimen for 1 year exhibited a significant increase in cerebral blood flow compared to baseline measurements taken a year prior (24). Sun et al. (25) demonstrated that a 24-week Ba Duan Jin exercise program based on exergames effectively improved the quality of life, physical function, and cognitive abilities in elderly individuals with MCI. Thapa et al. utilized a Virtual Reality-Based Intervention Program, conducting four series of cognitive training over 8 weeks for elderly individuals with MCI. Their results indicated positive effects on cognitive functions, with significant improvements in patients’ executive functions (26). Currently, the design of exergame interventions varies across different studies (including the duration, length, and outcomes of the interventions). It is necessary to identify the commonalities and differences among various approaches to filter out universal characteristics. This will provide guidelines for the development of future exergame intervention programs.

This systematic review and meta-analysis aim to describe and determine the effects of video games on different cognitive tasks and explore the impact of video game intervention in the multi-task. Multi-task and single-task modes on the elderly with MCI.



2 Methods


2.1 Literature search

This article followed the Preferred Reporting Items for (PRISMA) guideline (27). A comprehensive search of the study used PubMed, Web of Science, EBSCO, Elsevier, ProQuest, CNKI, Wanfang and VIP database from inception to April 1, 2024. Two researchers identified keywords and searched them according to the PICOS framework (34). The three main keywords were “mild cognitive impairment,” “cognitive function,” and “exergames.” The search strategy of PubMed is presented in Table 1.



TABLE 1 A database search of PubMed.
[image: Search strategy table listing search queries. Row 1 lists terms for cognitive conditions. Row 2 contains terms related to cognition. Row 3 has terms related to exergaming and virtual reality. Row 4 combines results from rows 1 and 2. Row 5 combines results from rows 3 and 4. Row 6 limits the search to English language and humans.]



2.2 Inclusion and exclusion criteria

The literature was included based on the PICOS framework of evidence-based medicine. Five factors were considered: subjects, interventions, control groups, research results, and design. First, two researchers read the title and abstract of the literature, excluding research unrelated to the topic. After removing duplicate documents, the full text was read and the articles were retrieved according to the inclusion criteria: (i) Participants were people aged 60 years or older diagnosed with mild cognitive impairment, regardless of gender; (ii) The experimental design adopted randomized control trials (RCTs); (iii) The intervention segments were exergames with physical activity or exergames as the intervention variable; and (iv) Outcome measures could be any standardized neuropsychological instrument to assess cognitive function, with statistical data including sample size, mean, and standard deviation. Exclusion criteria were as follows: (i) Studies involved the elderly with other psychiatric disorders; (ii) Outcomes were not related to cognitive performance (e.g., overall cognitive function, executive function, memory, etc.); and (iii)The experimental data were incomplete.



2.3 Study selection and data extraction

According to the PRISMA statement, two researchers performed literature screening and data extraction using an independent double-blind method based on the proposed literature inclusion and exclusion criteria. First, the study that did not meet the research topic was excluded by reading the title and abstract of the article. After the preliminary screening was completed, the literature that was finally included in the study was determined by reading the full text of the article. If disagreement were encountered, it would be resolved by negotiation; if it could not be negotiated, it would be decided by a third researcher. Two researchers independently extracted and recorded data in a pre-designed Study Data Feature Table. The extraction content mainly included the author’s name, the year of publication, the characteristics of the subjects (such as gender and education level), diagnostic criteria, the number of participants, intervention content, intervention platform, intervention cycle, and outcome measures. Mean values, standard deviation (S.D.), and the number of participants in each group before and after the intervention were extracted from the included articles.



2.4 Quality assessment

Two researchers independently completed the quality assessment of each selected literature. Two researchers used the Cochrane Risk of Bias version 2 (RoB2) tools (35) to independently determine the level of risk of each study. The scoring criteria mainly included the following seven areas: random sequence generation (selective bias), allocation concealment (particular bias), blinding of subjects and researchers (implementation bias), blinding of outcome assessment (measurement bias), incomplete outcome data (follow-up bias), selective reporting (reporting bias), and other bias. A third investigator decided that disagreements could not be resolved to reach a consensus and ultimately determine the quality of the literature. Each project was evaluated with “low risk,” “high risk,” and “unclear.”



2.5 Statistical analysis

RevMan 5.4 software recommended by Cochrane Collaboration network and Stata version 12.0 (Stata Corp) were used for statistical analysis. Since the included studies had measured scores from baseline to post-intervention, which were continuous variables, the Mean difference (MD) and 95% confidence intervals (CIs) were calculated based on the mean, standard deviation, and sample size of the intervention and control groups of outcome indicators, and the influence of each study on the combined results was determined by weight. If p < 0.05, the difference was statistically significant. The I2 statistic was chosen as the measure of heterogeneity. The I2 statistic is a commonly used measure that indicates the proportion of variation observed between studies. An I2 value of 0% indicates no observed heterogeneity. Generally, an I2 value greater than 56% suggests substantial heterogeneity among the studies, with larger values indicating greater heterogeneity. The selection of the model is based on the I2 value: a random effects model is chosen when statistical heterogeneity is significant (I2 > 50%), whereas a fixed effects model is chosen when statistical heterogeneity is not significant (I2 ≤ 50%). If there is a combination result with large heterogeneity (generally thought to be I2 > 75%), sensitivity analysis is conducted to find the source of heterogeneity. Publication bias was assessed using funnel plots.




3 Results


3.1 Search results

Through a preliminary search, we obtained 1,783 related studies from Chinese and foreign databases and two additional records through other sources (through Google Scholar search). Among them, 695 publications were screened by two researchers independently through reading titles and abstracts and were eliminated due to repeated publication. After reading the titles and abstracts of 1,090 papers, 912 articles that did not meet the inclusion criteria were excluded. The remaining 178 articles were read in full text, and 11 were finally included, involving 526 subjects (Figure 1).

[image: Flowchart depicting a systematic review process. Identification: 1,781 records from database search, 2 additional records. Screening: 1,090 records after duplicates removed; 912 excluded by titles/abstracts. Eligibility: 178 full-text articles assessed; 166 excluded for various reasons like not being RCTs, lacking appropriate outcomes, or incomplete data. Inclusion: 11 studies in qualitative synthesis.]

FIGURE 1
 Study flow diagram.




3.2 Characteristics of included literature

Among the 11 pieces of RCT literature included, two were Chinese and nine were English. All the literature used V.R. technology to intervene in the experimental group, and different experiments included different numbers of intervention items.

Most studies have conducted some intervention in the control group, including physical activity training in five studies, routine cognitive training in three studies, and usual nursing in one study; In addition, two projects did not intervene in the control group. The duration of exercise intervention for the intervention group ranged from 6 to 24 weeks, and each study had its own intervention time and frequency (Table 2).



TABLE 2 The general characteristics of the studies included.
[image: A table summarizing various studies on virtual reality interventions for cognitive rehabilitation. Details include authors, publication years, participant demographics, diagnostic criteria, interventions, session frequency, task content, platforms used, intervention duration in weeks, and outcome measures. The studies compare intervention groups to control groups with different frequencies and types of VR training or conventional treatment.]



3.3 Risk of bias assessment

The risk of bias graphs for all included studies shows the judgment of bias risk items in the included studies according to the Cochrane Risk of Bias version 2 (RoB2) tools. The quality of the 11 studies included at this stage was relatively high, among which seven experiments reported the generation of random sequence, and four studies reported the method of assigning hiding. Still, the intervention received by the subjects was exercise intervention; the experimenters could not be blinded, so there was a high risk of implementation bias in this study. All other biases in 11 studies were judged and classified as potential low-risk bias.



3.4 Results of meta-analysis

This review synthesized data from studies using the same outcome measures for a meta-analysis of 11 studies. Outcomes of cognitive ability assessment for meta-analysis included: the Mini-Mental State Examination (MMSE), the Montreal Cognitive Assessment (MoCA); the Trail Making Tests-A & B (TMT-A & B); Digit Span Forward (DSF). The collation of literature information found that the intervention methods of the experimental group were mainly divided into single-task and multi-task (Figure 2).

[image: Diagram A is a horizontal bar chart showing different types of biases across studies, with color coding for low (green), unclear (yellow), and high (red) risk of bias. Diagram B is a matrix displaying the risk of bias for individual studies, using the same color coding for each type of bias, including selection, performance, detection, attrition, and reporting biases.]

FIGURE 2
 (A) Risk of bias summary; (B) risk of bias assessments.


The MMSE scale was measured in four studies, including 120 subjects in the intervention group and 104 subjects in the control group. The results showed that the MMSE score of the intervention group was significantly higher than that of the control group (MD = 2.05, 95% CI = 0.59–3.51, p = 0.06, I2 = 78%).

In the overall analysis, the MoCA scale was measured in seven studies, 135 subjects were in the intervention group and 1,312 subjects were in the control group. The results showed that the combined results between the control and intervention groups were not statistically significant (MD 1.87, 95% CI − 1.04 to 4.78, p = 0.21, I2 = 97%).

Trail Making Tests-A was measured in three studies, including 65 subjects in the intervention group and 61 subjects in the control group. The results showed that compared with the intervention group, the TMT-A score of the control group was higher (MD = −3.89, 95% CI = −6.45 to −1.33, p = 0.003, I2 = 0%). There was no heterogeneity among TMT-A studies.

Trail Making Tests-B measurement was performed in four studies, including 97 subjects in the intervention group and 95 subjects in the control group. The results showed that there was no significant difference in TMT-B scores between the intervention group and the control group (MD = −34.58, 95% CI = −84.83 to 15.66, p = 0.18, I2 = 96%).

Two studies provided DSF measurement results, including 50 subjects were in the intervention group, and 51 subjects were in the control group. The results showed that the DSF score of the intervention group was significantly higher than that of the control group (MD = 1.16, 95% CI 0.73–1.60, p < 0.00001, I2 = 0%) (Figure 3).

[image: Forest plot showing mean differences with confidence intervals for various cognitive tests across different studies. Subgroups include MMSE, MoCA, Single Task, Mixed Task, TMT-A, TMT-B, and DSF. Each study displays the number of participants in experimental and control groups, and the corresponding mean difference with 95% confidence intervals.]

FIGURE 3
 Effect of exergames on scale outcomes in overall analysis: forest plot.




3.5 Subgroup analysis

When the intervention group was intervened, the effect of the different number of intervention tasks on overall cognition was reflected in the meta-merged results of MoCA scale scores. Two studies reported single-task intervention (S.T.), including virtual kayaks and virtual Baduanjin. Four studies reported multi-task intervention (M.T.), especially the effect of physical activity combined with cognitive training. Compared with the control group, the overall cognitive level of the intervention group receiving S.T. was significantly higher. (MD 3.40, 95% CI 2.43–4.37, p < 0.00001, I2 = 0%). However, the effect of M.T. on overall cognition was not statistically significant (MD 1.15, 95% CI −3.70 to 6.00, p = 0.64, I2 = 98%), and there was high heterogeneity among studies.



3.6 Sensitivity analysis

Due to the high heterogeneity observed in the outcomes of the MoCA scale, MMSE scale, and TMT-B test, this study employed a leave-one-out sensitivity analysis. This approach was used to examine the influence of each individual study on the overall effect estimate, to understand the heterogeneity among study results, and to identify potential sources of this heterogeneity. The MMSE scale showed high heterogeneity between studies (I2 = 78%), with four studies including MMSE being excluded one by one, and Thapa 2020 was removed for meta-analysis. The sensitivity analysis results showed that there was no heterogeneity among the studies, and the combined results were statistically significant (95% CI 2.21–2.93, I2 = 0%). In the measurement results of the MoCA scale, there was high heterogeneity among the studies (I2 = 97%). Six studies containing MoCA were eliminated one by one, Hu2018 was eliminated, and meta-analysis was combined. The results showed that there was no heterogeneity among the studies, and the combined results were statistically significant (95% CI 3.36–3.87, I2 = 0%). In the measurement results of TMT-B, there was high heterogeneity among the studies (I2 = 96%). Six studies including TMT-B were eliminated one by one, Tarnanas was eliminated, and meta-analysis was combined. The results showed that there was homogeneity among the studies, and the combined results were statistically significant (95% CI −13.59 to −1.38, I2 = 0%). Therefore, the meta-analysis of this study is robust (Figures 4, 5).

[image: Table showing subgroups with measures MD and 95%CI for three tests: MMSE, MoCA, and TMT-B. MMSE includes Amjad et al. (2019), Tarnanas et al. (2014, 2015), and Thapa et al. (2020). MoCA includes Choi and Lee (2018), Sun et al. (2021), Amjad et al. (2019), Delbroek et al. (2017), Hu et al. (2018), and Ji-Su Park et al. (2020). TMT-B includes Ji-Su Park et al. (2020), Liao et al. (2019), Sun et al. (2021), and Tarnanas et al. (2014).]

FIGURE 4
 The impact of each study on scale outcome.


[image: Table displaying data for three subgroups: MMSE, MoCA, and TMT-B. The experimental and control group sizes are provided, with MMSE at 88 and 70, MoCA at 105 and 102, and TMT-B at 65 and 61, respectively. Includes total estimates with confidence intervals: 2.57 (2.21 to 2.93) for MMSE, 3.62 (3.36 to 3.90) for MoCA, and 7.48 (-13.59 to -1.38) for TMT-B. I² values are 0% for all subgroups, with P-values at less than 0.00001 for MMSE and MoCA, and 0.02 for TMT-B. A forest plot for TMT-B is shown.]

FIGURE 5
 Forest plots of scale outcome in overall analysis after culling.




3.7 Publication bias

After sensitivity analysis, visual examination of five different funnel plots showed that most of the studies focused on the top, and the symmetry of the left and right tops was acceptable, indicating that there was little possibility of publication bias in the cognitive function of the elderly.




4 Discussion

This systematic review and meta-analysis synthesize the effects of exergames on the cognitive ability of MCI patients in 11 studies. Results from various cognitive tests (MMSE, MoCA, TMT-A, TMT-B, and DSF) were extracted and analyzed to evaluate the changes in cognitive ability after exergames-based interventions (EBI). The results showed that exergames can effectively improve the cognitive function of MCI older adults.

The overall analysis of the scores of each scale showed that sports games had a significant effect on the improvement of cognitive function. Specifically, in the non-heterogeneous intervention group, exergames positively affected cognitive ability by reducing TMT-A scores and increasing DSF scores, including attention, cognitive speed, and working memory. Due to the differences in the exergames programs in the included studies, this study divides the intervention methods into single and multi-tasks. The results of the subgroup analysis showed that compared with the control group, single-task intervention could positively affect the overall cognitive ability by improving MoCA scores. Our results were consistent with previous EBI studies (12, 18). The overall comprehensive results obtained in this study are optimistic, but it is important to explain that in some other cognitive tests, such as the Montreal Cognitive Assessment (MoCA), Trail Making Test B (TMT-B), and Digit Span Forward (DSF), no significant impact of the action video game intervention was observed. Specifically, both the MoCA and TMT-B demonstrated favorable overall effects after eliminating heterogeneous sources. The comprehensive results of the Digit Span Forward (DSF) test indicated that there was no significant differential positive effect on cognitive function between the motion group and the control group. This result aligns with previous research. Existing studies suggest that, compared to the Digit Span Forward (DSF) test, the Digit Span Backward (DSB) test, using the Corsi Span task (CS) to assess improvement in short-term memory and attention in individuals with mild cognitive impairment, yields more significant results (36). This could provide some reference for the selection of outcome indicators in future intervention trials.

Central nervous system function declines irreversibly with age, and most studies suggested that physical activity is associated with improved neuropsychological function. Some studies have found that the change in carotid artery elasticity and the imbalance of vasoconstriction and diastolic function will aggravate the degree of cognitive impairment. Physical activity, especially aerobic exercise, can increase cerebral blood flow, glucose utilization, oxygen extraction and activation of capillary density and other structural changes of growth factors to improve cardiovascular system function. Available data support that the frontal effect of exergames therapy may be related to the reactivation of several brain neurotransmitters such as cholinergic and dopaminergic. Promoting the process of neural plasticity may reverse the degenerative changes of nerves and have a beneficial effect on the cognitive function of the elderly (37–41).

Due to the high heterogeneity in the comprehensive analysis of forest plot results using MMSE, MoCA, and TMT-B as outcome indicators, sensitivity analysis by excluding one study found that heterogeneity in the outcomes of the EBI in the MMSE, MoCA, and TMT-B scales was due to one study included in the analysis. The comprehensive analysis conducted after excluding sources of heterogeneity yields more reliable results. Specifically, the intervention period of Thapa et al. (26) in the MMSE scale analysis was relatively short (8 weeks), but the frequency was high (100 min per time, three times a week). Compared with the interventions in the other three studies, there are obvious methodological differences, which could be speculated as the influencing factors of heterogeneity. In the multi-task intervention subgroup of the MoCA scale analysis, Hu et al. (42) (31) (29)selected elderly patients with COPD and MCI. Compared with several other studies, subjects’ inclusion and exclusion criteria in clinical trials were significantly different. In addition, the intervention platform used in the trial was the BioMaster platform, which was different from other studies. Moreover, the intervention group was accompanied by conventional drug treatment, and the type of drug was not explained in detail in the article. It was not excluded that drugs for MCI treatment would inevitably affect the results of EBI experiments. Tarnanas et al. (31) in the TMT-B scale analysis, the intervention group also received multiple cognitive training combined with virtual reality training. The virtual reality intervention was conducted one-to-one, while other research intervention groups only conducted video game intervention. The difference in intervention methods was the specific cause of heterogeneity. In the non-heterogeneous intervention group, the results showed that the intervention of exergames positively impacted executive ability in the sub-cognitive domains. The previous meta-analysis suggested that positive exergames were beneficial to the improvement of executive function and visual–spatial skills. The results were consistent (19). Moreover, since the studies included in this metaanalysis are all RCTs, the random assignment of participants to different groups effectively controls for confounding factors, thereby reducing bias. During the implementation of the trials, blinding was not applied to the participants because the control group did not undergo any treatment changes. As a result, it is possible that participants in the intervention group were aware of their group assignment, which might have led to more active participation in the treatment or higher expectations of its efficacy, potentially influencing their responses and the reported outcomes.

The most interesting finding in the subgroup analysis was that in the non-heterogeneous intervention group, the S.T. intervention significantly improved overall cognitive ability. Specific cognitive training and a vivid environment have also been shown to enhance cognitive performance and improve brain health in the elderly (43, 44). The included S.T. EBI study shares commonalities in task design and implementation. Choi et al.’s exercise regimen was conducted as a group exercise within a well-controlled VR environment, with a coach providing guidance throughout the intervention. Similarly, Sun et al. selected Ba Duan Jin as the intervention exercise. Before the official intervention, a coach conducted group training for 1 week to ensure proper form. During the intervention, a virtual coach (via a programmed system and cameras) continuously guided participants’ movements (25, 45). The advantages of group practice include adherence to a predetermined schedule at specific times and locations, which may positively influence participants’ compliance. Additionally, the supervision by a coach may enhance participants’ enjoyment of the exercise and their self-efficacy. Furthermore, both kayaking exercises and Ba Duan Jin require participants to maintain focus and concentration during the activities, which, compared to simple repetitive movements, are more likely to stimulate cognitive processes. These elements may be effective in improving cognitive functions in MCI patients.

It is well known that drug therapy and exercise therapy have always been the main intervention targets for cognitive diseases. There is no clear evidence to support that the drug can be discontinued during the treatment when a certain course of treatment is reached or when disease progression changes. Because long-term drug treatment will produce high treatment costs and unavoidable side effects, and there is a certain clinical delay in drug treatment, it is necessary to find other effective treatment methods (40). McEwen et al.’s studies on physical exercise and cognitive disorders have suggested that, as long as the intensity and duration of exercise intervention are sufficient, there are usually positive exercise results. One aspect of long-term physical activity interventions associated with improved cognitive function is adherence to the intervention (46–48). In this sense, stroke patients activate ipsilateral brain regions related to controlling affected hands by reshaping the sensory-motor cortex after video game intervention. As an auxiliary means of conventional treatment, exergames can effectively improve the functional outcome of stroke. Video game-based exercise training improves the ability of Parkinson’s patient’s brains to perceive, process, and integrate information and helps patients better maintain balance and posture control.

Exergames systems can form personalized patient treatments through special software programs 、input and output devices. According to the needs of rehabilitation and patients, it provides rehabilitation programs with different difficulties and forms. Many commercial VR systems are interesting and can be used as a daily pastime. It can attract and stimulate the enthusiasm of patients to participate (49, 50). Many studies have also reported high compliance with video game interventions (51). In the future, practitioners can gradually incorporate exergames as a treatment modality for cognitive function in patients with MCI. It is necessary to integrate exergames into the treatment plans for MCI. At this stage, a personalized exergame therapy plan can be developed through three phases: assessing needs, devising a plan, and continuous monitoring (52). This can complement existing pharmacological treatments or other cognitive therapies. However, it is important to consider that the purchase and maintenance costs of exergame equipment can be high. More affordable options, such as the Nintendo Wii, could be utilized (53). Given that exergames are relatively new, it is crucial to ensure that patients can conveniently access and use the equipment. Additionally, before initiating interventions, both patients and healthcare providers may need to undergo appropriate training to correctly use the equipment and understand the game rules.

Nowadays, exergames constitute a new frontier of rehabilitation and are considered to be an innovative and economical physical activity that can promote the cognitive level of the elderly (18, 50). However, it still faces the obstacle of becoming a widely used tool in psychiatric practice. First of all, due to the small sample size and the small number of studies, the available evidence suggests that exergames emphasize customized training courses for patients to achieve the best results, which limits the consensus on the effectiveness of video game intervention. Besides, it is necessary to consciously overcome technical defects such as eye dryness, motion sickness, and user obstacles such as addiction (21, 49). It should be emphasized that exergames as exercise training, MCI patients must exercise scientifically and reasonably. Physical therapists are required to control the intensity and frequency of interventions, and it is necessary to be accompanied by professionals.

Currently, most studies on exergame interventions for MCI patients focus on popular exercise games such as Wii Fit or Dance Revolution. Future research could explore a wider variety of exercise games, including augmented reality (AR) games or those using new interactive devices like Kinect. Additionally, researchers could investigate games specifically designed for cognitive function training, such as memory games and attention training games, to create more targeted interventions. Most existing studies are short-term; thus, future research should examine the long-term effects of exercise games on cognitive function. Given the commercial nature of many exercise game technologies, future studies should place greater emphasis on managing conflicts of interest. This includes transparently disclosing all potential conflicts and ensuring the independence of the research.



5 Limitations

This systematic review and meta-analysis followed the PRISMA statement list, but there were still some limitations to note. First of all, the scope of literature retrieval only included Chinese and English literature, and there was a possibility of missing minority languages and gray literature. Secondly, the analysis results of some outcome indicators were highly heterogeneous, and specific speculation and explanation were needed. In addition, the intervention cycle, intensity and platform of EBI used in the included studies were different. Therefore, there was a certain heterogeneity in the intervention, and it was not easy to draw general recommendations on using exergames rehabilitation. The same EBI system should be used as an observation index in future research. Moreover, due to the lack of available follow-up data in the included studies, this research cannot track the long-term sustainability of cognitive improvement post-intervention. Future studies should incorporate long-term evaluations of cognitive enhancement to address this limitation.



6 Conclusion

Exergames have the potential to significantly enhance cognitive function in elderly individuals with MCI. However, the findings of our study remain inconclusive due to three primary factors. Firstly, this meta-analysis exclusively RCTs. Secondly, the majority of exergames are unable to fully replace existing MCI treatment modalities. Thirdly, current intervention studies have predominantly examined the short-term effects of exergames on elderly individuals with MCI. It is imperative for game developers to consider the limited sample sizes utilized in current meta-analyses and to recognize the necessity for developing more effective exergames, particularly those based on VR or other mobile devices, for MCI intervention. At present, exergames serve as a supplementary tool to existing MCI treatments. To enhance the generalizability and effectiveness of exergame interventions, future research should undertake comprehensive comparisons of (1) EBI across different intervention durations, (2) EBI versus traditional MCI interventions, (3) different types of EBI, such as cognitive training games and exercise games, and (4)Non-Randomized Studies.
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Research on non-cognitive features of dementia traditionally focusses on neuropsychiatric symptoms and challenging behavior and thus on negative aspects of the disease. Despite the clinical observation that many patients frequently report subjective well-being and often express positive emotions there is only little research on the definition, measurement and determinants of subjective well-being and happiness in people living with dementia. Furthermore, the few studies there are, examined happiness using retrospective questionnaires and the accounts of relatives or caregivers. However, in dementia, the experiencing self becomes more significant since past and future thinking are fading into the background. Here, we review the relative scarce literature in this field, discuss different psychological constructs and their applicability for dementia research, and suggest methods for measuring the addressed constructs in people with dementia. In particular, we propose methodology to study happiness and positive emotions in the experienced moment of the participants using ecological momentary assessments (EMA). We believe that adequate measures of momentary subjective well-being might become an important outcome parameter in clinical dementia trials beyond the currently used quality of life measures.
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1 Introduction

Clinical dementia research traditionally focusses on cognitive deficits and associated neuropsychiatric symptoms. Although the presence and severity of the latter are strong determinants of caregiver burden, accelerated disease progression and negative impact of quality of life (1, 2) they might not fully explain the large variation in the expression of subjective well-being of patients. As clinicians, we observe a large variety of the overall emotional state of the patients with some displaying frequent anxiety and depression, but others regularly reporting positive emotions and happiness. Whereas positive emotions have been largely neglected, we believe that adequate measures of subjective well-being and happiness could serve as an additional dimension in the clinical categorization of dementia stages and might become important outcome parameters in clinical dementia care. Therefore, in this review, we will synthesize current endeavors to study subjective well-being in patients with dementia and try to outline a knowledge gap and novel ways to measure subjective well-being and happiness in patients with dementia.

One of our main assumptions is that neurodegenerative dementia, such as associated with Alzheimer’s Disease (AD), alters the ability for introspection and self-perception needed to evaluate overall life satisfaction due to the decline in core cognitive domains such as episodic memory. To explain, the episodic memory system supports memories which are specific in time and place (3). A prominent example are unique personal past events [episodic autobiographical memories (4–6)]. This memory system is neurally closely associated with the hippocampus and adjacent medial temporal lobe (MTL) structures (7), which are often impacted early in neurodegenerative dementias. Whereas traditionally, the MTL has been proposed to be exclusively supportive of episodic memory functions, we now know that the same neural system is crucial to support our ability to envision episodic future events (5), conjure up fictitious scenarios (8), or spend our time mind-wandering (9). The same is true for patients with dementia due to AD who have difficulties remembering specific, episodic autobiographical memories, envisioning scenarios set in the future or even conjure up fictitious mental events (10). With this in mind, it becomes more difficult for patients with MTL damage to integrate personal past events and imagined future events into one coherent life story (11). In fact, some say that patients with MTL damage “live in the permanent present tense” (12). In all, what becomes evident is that, the momentary, experiencing self in contrast to the remembering self (13) becomes more important when examining subjective well-being in people with MTL damage, such as neurodegenerative dementia. Thus, we assume that neuropathological changes associated with dementia and their reflected cognitive symptoms alter the way subjective well-being can be conceptualized and also will influence the ability to self-report relevant features of self-perception and quality of life (QoL).

Coming with this assumption in mind, we hope to offer the reader a different viewpoint on the historical perspective and contemporary definitions of the psychological constructs of happiness and subjective well-being as well as current efforts to examine these constructs in people with dementia. While an indepth description of the psychological constructs can be found elsewhere [see (14, 15) for very comprehensive reviews], we will focus this mini-review on a few excellent ongoing projects examining the determinants of QoL and living well with dementia. Therefore, we limit ourselves to the main contemporary endeavors and focus more on the experiencing, momentary assessment of subjective-wellbeing of people living with dementia. In that, we will discuss whether current measurements of happiness and subjective well-being can be applied in the same way to people with dementia and what may potentially be promising avenues for future research. Of note, this review is written with patients with AD in mind who suffer from a profound episodic memory loss. Nevertheless, our thoughts and proposals for future research can also be tested in other types of dementia.



2 Happiness in dementia


2.1 Can people with dementia experience happiness?

While in the introductory text of the world data base of happiness it has been proposed that “one cannot say whether a person is happy or not if that person is intellectually unable to construct an overall judgment” (16) there is all good reason, over and above clinical observations, to believe that people with moderate and even severe dementia can still experience positive emotions, happiness, and subjective well-being. Studies demonstrated that both the subjective emotional experience as well as the recognition of happiness are long preserved in AD (17, 18). In addition, successful experiments have employed autobiographical memory recall, film clips, photos, and music to elicit positive emotions and happiness (19, 20). Furthermore, turning to the neuroscience of positive emotions and happiness, Alexander et al. provide an overview of different cortical and subcortical structures associated with the experience of positive emotions, including the left prefrontal cortex, orbitofrontal cortex, anterior cingulate cortex and the insula as well as subcortical structures such as the nucleus accumbens, amygdala and ventral pallidum. These brain networks appear to be resilient toward neurodegenerative processes during healthy aging and do not overlap with the typical atrophy patterns seen in dementia-specific neurodegeneration (21). Taken together, there are many reasons to believe that examining positive emotions and happiness in dementia is a relevant, fruitful and viable effort.



2.2 A brief history on subjective well-being and happiness research in dementia

In the contemporary happiness research different terms have been used interchangeably to describe “the subjective appreciation of one’s life as a whole” [(22), please see Box 1 for the most prominent definitions]. Whereas generally, the definition “happiness” encompasses both intuitive affective appraisal and cognitively guided evaluation, some other approaches emphasize the immediate, experienced affect as the most important constituent of well-being. In view of progressive cognitive decline, as associated with dementia, this momentary experience of well-being gains particular importance.


BOX 1. Definitions of relevant constructs.

Happiness: Veenhoven defines happiness as evaluating one’s own life as favorable with the own appreciation relying on two sources: the affect and the thoughts. He discriminates between the hedonic affective component comprising the amount of pleasantness in feelings, emotions and moods, and contentment, the cognitive component, which describes the subjective perception of whether one’s own aspirations and wishes have been met in the past and present or will be met in future. The overall happiness (also termed life satisfaction) results from the synthesis of these two components (16).

Objective Happiness: Kahnemann distinguishes between “experienced well-being” and “evaluated well-being” and defines “objective happiness” as the temporal distribution of experienced affect (13). In this moment-based concept happiness is operationalized as the integration of the affective state of individuals at particular moments. In contrast to other concepts of well-being “objective happiness” does not include reports of global evaluations of the (recent) past and exclusively draws on immediate introspection. The term “objective” implies that objective rules are applied to evaluate the subjective experience of “objective happiness” (e.g., interpersonally comparable reports, reliable report of the valence of an experience) (23).

Positive Emotions: Positive emotions describe pleasant or desirable brief situational responses (including subjective experience, cognitive processing and physiological changes) evoked by either conscious or unconscious appraisal processes (24). As multicomponent responses positive emotions are distinct from pleasurable sensation and positive affect (which refers to consciously accessible, often more long-lasting feelings). Positive emotions are regarded as markers of overall well-being and happiness (25).

Subjective well-being (SWB): This concept was developed in 1984 by Diener and since then has been widely applied. Diener defines that “subjective well-being reflects an overall evaluation of the quality of a person’s life from his/her own perspective” (26) and describes four main components of SWB: pleasant affect, unpleasant affect, life satisfaction and domain satisfaction (27). SWB can be differentiated from other related, but distinct concepts. The central discriminative element in the definition of SWB is the subjective appreciation of one’s own life. Therefore, SWB—unlike other related concepts—does not include potential predictors of a good life (such as relationships, health).

Quality of Life (QoL): This multidimensional concept has been defined by the world health organization (WHO) as “individuals’ perceptions of their position in life […] in relation to their goals, expectations, standards and concerns” incorporating many different aspects including physical, emotional, social and material well-being as well as independency and personal beliefs (28). In literature a great variety of different QoL measures including dementia-specific QoL instruments can be found (29).

Besides happiness and SWB several different terms have been used interchangeably in empirical happiness research [e.g., affective well-being, emotional well-being (29)].
 

In dementia care, the early conceptual work of personhood in the 1990s by Kitwood and Bredin’s (30, 31) represents a milestone. In this concept, personhood is defined as “a standing or status that is bestowed upon one human being, by others, it implies recognition, respect and trust” and is independent from a person’s cognitive performance (31). For people with dementia, the preservation of personhood is regarded as the prerequisite for well-being (30). Kitwood and Bredin posit that relative well-being in dementia relies on the achievement of four subjective states: a sense of personal worth, a sense of agency resulting from (even the smallest) own choices, social confidence as the result of a welcoming social environment, and hope. Based on their own clinical experience, they propose 12 observable measures of behavior from which relative well-being can be derived [e.g., “the assertion of desire,” “initiation of social contact” and “humor” (30)]. Also in the early 1990s, Lawton began research on Quality of Life (QoL) in dementia and highlighted the importance of examining positive aspects of life in people with dementia instead of relying on deficit-based assessments of cognitive function, activities of daily life (i.e., ADL) and behavioral disturbances (32).

Building on the work of Kitwood and Lawton, numerous studies have investigated well-being in dementia with the majority of studies equating subjective well-being with QoL (33). One of the most prominent endeavors examining subjective well-being and QoL is the current British dementia strategy, entitled “Living well with dementia” which proposes a person-centered approach to address the needs of people living with dementia (34). Alluding to this strategy, in 2014 the “Improving the experience of Dementia and Enhancing Active Life” project (IDEAL), a longitudinal study exploring the impact of social and psychological factors on the possibility of “living well” with dementia, was launched. The first IDEAL study aimed to investigate the meaning of “living well” with dementia and factors associated with it using a mixed approach including qualitative (interviews during home visits) and extensive quantitative, questionnaire-based assessments (35). Building on this, the IDEAL-2 project intended to investigate trajectories of capability to “live well” during dementia progression and evaluated new measures to reflect the experiences of “living well” from a patient’s perspective (36). Important for our review here is the theoretical framework of how “living well” with dementia is defined in the IDEAL program, namely as the result of the interplay between “capitals, assets and resources, challenges and adaptation.” In this model, capitals, assets and resources encompass a person’s past experiences, abilities and current social, environmental, economic, physical and psychological (e.g., self-esteem, optimism) aspects. Further, challenges to “living well” with dementia are described as dementia-related symptoms, their impact on cognition, impaired functional ability and any other challenges faced (e.g., frailty, other health problems). Lastly, adaptation is understood as the interaction between resources and challenges and describes the ability to manage and cope with the challenges encountered. These different aspects are regarded as components which taken together generate an index to what degree a person “lives well” (35, 36).



2.3 Is “living well” with dementia equivalent to subjective well-being?

Thus, so far, the literature on positive psychology in the field of dementia research has focused on personhood, QoL, and “living well.” While no unique operational definition of “living well” stands out there appears to be an overall agreement that “living well” in dementia cannot entirely be reflected by QoL measures alone (37). Different reviews aimed to identify key themes underlying well-being in dementia and consistently determined a preserved selfhood, a sense of agency, social connectedness and the experience of positive emotions as important aspects (37, 38). Some authors propose that the level to which a person with dementia “lives well” is reflected by a combination of subjective evaluations of QoL, life satisfaction and well-being (35, 37). Following this notion of “living well” which resembles Seligman’s interpretation of well-being as a construct with several measurable elements each contributing to it but none defining it (39) subjective well-being (SWB) could be regarded as one component of the broader concept of “living well” with dementia. Despite putting particular emphasis on the subjective evaluation of different components of “living well,” this concept still includes measures which could be regarded as objective predictors of well-being (e.g., QoL) rather than representing an individual expression of well-being itself. Moreover, similar to concepts of well-being from the general population, measures of QoL and life satisfaction which have been proposed as indicators of “living well with dementia” (35) not only require intuitive affective appraisal but also cognitively guided evaluation, partly relying on the integration of personal past and imagined future events.

Together, there are excellent and thoughtful projects to investigate which factors might contribute to “living well” with dementia. However, the main focus of our thoughts is not so much the life situation of a person with dementia and how this influences overall life satisfaction. Our main interest lays at the momentary experience of people with dementia and ways to assess these fleeting moments of happiness and well-being, regardless of the overall personal life situation. From the broader concept of “living well” with dementia, we are interested to step back and propose to closely examine the subjective well-being of individual moments.



2.4 The importance of the momentary assessment to measure happiness in dementia

As set out in the introduction, people with cognitive decline may have marked deficits in remembering their past or envision their future in a detailed, concise manner which may also impact their self-identity. Therefore, to assess happiness and subjective well-being in dementia, we believe that the assessment of momentary well-being is key. Prior research on the “lived experience in dementia” identified three key themes associated with “living well” with dementia: The experience of positive emotions in the immediate present, personal strengths and strategies (including humor and hope) to cope with the disease, and personal beliefs (38). In the book “Positive psychology approaches to dementia” Phinney points out that factors one might expect to be important in the consideration of “living well” could be experienced differently by people living with dementia. Reviewing qualitative research exploring the subjective experience of people with dementia she derives a notion of “living well” which includes three important aspects: First, preserved self-hood and identity as a result of inclusion and respect, second, socially significant purpose and activities resulting in a sense of belonging and third, pleasure (the experience of positive emotions) that often grows from meaningful engagement building on the “freedom to choose.” Based on this review, well-being is conceptualized in terms of bidirectional social relationships, interactions and emotional attachment. Furthermore, Phinney notes that moment-to-moment experiences of well-being might be the most important aspect of well-being for people living with dementia (40).



2.5 The promising tool of experience sampling techniques and ecological momentary assessment

In this context, research methods tapping into the momentary assessment of experiences become relevant. One of the most prominent techniques are ecological momentary assessments (EMA) and experience sampling [these terms are often used interchangeably (41)]. EMA refers to a method of data collection in which participants respond to a repeated assessment at specific moments over the course of time while functioning within their natural settings (42). Nowadays, in a typical EMA experiment, participants receive a random reminder via their mobile phone (e.g., 6×/day for 6 weeks) and are prompted to answer some quick questions about their mood, thoughts or actions. For example, a previous EMA study examined happiness in the youth by prompting students 8×/d for 1 week to answer open-ended questions about what they were doing as well as multiple-choice questions regarding whom they were with and close-ended scales addressing a wide range of feelings and conditions associated with that moment. The authors found that feeling good about one self, being excited, proud, sociable, and active are the strongest predictors of trait happiness (43). We propose to use EMA directly in patients suffering from neurodegenerative dementia to assess their version of momentary subjective well-being. In its simplicity, EMA overcomes some crucial hindrances in examining happiness in dementia research (44–46). In fact, since only the momentary mood is assessed, there is no need to integrate various lifelines or to think about ones’ assets, financial state or other life conditions. Having pointed out the various advantages of EMA tools in the assessment of momentary subjective well-being in dementia, several limitations have to be addressed. First, frequent assessments might increase patient burden. Second, persons with advanced cognitive impairment might have difficulties in the use of digital tools. Third, EMA relies heavily on introspective abilities which can be distorted in patients with dementia.

In literature, experience sampling has been successfully implemented to track depressive symptoms in people with moderate to severe dementia (44). In one experiment, 12 participants with advanced dementia were enrolled from an inpatient psychogeriatric unit. Over the course of 6 weeks, research staff observed and noted the mood of patients up to four times a day, 7 days a week. In addition, patients rated their own mood (i.e., sadness and anxiety) with a yes or no response. The authors found that patients were well able to express their mood consistently and in accordance to the observations made by the research staff (thus tapping into the “objective emotion” definition of Kahnemann, Box 1). Furthermore, another relevant EMA study examined aspects of daily life which are related to QoL in dementia (45). In addition to social and physical activity, better mood ratings turned out to be a strong predictor of higher QoL levels.

These studies demonstrate two important points. First, EMA is feasible in patients with severe cognitive impairment. Second, reference to observable, objective measures of momentary well-being assessed by proxies or research staff may add valuable information to understand to what extent the subjective well-being rated by dementia patients themselves is consistent with their well-being evaluated by observers.

Together, while there are no EMA data up to date on happiness in dementia, we believe that EMA is a promising future avenue to assess happiness, positive emotions, and subjective well-being in dementia across different dementia severity levels.



2.6 Avenues for future research toward exploring happiness in dementia

As set out in the introduction, as clinicians, we observe that patients with dementia often report positive emotions and subjective well-being. In the general population several lines of evidence indicate that high subjective well-being causes better health and longevity (46). However, it is unknown if this also holds true in dementia. In view of progressive cognitive deficits, we regard momentary experiences (including the experience of agency, social confidence and pleasure) as the most significant constituents of subjective well-being in dementia. We therefore believe that a systematic assessment of the momentary subjective well-being will gain a deeper understanding of the variety of emotions associated with dementia and its clinical implications. We propose evaluation methods which could be used as indicators of momentary subjective well-being in dementia (please see Table 1 for selected measures) and believe that because of the profound cognitive deficits related to the neuropathological changes associated with AD, EMA tools may be a promising new avenue for the most pressing questions going forward.



TABLE 1 Measuring indicators of well-being.
[image: A table listing various measures for assessing well-being. Columns include Measures, Categories Assessed, Mode, Number of Items, and Time Frame. Measures include "Satisfaction with Life Scale," "Scale of Positive and Negative Experience," "World Health Organization-Five Well-Being Index," "My Life Questionnaire," and others. Modes include SR (self-rated) and PR (proxy-rated). Time frames vary from presence to specific weeks. A note explains observational and self-report measures.]

These are:

	• Can we use EMA to assess and quantify the moments during which people with dementia report happiness, positive emotions, and subjective well-being? Can these moments be assessed across different stages of the AD continuum, such as Mild Cognitive Impairment (MCI), mild, moderate and severe stages?
	• Which neural networks are associated with momentary subjective well-being and how are these networks affected by neurodegenerative diseases, such as AD?
	• How are self-reported, momentary experiences of positive emotional states related to other indicators of subjective well-being such as agency, social confidence and worthwhileness?
	• In the long run, can we establish parameters with which to track happiness in dementia? Are these parameters associated with disease progression and might they serve as outcome parameters in clinical trials?




3 Conclusion

Due to the profound cognitive deficits in remembering detail-rich past events and envision episodic future scenarios, patients with dementia due to AD have limited access to their individual evaluation of their life satisfaction. Therefore, we argue that the experienced moment of daily living should have the center stage in evaluating a persons’ self-expressed happiness and subjective well-being. Several methods, such as ecological momentary assessment have been successfully used in moderate to severe dementia. Thus, we outline future research avenues to assess happiness, positive emotions, and subjective well-being in patients across AD stages and believe that moment-based measures of subjective well-being might become an important outcome parameter in clinical dementia trials beyond the currently used quality of life assessments.



Author contributions

CMi: Conceptualization, Visualization, Writing – original draft, Writing – review & editing. KF: Conceptualization, Supervision, Writing – original draft, Writing – review & editing. CMc: Conceptualization, Supervision, 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. CMc received funding from the German Research Foundation (DFG)—MC 244/3-1. CMi was also funded by the German Research Foundation (DFG)—493623632.



Conflict of interest

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



Publisher’s note

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



References
	 1. Eikelboom, WS, Singleton, E, van den Berg, E, Coesmans, M, Mattace Raso, F, van Bruchem, RL , et al. Early recognition and treatment of neuropsychiatric symptoms to improve quality of life in early Alzheimer's disease: protocol of the BEAT-IT study. Alzheimers Res Ther. (2019) 11:48. doi: 10.1186/s13195-019-0503-2 
	 2. Shin, I-S, Carter, M, Masterman, D, Fairbanks, L, and Cummings, JL. Neuropsychiatric symptoms and quality of life in Alzheimer disease. Am J Geriatr Psychiatry. (2005) 13:469–74. doi: 10.1097/00019442-200506000-00005
	 3. Tulving, E. Episodic memory: from mind to brain. Annu Rev Psychol. (2002) 53:1–25. doi: 10.1146/annurev.psych.53.100901.135114
	 4. Svoboda, E, McKinnon, MC, and Levine, B. The functional neuroanatomy of autobiographical memory: a meta-analysis. Neuropsychologia. (2006) 44:2189–208. doi: 10.1016/j.neuropsychologia.2006.05.023 
	 5. Addis, DR, Wong, AT, and Schacter, DL. Remembering the past and imagining the future: common and distinct neural substrates during event construction and elaboration. Neuropsychologia. (2007) 45:1363–77. doi: 10.1016/j.neuropsychologia.2006.10.016 
	 6. McCormick, C, St-Laurent, M, Ty, A, Valiante, TA, and McAndrews, MP. Functional and effective hippocampal-neocortical connectivity during construction and elaboration of autobiographical memory retrieval. Cereb Cortex. (2015) 25:1297–305. doi: 10.1093/cercor/bht324 
	 7. Scoville, WB, and Milner, B. Loss of recent memory after bilateral hippocampal lesions. J Neurol Neurosurg Psychiatry. (1957) 20:11–21. doi: 10.1136/jnnp.20.1.11 
	 8. Hassabis, D, Kumaran, D, Vann, SD, and Maguire, EA. Patients with hippocampal amnesia cannot imagine new experiences. Proc Natl Acad Sci USA. (2007) 104:1726–31. doi: 10.1073/pnas.0610561104 
	 9. McCormick, C, Rosenthal, CR, Miller, TD, and Maguire, EA. Mind-wandering in people with hippocampal damage. J Neurosci. (2018) 38:2745–54. doi: 10.1523/JNEUROSCI.1812-17.2018 
	 10. Strikwerda-Brown, C, Grilli, MD, Andrews-Hanna, J, and Irish, M. "all is not lost"-rethinking the nature of memory and the self in dementia. Ageing Res Rev. (2019) 54:100932. doi: 10.1016/j.arr.2019.100932 
	 11. Addis, DR, and Tippett, LJ. Memory of myself: autobiographical memory and identity in Alzheimer's disease. Memory. (2004) 12:56–74. doi: 10.1080/09658210244000423 
	 12. Corkin, S. Permanent present tense: the unforgettable life of the amnesic patient, H.M. (2013) New York City, USA: Basic Books/Hachette Book group.
	 13. Kahneman, D, and Riis, J. Living, and thinking about it: two perspectives on life In: FA Huppert, N Baylis, and B Keverne, editors. The science of well-being. Oxford, UK: Oxford University Press (2005). 284–305.
	 14. Diener, E, Lucas, RE, and Oishi, S. Advances and open questions in the science of subjective well-being. Collabra Psychol. (2018) 4:15. doi: 10.1525/collabra.115 
	 15. Medvedev, ON, and Landhuis, CE. Exploring constructs of well-being, happiness and quality of life. PeerJ. (2018) 6:e4903. doi: 10.7717/peerj.4903 
	 16. Veenhoven, R. Measures of happiness, world database of happiness, Erasmus University Rotterdam, the Netherlands concept of happiness. (2024). Available at: https://worlddatabaseofhappiness.eur.nl/search-the-database/happiness-measures/ (Assessed 15 April 2024).
	 17. Maki, Y, Yoshida, H, Yamaguchi, T, and Yamaguchi, H. Relative preservation of the recognition of positive facial expression "happiness" in Alzheimer disease. Int Psychogeriatr. (2013) 25:105–10. doi: 10.1017/S1041610212001482
	 18. Henry, JD, Rendell, PG, Scicluna, A, Jackson, M, and Phillips, LH. Emotion experience, expression, and regulation in Alzheimer's disease. Psychol Aging. (2009) 24:252–7. doi: 10.1037/a0014001
	 19. Shell, L. The picture of happiness in Alzheimer's disease: living a life congruent with personal values. Geriatr Nurs. (2015) 36:S26–32. doi: 10.1016/j.gerinurse.2015.02.021
	 20. Tamera, K, Kannampuzha, C, Ta, V, Hot, P, and Davidson, PSR. Disentangling aging and mood effects on emotional memory. Front Behav Neurosci. (2022) 16:944363. doi: 10.3389/fnbeh.2022.944363 
	 21. Alexander, R, Aragón, OR, Bookwala, J, Cherbuin, N, Gatt, JM, Kahrilas, IJ , et al. The neuroscience of positive emotions and affect: implications for cultivating happiness and wellbeing. Neurosci Biobehav Rev. (2021) 121:220–49. doi: 10.1016/j.neubiorev.2020.12.002
	 22. Veenhoven, R. Happiness. Psychologist. (2003) 2003:128–9.
	 23. Kahneman, D, and Tversky, A. Choices, values, and frames. Cambridge, UK: Cambridge University Press (2019).
	 24. Fredrickson, BL. The role of positive emotions in positive psychology. The broaden-and-build theory of positive emotions. Am Psychol. (2001) 56:218–26. doi: 10.1037/0003-066X.56.3.218
	 25. Cohn, MA, Fredrickson, BL, Brown, SL, Mikels, JA, and Conway, AM. Happiness unpacked: positive emotions increase life satisfaction by building resilience. Emotion. (2009) 9:361–8. doi: 10.1037/a0015952 
	 26. Diener, E, Oishi, S, and Tay, L. Advances in subjective well-being research. Nat Hum Behav. (2018) 2:253–60. doi: 10.1038/s41562-018-0307-6
	 27. Diener, E, Suh, EM, Lucas, RE, and Smith, HL. Subjective well-being: three decades of progress. Psychol Bull. (1999) 125:276–302. doi: 10.1037/0033-2909.125.2.276
	 28. WHOQOL group. The World Health Organization quality of life (WHOQOL). Geneva, Switzerland: World Health Organization (1998).
	 29. Missotten, P, Dupuis, G, and Adam, S. Dementia-specific quality of life instruments: a conceptual analysis. Int Psychogeriatr. (2016) 28:1245–62. doi: 10.1017/S1041610216000417 
	 30. Kitwood, T, and Bredin, K. Towards a theory of dementia care: personhood and well-being. Ageing Soc. (1992) 12:269–87. doi: 10.1017/S0144686X0000502X 
	 31. Kitwood, TM. Dementia reconsidered: The person comes first. Maidenhead: Open University Press (1997). 160 p.
	 32. Lawton, MP. Quality of life in Alzheimer disease. Alzheimer Dis Assoc Disord. (1994) 8:138–50. doi: 10.1097/00002093-199404000-00015
	 33. Martyr, A, Nelis, SM, Quinn, C, Wu, Y-T, Lamont, RA, Henderson, C , et al. Living well with dementia: a systematic review and correlational meta-analysis of factors associated with quality of life, well-being and life satisfaction in people with dementia. Psychol Med. (2018) 48:2130–9. doi: 10.1017/S0033291718000405 
	 34. Department of Health. Great Britain. Living well with dementia: A National Dementia Strategy. Leeds, UK: Department of Health (2009).
	 35. Clare, L, Nelis, SM, Quinn, C, Martyr, A, Henderson, C, Hindle, JV , et al. Improving the experience of dementia and enhancing active life--living well with dementia: study protocol for the IDEAL study. Health Qual Life Outcomes. (2014) 12:164. doi: 10.1186/s12955-014-0164-6 
	 36. Silarova, B, Nelis, SM, Ashworth, RM, Ballard, C, Bieńkiewicz, M, Henderson, C , et al. Protocol for the IDEAL-2 longitudinal study: following the experiences of people with dementia and their primary carers to understand what contributes to living well with dementia and enhances active life. BMC Public Health. (2018) 18:1214. doi: 10.1186/s12889-018-6129-7 
	 37. Quinn, C, Pickett, JA, Litherland, R, Morris, RG, Martyr, A, and Clare, L. Living well with dementia: what is possible and how to promote it. Int J Geriatr Psychiatry. (2022) 37:37. doi: 10.1002/gps.5627 
	 38. Wolverson, EL, Clarke, C, and Moniz-Cook, ED. Living positively with dementia: a systematic review and synthesis of the qualitative literature. Aging Ment Health. (2016) 20:676–99. doi: 10.1080/13607863.2015.1052777
	 39. Seligman, ME. Flourish: A visionary new understanding of happiness and well-being. New York: Atria Paperback (2013).
	 40. Phinney, A. Well-being in dementia In: C Clarke and EL Wolverson, editors. Positive psychology approaches to dementia (2016). London, UK: Jessica Kingsley Publishers.
	 41. Scollon, CN, and Kim-Prieto, C. Experience sampling: promises and pitfalls, strengths and weaknesses. J Happiness Stud. (2003) 4:5–34. doi: 10.1023/A:1023605205115
	 42. Csikszentmihalyi, M, Larson, R, and Prescott, S. The ecology of adolescent activity and experience. J Youth Adolesc. (1977) 6:281–94. doi: 10.1007/BF02138940
	 43. Csikszentmihalyi, M, and Hunter, J. Happiness in everyday life: the uses of experience sampling. J Happiness Stud. (2003) 4:185–99. doi: 10.1023/A:1024409732742
	 44. Niculescu, I, Quirt, H, Arora, T, Borsook, T, Green, R, Ford, B , et al. Ecological momentary assessment of depression in people with advanced dementia: longitudinal pilot study. JMIR Aging. (2021) 4:e29021. doi: 10.2196/29021 
	 45. Beerens, HC, de Boer, B, Zwakhalen, SMG, Tan, FES, Ruwaard, D, Hamers, JPH , et al. The association between aspects of daily life and quality of life of people with dementia living in long-term care facilities: a momentary assessment study. Int Psychogeriatr. (2016) 28:1323–31. doi: 10.1017/S1041610216000466 
	 46. Diener, E, and Chan, MY. Happy people live longer: subjective well-being contributes to health and longevity. Appl Psychol Health Well Being. (2011) 3:1–43. doi: 10.1111/j.1758-0854.2010.01045.x
	 47. Diener, E, Emmons, RA, Larsen, RJ, and Griffin, S. The satisfaction with life scale. J Pers Assess. (1985) 49:71–5. doi: 10.1207/s15327752jpa4901_13
	 48. Diener, E, Wirtz, D, Biswas-Diener, R, Tov, W, Kim-Prieto, C, Choi, D-W , et al. New measures of well-being In: E Diener, editor. Assessing well-being: The collected works of Ed Diener (pp. 247–266). Luxembourg, Luxembourg: Springer Science and Business Media (2009)
	 49. WHO Regional Office for Europe. Wellbeing measures in primary health care/the Depcare project. Copenhagen: World health organization (1998).
	 50. Clare, L, Pentecost, C, Collins, R, Martyr, A, Litherland, R, Morris, RG , et al. Evaluating 'living well' with mild-to-moderate dementia: co-production and validation of the IDEAL my life questionnaire. Dementia. (2023) 22:1548–66. doi: 10.1177/14713012231188502
	 51. Tinkler and Hicks. Measuring subjective well-being. London: Office for National Statistics (2011).
	 52. Clarke, C, Woods, B, Moniz-Cook, E, Mountain, G, Øksnebjerg, L, Chattat, R , et al. Measuring the well-being of people with dementia: a conceptual scoping review. Health Qual Life Outcomes. (2020) 18:249. doi: 10.1186/s12955-020-01440-x 
	 53. Madsø, KG, Flo-Groeneboom, E, Pachana, NA, and Nordhus, IH. Assessing momentary well-being in people living with dementia: a systematic review of observational instruments. Front Psychol. (2021) 12:742510. doi: 10.3389/fpsyg.2021.742510 


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







 


	
	
SYSTEMATIC REVIEW
published: 13 August 2024
doi: 10.3389/fneur.2024.1394499








[image: image2]

Effect of hypoglycemic events on cognitive function in individuals with type 2 diabetes mellitus: a dose–response meta-analysis

Min Ye1†, Qiqi Yang1†, Lele Zhang1, Hudie Song1, Qin Fu1, Jun Qian1, Hongyu Xie2* and Aihong Yuan2*


1First School of Clinical Medicine, Anhui University of Chinese Medicine, Hefei, Anhui, China

2Acupuncture and Rehabilitation Department, The First Affiliated Hospital of Anhui University of Chinese Medicine, Hefei, Anhui, China

Edited by
 Ioannis Liampas, University of Thessaly, Greece

Reviewed by
 Edward Spencer Bliss, University of Southern Queensland, Australia
 Simone Battaglia, University of Bologna, Italy
 Bin Xu, Nanjing University of Chinese Medicine, China

*Correspondence
 Hongyu Xie, 1146035787@qq.com; Aihong Yuan, yuanah2023@163.com 

†These authors have contributed equally to this work and share first authorship

Received 01 March 2024
 Accepted 26 July 2024
 Published 13 August 2024

Citation
 Ye M, Yang Q, Zhang L, Song H, Fu Q, Qian J, Xie H and Yuan A (2024) Effect of hypoglycemic events on cognitive function in individuals with type 2 diabetes mellitus: a dose–response meta-analysis. Front. Neurol. 15:1394499. doi: 10.3389/fneur.2024.1394499
 





Background: Type 2 diabetes mellitus (T2DM) is widely acknowledged as a vital warning sign contributing to cognitive dysfunction. However, there is still a lack of consensus on whether hypoglycemic events resulting from poor glycemic control increase the risk of cognitive dysfunction in people with diabetes, and the potential dose–response correlation between hypoglycemic events and cognitive dysfunction remains unexplored. The primary objective of the current study was to assess the contribution of hypoglycemic events to cognitive dysfunction in T2DM patients and the dose–response correlation between the two.
Methods: A comprehensive search of nine major databases was executed from inception to May 2023. We screened all observational studies examining the connection between hypoglycemia and cognitive dysfunction. The DerSimonian-Laird method was used to compute the combined risk ratio (RR) and its 95% confidence interval (CI). Additionally, dose–response analysis was employed to investigate the correlation between the frequency of hypoglycemia and the likelihood of cognitive dysfunction.
Results: A total of 30 studies of different levels in 17 articles with 3,961,352 participants were included in this review. The pooled RR for the connection of hypoglycemia and the likelihood of cognitive dysfunction was 1.47 (95% CI: 1.35–1.60). Subgroup analyses showed that the pooled RR for the likelihood of cognitive dysfunction was 1.20 (95% CI: 1.11–1.31) for one episode of hypoglycemia, 1.41 (95% CI: 1.05–1.88) for two episodes of hypoglycemia, and 1.62 (95% CI: 1.20–2.91) for three or more episodes of hypoglycemia. Dose–response analysis showed a linear dose–response relationship between hypoglycemia and the likelihood of cognitive dysfunction (exp (b) = 1.178694, z = 7.12, p < 0.001).
Conclusion: Our investigations demonstrated a 47% heightened likelihood of cognitive dysfunction in individuals with hypoglycemia compared to those without. Furthermore, the likelihood of cognitive dysfunction climbed by 17.87% for every subsequent episode of hypoglycemia. Therefore, long-term monitoring of blood glucose, periodic screening of cognitive function, and moderate health education should be encouraged, which will be beneficial for people with diabetes to prevent hypoglycemic events and cognitive dysfunction.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/, CRD42023432352.
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1 Introduction

Diabetes mellitus has emerged as a widespread metabolic condition accompanied by hyperglycemia (1). It is estimated that the global prevalence of diabetes among individuals aged 20–79 years was 10.5% in 2021, and this number is projected to rise to 12.2% by 2045, following predictions by the International Diabetes Federation (2). The most prevalent subtype of diabetes mellitus is type 2 diabetes mellitus (T2DM), which makes up around 90% of all cases (3). Notably, individuals with T2DM have a significantly elevated likelihood of cognitive disorders, highlighting cognitive dysfunction as a crucial complication of diabetes (4). Consequently, T2DM has been highlighted as an independent risk factor for cognitive dysfunction when compared to individuals without diabetes (5–7).

It has become widely accepted that T2DM and cognitive dysfunction are progressive diseases closely related to age, which have a high prevalence in elderly people and those of middle age. With the development of a globally aging society and the extension of life expectancy of people with T2DM worldwide, T2DM complicated with cognitive dysfunction has become a great pressure and challenge for the development of society and economy currently. However, up to now, there is still no effective cure for cognitive dysfunction worldwide. Recently, two large-scale clinical trials on drug prevention and treatment of Alzheimer’s disease ended in failure, and one phase III clinical trial had to be terminated because of no efficacy (8, 9). With the failure of pharmacotherapy for cognitive dysfunction and the related side-effects becoming increasingly prominent, it is particularly important to explore effective prevention measures for cognitive dysfunction, especially for diabetes-related cognitive dysfunction, whose prevention strategies still need to be improved.

Glycemic control is the core goal of the treatment strategy for people with T2DM, and it is also the most commonly used prevention and treatment method in clinical practice. As a result, hypoglycemic events and consequent cognitive decline caused by pharmacotherapies for glycemic control are common in clinical practice. The amygdala, hippocampus and prefrontal cortex (PFC) are the core brain regions for cognitive formation and maintenance (10), and glucocorticoid receptors have been found to be widely distributed in these brain regions (11). Interestingly, glucocorticoid function mediated by glucocorticoid receptors is also involved in the regulation of blood glucose while being involved in cognitive maintenance (12). Some mechanistic studies suggest that hypoglycemic events may affect cognition by affecting neuroinflammation, oxidative stress, mitochondrial dynamics, and energy metabolism in these brain regions (13–16). However, the current clinical evidence on whether hypoglycemic events enhance the likelihood of cognitive deficit in people with T2DM remains controversial. Several studies from different countries have maintained that hypoglycemic events affect cognitive function in people with T2DM and increase the risk of progression to cognitive deficit (17–20). Nevertheless, two other large cohort studies involving multiple countries have maintained that hypoglycemic events do not affect cognitive function, nor do they increase the possibility of cognitive decline progressing to cognitive dysfunction (21–23). These two almost contradictory conclusions have caused serious confusion and great challenges in the development of hypoglycemic regimens and the implementation of intensive glucose control. Thereby, it is a pressing need to identify the exact connection between hypoglycemic events and the likelihood of cognitive dysfunction, and to provide evidence-based recommendations and guidance for structuring glycemic control plans and cognitive dysfunction prevention strategies.

In 2022, Maria Dolores Gomez-Guijarro’s team (24) conducted a systematic review and meta-analysis of studies on the connection between severe hypoglycemic incidents and dementia in individuals concerning T2DM. However, they only included 7 eligible literature in the final evaluation due to the dearth of pertinent studies at the time, and the significant heterogeneity among the literature found. Simultaneously, a substantial portion of the literature indicates a moderate susceptibility to bias, as acknowledged by the authors themselves who caution against over-interpretation of their findings. Consequently, there is an absence of dependable evidence-based outcomes to substantiate the impact of hypoglycemic events on cognitive competence in individuals concerning T2DM. To elucidate the correlation between occurrences of hypoglycemia and cognitive dysfunction, this study incorporated the most recent investigations, revised the systematic review and meta-analysis, and additionally investigated the dose–response connection between hypoglycemic events and cognitive dysfunction.



2 Methods

This research is designed to be a dose–response meta-analysis. Before undertaking this research, we duly registered the study protocol with the PROSPERO database. The study protocol has been published online (25), but due to the limited amount of literature, only part of the original protocol has been completed in this study. The execution of this study adhered to the procedure outlined in the Cochrane Handbook for Systematic Reviews of Interventions (26), and the subsequent reporting followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Statement (PRISMA) and the guideline of Meta-analyses of Observational Studies in Epidemiology (MOOSE) (27, 28).


2.1 Search strategy

A thorough search was carried out across various databases including PubMed, Web of Science, CBM, Cochrane Library, Embase, CNKI, Wan Fang, Wei Pu, and Du Xiu, covering the period from inception to May 2023. The search utilized Medical Subject Headings (MeSH) and free terms, such as ‘diabetes mellitus, type 2’, ‘noninsulin’, ‘noninsulin-dependent diabetes mellitus’, ‘type 2 diabetes’, ‘type 2 diabetes mellitus’, ‘type 2 diabetic’, ‘T2DM’, ‘DM’, ‘cognitive dysfunction’, ‘cognition disorders’, ‘cognitive disorder’, ‘dementia’, ‘cognitive decline’, ‘cognition disorder’, ‘cognitive deficit’, ‘cognitive impairment’, ‘executive function’, ‘cognitive function’, ‘memory’, ‘risk factor’, ‘predicted’, ‘predictor’, ‘risk’, ‘relat’, ‘associat’, ‘factor’, ‘reason’, ‘correlated’, ‘predictor’, ‘influen’, ‘inciden’, for comprehensive coverage. Furthermore, reference lists of relevant articles were manually searched and records from relevant trial registries were retrieved. The search strategy was finally formulated based on the results of repeated pre-search to include relevant studies as comprehensively as possible. The search strategy was shown in Supplementary material 1.



2.2 Inclusion criteria

We contained studies meeting all the given requirements.


2.2.1 Type of studies

All observational studies published in Chinese or English were included.



2.2.2 Type of participants

Individuals who have been medically diagnosed with type 2 diabetes and have been at least 18 years old are eligible to participate. Prior to enrollment and at the time of enrollment, every participant had normal cognitive function. The study has no restrictions on sex, race, duration of diabetes, or severity of diabetes among the participants.



2.2.3 Criteria for the assessment of hypoglycemia

The plasma glucose level was less than 3.9 mmol per liter (29), and the patient showed symptoms such as palpitation and dizziness.



2.2.4 Contents of studies

Studies that explored the connection between hypoglycemia and the likelihood of cognitive dysfunction were included. The included studies had to provide data on the connection between the two, such as odds ratio [OR], risk ratio [RR], hazard ratio [HR], and 95% confidence intervals.




2.3 Exclusion criteria

Studies were disqualified if they fulfilled any of the specified criteria.

	1. Duplicate publication of the same study (studies that have more detailed and credible results, are more recent, or have a larger sample size will be selected);
	2. Studies for which full text or relevant data are not available;
	3. Studies with insufficient methodological details or poor quality (e.g., high risk of bias, inadequate statistical analysis);
	4. Studies with comorbid conditions that could independently affect cognitive function (e.g., neurodegenerative diseases other than diabetes-related cognitive impairment);
	5. Studies where the dose of hypoglycemic events is not clearly defined;
	6. Studies not published in English or Chinese;
	7. Studies with a duration that is too short to capture meaningful cognitive changes.



2.4 Study selection

The literature was managed using NoteExpress software. Two reviewers (Hongyu Xie and Qiqi Yang) screened the literature independently. Duplicate literature was eliminated first. Then, the literature that did not fit the research theme was eliminated through the title and abstract. After that, the extra literature was carefully reviewed in its full text and assessed against the inclusion and exclusion criteria. In case of disagreement, a compromise was established after discussing with an additional reader (Lele Zhang).



2.5 Data extraction

The information that followed was obtained independently by two researchers (Lele Zhang and Qin Fu).

1. General information of studies: the primary author, period of publication, country and region, study design type, and duration of follow-up;

2. Participant characteristics: average age, sample size;

3. Disease characteristics: diagnostic criteria for hypoglycemia, type of diabetes mellitus, frequency of hypoglycemic events, and diagnostic criteria for cognitive dysfunction.



2.6 Risk of bias assessment

The involved experiments’ levels of quality and publication bias were evaluated using the Newcastle-Ottawa Scale (NOS). The case–control study’s primary evaluation criteria focused on subject selection (4 points), group comparability (2 points), and exposure factor measurement (3 points). Cohort study grading criteria included subject selection (4 points), group comparability (2 points), and outcome measurement (3 points). The total score for both evaluations was 9 points. The quality of studies was judged and categorized as ‘High’, ‘Medium’, or ‘Low’ based on the scoring criteria, with scores above six indicating high quality, scores of five indicating medium quality, and scores below five indicating low quality (30). Two researchers (Jun Qian and Hudie Song) separately conducted and cross-checked the risk of bias assessment, while a third researcher (Lele Zhang) worked to resolve any discrepancies.



2.7 Statistical analysis

The DerSimonian-Laird method was employed to generate the pooled RR and its 95% confidence interval (CI) (31). When RR was not provided in the literature, specific formulas were used to convert OR and HR to RR (32–34). To gage the heterogeneity of the considered literature, the Chi-square test and I2 statistic were utilized. When the value of I2 was less than 30%, the fixed-effects model was employed; Otherwise, the random-effects model was adopted. The origins of heterogeneity were investigated and the stability of the combined findings was assessed utilizing sensitivity and subgroup analyses (35). The relationship between the frequency of hypoglycemia events and the likelihood of cognitive dysfunction was examined using dose–response analysis. To determine whether the results were influenced by participant age, study type, nation and area, and follow-up period, meta-regression was employed. Observation of funnel plots and Egger’s regression asymmetry test were both employed for assessing publication bias (36). The STATA SE program, version 15 (StataCorp), was used to carry out the aforementioned statistical analysis.




3 Results


3.1 Study inclusion and characteristics

There were 34,981 relevant studies in total that had been found, and 17 of them satisfied the requirements to be considered in the meta-analysis (Figure 1) (17–21, 37–46). These investigations were conducted across a wide range of nations, including China, the United States, the United Kingdom, South Korea, Canada, and many others. Four studies were published in Chinese (37–40), and the remaining 13 were all published in English (17–21, 41–48). Among them, five studies were designed as case–control studies (37–40, 45), and the remaining 12 were cohort studies (17–21, 41–44, 46–48). Each study incorporated in this research was published within the timeframe of 2009–2023, encompassing a follow-up span ranging from 1 to 27 years. The sample sizes of these studies varied, ranging from 90 to 2,032,689 participants, resulting in a cumulative inclusion of 3,961,352 participants for this meta-analysis. Most of the participants were middle-aged or elderly individuals with T2DM, and three studies did not identify the participants’ specific type of diabetes (43, 44, 48).

[image: Flowchart detailing the identification and selection of studies via databases and registers for a review. Initially, 11,241 records were screened from various databases such as CNKI, PubMed, and others. After removing 23,740 duplicates, 11,048 records were excluded. From 193 reports sought for retrieval, 5 were not retrieved. Among the 188 reports assessed for eligibility, 171 were excluded for reasons like inappropriate type, unavailable data, duplicates, and ineligible outcomes. Finally, 17 studies were included in the review.]

FIGURE 1
 Flow chart of literature screening.


For the diagnosis and quantification of hypoglycemic events, questionnaires, medical records, and medical insurance records were mostly used. Scale scores, medical records, and medical insurance records were primarily used for the identification and quantification of cognitive dysfunction. One of these investigations looked into the connection for cognitive dysfunction risk and hypoglycemia occurrences in a middle-aged cohort and an elderly cohort respectively (17). Six studies investigated the connections between different numbers of hypoglycemic incidents and the likelihood of cognitive dysfunction (19, 20, 41, 44, 46, 47). Our criteria were met by a total of 17 articles involving 30 pertinent investigations at various levels. Except for four studies that did not specify the adjustment for confounders (37–40), the remaining studies clearly showed the adjusted confounders. Detailed information is provided in Supplementary material 2.



3.2 Quality assessment of studies included

The findings of the NOS assessment revealed that the included papers had moderate or higher quality, indicating a low risk of publication bias and credible conclusions (Table 1).



TABLE 1 Quality assessment of studies included.
[image: A table listing authors and their corresponding study details. Columns include author names, year, selection score, comparability score, measurement of outcome/exposure factors, total score, and quality grades. Scores range from two to nine, with quality grades labeled as high or middle. The most recent study is by Wajd Alkabbani in 2023 with a high-quality grade.]



3.3 Meta-analysis and sensitivity analysis

Thirty studies of the 17 articles at different levels were screened and classified. Twenty-two studies examined the likelihood of cognitive dysfunction in diabetic participants who had or did not have any hypoglycemic events, and the pooled RR was 1.47 (95% CI: 1.35–1.60) (Figure 2). The heterogeneity among the 22 studies included in this study was significant (I2 = 81.5%, p<0.001), hence the sensitivity analysis was carried out by removing a single study one at a time to identify the source of heterogeneity. After excluding 6 studies by Wajd Alkabbani et al., the heterogeneity was significantly reduced (I2 = 46.4%, p = 0. 022), and 1.45 (95% CI: 1.33–1.58) for the pooled RR of the other 16 trials, indicating that hypoglycemic events still significantly increased the risk of cognitive dysfunction (Supplementary material 3). After further excluding 2 studies by Zhang Jie et al., the heterogeneity was further reduced (I2 = 18.1%, p = 0.257), and the cumulative RR of the rest 14 trials was 1.48 (95% CI: 1.43–1.53), demonstrating that there was still a substantial effect of hypoglycemia events on the chance of cognitive dysfunction (Supplementary material 4). In this sensitivity analysis, we found a substantial reduction in heterogeneity after the exclusion of studies with participants who were too old or too young, with too many episodes of hypoglycemia, or with particularly severe hypoglycemia, but these did not affect the overall trend of our pooled results, which makes our findings robust.

[image: Forest plot comparing risk ratios with confidence intervals for various studies from 2009 to 2023. Studies are listed with corresponding risk ratios, confidence intervals, and weights. A summary risk ratio with confidence interval is at the bottom, showing overall data. A vertical line marks a risk ratio of 1, indicating no effect. Gray boxes and horizontal lines depict point estimates and confidence intervals for each study.]

FIGURE 2
 Forest plot showing the pooled risk ratio for the risk of cognitive impairment in diabetic participants with and without any hypoglycemic events.




3.4 Dose–response analysis

The likelihood of cognitive dysfunction rose as the frequency of hypoglycemia incidents increased as follows: (1) The pooled RR of one hypoglycemic event was 1.20 (95% CI: 1.11–1.31), and there was barely any heterogeneity among the trials (I2 = 0.0%, p = 0.390); (2) The pooled RR of two hypoglycemic events was 1.41 (95% CI: 1.05–1.88), and the heterogeneity among trials was considerable (I2 = 68.4%, p = 0. 042); The pooled RR for three or more episodes of hypoglycemia was 1.62 (95% CI: 1.20–2.19), and the heterogeneity among trials was moderate (I2 = 54.2%, p = 0.113) (Figure 3). A more thorough examination of the dose–response analysis revealed a linear dose–response association between the frequency of hypoglycemic events and the likelihood of cognitive dysfunction (exp (b) = 1.178694, z = 7.12, p < 0.001) (Figure 4).
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FIGURE 3
 Forest plot showing the pooled risk ratio for the likelihood of cognitive dysfunction in diabetic participants with different episodes of hypoglycemia.


[image: Line graph showing relative risk on the y-axis versus the number of hypoglycemic episodes on the x-axis. The solid line represents relative risk (RR), while dashed lines indicate the lower confidence interval (LCI) and higher confidence interval (HCI). All lines show a positive trend, with risk increasing as episodes increase from zero to three.]

FIGURE 4
 Linear dose–response connection between the number of hypoglycemia episodes and relative risk of cognitive impairment.




3.5 Subgroup analysis and meta-regression analysis

The median follow-up time (9 years), types of studies (case–control study and cohort study), country and region of studies (Asia, Europe and America), median age (68 years), the measurement of cognitive dysfunction (International Classification Diseases and others) were used for subgroup analysis and meta-regression. The findings highlighted that the follow-up time (t = 1.97, p = 0.067), types of studies (t = −1.23, p = 0.232), country and region of studies (t = 0.49, p = 0.632), participants’ ages (t = −0.93, p = 0.364), and the measurement of cognitive dysfunction (t = −1.12, p = 0.278) were not the source of heterogeneity and influencing factors of this review (Figure 5).

[image: Forest plot showing risk ratios and 95% confidence intervals for diabetic cognitive dysfunction. Categories include follow-up time, study type, geographic region, participant age, and diagnostic measurement. The risk ratios are displayed with green squares, and confidence intervals with orange dashed lines, indicating no significant differences across variables.]

FIGURE 5
 Meta-regression and subgroup analysis of the variables affecting hypoglycemia and cognitive impairment.




3.6 Publication bias

Observation of funnel plots (Figure 6) and Egger’s regression asymmetry test did not reveal any indications of publication bias (p = 0.853).

[image: Funnel plot illustrating pseudo ninety-five percent confidence limits with scattered green data points. The x-axis represents the log relative risk (lnrr), and the y-axis shows the standard error of lnrr. Dotted lines indicate the confidence limits forming an inverted funnel shape.]

FIGURE 6
 Funnel plot for the likelihood of cognitive dysfunction in diabetic participants with and without any hypoglycemic events.





4 Discussion

This study provides the latest summary of the connection between hypoglycemia and cognitive dysfunction risk in individuals with T2DM. Our findings showed that the likelihood of cognitive dysfunction was increased by 47% in those who experienced hypoglycemia compared with those who did not. Sensitivity analysis showed that after excluding any study or heterogeneous studies, the results of this study still maintained a momentous positive correlation, signifying their reliability. Furthermore, the frequency of hypoglycemia was found to be strongly linked to a higher risk of cognitive dysfunction, as indicated by subgroup and dose–response analysis. The meta-regression results indicated that participant age, follow-up duration, study type, country, and region little influenced the study’s conclusion. Additionally, no evidence of publication bias was found in this review. However, some small sample studies were included in this study, and in fact, they may have a certain publication bias on the overall research results.

Our findings confirmed that middle-aged and elderly individuals with T2DM face a significantly higher likelihood of cognitive dysfunction due to hypoglycemic events. This finding aligns with the research conducted by Maria Dolores Gomez - Guijarro’s group (24). To our excitement, this study, to our knowledge, is the first to demonstrate a Linear dose–response connection between hypoglycemic events and the likelihood of cognitive dysfunction, using both subgroup and dose–response analyses. Specifically, each additional episode of hypoglycemia would contribute to an approximately 17.87% increase in the likelihood of cognitive dysfunction (limited to this model). This finding suggests that there may be a cumulative clinical effect of brain damage caused by hypoglycemic events. Simply put, a greater frequency of hypoglycemic episodes increased the likelihood of cognitive dysfunction. Fortunately, most brain injuries caused by hypoglycemic events are reversible in the early stages. Therefore, timely detection of hypoglycemic events and correction of blood glucose levels can promote the recovery of brain function (49, 50) and avoid the cumulative damage of cognitive function caused by repeated hypoglycemic events. Strengthening health education about hypoglycemia events and providing continuous, effective, convenient, and continuous glucose monitoring are feasible measures for preventing and treating diabetes-related cognitive dysfunction in the future. These measures will be of great clinical value and social benefits, especially for middle-aged and senior individuals with T2DM who are in relative danger of cognitive dysfunction.

Existing mechanism studies have partially revealed the underlying mechanisms of the association between hypoglycemia and cognitive dysfunction. It has been suggested that cognitive dysfunction after hypoglycemia is related to selective neuronal death, and its underlying mechanism involves excitotoxicity, oxidative stress, zinc release, PARP-1 activation, blood–brain barrier dysfunction and mitochondrial dysfunction (50–52). In addition, several recent studies have found that transient receptor potential canonical channel 6 (TRPC6) (53) and histidine metabolism (54) may be potential therapeutic targets for preventing cognitive impairment caused by hypoglycemia events, while verapamil (55), ketogenic diet (56), niacinamide mononucleotide (57), and pyruvate (58) may be effective measures for alleviating brain injury caused by hypoglycemia. However, the specific dose–response relationship and mechanism of hypoglycemic brain injury and its cumulative effect are still not fully understood, which limits its further guiding role in clinical practice. In the future, a more rigorous research must be more thorough and concentrate on the cumulative effect of hypoglycemic events, and the dose–response relationship and its pathological mechanism need to be further clarified through an in-depth research.

In recent years, multiple studies have focused on the link between hypoglycemic events and cognitive dysfunction risk, showing that the association between the two has received widespread attention. However, after an extensive literature search and careful literature review, we found that there were many deficiencies in the study design and report of results. For example, the diagnostic criteria of cognitive dysfunction was not completely unified, the severity, frequency and duration of hypoglycemia were not accurately quantified, and the specific types of cognitive dysfunction were not clearly distinguished. As a result, most studies produced relatively broad results and vague conclusions, which were difficult to solve relatively complex and specific clinical problems.

The complex nature of the connection between hypoglycemia and cognitive dysfunction cannot be overlooked, as it involves various confounding factors such as demographic characteristics, diabetes status, underlying diseases, medication, lifestyle, and genetics (59–61). Adjustments for confounders varied across the encompassed publication, which served as a substantial factor contributing to heterogeneity in this systematic review. At present, most studies rely on statistical correction methods to balance the confounding factors between the exposed group and the non-exposed group, which obviously cannot meet the needs of the current clinical research. Prospective studies with stratified block designs for confounding factors are urgently needed to obtain more rigorous results. Even though multiple research efforts have endeavored to investigate the independent risk variables of cognitive dysfunction in people with T2DM, such as duration, gender and education level (62), these specifics were not reported in depth in the findings report, which constrained the further subgroup analysis of this meta-analysis. To accurately prevent the onset and development of cognitive dysfunction in diabetic individuals who vary in duration, gender, and educational levels, more in-depth research should be encouraged to be conducted and reported in the future.

We must admit that this study still has the following shortcomings: (1) Despite the sensitivity analysis and identification of sources of heterogeneity, substantial heterogeneity remained among the included studies, such as the definition of cognitive dysfunction. (2) The study focused primarily on middle-aged and elderly individuals with T2DM, so there are potential limitations to generalizing the findings to other age groups or individuals with type 1 diabetes. (3) This study did not examine how cognitive dysfunction affected hypoglycemia episodes; it only focused on how hypoglycemic events affected the risk of developing cognitive dysfunction. The causal relationship between the two needs to be further studied. (4) Detailed characteristics of hypoglycemic events, such as the severity of hypoglycemia, the duration of hypoglycemia, the management of hypoglycemia, and specific categories of cognitive dysfunction were not specified in this study. (5) The effect of hypoglycemia events on cognitive function may have been amplified since the majority of the original study data included in this analysis came from hospital or medical claims records following severe hypoglycemic events.



5 Conclusion

In conclusion, the findings confirmed that hypoglycemia episodes may raise the possibility of cognitive dysfunction in those suffering from T2DM. It is recommended that pertinent departments concentrate on bolstering continuous glucose monitoring, routine cognitive screening, and moderate health education in middle-aged and seniors with T2DM to prevent diabetes-related cognitive dysfunction through efficient prevention and treatment of hypoglycemia events. This is in light of the current state of the treatment for cognition dysfunction and the findings of this study.
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Background: Many studies have explored the risk factors associated with cognitive impairment in patients with Type 2 diabetes mellitus (T2DM). However, research on determining the optimal threshold for these risk factors and comparative studies on the therapeutic effects of insulin and metformin is limited. This study aims to establish the optimal threshold for cognitive impairment risk factors in T2DM patients and compare the efficacy of insulin and metformin in treating mild cognitive impairment (MCI).
Methods: A total of 308 patients with T2DM were included. The optimal threshold for cognitive impairment risk factors was determined using receiver operating characteristic curve and binary logistic regression models. MCI patients were divided into three groups: insulin, metformin, and insulin with metformin. The treatment effect was evaluated after a 6-month follow-up.
Results: The study identified several factors that influenced cognitive function in T2DM patients, including female gender, duration of diabetes >13.50 years, years of education >7.50 years, and serum sodium level > 141.90 mmol/L. Metformin and insulin with metformin showed superior therapeutic effects compared to insulin alone, but no difference was observed between metformin and combination therapy.
Conclusion: Special attention should be given to female and those with diabetes duration >13.50 years, as well as to individuals with educational level ≤ 7.50 years and serum sodium concentration ≤ 141.90 mmol/L. Metformin and insulin with metformin effectively improve MCI in patients with T2DM and outperform insulin monotherapy. The efficacy of metformin and combination therapy was found to be comparable.
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1 Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by high blood sugar levels due to insufficient insulin production or insulin resistance. The global prevalence of diabetes according to the 2021 data is an estimated 537 million people, a 16% increase from the previous year, representing 10.5% of the global population. By 2045, this number is projected to rise to 783 million (1).

Cognitive impairment in diabetes, also known as diabetes-related cognitive decline (2), refers to the alteration in cognitive functions in individuals with diabetes. Studies have shown that people with diabetes are 1.5 to 2.0 times more likely to experience cognitive impairments than non-diabetic individuals, and there is a significant association between diabetes and the decline in memory, language, and executive function (3). The annual incidence rate of dementia in individuals with mild cognitive impairment (MCI) in the general population ranges from 0.2 to 3.9%, whereas in T2DM patients, it ranges from 6 to 25%, which is much higher than that observed in the general population (4). China’s diabetes population has specific characteristics that differ from those in the West, such as an earlier age of onset and a higher incidence rate among people aged 30–40 years old. Most patients are aged 45–64 years. Additionally, β-cell dysfunction occurs earlier and more severely in China’s diabetes population compared to the West. Based on these two points, the risk of cognitive impairment in diabetes patients also increases. Therefore, studying the influencing factors of cognitive impairment in T2DM patients and exploring treatment methods for cognitive impairment patients is particularly important.

In T2DM patients, cognitive impairment can be attributed to various factors, including insulin resistance, inflammation, redox imbalance, cerebral microvascular dysfunction, dysbiosis of gut microbiota, disruption of metal homeostasis (e.g., calcium and iron), and lymphatic system dysfunction (5). A meta-analysis of 17 studies indicated that the incidence of cognitive impairment in elderly with diabetes was 48%, and another study estimated an prevalence of MCI in T2DM patients at 45.0%. The prevalence rate was found to be lower Europe compared to Asia, with higher rates observed among female and those aged over 60. Additionally, elderly diabetes with low education levels, living alone, or with a monthly of less than 2000 yuan exhibited high rates cognitive impairment (6, 7).Some researchers have also identified specific risk factors for cognitive dysfunction in T2DM patients, including macrovascular disease, microvascular complications, poor glycemic control, duration of diabetes, and elevated levels of triglycerides and total cholesterol (8, 9). For instance, Sun et al.’s research demonstrated that the longer the duration of diabetes and the lower the education level, the higher the risk of cognitive dysfunction among patients (8). However, there is a scarcity of studies exploring the specific thresholds at which these factors significantly increase the risk of cognitive dysfunction.

Research studies have provided insights into the potential benefits of intranasal insulin treatment for individuals with diabetes, including improved learning and memory functions, enhanced hippocampal neurogenesis, and increased brain insulin levels (10). A study involving amnestic MCI or mild to moderate Alzheimer’s disease (AD) patients found that daily administration of 20 IU regular insulin was associated with better story recall ability compared to the placebo group (11). However, a randomized double-blind clinical trial did not support the use of intranasal insulin in improving cognitive function in MCI and AD patients (12). Samaras et al. reported that patients taking metformin experienced a slower decline in executive function and overall cognitive decline, while those not taking metformin had an increased risk of developing dementia (13). Kodali et al. reached a similar conclusion, suggesting that initiating metformin treatment in late middle age can improve cognitive function in the elderly, possibly through inhibition of microglia activation, reduction of pro-inflammatory cytokine levels, and enhancement of hippocampal autophagy (14). Despite these findings, Porter et al. proposed that taking metformin may increase the risk of cognitive impairment, potentially due to a deficiency of B vitamins (15). Wu et al.’s longitudinal study found no association between the use of metformin and longitudinal memory changes in T2DM patients with MCI (16). Most studies have indicated that both insulin and metformin can improve cognitive function in patients, but there is a lack of research comparing the therapeutic effects of different drugs.

In this study, we aimed to evaluate the cognitive function of T2DM patients using the Mini-mental State Examination (MMSE). Our goal was to investigate the current status of cognitive dysfunction in T2DM patients and to explore the best cutoff values for risk factors associated with cognitive dysfunction. Additionally, we compared the therapeutic effects of insulin, metformin, and the combination of insulin and metformin on T2DM patients with MCI. The findings from this study will provide a foundation for early assessment and clinical intervention for T2DM patients with cognitive impairment.



2 Methods


2.1 Study population

This study selected patients admitted to the Endocrinology Department of Yan’an University Affiliated Hospital and the Comprehensive Internal Medicine Department of Dongguan Branch from December 2022 to December 2023 as the research subjects.


2.1.1 Inclusion criteria

(1) Compliance with the diagnostic criteria for diabetes as formulated in the 2020 guidelines for the prevention and treatment of T2DM in China; (2) informed consent and voluntary participation in the study.



2.1.2 Exclusion criteria

(1) Degenerative diseases such as AD, frontotemporal lobe dementia, Lewy body dementia, Parkinson’s disease dementia, and Huntington’s disease dementia; (2) Vascular diseases such as infarct dementia, subcortical arteriosclerotic leukoencephalopathy, and cerebral hemorrhage; (3) Cranioencephalic injury; (4) Infectious diseases such as multiple sclerosis dementia, human immunodeficiency virus disease, dementia caused by specific or non-specific infections, syphilis infection, and progressive multifocal white matter encephalopathy; (5) Congenital intellectual impairment; (6) Cerebrovascular functional disorders, mental disorders, intracranial tumors, etc.; (7) Malignant tumors; (8) Combined visual, hearing, and physical impairments; (9) History of ethanol addiction and drug abuse; (10) Genetic diseases that affect cognitive function, such as familial Alzheimer’s and hereditary multiple cerebral infarction dementia.



2.1.3 Drop-out criteria

(1) non-compliance with medication regulations; (2) self-administration of other medications during the treatment period; (3) lost follow-up: This refers to situations where attempts to contact participants are unsuccessful, including cases where the phone number provided was invalid, the phone was turned off, or no one answered after multiple attempts made at different time periods. It can also include cases where the participant has passed away.

The Ethics Committee of Yan’an University Affiliated Hospital approved this study (YA-L20220014). All participants provided written informed consent in accordance with the Helsinki Declaration prior to their involvement.




2.2 Data collection

The researchers collected demographic data and clinical characteristics of all patients, including age, gender, education level, marital status, income, smoking history [defined as continuous or cumulative smoking for more than 6 months (17)], drinking history (defined as consuming alcohol at least once a week within a year, and currently drinking or abstaining from alcohol for less than 3 years), lifestyle, body mass index (BMI) (calculated as weight (kilograms) divided by height (meters) squared), systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting plasma glucose (FPG), complications, and comorbidities. Participants should collect the following blood samples after fasting for a minimum of 6 h and refraining from drinking for at least 4 h. The blood samples were used to measure various parameters, including glycosylated hemoglobin (HbA1c), blood lipids (such as serum triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C)), liver function indicators (such as albumin (ALB), globulin (GLB), albumin/globulin ratio (A/G), total bilirubin (TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL)), renal function indicators (such as Cys-C, β2 microglobulin (β2-MG)), electrolytes (such as sodium, glucose (GLU)), and inflammatory markers (such as C-reactive protein (CRP), fibrinogen (FIB)).



2.3 Cognitive testing

The cognitive function of all participants was evaluated using MMSE, which was developed by Folstein et al. (18) in 1975 and is widely used in clinical practice for diagnosing cognitive decline and dementia. The MMSE consists of five dimensions: orientation, memory, attention and calculation, recall, and language abilities. A total score range of 0 to 30 is used, with scores of 27–30 indicating normal cognitive function, 21–26 indicating MCI, scores of 10–20 indicating moderate cognitive impairment and ≤ 9 indicating severe cognitive impairment. The evaluations were conducted by researchers in a quiet environment.



2.4 Treatment plan

The treatment plan for patients with MCI involved dividing them into three groups: an insulin treatment group, a metformin treatment group, and an insulin-metformin treatment group, based on the discharge medical order records.

The insulin group received subcutaneous injections of Mendong insulin three times per day (before meals), starting with a dose of 0.6 U/kg. The dose was adjusted based on blood glucose level monitoring and medical advice. The specific drug used was Mendong Insulin Injection, manufactured by Novo Nordisk (China) Pharmaceutical Co., Ltd. It came in a 3 mL pen refill with 300 units and was approved by the National Pharmaceutical Approval Letter S20153001.Alternatively, patients in this group could receive subcutaneous injections of Degu insulin, with a dosage range of 0.3–0.5 units/kg once a day before bedtime. Again, the dosage was adjusted according to blood glucose level monitoring and medical advice. The Degu insulin used was manufactured by Novo Nordisk (Denmark) Pharmaceutical Co., Ltd., with specifications of 3 mL: 300 units (Changchong) and was approved by the National Pharmaceutical Approval Letter J20171096.

The metformin group was administered 1.5 g of metformin hydrochloride tablets orally once a day. The specific drug used was Metformin Hydrochloride Tablets produced by Shanghai Shiguibao Pharmaceutical Co., Ltd. from China and the United States. Each tablet had a specification of 0.5 g and was approved by the National Medical Approval Letter H20023370.

The insulin-metformin treatment group received a combination of the above two drugs.

After 6 months of treatment, cognitive function changes were assessed through phone follow-ups in each group. The MMSE was used to record and compare the baseline and end-of-treatment cycle results.



2.5 Statistical analysis

For statistical analysis, SPSS 25.0 software was utilized. For normally distributed data, mean ± standard deviation was used to describe the data. Data that did not follow a normal distribution were described using the median (quartile) [M (P25, P75)], while count data were described using frequency (n) and composition ratio (%). Univariate analysis of factors influencing cognitive dysfunction in T2DM patients was conducted using independent sample t-tests, Mann–Whitney U-tests, and χ2 tests. The optimal cutoff value for statistically significant factors identified in the univariate analysis was determined using ROC curves, with evaluation based on the area under the ROC curve, sensitivity, specificity, and Youden index. Multivariate analysis was performed using binary logistic regression analysis. The differences in Baseline data among different treatment groups were compared using analysis of variance (ANOVA), Kruskal-Wallis rank sum test, and chi-square test. The total score of MMSE and the scores of each dimension in each treatment group were compared using Wilcoxon signed-rank sum test, Kruskal-Wallis rank sum test between the groups, and the α split method was used for multiple comparisons, a p-value < 0.017 was considered statistically significant difference.




3 Results


3.1 Baseline characteristics of the study population

A total of 308 patients with T2DM were included in the study, of whom 125 had cognitive impairment. The incidence rate of cognitive impairment was 40.6%. The cognitive function score of T2DM patients in this study was 27.00 (25.00, 28.00). The normal cognitive function group had lower ages and female proportions compared to the cognitive impairment group. The normal cognitive function group exhibited higher education levels and a greater proportion of individuals with reading habits (p < 0.05). Additionally, the group with cognitive dysfunction had a longer duration of diabetes and a higher proportion of patients with peripheral neuropathy, diabetic nephropathy, hypertension, and coronary heart disease compared to the group with normal cognitive function (p < 0.05).In terms of biochemical indicators, the group with cognitive dysfunction had higher levels of HbA1c, FIB β2-MG, Cys-C, and GLU compared to the group with normal cognitive function. The group with cognitive dysfunction had lower levels of ALB, A/G, TBIL, IBIL, and serum sodium compared to the group with normal cognitive function (p < 0.05). No statistically significant differences were found in other indicators between the two groups (p > 0.05) (Table 1).



TABLE 1 Characteristics of patients with cognitive impairment and normal cognitive function.
[image: A table comparing characteristics between groups with cognitive impairment and normal cognitive function. It includes age, gender, BMI, lifestyle factors, and health parameters. Statistical analysis results are provided with t/Z/χ² values and p-values. Key characteristics show differences, such as age and family income, all measured with significance levels indicated. Data are presented with means, standard deviations, and percentages.]



3.2 ROC curve analysis of continuous variables

The ROC curve analysis was conducted on the continuous variables that showed statistical significance in the univariate analysis. The results indicated that age, years of education, duration of diabetes, HbA1c, FIB, ALB, A/G ratio, TBIL, IBIL, β2-MG, Cys-C, sodium, and GLU had areas under the curves of 0.626, 0.645, 0.658, 0.639, 0.607, 0.601, 0.646, 0.618, 0.645, 0.599, 0.619, 0.575, and 0583, respectively. The optimal cutoff values for these were determined as follows: 60.50 years age, 7.50 years for years of education, 13.50 years for duration of diabetes, 7.65% for HbA1c, 3.45 g/L for FIB,41.05 g/L for ALB,0.48 for A/G ratio, 10.65 μmol/L for TBIL, 8.05 μmol/L for IBIL, 2.06 mg/L for β2-MG, 0.78 mg/L for Cys-C, 141.90 mmol/L for serum sodium, and 10.64 mmol/L for GLU (Table 2, Figure 1).



TABLE 2 Results from ROC curve analysis for continuous variables.
[image: Table listing various characteristics along with their corresponding AUC, cut-point, Youden index, sensitivity, and specificity values. Characteristics include age, duration of education and diabetes, HbA1c, fibrinogen (FIB), albumin (ALB), albumin/globulin ratio (A/G), total bilirubin (TBIL), indirect bilirubin (IBIL), β2-microglobulin (β2-MG), Cystatin-C (Cys-C), serum sodium, and glucose (GLU). Sensitivity and specificity percentages vary across characteristics, with HbA1c showing high sensitivity. Abbreviations are explained below the table.]

[image: Two ROC curve graphs compare the sensitivity and 1-specificity of different variables. The left graph shows curves for duration of education, ALB, A/G, TBIL, IBIL, and serum sodium. The right graph shows curves for age, HbA1c, duration of diabetes, FIB, Cys-C, β2-MG, and GLU. Both graphs include a reference line.]

FIGURE 1
 ROC curve analysis of various indicators predicting cognitive impairment in T2DM patients.




3.3 Analysis of factors influencing cognitive dysfunction in T2DM patients

The dependent variable was whether cognitive dysfunction occurred (0 = no, 1 = yes). Other variables such as age, family monthly income, reading habits, peripheral neuropathy, diabetes nephropathy, hypertension, coronary heart disease, HbA1c, FIB, ALB, A/G ratio, TBIL, IBIL, β2-MG, Cys-C, serum sodium, and GLU were also included in the analysis. The results indicated that female gender, duration of diabetes exceeding 13.50 years, years of education exceeding 7.50 years, and serum sodium level above 141.90 mmol/L were significant factors influencing cognitive impairment in patients with T2DM (p < 0.05) (Table 3).



TABLE 3 Binary logistic regression analysis of the influencing factors of cognitive dysfunction in T2DM patients.
[image: A table displays characteristics analyzed, including gender, duration of education, duration of diabetes, and serum sodium levels. Each characteristic is compared with a reference group. The table includes regression coefficients (β), standard errors (SE), Wald statistics, p-values (p), odds ratios (OR), and 95% confidence intervals (CI). For gender, the female category shows significant values. Duration of education and diabetes, and serum sodium levels also exhibit significant p-values and ORs, indicating differences from the reference categories. Abbreviations are explained below the table.]



3.4 Medication treatment grouping situation

In this study, a total of 125 patients exhibited cognitive impairment, of whom 124 were diagnosed with MCI. The MCI patients were categorized into three groups based on their medication records at discharge: an insulin group consisting of 40 cases, a metformin group consisting of 30 cases, and an insulin combined with metformin group consisting of 28 cases. Two cases in the insulin group were lost to follow-up, and one case did not adhere to the medication regimen. In the metformin group, two cases were lost to follow-up. In the insulin combined with metformin group, one case was lost to follow-up, and one case did not adhere to the medication regimen. Consequently, a total of 91 patients were included in the final analysis: 37 in the insulin group, 28 in the metformin group, and 26 in the insulin combined with metformin group (Figure 2). There were no statistically significant differences in age, gender, BMI, years of education, and monthly household income among the three groups at baseline (p > 0.05) (Table 4).

[image: Flowchart depicting participant allocation in a study with MMSE scores between 21 and 26. Initially, 124 participants were divided into three groups: Insulin (40), Insulin with Metformin (28), and Metformin (30). In the Insulin group, 3 participants were excluded (2 lost contact, 1 did not adhere to the regimen), leaving 37. In the Insulin with Metformin group, 2 were excluded (1 lost contact, 1 non-adherent), leaving 26. In the Metformin group, 2 were excluded due to lost contact, leaving 28.]

FIGURE 2
 Research flowchart.




TABLE 4 Demographic and clinical characteristics of the three patient groups.
[image: Table comparing characteristics of three groups: insulin (n=37), metformin (n=28), and insulin with metformin (n=26). Data includes age, gender, BMI, education duration, income, blood pressure, diabetes duration, FPG, and HbA1c. Statistical values are given for F/H/χ² and p-values.]



3.5 Comparison of cognitive function before and after treatment

A comparative analysis was conducted on the cognitive function scores of three groups of patients before and after treatment. The results indicated no statistically significant difference in the total MMSE scores and scores in various dimensions among the three groups before treatment (p > 0.05). Following treatment, the metformin group and the insulin combined with metformin group exhibited higher MMSE total scores, attention and computational power scores, and language ability scores compared to before treatment, and these differences were statistically significant (p < 0.05). No such differences were observed in the scores of orientation, memory, and recall ability (p > 0.05). After treatment, there was no statistically significant difference (p > 0.05) in the total score and various dimensions of MMSE between the insulin group and before treatment. However, a statistically significant difference in MMSE total score, attention and computational power scores, and language ability scores was observed among the three groups of patients after treatment (p < 0.05). Both the metformin group and the insulin combined with metformin group scored higher than the insulin group, and this difference was statistically significant (p < 0.017). No such difference was noted between the metformin group and the insulin combined with metformin group (p > 0.017) (Table 5).



TABLE 5 Comparison of total MMSE scores and scores in various dimensions before and after treatment among the three patient groups.
[image: Table showing cognitive assessment scores of three groups: Insulin, Metformin, and Insulin with Metformin before and after treatment. Categories include MMSE score, Orientation, Memory, Attention/Calculation, Recall, and Language. Statistical values, Z and p values, and significant changes are indicated, with notable improvements in Metformin and Insulin with Metformin for certain categories.]




4 Discussion

In this study, the cognitive impairment rate of T2DM patients was 40.6%. Female gender, duration of diabetes exceeding 13.50 years, years of education exceeding 7.50 years, and serum sodium level above 141.90 mmol/L were significant factors influencing cognitive impairment in patients with T2DM. Metformin and insulin combined with metformin might improve cognitive function in T2DM patients with MCI, and the effect is superior to insulin alone. No differences in the therapeutic effects of metformin and insulin combined with metformin were observed. The findings of this research have significant implications for screening cognitive impairment in T2DM patients, as well as early detection and treatment. Clarifying the therapeutic effects of hypoglycemic drugs on MCI patients is beneficial for targeted medication and improving treatment effectiveness, which is of great significance in preventing senile dementia and delaying the progression of dementia.


4.1 Current status of cognitive dysfunction in T2DM patients

The results of this study indicate that the cognitive dysfunction rate among T2DM patients is 40.6%, which is lower than the prevalence rate (48%) calculated by Chen et al. (6). Chen’s research concentrated on elderly diabetic patients, and age is considered a risk factor for cognitive impairment in T2DM patients. In this study, the participants were T2DM patients of various ages, resulting in a lower cognitive dysfunction rate than in Chen’s study. Furthermore, the cognitive function score of T2DM patients in this study was 27.00 (25.00, 28.00), suggesting a good overall cognitive function. It is important to note that the MMSE scale, used to assess cognitive function, may not be sensitive enough to detect MCI, leading to higher specificity but lower sensitivity compared to the Montreal Cognitive Assessment. Therefore, future research is advised to utilize a combination of both scales to enhance the accuracy of diagnosing cognitive impairment.



4.2 Factors influencing cognitive dysfunction in T2DM patients


4.2.1 Gender

The results of this study suggest that female have a significantly higher risk of developing cognitive impairment than men with T2DM (OR = 2.030, 95% CI: 1.067–3.861), which is consistent with the findings of Verhagen et al. (19). Giacomucci et al. (20) propose that estrogens have neuroprotective effects; however, a decline in estrogen levels during menopause may contribute to cognitive decline. The majority of women in this study are middle-aged and elderly, within the premenopausal and menopausal periods, which may contribute to cognitive impairments due to reduced hormone levels. Research has shown that women carrying the APOE4 variant gene have a fourfold higher risk of developing AD than men carrying the same gene, while the APOE4 gene has a minimal impact on men (21). The higher risk of cognitive impairment in women may be attributed to the presence of the APOE4 gene. Additionally, the education level of women in this study was lower than that of men. This shorter duration of education may also contribute to the higher risk of cognitive impairment in women. Therefore, it is essential to pay more attention to the cognitive function of women in clinical practice, conduct regular cognitive screening, and provide early detection and intervention for cognitive dysfunction.



4.2.2 Duration of education

The study indicates that individuals with T2DM and an educational duration of over 7.50 years have a significantly lower risk of cognitive impairment than those with an educational duration of less than or equal to 7.50 years (OR = 0.444, 95% CI: 0.224–0.879). One possible explanation for this phenomenon is that individuals with higher levels of education, such as knowledge workers, tend to have a higher synaptic density in the cerebral cortex. As a result, their brains have increased storage capacity and are able to delay the onset of dementia symptoms by approximately 4–5 years (8). A cross-sectional study involving 1,023 participants found that individuals with formal education exhibited better cognitive function and a lower risk of dementia than those without education (22). Some researchers believe that education has a positive impact on cognitive function in individuals aged 50 and above and may even counteract the negative effects of low-income living on cognitive health (23). This finding aligns with Sun et al.’s research (8), which suggests that a higher level of education acts as a protective factor against cognitive dysfunction in T2DM patients. Furthermore, this study further reveals that an educational duration exceeding 7.50 years significantly reduces the risk of cognitive impairment in patients. Healthcare professionals should pay attention to T2DM patients with an educational duration of less than or equal to 7.50 years, conduct regular cognitive function assessments, and gain a comprehensive understanding of their cognitive health.



4.2.3 Duration of diabetes

The study results also indicated that among T2DM patients, those with a diabetes duration exceeding 13.50 years exhibited a significantly elevated risk of cognitive dysfunction compared to patients with a diabetes duration of ≤13.50 years (OR = 2.929, 95% CI: 1.530–5.608). This may be attributed to impaired peripheral insulin action leading to hyperglycemia, which in turn causes vascular damage, glucose neurotoxicity, and an increased risk of dementia due to the accumulation of advanced glycation end products (24). Moreover, T2DM patients with a disease duration of over 20 years have a significantly higher risk of cognitive impairment, particularly in processing speed and attention (25). The study found that the cognitive decline of T2DM patients is positively correlated with the duration of diabetes. Patients diagnosed for more than 15 years have a significantly increased risk of cognitive dysfunction (8), which aligns with the findings of this study. Therefore, in clinical practice, medical professionals should be vigilant when the duration of diabetes exceeds 13.50 years and proactively identify and intervene in cases of cognitive impairment.



4.2.4 Serum sodium

Furthermore, the study results revealed that among T2DM patients, those with a serum sodium concentration greater than 141.90 mmol/L had a significantly reduced risk of cognitive impairment compared to patients with a serum sodium concentration of ≤141.90 mmol/L (OR = 0.477, 95% CI: 0.246–0.923). Hyponatremia refers to a pathological condition where the serum sodium concentration is less than 135 mmol/L. The cognitive impairment observed in these cases may be attributed to the activation of the renin-angiotensin system, induction of mitochondrial dysfunction and oxidative stress, and decreased ATP production in hippocampal cells. Studies have demonstrated that compared to the control group, individuals with hyponatremia exhibit significantly poorer scores across various domains of cognitive function (26). Researchers have also noted that elevated sodium levels independently predict improvements in MMSE cognitive function scores, with the resolution of hyponatremia positively impacting the overall cognitive function of elderly patients (27). Van der Burgh et al. (28) pointed out that low serum sodium levels, even within the range above the clinical threshold of hyponatremia, are associated with cognitive impairments in attention and psychomotor function, confirming the results of this study. Building on these findings, the study further revealed that a serum sodium concentration greater than 141.90 mmol/L significantly reduces the risk of cognitive impairment in patients. However, it is important to note that excessive serum sodium concentration can also negatively impact cognitive abilities, suggesting the presence of an optimal serum sodium concentration range. Consequently, further research is necessary to pinpoint this threshold.




4.3 Comparison of treatment effects in patients with T2DM accompanied by MCI

The study findings suggest that following a 6-month medication regimen, both the metformin group and the insulin-combined metformin group experienced enhancements in total MMSE scores, as well as attention and computational abilities, and language abilities relative to their baseline levels. Cardoso and Moreira (29) has posited that metformin might bolster executive function, learning and memory, and cognitive attention in AD patients, in line with the present study’s observations. This improvement is possibly attributed to metformin’s capacity to stimulate adult hippocampal neurogenesis, deter amyloid plaque formation, restore normal insulin signaling within neural cells, and ameliorate pathological alterations in neural lines subjected to chronic high-insulin conditions (29). The central nervous system’s insulin can decrease tau protein phosphorylation rates, suppress microglial activation, and regulate cognitive and memory functions by tweaking the synthesis of anti-inflammatory mediators and pro-inflammatory factors (29). The combined therapy may elicit a synergistic impact, resulting in higher scores across various dimensions, including MMSE, attention, computational power, and language abilities, post-treatment compared to pre-treatment.

The study found no significant differences between the metformin group and the insulin combined with metformin group in terms of orientation, memory, and recall abilities before and after treatment. This may be due to the relatively high baseline scores for these dimensions in patients, indicating that these functions were not severely impaired. Additionally, the insulin group did not show any changes in total MMSE score or other dimensional scores before and after treatment, suggesting that insulin alone may not have a significant impact on cognitive function in MCI patients. In contrast, other studies have reported improvements in cognitive function and glucose metabolism in patients with MCI or AD when intranasal insulin therapy was used (30). Hallschmid’s study (11) also showed improved story recall ability after 4 months of treatment with regular insulin. The discrepancies between these studies and the current one may be attributed to two reasons: (1) The subcutaneous injection of insulin in this study has limitations, as it can easily lead to hypoglycemia and increase the risk of cognitive impairment in patients. Moreover, the blood–brain barrier may impede insulin transport, rendering it ineffective. (2) Considering the sample size, this study included two types of insulin, Mendong and Degu, in the insulin group. Each patient had different medication doses, which could contribute to the variations observed between this study and others (31).

Previous research has also shown that combining metformin with donepezil can improve cognitive function and glucose metabolism abnormalities in patients (32). Dahl et al.’s study (33) revealed that subcutaneous injection of tigapamide in addition to adjusting insulin glargine can significantly reduce blood sugar levels. These studies suggest that combination therapy may yield better outcomes. However, our study did not find significant differences between the metformin group and the insulin combined with metformin group in terms of the total MMSE score and other dimensional scores after treatment. This finding might be associated with the negative impact of hypoglycemia caused by subcutaneous insulin injection on cognitive function and the blood–brain barrier. Such effects can lead to reduced insulin absorption and utilization, thereby compromising its effectiveness.



4.4 Advantages and limitations

This study offers several strengths. First, it comprehensively assesses various relevant factors influencing cognitive dysfunction in T2DM patients. By calculating the optimal clinical cutoff points for each risk factor through ROC curve analysis based on previous studies, a multifactor analysis was conducted. This method ensures that the findings are more targeted and beneficial for screening T2DM patients with cognitive impairment. Second, while insulin and metformin have been shown to improve cognitive function in T2DM patients, few studies compare their therapeutic effects. This study is among the few to make such a comparison. However, our study also has limitations that should be acknowledged. First, monitoring and controlling medication adherence post-discharge posed a challenge. Adherence was assessed via self-report, potentially introducing bias. Second, there was a lack of long-term evaluation of hypoglycemic drugs’ effects on cognitive impairment. Initially, short-term and long-term evaluations at 6 and 12 months post-discharge were planned, but due to time constraints and some patients being readmitted before the second evaluation, discharge medication records were altered. Consequently, the data for 12 months after discharge was not included. In future research, a comprehensive consideration of objective conditions should be made to develop a feasible research plan and examine both short-term and long-term effects.

Future studies could conduct large-sample, multicenter randomized controlled trials to explore the impact of different dosages and administration methods on clinical efficacy, identifying the optimal dosage and administration method for treating T2DM patients with cognitive impairment.




5 Conclusion

In summary, this study found a 40.6% prevalence of cognitive impairment in T2DM patients. Factors associated with cognitive dysfunction included female gender, diabetes duration exceeding 13.50 years, education duration over 7.50 years, and serum sodium levels above 141.90 mmol/L. Metformin and insulin combined with metformin were effective in improving cognitive function in T2DM patients with MCI, with a superior effect compared to insulin alone. No significant differences in therapeutic effects were observed between the metformin group and the insulin combined with metformin group.



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 studies involving humans were approved by Ethics Committee of Yan’an University Affiliated 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. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

ML: Data curation, Investigation, Writing – original draft. ZW: Funding acquisition, Resources, Writing – review & editing. JH: Conceptualization, Writing – review & editing. ZM: Investigation, Writing – original draft. HB: Conceptualization, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study supported by a fund from the Yan’an People’s Hospital in Shaanxi Province, China.



Acknowledgments

We would like to express our gratitude to Yan’an University Affiliated Hospital for providing us with detailed data and to all the research participants.



Conflict of interest

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



Publisher’s note

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



References
	 1. Tinajero, MG, and Malik, VS. An update on the epidemiology of type 2 diabetes. Endocrinol Metab Clin N Am. (2021) 50:337–55. doi: 10.1016/j.ecl.2021.05.013

	 2. Srikanth, V, Sinclair, AJ, Hill-Briggs, F, Moran, C, and Biessels, GJ. Type 2 diabetes and cognitive dysfunction-towards effective management of both comorbidities. Lancet Diabetes Endocrinol. (2020) 8:535–45. doi: 10.1016/S2213-8587(20)30118-2 
	 3. Teixeira, MM, Passos, VMA, Barreto, SM, Schmidt, MI, Duncan, BB, Beleigoli, AMR , et al. Association between diabetes and cognitive function at baseline in the Brazilian longitudinal study of adult health (Elsa-Brasil). Sci Rep. (2020) 10:1596. doi: 10.1038/s41598-020-58332-9 
	 4. Yu, ZW, Liu, R, Li, X, Wang, Y, Fu, YH, Li, HY , et al. Potential roles of glucagon-like peptide-1 and its analogues in cognitive impairment associated with type 2 diabetes mellitus. Mech Ageing Dev. (2020) 190:111294. doi: 10.1016/j.mad.2020.111294 
	 5. Luo, A, Xie, Z, Wang, Y, Wang, X, Li, S, Yan, J , et al. Type 2 diabetes mellitus-associated cognitive dysfunction: advances in potential mechanisms and therapies. Neurosci Biobehav Rev. (2022) 137:104642. doi: 10.1016/j.neubiorev.2022.104642 
	 6. Chen, JF, Zhang, YP, Han, JX, Wang, YD, and Fu, GF. Systematic evaluation of the prevalence of cognitive impairment in elderly patients with diabetes in China. Clin Neurol Neurosurg. (2023) 225:107557. doi: 10.1016/j.clineuro.2022.107557 
	 7. You, Y, Liu, Z, Chen, Y, Xu, Y, Qin, J, Guo, S , et al. The prevalence of mild cognitive impairment in type 2 diabetes mellitus patients: a systematic review and meta-analysis. Acta Diabetol. (2021) 58:671–85. doi: 10.1007/s00592-020-01648-9

	 8. Sun, L, Diao, X, Gang, X, Lv, Y, Zhao, X, Yang, S , et al. Risk factors for cognitive impairment in patients with type 2 diabetes. J Diabetes Res. (2020) 2020:1–10. doi: 10.1155/2020/4591938

	 9. Lyu, F, Wu, D, Wei, C, and Wu, A. Vascular cognitive impairment and dementia in type 2 diabetes mellitus: an overview. Life Sci. (2020) 254:117771. doi: 10.1016/j.lfs.2020.117771

	 10. Lv, H, Tang, L, Guo, C, Jiang, Y, Gao, C, Wang, Y , et al. Intranasal insulin administration may be highly effective in improving cognitive function in mice with cognitive dysfunction by reversing brain insulin resistance. Cogn Neurodyn. (2020) 14:323–38. doi: 10.1007/s11571-020-09571-z 
	 11. Hallschmid, M
. Intranasal insulin for Alzheimer's disease. CNS Drugs. (2021) 35:21–37. doi: 10.1007/s40263-020-00781-x 
	 12. Craft, S, Raman, R, Chow, TW, Rafii, MS, Sun, CK, Rissman, RA , et al. Safety, efficacy, and feasibility of intranasal insulin for the treatment of mild cognitive impairment and Alzheimer disease dementia: a randomized clinical trial. JAMA Neurol. (2020) 77:1099–109. doi: 10.1001/jamaneurol.2020.1840 
	 13. Samaras, K, Makkar, S, Crawford, JD, Kochan, NA, Wen, W, Draper, B , et al. Metformin use is associated with slowed cognitive decline and reduced incident dementia in older adults with type 2 diabetes: the Sydney memory and ageing study. Diabetes Care. (2020) 43:2691–701. doi: 10.2337/dc20-0892

	 14. Kodali, M, Attaluri, S, Madhu, LN, Shuai, B, Upadhya, R, Gonzalez, JJ , et al. Metformin treatment in late middle age improves cognitive function with alleviation of microglial activation and enhancement of autophagy in the hippocampus. Aging Cell. (2021) 20:e13277. doi: 10.1111/acel.13277 
	 15. Porter, KM, Ward, M, Hughes, CF, O'Kane, M, Hoey, L, McCann, A , et al. Hyperglycemia and metformin use are associated with B vitamin deficiency and cognitive dysfunction in older adults. J Clin Endocrinol Metab. (2019) 104:4837–47. doi: 10.1210/jc.2018-01791 
	 16. Wu, CY, Ouk, M, Wong, YY, Anita, NZ, Edwards, JD, Yang, P , et al. Relationships between memory decline and the use of metformin or dpp4 inhibitors in people with type 2 diabetes with normal cognition or Alzheimer's disease, and the role Apoe carrier status. Alzheimers Dement. (2020) 16:1663–73. doi: 10.1002/alz.12161 
	 17. Lilly, G, and Calvert, GM. The world trade center health program: smoking cessation. Arch Environ Occup Health. (2023) 78:249–52. doi: 10.1080/19338244.2023.2185190 
	 18. Folstein, MF, Folstein, SE, and McHugh, PR. "Mini-mental state". A practical method for grading the cognitive state of patients for the clinician. J Psychiatr Res. (1975) 12:189–98. doi: 10.1016/0022-3956(75)90026-6

	 19. Verhagen, C, Janssen, J, Biessels, GJ, Johansen, OE, and Exalto, LG. Females with type 2 diabetes are at higher risk for accelerated cognitive decline than males: Carolina-cognition study. Nutr Metab Cardiovasc Dis. (2022) 32:355–64. doi: 10.1016/j.numecd.2021.10.013 
	 20. Giacomucci, G, Mazzeo, S, Padiglioni, S, Bagnoli, S, Belloni, L, Ferrari, C , et al. Gender differences in cognitive reserve: implication for subjective cognitive decline in women. Neurol Sci. (2022) 43:2499–508. doi: 10.1007/s10072-021-05644-x 
	 21. Castro-Aldrete, L, Moser, MV, Putignano, G, Ferretti, MT, Schumacher Dimech, A, and Santuccione, CA. Sex and gender considerations in Alzheimer's disease: the women's brain project contribution. Front Aging Neurosci. (2023) 15:1105620. doi: 10.3389/fnagi.2023.1105620 
	 22. Suemoto, CK, Bertola, L, Grinberg, LT, Leite, REP, Rodriguez, RD, Santana, PH , et al. Education, but not occupation, is associated with cognitive impairment: the role of cognitive reserve in a sample from a low-to-middle-income country. Alzheimers Dement. (2022) 18:2079–87. doi: 10.1002/alz.12542 
	 23. Rodriguez, FS, Hofbauer, LM, and Röhr, S. The role of education and income for cognitive functioning in old age: a cross-country comparison. Int J Geriatr Psychiatry. (2021) 36:1908–21. doi: 10.1002/gps.5613 
	 24. Barbiellini Amidei, C, Fayosse, A, Dumurgier, J, Machado-Fragua, MD, Tabak, AG, van Sloten, T , et al. Association between age at diabetes onset and subsequent risk of dementia. JAMA. (2021) 325:1640–9. doi: 10.1001/jama.2021.4001 
	 25. Tang, X, Wang, Y, Simó, R, Stehouwer, CDA, and Zhou, JB. The association between diabetes duration and domain-specific cognitive impairment: a population-based study. J Alzheimers Dis. (2023) 91:1435–46. doi: 10.3233/JAD-220972

	 26. Suárez, V, Norello, D, Sen, E, Todorova, P, Hackl, MJ, Hüser, C , et al. Impairment of neurocognitive functioning, motor performance, and mood stability in hospitalized patients with euvolemic moderate and profound hyponatremia. Am J Med. (2020) 133:986–93.e5. doi: 10.1016/j.amjmed.2019.12.056 
	 27. Brinkkoetter, PT, Grundmann, F, Ghassabeh, PJ, Becker, I, Johnsen, M, Suaréz, V , et al. Impact of resolution of hyponatremia on neurocognitive and motor performance in geriatric patients. Sci Rep. (2019) 9:12526. doi: 10.1038/s41598-019-49054-8 
	 28. van der Burgh, AC, Pelouto, A, Mooldijk, SS, Zandbergen, AAM, Ikram, MA, Chaker, L , et al. Serum sodium, cognition and incident dementia in the general population. Age Ageing. (2023) 52:afad007. doi: 10.1093/ageing/afad007

	 29. Cardoso, S, and Moreira, PI. Antidiabetic drugs for Alzheimer's and Parkinson's diseases: repurposing insulin, metformin, and thiazolidinediones. Int Rev Neurobiol. (2020) 155:37–64. doi: 10.1016/bs.irn.2020.02.010 
	 30. Kellar, D, Register, T, Lockhart, SN, Aisen, P, Raman, R, Rissman, RA , et al. Intranasal insulin modulates cerebrospinal fluid markers of neuroinflammation in mild cognitive impairment and alzheimer's disease: a randomized trial. Sci Rep. (2022) 12:1346. doi: 10.1038/s41598-022-05165-3

	 31. Ehtewish, H, Arredouani, A, and El-Agnaf, O. Diagnostic, prognostic, and mechanistic biomarkers of diabetes mellitus-associated cognitive decline. Int J Mol Sci. (2022) 23:6144. doi: 10.3390/ijms23116144 
	 32. Lin, Y, Wang, K, Ma, C, Wang, X, Gong, Z, Zhang, R , et al. Evaluation of metformin on cognitive improvement in patients with non-dementia vascular cognitive impairment and abnormal glucose metabolism. Front Aging Neurosci. (2018) 10:227. doi: 10.3389/fnagi.2018.00227 
	 33. Dahl, D, Onishi, Y, Norwood, P, Huh, R, Bray, R, Patel, H , et al. Effect of subcutaneous tirzepatide vs placebo added to titrated insulin glargine on glycemic control in patients with type 2 diabetes: the surpass-5 randomized clinical trial. JAMA. (2022) 327:534–45. doi: 10.1001/jama.2022.0078 


Copyright
 © 2024 Liu, Wang, Han, Mu and Bian. 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.







 


	
	
REVIEW
published: 29 August 2024
doi: 10.3389/fneur.2024.1428021








[image: image2]

Creutzfeldt-Jakob disease presenting as psychiatric disorder: case presentation and systematic review

Brendan Huang1*, Neeva Shafiian1,2, Paul Joseph Masi3, Marc L. Gordon1,4,5, Ana M. Franceschi6 and Luca Giliberto1,5


1Department of Neurology, Northwell, New Hyde Park, NY, United States

2Zucker School of Medicine at Hofstra/Northwell, Hempstead, NY, United States

3Department of Psychiatry, Northwell, New Hyde Park, NY, United States

4Departments of Neurology and Psychiatry, Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, Hempstead, NY, United States

5Feinstein Institute for Medical Research, Northwell Health, Manhasset, NY, United States

6Department of Radiology, Northwell, New Hyde Park, NY, United States

Edited by
 Ioannis Liampas, University of Thessaly, Greece

Reviewed by
 Tarun Singh, University of Michigan, United States
 Amina Nasri, Centre Hospitalier de Cayenne, French Guiana

*Correspondence
 Brendan Huang, bhuang1@northwell.edu 

Received 05 May 2024
 Accepted 13 August 2024
 Published 29 August 2024

Citation
 Huang B, Shafiian N, Masi PJ, Gordon ML, Franceschi AM and Giliberto L (2024) Creutzfeldt-Jakob disease presenting as psychiatric disorder: case presentation and systematic review. Front. Neurol. 15:1428021. doi: 10.3389/fneur.2024.1428021
 

Creutzfeldt-Jakob disease (CJD) is a spongiform encephalopathy caused by misfolded human prion proteins (PrP)s. Due to variability in presentation, the diagnosis may be missed in lieu of various psychiatric disorders. Our study reports on a prototypical case and psychiatric mimic for CJD, and the workup used to establish the correct diagnosis. A 54-year-old male with a past medical history of traumatic brain injury and major depressive disorder presented with chest pain. During the hospital stay, he was found to be increasingly aggressive, and behaved out of character. Further review of clinical history revealed that the patient was diagnosed with cognitive impairment and depression one year prior. The patient was agitated, poorly redirectable, and had unstable gait on neurological examination. Magnetic resonance imaging (MRI) of the brain demonstrated restricted diffusion (DWI) along the parietooccipital and temporal regions (L > R) and in the subcortical structures, including the basal ganglia and thalami, with accompanying subtle fluid attenuation inversion recovery (FLAIR) hyperintense signal abnormality in these regions, deemed as artifactual at the time. Repeat MRI brain two months later demonstrated progression of the DWI signal with ADC correlate and FLAIR findings. Cerebrospinal fluid 14-3-3 and RT-QuIC samples were positive. Upon passing a few months later, brain autopsy and Western Blot confirmed the CJD diagnosis. Literature review was conducted on PubMed to identify CJD cases initially diagnosed as psychiatric disorder. Search terms included “CJD” or “Creutzfeldt-Jakob disease” with three common psychiatric diagnoses, “Depression,” “Psychosis,” and “Mania.” Positive EEG, MRI, PET, and CSF (including protein 14-3-3 and tau) findings for CJD were found in 66.7, 81.1, 50, and 72.7% of cases, respectively. Overall, CJD can present as a psychiatric mimic. In suspicious cases, EEG, imaging, and CSF studies should be promptly utilized to arrive at the correct diagnosis. Repeated MRI imaging is often required to help in the diagnostic process. Brain biopsy should be considered in selected cases.
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Introduction

Creutzfeldt-Jakob disease (CJD) is a type of spongiform neurodegenerative disease caused by misfolded human prion protein (PrP) that is rare, rapidly progressive, and invariably fatal (1). The disease has an equal prevalence across sexes, races, geography, and socio-economic status in the United States (2). Four forms of the disease exist: sporadic (85% of cases), familial, acquired, and variant CJD (1). The case report rate is 1 per million annually, with an average age of symptom onset of 61 (3, 4). Recent studies in the Japanese population have demonstrated an increase in age-adjusted mortality and incidence rates since 2005, disproportionally in older and female individuals (5, 6). This finding may reflect changing demographics versus improving detection methods through imaging and other diagnostic testing. The disease is characterized by a devastating loss of cognitive and motor function resulting in akinetic mutism, with the majority of patients passing away within a year of symptom onset (7, 8). Some cases demonstrated long asymptomatic incubation periods, allowing the possibility for transmission and posing a high cost burden and potential public health risk (3, 9). With the average mean time from symptom onset to diagnosis approximately 8 months, identifying patients at an early stage is critical and physicians should require a lower threshold for ordering additional diagnostic tests in suspected cases.

Brain biopsy is currently the gold standard for diagnosing CJD (10). However, less invasive tools may be employed in order to fit the diagnostic criteria of CJD. Imaging techniques, such as MRI and positron emission tomography (PET) scans are used to identify hallmark characteristics of CJD. Cerebrospinal fluid biomarkers, such as 14-3-3 and tau, are also typically elevated in patients with CJD, but are not specific. Since 2010, cerebrospinal fluid real-time quaking-induced conversion (RT-QuIC) has been a crucial diagnostic tool for identifying CJD, with high levels of specificity and sensitivity (11, 12). Once patients are diagnosed, treatment options are limited to palliative care interventions; thus, identifying CJD early allows for correct management, emotional and spiritual support for patients and families, with discussions of goals of care.

In its classic form, CJD has several identifiable features; clinical findings include myoclonus, pyramidal/extrapyramidal signs, and dementia. However, it has been reported that about 26% of cases initially present with nonspecific psychiatric symptoms such depression, mania, and psychosis, with 80% of patients experiencing psychiatric symptoms within the first 100 days (13). Such presenting symptoms often result in the misdiagnosis of a psychiatric mimicker, delaying CJD diagnosis and palliative treatment.

Here, we describe the case of a 54-year-old man who presented with symptoms, initially thought to be due to a psychiatric condition progressing from a traumatic brain injury, who was later found to have CJD. Afterwards, we present a systematic review of the literature on patients initially presenting with common psychiatric symptoms of depression, mania, and psychosis, who were later confirmed to have CJD. We analyze the diagnostic tools that were used to arrive at the correct diagnosis.



Case presentation

We present a case of a 54-year-old male who suffered from traumatic brain injury (TBI) after falling from a ladder at the age of 45 with seemingly no immediate sequelae. His past medical history also included hyperlipidemia and major depressive disorder. The patient was dismissed from his job as a plumber in late 2021, due to cognitive changes, inability to be redirected, an inability to identify and name everyday objects such as coffee cup and glasses leading to significant frustration; he was described as having “no filter” making inappropriate remarks towards others. He attempted to improve his medical condition by removing from stress and relocating to a different state, seeking therapy and treatment. However, by March, 2022, the patient was noted by family to have ever-worsening communication, despite ongoing speech therapy, and orientation, having being found lost while driving. An outpatient MRI brain acquired at that time demonstrated evidence of gliosis and encephalomalacia in the right fronto-temporal region in a pattern compatible with TBI sequelae, as well as suggestion of restricted diffusion throughout the cortex, most pronounced in the left parietal lobe (Figures 1A–C). It was assumed that the TBI was leading to progressive cognitive decline, including speech and memory deficits. At the time, the increased signal on diffusion weight imaging (DWI) with no apparent diffusion coefficient (ADC) correlate was interpreted as artifactual.

By early April 2022, the patient’s cognition continued to deteriorate, and the family decided to bring him back to his original state of residence for further treatment. On one occasion, he presented to the emergency room (ER) for agitation and was started on valproic acid for mood control, later reduced for agitation. In late April, he presented to the ER again for palpitations and chest pain. Electrocardiogram and troponin levels were normal. The patient was initially cleared for discharge but due to intense agitation with physical, and verbal aggression, was routed for inpatient psychiatry admission. While the patient was alert and oriented to person, place, and situation, the psychiatric interview was limited by expressive and, suspected, receptive aphasia with decreased productivity, increased latency, and impaired articulation. The patient was noted to have good hygiene and grooming. He had fair eye contact but poor relatedness to the interviewer. His impulse control, attention, memory, fund of knowledge, language, judgement, and insight were noted to be impaired.

The patient was eventually seen by inpatient neurologists in May 2022, due to continued cognitive decline. A full neurological examination revealed good behavioral control and fair eye contact. The patient’s speech was fluent, not pressured, but not understandable, characterized by predominantly semantic paraphasia. He did not follow commands for a full cranial nerve assessment, but extraocular movements were noted to be intact with no gross facial asymmetry. Motor testing was limited by the patient’s inability to completely follow commands but demonstrated normal bulk and tone, without focal motor deficits. He demonstrated normal motor praxis (basic organized movements, manipulations, “reaching for the door”) but had severe ideational and ideomotor apraxia which was compounded by a tendency to perseverate and imitate inappropriately, while demonstrating gestures irrelevant to the task, almost parasitic. He did not have myoclonus in the awake state. He exhibited hyperreflexia on all extremities with a positive glabellar reflex. He could walk unassisted but was noted to have hesitant and apraxic gait with a narrow base. The patient said that he could “feel his agitation coming and cannot control the feeling” and that these symptoms occurred at night requiring sedating medications. His sleep was described as “restless” with inconsistent right upper extremity focal myoclonus with sporadic intrusive event and episodes of apnea. After a thorough review of the first MRI, it was decided to repeat the scan during the patient’s current admission due to clinical suspicion of CJD. Imaging, again, demonstrated restricted diffusion along the parieto-occipital and temporal cortex with apparent diffusion coefficient (ADC) correlation, findings more pronounced on the left side, compatible with CJD (Figures 1D–F). Cerebrospinal fluid was drawn for RT-QuiC, 14-3-3, Phosphorylated-TAU, total-TAU, amyloid beta 42, cell count, glucose, lactate dehydrogenase, and protein levels.
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FIGURE 1
 Magnetic resonance imaging: (A–C) represent first MRI scan in March, 2022 and (D–F) demonstrate second MRI scan acquired two months afterwards. (A,D) Axial diffusion weighted imaging (B,E) axial apparent diffusion coefficient imaging (C,F) axial T2 fluid attenuated inversion recovery imaging. White arrows indicate the locations of apparent diffusion coefficient correlate.


During the same admission, patient was started on antipsychotics for severe and violent agitation. He was eventually transitioned to a combination of escitalopram 15 mg daily, quetiapine 300 mg nightly, sodium valproate 500 mg every 12 h, and melatonin 3 mg nightly with significant improvement in insomnia and agitation. With the decrease in agitation, he was noted to have some improvement in ataxia and apraxia. He was later discharged home from the inpatient psychiatry unit with recommendations for outpatient psychiatry follow up. Lumbar puncture demonstrated elevated 14-3-3 protein and the results were shared with the family with recommendations for hospice care, given high probability of CJD.

The patient returned to an outside hospital one month afterwards for further agitation refractory to antipsychotics. He eventually required inpatient hospice care and was started on a continuous infusion of sedatives such as hydromorphone, midazolam, and ketamine. The patient passed away on July 22, 2022 from cardiopulmonary failure. Positive RT-QuIC results arrived shortly after death, further confirming the diagnosis of CJD.

Autopsy was obtained. Western blot (Figure 2), hematoxylin plus eosin stain, and immunohistochemistry analysis (Figure 3) were positive for Sporadic Creutzfeldt-Jakob disease (MV1-2). Genetic analysis demonstrated no pathogenic mutations and an 129 M/V haplotype; 2 silent mutations were detected, c.351A > G and c.1-31G > A. The final diagnosis was sporadic Creutzfeldt-Jakob Disease MV1-2.

[image: Flowchart depicting the study selection process. Initially, 393 studies were identified from databases, all from PubMed. Of these, 221 references were removed (duplicates by Covidence). After screening 172 studies, 123 were excluded. From 49 studies sought for retrieval, none were not retrieved. Assessment for eligibility led to the exclusion of 17 studies due to various reasons such as lack of access and language. Ultimately, 32 studies were included in the review.]

FIGURE 2
 PRISMA schema: diagrammatic representation of literature search utilizing PubMed database.


[image: Western blot image showing protein bands at different molecular weights labeled 25KD, 15KD, and 10KD. Samples treated with proteinase K (100 µg/ml) are marked with "+". Lanes are labeled with regions: Frontal (F), Occipital (O), Cerebellum (C), and controls. Loading volumes range from 0.6 to 30 microliters.]

FIGURE 3
 Western blot of sCJD: proteinase K-treated prion protein detected using antibody 3F4 utilizing samples collected from the frontal lobe, occipital lobe, and cerebellum. T1 and T2 are reference samples.




Methods


Eligibility criteria

All case studies related to Creutzfeldt-Jakob disease, initially diagnosed as a psychiatric disorder, were included in the systematic review. Studies that were written in a language other than English, unrelated neurology pathologies, cases that did not involve an initial psychiatric diagnosis, review articles, animal and in-vivo studies were excluded. The results of the search were categorized within Covidence, a web-based collaboration software platform that streamlines the production of systematic and other literature reviews. References were eliminated if they were duplicates and deemed not relevant in the screening and eligibility stage.



Search strategy

A broad literature search of the PubMed database was completed on February 3, 2023 following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist for studies and cases where Creutzfeldt-Jakob disease was initially diagnosed as a psychiatric disorder. Boolean search terms included “CJD” or “Creutzfeldt-Jakob disease” with three common psychiatric diagnoses, “Depression,” “Psychosis,” and “Mania”.



Study selection

Two authors independently screened all studies, initially, by perusing titles and abstracts. Any relevant studies that were agreed upon would progress towards the full-text phase of the review. Full texts were reviewed according to the eligibility criteria as mentioned above. In case of disagreements, a third adjudicator was included to referee.



Data extraction and analysis

In performing the systematic review according to our inclusion and exclusion criteria, two authors extracted a set of information from the full texts: age, gender, presenting symptoms, initial psychiatric diagnosis, whether patients underwent CT, MRI, PET, EEG, CSF studies, and the symptoms patients exhibited as they related to CJD.




Results

Utilizing the Boolean search strategy for all search terms, 393 articles were acquired from the PubMed registry and uploaded onto Covidence. Two-hundred and twenty one duplicate articles were removed. After titles and abstracts were screened, 123 articles were removed. All articles were able to be retrieved. Upon full text analysis for eligibility, 17 articles were excluded. Thirty-two articles remained with 43 total patients included in the systematic review with studies ranging from 1993 to 2021 (Figure 4).
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FIGURE 4
 Histopathology of sporadic CJD MV1-2 (A) Hematoxylin–eosin (H&E) staining of the purkinje layers revealing kuru plaques (B) 10x and (C) 40x PrP immunostaining showing kuru histiotypic features. White circles denote the appearance of kuru plaques.


Three common psychiatric diseases were evaluated as mimickers of CJD—depression, mania, and psychosis. Supplementary Table S1 outlines the initial diagnosis that were applied to each patient including basic demographics, past medical history, further progressive symptoms that helped to indicate that the symptoms may have a neurodegenerative rather than a psychiatric etiology, and diagnostics that helped to change the diagnosis from a psychiatric disorder to CJD. Progressive symptoms involve five of the most common signs and symptoms of CJD—neuropsychiatric symptoms such as dementia, behavioral issues, sleep disturbances, hallucinations, and frontal lobe signs (14–17), myoclonus particularly those of the startle variety (18), cerebellar manifestations such as nystagmus and ataxia (15, 18), signs of corticospinal tract (CST) involvement such as hyperreflexia, extensor plantar responses, and spasticity (19, 20), and other extrapyramidal signs sign as hypokinesia, bradykinesia, and rigidity.

Our review revealed 32 cases of CJD initially diagnosed as depression with two additional patients also receiving co-diagnosis of psychosis (21, 22). Patients were predominantly female (n = 26) with an average age of 58.3 years old (range 34–82, with one respondent described as middle age) (23). The percentage of patients who underwent electroencephalography (EEG), CT, MRI, PET, and cerebrospinal fluid (CSF) study were 91.4% (32/35), 25.7% (9/35), 88.6% (31/35), 5.7% (2/35), and 77.1% (27/35) respectively. Of the five signs and symptoms that convinced clinicians of an alternative diagnosis, neuropsychiatric symptoms were apparent in all patients (35/35), followed by 68.6% of patients (24/35) with extrapyramidal signs, 65.7% with cerebellar manifestations (23/35), 40% with myoclonus (14/35) and 34.3% with CST involvement (12/35).

Five cases were initially diagnosed as psychosis, with two additional patients also receiving the co-diagnosis of depression, resulted then CJD (21, 22). There was a slight male preponderance with an average age of 54.9 years old (range 31–82). The percentage of patients who underwent electroencephalography (EEG), CT, MRI, PET, and cerebrospinal fluid (CSF) study were 77.8% (7/9), 33.3% (3/9), 88.9% (8/9), 0% (0/9), and 66.7% (6/9) respectively. Of the five major CJD signs and symptoms, neuropsychiatric symptoms were apparent in all patients (9/9), followed by 66.7% of patients (6/9) with extrapyramidal signs, 44.4% (4/9) with cerebellar manifestations, 22.2% (2/9) with myoclonus, and 11.1% (1/9) with CST involvement.

Our review found one patient, a 45-year-old female, who was found to have symptoms of mania and was initially diagnosed with bipolar I disorder. She received EEG, MRI, and CSF studies and demonstrated persistence in all major CJD signs and symptoms.

While a multitude of diagnostic methods were used to resolve the CJD diagnosis of the 43 cases, they were used with varying degrees of success (Table 1). Positive EEG findings for CJD were seen on 26 of the 39 cases (66.7%) where EEGs were used. Positive MRI findings for CJD were seen in 30 of 37 cases (81.1%) where MRIs were used. Positive PET studies were seen in 1 of the 2 cases (50%) where PET imaging was used. Positive CSF studies, including 14-3-3, tau, and RT-QuIC were seen in 24 of the 33 cases (72.7%) that were used as diagnosis. While most patients were stratified according to the WHO classification of CJD based on clinical findings and imaging, fourteen patients underwent neuropathologic studies, including immunohistochemistry, western blotting, and genetic testing to definitively confirm the diagnosis (1, 18, 22, 24–33).



TABLE 1 A diagrammatic summary of all cases that were acquired in the systematic review, including gender and age demographics.
[image: Table displaying diagnostic study results:   - Total studies: 43, with 26 females and average age 58.3. - EEG: 39 completed, 26 positive (66.7%). - CT: 12 completed, 1 positive (8.3%). - MRI: 37 completed, 30 positive (81.1%). - PET: 2 completed, 1 positive (50%). - CSF: 33 completed, 24 positive (72.7%).  Positive CSF studies include 14-3-3, tau, and RT-QuIC abnormalities.]



Discussion

The diagnosis of CJD starts from an accurate assessment of clinical presentation. In conjunction with World Health Organization (WHO) Criteria for Diagnosis of Sporadic CJD, Hermann et al., provides a succinct understanding of possible, probably, and definite diagnosis for CJD, updated for the addition of RT-QuIC diagnosis modality (34, 35). While most studies in our cohort achieve the criteria for probable and possible sporadic CJD based on neurological manifestations with relevant laboratory tests, only a few underwent biopsies to achieve the diagnosis of definite CJD. The difficulty in identifying possible CJD and subsequent misdiagnosis as a psychiatric disorder is owed to its wide phenotypic variance between cases. As seen in our patient and in Bartlett et al., prion infectivity is not confined to neuronal tissue as both patients demonstrated chest pain, an underreported feature of the disease (36). The scrapie isoform of the prion protein (PrPSc) has been found in skeletal and cardiac muscle and may lead to extra-neural pathology before the neurologic and psychiatric symptoms have manifested (20, 37–39).

Our review focused on the numerous paraclinical tests that were used to support or refute the diagnosis of CJD, with varying levels of success. Concurrent and even multiple psychiatric symptoms and diagnoses can make CJD diagnosis a difficult undertaking. Abudy et al. describes how one paraclinical test may have to be utilized more than once to achieve a positive result. Even with the most popular modality, MRI brain, difficulties or uncertainties with imaging interpretation may confound an accurate diagnosis, as was seen with our case presentation. Several patients in our cohort required multiple MRI scans in order to arrive at the correct diagnosis (22–27, 29, 32, 40–43). Our review also demonstrates the relative ineffectiveness of certain tests. CT head was documented to be used in several patients in our cohort; however, it should not be used for diagnosis of CJD since its imaging findings are neither sensitive nor specific (44), although its utilization can help rule out other diseases and help physicians boost their differential diagnosis approach (45). Per our systematic review, eleven out of the twelve that documented the use of CT scans revealed negative results.

Several types of CSF studies have been used over the years to help diagnose CJD. Tau and 14-3-3 were the most common tests of choice for earlier studies. In recent years, RT-QuIC has became the CSF diagnostic test of choice for prion disease. Per our analysis, three patients underwent RT-QuIC for diagnosis of CJD (23, 46–48). RT-QuIC was positive in two patients (23, 47) and negative in one patient (48). The seemingly low sensitivity rate of RT-QuIC is most likely due to low power (n = 3). In total, 33 patients underwent CSF studies with a false negative rate of 27% (9/33). The unusually high rate of false negative is most likely due to (1) selection and publication bias where only biopsy and autopsy revealed prion disease when all other tests claimed the opposite and (2) older cases did not use RT-QuIC as a diagnostic test.


Limitations

Several limitations were encountered during the study. Firstly, while a neurological and psychological assessment was acquired from the patient in the inpatient setting, a comprehensive neuropsychological assessment was not possible. The patient’s medical course was too unstable for a neuropsychological assessment to be attempted in the inpatient setting. Future studies can be set up such that suspected CJD cases could be scheduled for neuropsychological testing as soon as suspected. However, the clinical utility of an in-depth neuropsychological evaluation may be debatable in this setting, save for slow-progressing cases. Rather we stress the utility of a proper and comprehensive neurological examination, which can be prompt and logistically flexible. Secondly, our systematic review of papers from 1993 to 2021 uncovered a broad spectrum of methods that authors used to arrive at the diagnosis of CJD. Many of the earlier studies utilized biopsies and autopsies to help diagnose CJD (26, 27, 32, 33). Later studies took advantage of the physical exam, diagnostic studies such as EEG, MRI, and CSF studies and stratified the probability of CJD according to the WHO criteria (20, 40, 47, 49). While immunohistochemistry and western blot are now commonly used in practice, we found many studies utilized merely a positive 14-3-3 and tau in arriving at the diagnosis of CJD. Additionally, cases such as those by Dervaux et al., and Azorin et al., demonstrated that patients can have positive CJD diagnosis via pathological samples despite EEG, MRI, and CSF studies being negative. Thirdly, due to its phenotypical variances, CJD is a difficult disease to diagnose, and, despite our best efforts, we may not have acquired all cases of CJD that were initially diagnosed as psychiatric disorders.




Conclusion

The present case and our systematic review illustrate multiple patients with CJD initially diagnosed with psychiatric disorders such as depression, bipolar disorder, and psychosis. Our review suggests that CJD should be considered in patients who initially present with psychiatric symptoms, with abnormalities on brain MRI, poor response to treatment and progression to further cognitive difficulties. Early recognition can assist with goals of care conversation, potentially limiting healthcare costs.
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Background: Inappropriate trusting behaviour may have significant social, financial and other consequences for people living with dementia. However, its clinical associations and predictors have not been clarified. Here we addressed this issue in canonical syndromes of frontotemporal dementia (FTD) and Alzheimer’s disease (AD).
Methods: In 34 patients with AD and 73 with FTD (27 behavioural variant (bv)FTD, 22 semantic variant primary progressive aphasia (svPPA), 24 nonfluent/agrammatic variant (nfv)PPA) we recorded inappropriate trusting and other abnormal socio-emotional behaviours using a semi-structured caregiver survey. Patients were comprehensively characterised using a general cognitive assessment and the Revised Self-Monitoring Scale (RSMS; an informant index of socioemotional awareness).
Results: Inappropriate trusting was more frequent in svPPA (55%) and bvFTD (44%) than nfvPPA (17%) or AD (24%). After adjusting for age, sex, education and Mini-Mental State Examination (MMSE) score, inappropriate trusting was significantly more likely in svPPA (odds ratio 3.61; 95% confidence interval 1.41–8.75) and bvFTD (3.01, 1.23–6.65) than AD. Significant predictors of inappropriate trusting comprised apathy in svPPA, disinhibition and altered pain responsiveness in bvFTD, and lower MMSE and RSMS (self-presentation) scores in AD.
Conclusion: Dementia syndromes vary in prevalence and predictors of abnormal trusting behaviour, with implications for clinical counselling and safeguarding.
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Introduction

People living with dementia are at substantial risk from impaired judgment and decision making, including inappropriately placing trust in others. This is particularly pertinent to financial decisions and susceptibility to scams (1, 2). While cognitive impairment per se may lead to inappropriate trusting and impaired scam detection (2, 3), patients with diseases in the frontotemporal dementia (FTD) spectrum may be relatively more vulnerable due to early, prominent changes in socio-emotional behaviour and awareness (1, 4–7). However, the factors that drive abnormal trusting behaviour and how these might vary between canonical dementia syndromes have not been defined.

Here we addressed this issue in patients representing Alzheimer’s disease (AD) and the major behavioural and language-led variant syndromes of FTD (behavioural variant (bv)FTD, semantic variant primary progressive aphasia (svPPA) and nonfluent/agrammatic variant (nfv)PPA). We surveyed patients’ primary caregivers about abnormal trusting and other potentially relevant behavioural changes since illness onset, and assessed the influence of diagnosis, cognitive and behavioural features on the development of inappropriate trusting. Based on clinical experience and previous evidence, we hypothesised that inappropriate trusting behaviour would be more prevalent in FTD syndromes than AD, and would be predicted by abnormal interpretation of socio-emotional signals, impaired governing of own social behaviour, and/or altered responsiveness to aversive consequences. The last is likely to share pathophysiological mechanisms with responsiveness to pain, which is commonly altered in bvFTD and svPPA syndromes and was accordingly used here to index abnormal behavioural sensitivity to negative outcomes more generally (8, 9).



Materials and methods

We studied 107 patients: 34 with typical amnestic AD and 73 with major FTD syndromes (27 bvFTD, 22 svPPA, 24 nfvPPA). All had compatible general neuropsychological, brain MRI and CSF findings, and mild to moderately severe disease (details in Table 1). Each patient had a primary caregiver who could provide reliable information on their premorbid and current behaviour.



TABLE 1 General demographic, neuropsychological and behavioural characteristics of patient groups.
[image: Table presenting demographic, neuropsychological, and behavioral data for diagnostic groups: AD, bvFTD, svPPA, and nfvPPA. Data shows statistics such as number, handedness, age, education, MMSE, WASI scores, memory, executive function, language, other skills, and social cognition. Footnotes indicate statistical significance in comparisons.]

In a semi-structured survey, caregivers were asked whether there had been increased instances of patients inappropriately trusting other people, such as heightened gullibility, incautiousness or acts of poor judgement, and were invited to provide examples. They were also surveyed about the presence or absence of changes in other socio-emotional behaviours (social disinhibition, obsessionality, apathy, altered pain responsiveness) that we hypothesised might be relevant to inappropriate trusting. Caregivers were asked to assess behavioural changes relative to the patients’ behaviour 10 years previously (an interval predating symptom onset for all patients). Caregivers also completed the Revised Self-Monitoring Scale (RSMS) (10) an index of social impression management and responsiveness to changes in the social environment. The scale has two subscores. The socioemotional expressiveness score (RSMS-EX) measures the ability to understand social cues of others, and the modification of self-presentation score (RSMS-SP) measures the ability to change one’s behaviour when it is not appropriate in a social situation.

Data were analysed using Python (v3.8.5) software and the logistic regression package from scikit-learn 1.2.0 with bootstrapping (10,000 iterations each) for all logistic regression analyses.

Participant groups were compared on demographic, cognitive and behavioural measures using ANOVA and Kruskal-Wallis tests for continuous variables, and chi-square tests and Fisher’s exact tests (when expected counts were small) for categorical variables. Post-hoc pair-wise comparisons were carried out when applicable, with false-discovery-rate correction. For all tests, p < 0.05 was accepted as the threshold for statistical significance.

Odds of inappropriate trusting behaviour in each FTD syndromic group compared to the AD group were assessed using logistic regression models, adjusting for age, sex, years of education and Mini-Mental State Examination (MMSE) score (a surrogate for disease severity). In separate univariate logistic regression models based on 69 patients with complete correlative neuropsychological and behavioural data, we assessed candidate cognitive and behavioural predictors of inappropriate trusting behaviour within different syndromic groups. These candidate predictors comprised MMSE score (overall level of cognitive function), WASI (Wechsler Abbreviated Scale of Intelligence) Matrices subtest score (nonverbal reasoning ability), RSMS-total score, RSMS-EX (socio-emotional expressiveness subscore), RSMS-SP (ability to modify self-presentation subscore) and presence (or absence) of social disinhibition, obsessionality, apathy and altered pain responsiveness.

The study was approved by the University College London institutional ethics committee and all participants gave informed consent in accordance with the Declaration of Helsinki. The data that support the findings of this study are not publicly available (in line with the terms of the original ethics approval) but available on reasonable request from the corresponding author.



Results

Patient groups were well matched in age, sex and years of education and showed cognitive and behavioural features in keeping with their syndromic diagnoses (Table 1), including lowest RSMS and highest prevalence of social disinhibition, obsessionality and altered pain responsiveness in the bvFTD and svPPA groups.

Across all patient groups, inappropriate trusting behaviour was more prevalent in the svPPA (12/22 cases, 55%) and bvFTD (12/27, 44%) groups than the nfvPPA (4/24, 17%) or AD (8/34, 24%) groups. Risk was most significantly increased with a diagnosis of svPPA (odds ratio 3.61; 95% confidence interval 1.41–8.75) and bvFTD (3.01; 1.23–6.65) relative to AD but did not differ significantly between nfvPPA and AD (1.06; 0.36–2.96) (Figure 1). When invited to describe patients’ inappropriately trusting behaviour, a number of caregivers detailed how they had fallen victim to email and other financial “scams” (examples in Supplementary Table S1).

[image: Graph illustrating standardized differences for neuropsychological assessments across three conditions: bvFTD, svPPA, and nfvPPA. The left graph shows bvFTD and svPPA with positive red markers, while nfvPPA shows a central black marker. The right panel displays AD, bvFTD, and svPPA, with rows labeled MMSE, WASI Matrices, RSMS-total, RSMS-EX, RSMS-SP, Obsessionality, Disinhibition, Apathy, and Altered pain, indicating varying effect sizes with red and black markers.]

FIGURE 1
 Risk factors for inappropriate trusting behaviour in dementia syndromes. The figure is a graphical representation of diagnostic, cognitive and behavioural risk factors for inappropriate trusting behaviour in patients with dementia (see Supplementary Table S2). Odds ratios (with 95% confidence intervals) are shown, plotted on a log-10 scale; significantly increased or reduced odds are depicted in red. The left panel displays the risk associated with a diagnosis of each canonical frontotemporal dementia syndrome relative to Alzheimer’s disease (adjusted for age, sex, years of education, and Mini-Mental State Examination score; see text). The right panel displays the risk associated with key cognitive and behavioural factors within each diagnostic group (excluding the nfvPPA group, as only four patients with this diagnosis showed inappropriate trusting). AD, patient group with Alzheimer’s disease; bvFTD, patient group with behavioural variant frontotemporal dementia; EX, sensitivity to socio-emotional expressiveness; MMSE nfvPPA, patient group with non-fluent/agrammatic primary progressive aphasia; MMSE, Mini-Mental State Examination score; RSMS, Revised Self-Monitoring Scale; SP, ability to modify self-presentation; svPPA, patient group with semantic variant primary progressive aphasia; WASI, Wechsler Abbreviated Scale of Intelligence.


Significant predictors of inappropriate trusting behaviour (after adjusting for age, sex and years of education) comprised apathy (odds ratio 2.48; 95% confidence interval 1.03–5.14) and a trend for higher altered pain responsiveness (2.59; 0.97–5.58) in the svPPA group; disinhibition (2.24; 1.25–4.50) and altered pain responsiveness (3.83; 1.52–8.41) in the bvFTD group; and lower MMSE (0.71; 0.29–0.92) and RSMS-SP scores (0.71; 0.39–0.88) and absence of disinhibition (0.60; 0.34–0.99) in the AD group (Figure 1; Supplementary Table S2).



Discussion

Our findings show that inappropriate trusting presents a significant issue in people living with both AD and FTD, and that patients with bvFTD and svPPA are at highest risk of developing this behaviour, in line with the greater prominence of socio-emotional behavioural deficits in these FTD syndromes (5, 7, 10). Predictors of abnormal trusting here varied between dementia syndromes. In keeping with previous evidence (3), overall level of cognitive impairment and inability to monitor one’s own social conduct were predictors in AD. Disinhibition and abnormal responsiveness to aversive consequences (here indexed as pain) predicted inappropriate trusting behaviour in bvFTD, while apathy was a predictor in svPPA. These profiles suggest different candidate neural mechanisms for abnormal trusting linked to particular socio-emotional behavioural abnormalities in these diseases, in line with previous work (6–8, 10, 11).

Complex behavioural changes are multi-dimensional (8). Apathy in svPPA might promote inappropriate trusting and financial vulnerability by impairing initiative, motivation and autonomous goal-setting (12, 13). However, disinhibition in bvFTD here tended to promote inappropriate trusting behaviour but in AD was relatively ‘protective’. We do not have details about how these behavioural complexes presented in our AD and FTD patients – and further, they were indexed by caregiver report. Whereas disinhibition in FTD tends to manifest as over-familiarity and lack of awareness of social cues, disinhibition and other forms of social inappropriateness in AD may be more associated with irritability, anxiety, social withdrawal, less compliance with social suggestions and wariness of novelty (14, 15). Absence of disinhibition in our AD group may have been a risk factor for inappropriate trusting behaviour if (in AD) disinhibition promotes irritability toward potential scammers, reduced social compliance and wariness of others’ suggestions. Further, the presence versus absence of disinhibition in AD and FTD may be differentially associated with other cognitive capacities (such as emotional sensitivity and decision making) that were not directly captured here.

Altered pain responsiveness might signify a more general problem with physiological anticipation, homeostasis and autonomic coding of potentially salient events, rewards and/or punishments, corroborating previous evidence in FTD syndromes (8, 9, 16, 17). Moreover, the association between pain responsiveness and decision making might be underpinned by overlapping neuroanatomical correlates involving the brain’s salience and homeostatic networks (9, 18). Blunted sensitivity to diverse kinds of negative consequences could tend to promote recurrent risk taking behaviours, reduced apprehensiveness of potentially harmful consequences and gullibility in ambiguous interpersonal exchanges. Pathological gambling can be a significant issue in FTD (19) and it is noteworthy that many caregivers here recorded substantial daily-life impacts of patients’ inappropriate trusting behaviour, notably financial exploitation (see Supplementary Table S1).

Our findings illuminate socio-emotional behavioural changes that promote vulnerability to poor financial and other decision making linked to misplaced trusting in people with major dementias. The findings add to existing evidence that links reduced cognition (1, 6), accumulation of neurodegenerative pathology (3) and cerebrovascular insults (20) to impaired decision making and financial vulnerability. This is a significant clinical issue that warrants greater awareness and understanding by clinicians, health policy makers, safeguarding authorities, financial regulators and especially, people living with dementia and their caregivers. Potential vulnerability to financial and other scams should be considered in all cognitively impaired people: indeed, even in the “lower risk” syndromic groups here (AD, nfvPPA), a substantial minority of patients had exhibited misplaced trust. However, our findings may help prioritise clinical counselling and financial safeguarding discussions where the syndromic diagnosis (bvFTD, svPPA) or behavioural profile places the patient at particularly high risk of exploitation.

This study has several limitations that should inform future work. Assessment of inappropriate trusting and other socio-emotional behaviours was based on caregiver reports, in a relatively small patient cohort. Future studies should focus on creating more objective methods for assessing these behaviours, alongside decision making capacity and financial vulnerability in people with dementia, and should assess prospectively the specific daily life impacts of inappropriate trusting and other risky behaviours on financial and social functioning, well-being and care burden. Inappropriate trust is a highly complex psychological construct: functional neuroimaging techniques such as fMRI would further understanding by elucidating underlying neural mechanisms, and clarifying how these differ (or converge) between dementia syndromes. Additionally, more detailed stratification of the neuropsychological, behavioural and neural predictors of misplaced trusting in larger and more diverse neurodegenerative disease cohorts as well as in cognitively well older people would allow development of bespoke clinical counselling and safeguarding strategies. It will also be important to establish in longitudinal studies when and how potential vulnerabilities develop over the course of the illness. As a first step, the present findings should prompt clinicians to enquire about inappropriate trusting and vulnerability to scams in all people living with dementia, with a particularly high index of suspicion in bvFTD and svPPA, and in the setting of other socio-emotional behavioural changes.
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Background: Neuropsychiatric symptoms are prevalent in patients with mild cognitive impairment (MCI) and are predictive of the conversion to dementia. Fortasyn Connect, a medical food, has shown efficacy in managing cognitive and behavioral symptoms associated with MCI. Early diagnosis and intervention in primary care are essential for managing MCI. However, real-world prospective studies assessing Fortasyn Connect in MCI are still limited.
Methods: This observational, multicenter, prospective study will enroll 150 patients recently diagnosed with MCI by primary care physicians across several regions in Spain. Participants will be followed-up over a 12-month period, with assessments at baseline, 6 months, and 12 months, as per clinical practice. The study aims to evaluate the impact of Fortasyn Connect on neuropsychiatric symptoms, cognition, and health-related quality of life (HRQoL) using validated neuropsychological tests and machine learning (ML) techniques. The primary outcome measure will be changes in neuropsychiatric symptoms using the Neuropsychiatric Inventory Questionnaire (NPI-Q) at 6 months. Secondary outcome measures include further changes in the NPI-Q at 12 months, and changes in cognition (Fototest, and clock-drawing test) and HRQoL (EQ-5D-5L) at 6 and 12 months. Exploratory outcomes will assess speech using an artificial intelligence (AI)-enhanced ML tool, with a correlation analysis of these findings with traditional neuropsychological test results.
Conclusion: This study will provide evidence of the effectiveness of Fortasyn Connect in a real-world setting, exploring its potential to stabilize or improve neuropsychiatric symptoms, cognition, and HRQoL in MCI patients. Results will also contribute to the understanding of AI and ML in identifying early biomarkers of cognitive decline, supporting the timely management of MCI.

Keywords
 mild cognitive impairment; primary care; treatment; Fortasyn connect; Alzheimer’s disease


1 Introduction

Mild cognitive impairment (MCI) represents a transitional state between normal aging and dementia. Individuals with MCI have cognitive deficits beyond those expected for age and education but are still able to function independently (1, 2). These impairments encompass memory, attention, language, and executive functions (3). The prevalence of MCI varies among studies, but recent estimates suggest that approximately 15% of community-dwelling adults aged 50 years and older suffer from MCI (4). This clinical syndrome is due to Alzheimer’s disease (AD) in nearly 50% of the cases (5). The annual conversion rate to dementia of patients with MCI falls within the range of 10–33% (6), and in 2–3 years, approximately half of MCI patients transition to dementia (7–9). As the global population ages, the burden of MCI and dementia increases (10, 11), considerably affecting the health-related quality of life (HRQoL) of patients and their families (12–14).

Timely diagnosis and early intervention could result in delaying disease progression and worsening of symptoms, leading to improvements in HRQoL and resource savings (10). However, despite its widespread prevalence, MCI is still underdiagnosed within clinical practice (15, 16). Primary care physicians are on the front line of MCI diagnosis and management (17, 18). Studies have shown that most patients with dementia were initially diagnosed by a clinician other than a dementia specialist (19). While primary care physicians are responsible for the majority of initial MCI and dementia diagnoses, a significant proportion —nearly 40%— expressed discomfort in diagnosing AD or other dementias, as revealed by a 2019 survey conducted by the Alzheimer’s Association (20). This might be due to all the barriers associated with the diagnosis in primary care, including short appointments and lack of resources (21). Primary care physicians might benefit from training to apply validated and easy-to-use tools to help identify the first symptoms and signs of MCI (22).

Neuropsychiatric symptoms, also known as behavioral and psychological symptoms, may precede the onset of cognitive decline (23, 24) and increase with disease severity (25). These symptoms are highly prevalent in patients with MCI (26) and are associated with increased functional deficits and impose a greater burden on the family (12, 27, 28). The most common neuropsychiatric symptoms are depression, irritability, apathy, anxiety, agitation, and sleep disturbances (26). Some neuropsychiatric symptoms, among other factors (29–31), have been observed to predict conversion from MCI to dementia (32–34). For instance, depression and apathy have been found to be more common in patients with MCI who were later diagnosed with AD (35). Addressing these symptoms may potentially reduce the likelihood of conversion to dementia (30).

Fortasyn Connect (Souvenaid®) is a specialized medical food that has demonstrated cognitive and behavioral benefits in patients with MCI and dementia, mainly due to AD (36–38). Significant decreases in decline have been observed across several measures including the Neuropsychological Test Battery (NTB) 5-item composite, NTB memory, Clinical Dementia Rating-Sum of Boxes (CDR-SB), memory brain atrophy (hippocampal, whole-brain and ventricular), Neuropsychiatric Inventory questionnaire (NPI-Q), Geriatric Depression Scale (GDS), and stabilization of everyday functioning as measured by Blessed Dementia Scale (BLS-D) and Rapid Disability Rating Scale 2 (RDRS2) (37, 38).

Developed to support the formation and function of neuronal membranes and synapses, Fortasyn Connect contains long-chain omega-3 fatty acids, uridine, choline, B vitamins, vitamin C, vitamin E, and selenium (37). Several studies have evaluated the effect of Fortasyn Connect in patients with MCI (36–40). However, the majority of these studies were either clinical trials (38, 41) or retrospective real-world studies (36, 37). Real-world prospective studies examining the effect of Fortasyn Connect on MCI are scarce.

Considering this context, we have designed a prospective real-life study, with the primary objective of evaluating changes in neuropsychiatric symptoms at 6 months after initiating Fortasyn Connect in patients recently diagnosed with MCI by a primary care physician. As secondary objectives, the following have been included: to determine changes in neuropsychiatric symptoms at 12 months after initiating Fortasyn Connect, to evaluate changes in HRQoL and cognition at 6 and 12 months, to describe the profile of patients recently diagnosed with MCI, and to assess the safety and persistence of Fortasyn Connect during the study period. As exploratory objectives, we also included the evaluation of changes in speech characteristics using a machine learning (ML) technique, a specific subset of artificial intelligence (AI), at 6 and 12 months, and the determination of the relationship between results obtained from traditional neuropsychological tests and those obtained using the ML technique at baseline, month 6, and month 12.



2 Methods and analysis


2.1 Design

This is an observational, prospective, multicenter study in primary care health centers across different regions in Spain (see Figure 1).
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FIGURE 1
 Study design. IC, informed consent; ML, machine learning; PRO, patient-reported outcomes.


The study consists of three in-person visits, which will coincide with the patient’s visits to their primary care health center per clinical practice. The first study visit (baseline visit; V1) will be the visit in which the physician confirms that the patient meets the screening criteria, informed consent is signed, and the baseline assessment is performed. Visit 2 (V2) will be carried out at approximately 6 (±1) months and visit 3 (V3) at 12 (±1) months after the baseline visit. During these visits, the data necessary to meet the objectives of the study will be collected. In addition, at 3 months, a telephone call will be made to the patient to monitor adherence to treatment and safety.

The study has been approved by the Ethics Committees of Hospital Clínico San Carlos, Health Areas of Valladolid, Salamanca, Primary Care Management of Madrid, León and El Bierzo, Principality of Asturias and province of Córdoba.



2.2 Sample size estimation

A sample size of approximately 150 patients in 30 primary care centers has been estimated. The sample size calculation was based on determining a number of patients to achieve the primary objective of the study. The fulfilment of the secondary and exploratory objectives will be obtained from the sample size determined by the primary objective.

Using data from a study that assessed the effect of treatment on neuropsychiatric symptoms with the NPI-Q, it was established that the maximum variability of the change in the NPI score was around 17.63 points. Thus, with a sample of 150 patients, accepting an alpha risk of 5% and a beta of 20%, by means of a bilateral contrast, we can detect a change in the overall score on the NPI-Q of 4.15 points. A loss of information of 5%, including losses due to follow-up, of the data has been assumed.



2.3 Selection of patients

Patients eligible for inclusion in this study must meet all of the following criteria: (1) diagnosis within the last 6 months of MCI of undetermined etiology (subjective impression of a change in cognition [memory, attention, concentration, problem solving, or other] reported by patients, informants or clinicians; objective evidence of cognitive impairment in one or more cognitive domains; preservation of independence in functional abilities; not demented); (2) no prior pharmacological treatment or dietary supplement for MCI; (3) not having consumed Fortasyn Connect previously and being a candidate to receive it according to medical criteria, and as a shared decision between patient and the physician; (4) ability to understand and complete the informed consent (IC) and the questionnaires and tests of the study; (5) having signed the IC; (6) be accompanied by an informant, defined as a person with close and regular contact with the patient to observe and report changes in the patient’s behavior and other symptoms.

Exclusion criteria are: (1) participating in a clinical trial with experimental drug therapies or having participated in a clinical trial within the last 6 months; (2) presence of any severe psychiatric disorder, drug addiction, or alcoholism; (3) short life expectancy as judged by the physician or NECPAL+ criteria (42); (4) to have a caregiver due to functional deterioration and incapacity.



2.4 Outcomes

Study assessments per visit are summarized in Table 1. To ensure that the tests are conducted uniformly and the outcomes are collected consistently, a prior online training session will be held for the investigators involved in the study.



TABLE 1 Data collection schedule.
[image: Data table detailing the schedule for various tests and criteria across different visits in a study. Visit 1 (baseline, month 0) includes IC, selection criteria, demographic and clinical characteristics, and NPI-Q. The call (month 3 ± 1) includes adherence. Visit 2 (month 6 ± 1) includes NPI-Q, Fototest, clock drawing test, Adherence, and Safety. Visit 3 (month 12 ± 1) includes NPI-Q, Fototest, clock drawing test, AcceXible test, EQ-5D, adherence, and safety. Acronyms: IC (informed consent); NPI-Q (neuropsychiatric inventory questionnaire).]


2.4.1 Primary outcome measure

Changes in neuropsychiatric symptoms will be assessed by the NPI-Q. The primary outcome measure is mean change in NPI-Q score 6 months after starting Fortasyn Connect compared to baseline.

The NPI-Q was designed to evaluate neuropsychiatric symptoms in AD and other neurodegenerative disorders in routine clinical practice settings. The NPI-Q is completed by patients’ informants, and it covers 12 domains (delusions, hallucinations, agitation/aggression, depression/dysphoria, anxiety, elation/euphoria, apathy/indifference, disinhibition, irritability/lability, motor disturbance, sleep behavior, and appetite/eating) (43). Neuropsychiatric symptoms within each domain must be marked as present or absent. When a symptom is present, then it must be rated in terms of both frequency (1 = rarely, less than once per week; 2 = sometimes, about once per week; 3 = often, several times per week; and 4 = very often, once or more per day) and severity (1 = mild, 2 = moderate, 3 = severe), yielding a composite symptom domain score (frequency × severity). Caregiver distress is rated for each positive neuropsychiatric symptom domain on a scale ranging from 0 (not distressing at all) and 5 (extremely distressing).



2.4.2 Secondary outcome measures

Changes in neuropsychiatric symptoms will be also assessed by the NPI-Q at month 12, as secondary outcome measure. Additionally, changes in cognition and HRQoL will be evaluated after 6 and 12 months of initiating Fortasyn Connect.

HRQoL will be evaluated using the paper-based version of the EQ-5D-5L, developed by the EuroQol Group (44). The questionnaire includes five dimensions reflecting generic HRQoL (mobility, self-care, activities of daily living, pain and discomfort, and anxiety and depression). Each dimension in the EQ-5D-5L has five response levels (no problems, slight, moderate, severe, and extreme problems). There are 3,125 possible health states defined by combining one level from each dimension. Health states are converted into a single index utility score with a scoring algorithm that ranges from-0.281 to 1, where values lower than 0 represent states considered to be worse than death (44). The tool also features a visual analog scale (EQ-VAS) that offers a unified assessment of self-perceived health. It is measured on a scale from 0 to 100 mm representing “the worst health you can imagine” and “the best health you can imagine,” respectively. The EQ-5D can be self-completed or administered by an interviewer. The 5 L version was created to improve the sensitivity of the 3 L version and reduce ceiling effects by increasing the number of severity levels (44). Numerous studies have used the EQ-5D-5L in patients with dementia and, therefore, the psychometric properties of the questionnaire in this population are known (45). The EQ-5D-5L usually takes less than 5 min to complete for the elderly (46).

Cognition will be assessed using the Fototest and the clock-drawing test, which are valid and widely adopted screening measures for MCI (47–50). Two cognitive assessment tests have been selected for measuring MCI because each test offers information into different cognitive domains and because cognitive scores should be interpreted collectively rather than relying on individual instruments. The clock-drawing test is a classic paper-based cognitive screening tool easy to administer in the clinical setting. It assesses various cognitive domains, including verbal comprehension, memory, spatial knowledge, abstract reasoning, planning, concentration, and visuoconstructive skills (51). The patient is required to draw a clock indicating the time as 11:10, and their performance is scored based on the depiction of the clock face (up to 2 points), the clock hands (up to 4 points), and the numbers (up to 4 points). There are several methods to administer the test, with the approach proposed by Thalmann in 2002 considered the most suitable for primary care due to its simplicity and brevity.

The Fototest evaluates language (naming), memory (free recall and cued recall), and executive function (naming fluency) in less than 3 min. It has been validated for its use in the follow-up of patients with cognitive impairment especially in contexts where evaluators may vary between visits, due to its high interobserver reliability, or with patients with limited educational backgrounds (50). A systematic review and meta-analysis of its diagnostic accuracy of the Fototest concluded that it can be considered suitable for detecting cognitive impairment in primary care settings (52).

The following demographic and clinical characteristics will be collected at baseline: age, sex, body mass index, years of schooling, and MMSE score. Concomitant treatment for MCI (both pharmacological and non-pharmacological), as well as comorbidities, will be collected at V1, V2 and V3. Adverse reactions and adherence to Fortasyn Connect will be assessed during in-person visits, as well as during the phone call at month 3. This phone call was included to provide closer patient follow-up and to ensure patient adherence to the treatment. The specific adverse reactions (diarrhea, nausea, abdominal discomfort, among others), their severity, onset, and resolution will be documented. If the adverse reaction is considered severe, the date when the reaction becomes severe, severity criteria, actions taken, and outcome will be recorded.



2.4.3 Exploratory outcome measures

Changes in speech characteristics will be assessed after 6 and 12 months, using the AcceXible tool. AcceXible is a novel speech analysis algorithm designed to detect cognitive impairment, which has been validated in a Spanish population (53, 54). The relationship between the results obtained in traditional neuropsychological tests (Fototest and clock-drawing test) and those obtained with the ML technique (AcceXible) at baseline, month 6, and month 12 will be explored.

The AcceXible test consists of a computerized system with three independent yet interconnected modules: the data collection module (system interface for the user), the data processing module (detection algorithms), and the results output module. Communication between the different modules and data hosting is done in an encrypted and secure manner. For the construction of the detection ML model, acoustic and lexical semantic variables from three commonly used tests are considered: cookie theft, picture description, and semantic verbal fluency (animals category); an open-ended question that captures spontaneous speech is also included.

The audio recordings of the patient’s voice during the tests are collected, along with relevant information such as age and gender. These recordings are then sent to the AcceXible cloud. First, the audio is processed and transformed, and then passed to a trained initial model (Voice Model), which generates an estimation of the probability of cognitive impairment based on the patient’s voice. Simultaneously, the audio is run through an open-source Speech2Text API, which transcribes the audio from each test and returns the corresponding text. Next, the transcriptions of the tests are processed and passed through a trained model for each test. Each of these models generates a probability of impairment based on that particular test. Finally, these individual probabilities are combined with the patient’s general information available, and a final model generates the estimation of whether the patient has cognitive impairment.

The final model yields a result based on a classification system that assigns a patient the label of “healthy” or “impaired.” The AcceXible system also allows obtaining a score for each test, facilitating comparison of tests at different stages of patient monitoring. For the selection of the best model, a strategy called cross-validation is used. The metric used for validation and for selecting the appropriate classifier model is the area under the ROC curve (AUC). Once the best model is chosen, it is validated to calculate its generalization error. To do this, a strategy similar to cross-validation is used, but where K equals the number of patients, known as leave-one-out. Finally, with all predictions, the metrics that are calculated to provide an estimation of the model’s performance are accuracy, precision, recall and AUC.




2.5 Treatment

As this is an observational study designed to reflect real-world practice, Fortasyn Connect will be prescribed by the clinician, in agreement with the patient, and independent of the decision to offer the patient the option to participate in the study. Healthcare professionals may add or withdraw the treatment according to their clinical judgment.

Souvenaid® is a 125 mL once-a-day drink containing the specific nutrient combination Fortasyn Connect (Table 2). It will be taken as a supplement to the usual diet, for the duration prescribed by the primary care physician.



TABLE 2 Nutritional composition of Fortasyn Connect.
[image: Table listing various nutrients and their quantities per serving. Energy: 125 kcal; Protein: 3.8 g; Carbohydrate: 16.5 g; Fat: 4.9 g; EPA: 300 mg; DHA: 1,200 mg; Phospholipids: 106 mg; Choline: 400 mg; UMP: 625 mg; Vitamin E: 40 mg; Vitamin C: 80 mg; Selenium: 60 µg; Vitamin B12: 3 µg; Vitamin B6: 125 µg; Folic acid: 400 µg.]



2.6 Data management

Once the IC has been signed and the patient’s eligibility confirmed, the investigator or designated personnel will start data collection. The investigator or designated personnel will be solely responsible for entering data into the electronic Case Report Form (eCRF), ensuring that the data recorded in the CRF is legible, accurate, and complete, and within the established timeframe. Data received through e-Clinical methodology will undergo timely workflows to comply with the 21 Code of Federal Regulations Part 11 Food and Drug Administration (FDA) standard, ensuring that electronically transmitted data are as valid as the original paper-based data. Furthermore, the eCRF will adhere to the following regulations: Good Clinical Practice (GCP) E6 R2; Good Manufacturing Practice (GMP) - EU: ANNEX 11 for Computerized Systems and ANNEX 15 for Qualification and Validation; GAMP Guide for Validation of Automated Systems in Pharmaceutical Manufacturing, Version: V5.0 - A Risk-Based Approach to Compliant GxP Computerized Systems; GAMP GCP Guide for Validation and Compliance of Computerized GCP Systems and Data; ISPE 2017; PIC/S: Good Practices for Computerized Systems in Regulated “GxP” Environment - September 2007; Regulation (EU) 2016/679 of the European Parliament and of the Council of 27 April 2016 on the Protection of Natural Persons with Regard to the Processing of Personal Data and on the Free Movement of Such Data (GDPR); the Taipei Declaration of the World Medical Association (WMA) in 2016.

An automated validation program will identify data discrepancies, enabling the modification or verification of data input by the investigator or designated personnel.

Patients included will be identified by a numerical code, ensuring that no personal data will be collected in the study database. The pseudonymization process will be carried out by the researchers participating in the study. The sponsor will, therefore, manage pseudonymized (encoded) data. This data will be stored at the center and will be kept in the investigator’s file.

An automatic validation program will check for data discrepancies, allowing modification or verification of the data entered by the investigator or designated personnel. Detected discrepancies, which require resolution, will be corrected by authorized personnel. Data clarification requests (‘queries’) describing the nature of the problem and requesting clarification for all other discrepancies and missing values may be created and forwarded to the research site. The designated research site staff should respond to the request for clarification and confirm or correct the data. Once these actions are completed and the database is declared complete and correct, the database will be closed, and the data will be available for analysis.



2.7 Data analysis

Statistical analysis will be conducted using the software Statistical Package for the Social Sciences, (SPSS) 22.0.

To analyze the primary outcome measure, the mean change in NPI-Q score at 6 months after initiating Fortasyn Connect will be calculated and compared to the baseline score. This comparison will be conducted using either the paired Student’s t-test or the Wilcoxon test, depending on the distribution of the data. Similarly, to assess the mean change from baseline in the NPI-Q score at month 12, the EQ-5D score at months 6 and 12, and the Fototest, clock-drawing test and AcceXible test at months 6 and 12, either the paired Student’s t-test or the Wilcoxon test will be used. To explore the correlation between the scores obtained on the Fototest and clock-drawing tests and those obtained on the AcceXible test at all time points, Pearson or Spearman correlation will be used, depending on the distribution of the data. Age will be included as a covariate in the analyses. The normality of the data will be tested using the Shapiro–Wilk test.

Patient characteristics and treatment safety and adherence will be summarized as mean and standard deviation (SD), median and interquartile range (IQR), or absolute and percentage frequency, as appropriate.




3 Discussion

As far as we know, this is the first prospective, multi-center study designed to assess the effectiveness of Fortasyn Connect in patients diagnosed with MCI in a real-world setting. Previous studies evaluating the effectiveness of Fortasyn Connect in the real-world have been single-center and either retrospective or prospective with a shorter follow-up period (up to 6 months) (36, 37, 55). The multicenter design of the present study facilitates a comprehensive representation of the MCI population in Spain, enhancing the generalizability of the study findings. Moreover, its prospective nature with four visits (one of them a telephone follow-up) enables the collection of more complete data from the study assessments. By conducting studies that monitor patients over an extended period, such as 12 months, researchers can assess the sustained effects of Fortasyn Connect on specific outcomes. This study will provide valuable insights into the long-term benefits of Fortasyn Connect in neuropsychiatric symptoms, cognition, and HRQoL complementing the results of prior observational studies and clinical trials.

Timely detection and effective management of MCI play a crucial role in maintaining patients’ functionality and HRQoL. However, evidence suggests that dementia detection rates remain notably low (15, 56). To address this, efforts to increase MCI detection in primary care need to be intensified (57). MCI is often misdiagnosed in primary care due to various barriers associated with evaluating cognitive performance. The Spanish Plan for Alzheimer’s and Dementias (2019–2023) aimed to improve early diagnosis of MCI by, among other measures, facilitating access to basic analytical and neuroimaging tests (such as CT scans) for primary care professionals (58). Despite these efforts, access to these tests remains limited, and diagnosis still relies on clinical interviews, patient’s medical history, and some cognitive assessments. Given the time restrictions in primary care consultations, there is a need for using brief and validated tests to objectively identify MCI within minutes (59). The tests included in the present study are widely used and easy to implement in MCI diagnosis and patient follow-up.

Although extensively used in clinical and research settings, the MMSE has limited accuracy for detecting MCI and is unsuitable for illiterate individuals (60–62). For these reasons, the Fototest and clock-drawing tests, as alternatives to the MMSE, will be used in the present study for assessing cognition at both diagnosis and follow-up. The Fototest has shown the same diagnostic performance as the Eurotest and Memory Alteration Test (M@T) but with a shorter administration time (Fototest: 2.8 min vs. Eurotest and M@T ~ 7 min) (63). In primary care, the tests administered must require minimal time, considering the consultation time is usually less than 10 min in Spain, a duration observed in various countries around the world (64). Assessments will be conducted at intervals of approximately 6 months in this study, which is the standard follow-up time of these patients in clinical practice. This time is adequate for mitigating practice effects that would artificially inflate scores in the tests. Three parallel versions of the Phototest (65) will be used to further reduce this practice effect.

Timely diagnosis in primary care not only allows for the identification of treatable causes of cognitive impairment, but also enables education for patients and families about the diagnosis, helps manage comorbidities and modify lifestyle, and enhances participation in research studies (18). While we are approaching a time when simple and accessible diagnostic tools, such as blood-based biomarkers for early detection of AD and other dementias, are anticipated to be available, we have not yet reached that point (66, 67). Currently, the use of biomarkers in clinical practice remains constrained, and they are mainly used in the clinical research context (68). As new biomarkers are expected to be progressively available in clinical practice, a European consensus on the use of biomarkers for the diagnosis of MCI is in preparation (69).

Digital biomarkers also hold potential in diagnosing MCI, offering objective and continuous monitoring of cognitive function through various technologies such as smartphone applications, wearable devices, and computer-based assessments. The AcceXible tool included in the present study uses ML techniques to identify individuals with MCI based on acoustic features of speech (70). These acoustic features have been associated with amyloid status (β-amyloid 1–42) assessed by cerebrospinal fluid in patients with MCI (71), suggesting their potential as a surrogate marker for underlying pathology.

The likelihood of progression from MCI to dementia is influenced by several risk factors, some of which are not modifiable (i.e., genetics) and others that are potentially modifiable, such as neuropsychiatric symptoms, diabetes, and low dietary folate (29–31). Specific neuropsychiatric symptoms in MCI may predict conversion to particular types of dementia. In a study of 2,137 patients with MCI, irritability and apathy predicted conversion to dementia, with irritability being the most discriminant symptom to identify non-AD converters (i.e., frontotemporal dementia, vascular dementia, Parkinson’s disease, and dementia with Lewy Bodies) (32). Neuropsychiatric symptoms are related to brain dysfunction and pathology in patients with MCI and dementia (72). Patients diagnosed with MCI who had Aβ deposition had an elevated risk of experiencing neuropsychiatric symptoms in contrast to MCI without Aβ burden.

Lower plasma nutrient levels have been found in AD patients (73). This suggested impaired systemic availability of several nutrients, potentially preceding protein and energy malnutrition, and highlighted the potential of nutrition in AD management (73). Interventions with multi-nutrient formulas, such as Fortasyn Connect, have demonstrated cognitive benefits among older adults, individuals with MCI, and those with dementia (36, 38, 41, 74–76). Fortasyn Connect has been shown to improve neuropsychiatric symptoms in MCI patients of unknown etiology as well as patients with dementia of various etiologies (36, 37), particularly in symptoms such as depression, anxiety, apathy, and irritability (37). However, despite these promising findings, some meta-analyses have reported no significant beneficial effects of Fortasyn Connect on cognition, functional ability, or overall clinical status (77). The present study will provide further evidence of the effect of Fortasyn Connect on neuropsychiatric symptoms and cognitive performance.

It is also important to highlight that although it is expected that most patients with MCI will have an AD-related etiology, patients will not undergo the extensive testing required to determine the etiology of MCI in the context of the study, as this is not conducted in the primary care setting. As a result, we will include all patients with MCI, regardless of the underlying cause. The nutrients included in Fortasyn Connect are not only relevant to AD but also have potential benefits in MCI due to vascular pathology. For instance, omega-3 fatty acids have anti-inflammatory properties and improve endothelial function, which could support cognitive function in patients with vascular MCI (78). Similarly, B vitamins are known to lower homocysteine levels, which are associated with a reduced risk of both vascular dementia and AD (79).

Interestingly, Fortasyn Connect has been shown to stabilize 18F-fluoro-deoxyglucose (18F-FDG-PET) scans in MCI patients, a measure of hypometabolism associated with early synaptic and neuronal dysfunction (80). This effect underscores the therapeutic potential of Fortasyn Connect in addressing synaptic dysfunction. Synaptic dysfunction and loss is one of the earliest pathological manifestations in patients with MCI and dementia (81–83), and shows a strong correlation with cognition (84). The timing of synaptic dysfunction and loss in relation to other pathological events of AD is not clear yet. Some authors have suggested that synaptic dysfunction may arise as a consequence of amyloidosis, tauopathy, inflammatory cascades, and additional pathological pathways (85), while others highlight the co-occurrence of these events and the potential contribution of synaptic dysfunction to amyloid-β accumulation in specific regions, such as the default mode network (86). Fortasyn Connect was designed to target the formation and function of synapses within the brain. Although the present study will not assess biomarkers of synaptic dysfunction, potential benefits observed in cognition and behavior might be hypothetically supported by these changes in synaptic function.

The treatment goal for MCI patients is not only to alleviate or at least delay cognitive and neuropsychiatric symptoms but also to improve HRQoL (87). Indeed, HRQoL has been ranked as the highest priority by patients with MCI and partner respondents in a survey, followed by self-efficacy, functional status, mood, and memory (88). Despite the importance given to HRQoL, the effectiveness of Fortasyn Connect on this measure has not been evaluated to date, as far as we know. The present study will provide, for the first time, evidence of the impact of this intervention on HRQoL for up to 12 months. We hypothesize that Fortasyn Connect will have positive in all the outcomes assessed in the study, including neuropsychiatric symptoms, cognition and HRQoL.

Up-to-date, disease-modifying therapies for AD approved by the FDA, lecanemab and donanemab, have not been approved by the European Medicines Agency (EMA) (89). In the meantime, the therapeutic options for MCI and early dementia remain the same as in the last years: acetylcholinesterase inhibitors (AChEI) and NMDA receptor antagonists. An advantage of Fortasyn Connect is that it can be used in combination with pharmacologic treatments. The use of concomitant treatments for MCI will, therefore, be collected during the study. The efficacy of Fortasyn Connect has been observed when used alone or combined with AChEI, antidepressants, or ginkgo biloba (37). Indeed, studies showed that the benefits of Fortasyn Connect were enhanced when used in combination with AChEI.

Additionally, the selection criteria of the present study do not prevent patients from receiving other non-pharmacological treatments that have proven effective, such as risk factor management, lifestyle changes (physical exercise, diet and sleep), and cognitive stimulation activities. After patients are initially diagnosed with MCI in primary care, they are referred to a specialist. However, there can be a considerable delay from the primary care visit to the specialist visit (90). During this waiting period, patients and their families face uncertainty and seek possible treatments. Offering Fortasyn Connect is appropriate as it has been shown to be effective and safe in this population (36–38). Importantly, Fortasyn Connect has demonstrated favorable effects on the CDR-SB, which reflects real-life performance and has been widely used as a primary outcome in anti-amyloid antibodies trials (91).

Recent data from Spanish clinical practice showed that after diagnosis of AD by a neurologist, 60% of patients were subsequently managed by primary care physicians (92). This finding underscores the critical role played by primary care providers in the continuum of care for patients with cognitive impairment. We advocate for a more consistent, reliable, and timely detection of MCI within primary care settings. Early identification of MCI allows practitioners to intervene proactively, potentially delaying functional decline and HRQoL impairment. To achieve this, fostering ongoing dialogue between primary care practitioners and dementia specialists is needed.


3.1 Study limitations

Our study has some limitations that must be acknowledged. First, the observational nature of the study does not allow for the drawing of definitive conclusions about causality. Since the study is not randomized and has no placebo control, we cannot exclude the influence of confounding variables or bias. An important potential confounding bias that might affect both the exposure (Fortasyn Connect) and the outcome (changes in neuropsychiatric symptoms, cognitive function, or HRQoL) is age. To address this potential bias, age will be included as a covariate in the analyses of the objectives. If further covariates (e.g., other pharmacologic or non-pharmacologic treatments) are observed in these patients, we will consider their inclusion as a covariate in the statistical analysis. Second, the frequency of measuring adherence (at 3, 6, and 12 months) might limit the capture of variability in adherence patterns over time and could underestimate or overestimate participants’ adherence. Nevertheless, high adherence was observed in prior studies, and therefore, similar levels of adherence could be expected here (55). Third, since biomarkers will not be evaluated as part of the study, distinguishing MCI due to AD from MCI due to other conditions will not be possible. However, Fortasyn Connect is effective and safe in MCI of unknown etiologies as well as in different types of dementia (37). Thus, benefits in MCI patients regardless of the underlying pathology are expected. No interim analyses are planned for the present study, and results are expected to be available by mid-2026.
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Objectives: The role of trimethylamine oxide (TMAO) in patients with cognitive impairment remains controversial. This study aimed to assess the association between TMAO and its precursors and the prevalence of cognitive impairment.
Methods: PubMed, Embase, and Web of Science databases were searched for studies that met the inclusion criteria from their inception to 14 September 2024, and references were manually searched to identify any additions. Odds ratio (OR) was assessed by random-effects modeling, subgroup analyses to identify potential sources of heterogeneity, and the Newcastle-Ottawa Scale (NOS) and the Agency for Healthcare Research and Quality (AHRQ) Inventory for qualitative evaluation.
Results: Nine studies involving 82,246 participants were included in the analysis. Meta-analyses suggested that elevated TMAO levels were strongly associated with an increased risk of cognitive impairment (OR: 1.39, 95% confidence interval [95%CI]: 1.09–1.77, p < 0.05, I2:60%), and consistent results were obtained across all subgroups examined and sensitivity analyses. However, in the TMAO dose–response meta-analysis and TMAO precursor meta-analyses, the results were not significantly different (dietary choline: OR: 0.93, 95%CI: 0.78–1.10, p = 0.385, I2:68%, plasma choline: OR: 0.65, 95%CI: 0.41–1.02, p = 0.063, I2:76%, plasma betaine: OR: 0.74, 95%CI: 0.52–1.05, p = 0.094, I2:61%).
Conclusion: We found that high TMAO concentrations were positively associated with the risk of cognitive impairment. TMAO is expected to be a potential risk predictor and therapeutic target for cognitive impairment. However, more high-quality studies are needed to further investigate the dose relationship between circulating TMAO concentrations and cognitive impairment.
Systematic review registration: PROSPERO, identifier: CRD42023464543.
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1 Introduction

With an increasing aging population, cognitive impairment has become a global health problem (Winblad et al., 2004). Cognitive impairment is defined as a gradual decline in memory or other cognitive functions that does not affect the ability to perform daily living tasks and does not meet the diagnostic criteria for dementia (Petersen et al., 2018). According to the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2016 Dementia Collaborators study, the number of dementia cases increased globally by 117% between 1990 and 2016, making it the fifth leading cause of death worldwide (Global, Regional, and National Burden of Alzheimer's Disease and Other Dementias, 2019). Alzheimer Association Reports also reported that the number of Alzheimer’s deaths increased by more than 145% between 2000 and 2019, accompanied by high healthcare costs (Lv et al., 2023). However, early identification and intervention in cognitive impairment can effectively prevent the development of incurable neurodegenerative diseases.

Trimethylamine oxide (TMAO) is a metabolite synthesized in the liver from dietary precursors that are metabolized into intermediate products by intestinal microbiota (Abbasi, 2019). The precursors, such as choline, L-carnitine, and betaine, are obtained from red meat, eggs, milk, and fish. These precursors are metabolized to trimethylamine (TMA) by the gut microbiota. Subsequently, TMA is oxidized to TMAO by flavin-containing monooxygenase in the liver (Koeth et al., 2019; Wu et al., 2019; Li et al., 2022). Finally, TMAO can be released into the circulatory system and act in the brain through the blood–brain barrier (BBB).

Some studies have demonstrated the promoting effect of TMAO on cognitive impairment. TMAO can mediate pathological mechanisms, including the activation of inflammatory signaling pathways (Deng et al., 2022), endoplasmic reticulum stress (Wang et al., 2022), oxidative stress (Brunt et al., 2020), synaptic damage (Li et al., 2018; Liu J, et al., 2023), and can also induce astrocyte activation (Brunt et al., 2021), resulting in neuronal damage(Ji et al., 2022). However, conflicting results regarding the efficacy of TMAO have been reported. A clinical study found that plasma TMAO was not associated with cognition (Yaqub et al., 2024), consistent with the findings of Mendelian research (Zhuang et al., 2021). An in vitro study found that TMAO decreased the permeability of the tracer at typical levels (4 to 40 μM) and a significant reversal occurred at 100 times higher levels (4 mM), leading to increased permeability (Hoyles et al., 2021). Currently, there is no knowledge of the concentration ranges of TMAO in healthy versus diseased individuals. Therefore, there is a need to explore the effects of TMAO on cognitive impairment in humans and the differences in effects at different concentrations.

Meanwhile, since TMAO is a metabolite obtained from dietary sources, it is also worth exploring whether its effect on cognitive function is related to dietary structure. Previous studies have reported that the consumption of processed red meat increases TMAO concentration and affects cardiovascular and cerebrovascular diseases (Spence, 2018). However, another study found that TMAO was associated with healthy dietary intake, rather than meat, processed meat, and dairy products (Costabile et al., 2021). Therefore, our study sought to address the possible role of TMAO dietary precursor substances such as choline and betaine in cognitive impairment.

In this systematic review and meta-analysis, we aimed to evaluate the association between circulating TMAO levels and their precursors and the prevalence of cognitive impairment, providing new predictors and targets for the clinical prediction and prevention of cognitive impairment.



2 Materials and methods


2.1 Systematic review protocol and registration

This study was conducted based on the recommendations of the Preferred Reporting Items for Systematic Reviews (PRISMA) statement (Liu et al., 2019). The review agreement is registered in PROSPERO under the number CRD42023464543.



2.2 Literature search

We searched PubMed, Embase, and Web of Science databases, with the main search terms being “Cognitive Dysfunction,” “Cognitive Impairment,” “Cognitive Disorder,” “Mild Cognitive Impairment,” “MCI,” “cognitive decline,” “trimethyloxamine,” “trimethylamine N-oxide,” “TMAO,” “Carnitine,” “Betaine,” and “choline.” In the initial screening stage, references from previous systematic reviews and meta-analyses on similar topics were reviewed for supplementary purposes. In the full-text screening stage, the references from eligible articles were browsed for supplementation. No other published studies were identified. The specific retrieval strategy is presented in Supplementary Tables 1–3. The database retrieval period ranged from the establishment of the database to 14 September 2024, and the language was limited to English.



2.3 Inclusion and exclusion criteria

Inclusion criteria comprise: (1) study types include cohort, cross-sectional, or case–control studies. (2) Exposure factors are TMAO, choline, betaine, and carnitine; at least two categories of TMAO outcomes should be reported for a two-class meta-analysis, while at least three categories warrant dose–response meta-analysis. (3) The study population involves patients with cognitive impairment who meet diagnostic criteria, regardless of age, sex, or ethnicity. (4) TMAO should be reported concerning cognitive impairment patients, presented as the highest and lowest hazard ratios (HRs), relative risks (RRs), or odds ratios (ORs) with corresponding 95% confidence intervals (CIs). Additionally, we excluded duplicate publications, studies with inadequate data, and inconsistent study types, including reviews, systematic reviews, animal experiments, reports, letters, and case reports.



2.4 Study selection and data extraction

Two authors (CY.Long & ZH.Li) independently searched, screened, and cross-checked the literature. When there was a disagreement, the third author (RS.Yue) judged and concluded. The first screening was completed by browsing the titles and abstracts of the articles, and inclusion was determined by reading the full text. After screening the literature, two authors (CY.Long & ZH.Li) independently extracted data using a predesigned data extraction format that included information on the first author’s name, publication year, country, study design, underlying disease, source of exposure factors, cognitive impairment diagnostic scale name, 95%CI, TMAO dose, number of participants and cases, and study results.



2.5 Quality evaluation

The quality of each study was independently assessed by two authors (CY.Long & ZH.Li), and all discrepancies were resolved through consultation with the third author (RS.Yue). The Newcastle-Ottawa Scale (NOS) is used to assess the quality of cohorts and case–control studies (Wells and O’connor, 2012) and is evaluated by a three-module, eight-item approach, where studies with a total score of ≥6 are considered to be of high quality (Zeng et al., 2021). We conducted cross-sectional studies using the Agency for Healthcare Research and Quality (AHRQ) checklist (Rostom et al., 2004). If the answer was yes, the item score was 1; if the answer was no or unclear, the score was 0. A final score of 0–3 indicates that a study is of low quality, 4–7 indicates medium quality, and ≥ 8 indicates high quality.



2.6 Statistical analysis

This study used the “meta” software package in Rstudio 4.3.1 software for statistical analysis, and two-tailed p < 0.05 suggested that the difference was statistically significant.

First, we compared the prevalence of cognitive impairment between the highest and lowest TMAO levels and their precursors. OR and 95%CI were used to estimate the combined effects. Heterogeneity between the studies was assessed using the I2 statistical parameter. When there was significant heterogeneity (> 50%) in the fixed-effects model, meta-analysis was performed using a random-effects model (Foreman et al., 2021). Subgroup analyses were performed according to country, age, sex, underlying disease, diagnostic criteria, type of study, and quality of literature to explain potential confounding factors and their impact on cognitive impairment.

Second, we screened the included literature containing three or more TMAO categories for dose–response analysis. If the median or average concentration of circulating TMAO was not reported in this study, we switched to using the median of each category. If the boundary between the lowest and highest categories was open, the midpoint of the category was estimated by assuming that the interval was the same as that of the closest category. For each study, the lowest circulating TMAO concentration was defined as the reference dose. Linear and nonlinear correlations were checked using a random effects dose–response meta-analysis. A restricted cubic spline with 3 sections was used to calculate the study-specific OR estimate for every 1 μmol/L increase in TMAO concentration.

Finally, we evaluated the potential publication bias using Egger’s test. The robustness of the results was evaluated through a sensitivity analysis using a one-by-one division method.




3 Results


3.1 Literature screening

Overall, 7,346 reports were initially retrieved. Duplicates were excluded by browsing titles, and studies such as animal experiments, reviews, letters, reports, etc., leaving 1,592 studies to continue browsing abstracts. After excluding articles that did not meet the criteria for nerfing, such as disease, exposure factors, and article format, 36 remained for full-text browsing. Finally, nine articles (Zhu et al., 2019; Liu et al., 2021; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Flores-Torres et al., 2022; Xu et al., 2022; Wang et al., 2023; Shih et al., 2024) were screened for statistical analysis, including six cohort studies (Zhu et al., 2019; Zhong et al., 2021; de Oliveira Otto et al., 2022; Flores-Torres et al., 2022; Wang et al., 2023; Shih et al., 2024) and three cross-sectional studies (Liu et al., 2021; Buawangpong et al., 2022; Xu et al., 2022), with a total of 82,246 participants. A flowchart of the literature search and study selection processes is shown in Figure 1.

[image: Flowchart illustrating the study selection process. Initially, 7,346 records were identified: 1,518 from PubMed, 4,309 from Embase, and 1,519 from Web of Science. Before screening, 3,347 duplicates and 2,407 records were removed for various reasons. 1,592 records were screened, with 1,496 excluded due to unsuitable diseases or inconsistent exposure factors. From 96 reports sought, 60 were excluded, leaving 36 assessed for eligibility. Finally, 9 studies were included in the review and meta-analysis.]

FIGURE 1
 Meta-analysis flow chart.




3.2 Literature features and quality evaluation

The basic characteristics of the included studies are presented in Table 1. Among these, five were from China (Zhu et al., 2019; Liu et al., 2021; Zhong et al., 2021; Xu et al., 2022; Wang et al., 2023), two from the United States (de Oliveira Otto et al., 2022; Flores-Torres et al., 2022), one from China Taiwan (Shih et al., 2024), and one from the Thailand (Buawangpong et al., 2022). There were six studies involving TMAO (Zhu et al., 2019; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Xu et al., 2022; Wang et al., 2023), five on choline [three studies on dietary sources (Liu et al., 2021; Flores-Torres et al., 2022; Shih et al., 2024), two on plasma sources (Zhong et al., 2021; de Oliveira Otto et al., 2022; Shih et al., 2024)], and two on betaine (Zhong et al., 2021; de Oliveira Otto et al., 2022). Most literature reports baseline population information (Zhu et al., 2019; Liu et al., 2021; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Xu et al., 2022; Wang et al., 2023). Most of the literature has adjusted for confounders (Zhu et al., 2019; Liu et al., 2021; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Wang et al., 2023). In TMAO-related studies, the average TMAO circulating concentration was 2.63–8.5 μmol/L. The highest circulating concentration of TMAO is greater than 4.31 μmol/L. All studies specified particular detection methods.



TABLE 1 Basic characteristics.
[image: A table comparing studies on cognitive impairment and various exposures. Columns include author, year, country, study design, age, percentage of males, population, exposure, measurement method, source, diagnosis, participants, study period, hypertension, diabetes, drinking habits, coronary heart disease, and adjusted confounders. Rows list details of different studies from China, Thailand, and the U.S. between 2019 and 2024. Exposures include TMAO and choline measured by blood and dietary sources.]

Six cohort studies were assessed using the NOS (Zhu et al., 2019; Zhong et al., 2021; de Oliveira Otto et al., 2022; Flores-Torres et al., 2022; Wang et al., 2023), of which four scored six or above (Zhu et al., 2019; Zhong et al., 2021; de Oliveira Otto et al., 2022; Wang et al., 2023; Shih et al., 2024), one scored five (Flores-Torres et al., 2022), and one scored four(Shih et al., 2024). Three cross-sectional studies were evaluated using the AHRQ checklist (Liu et al., 2021; Buawangpong et al., 2022; Xu et al., 2022), all scoring between four and seven. Further details are available in Supplementary material 1.



3.3 Meta-analysis of two types of comparison between circulating TMAO concentration and prevalence of cognitive impairment

By conducting two meta-analyses, we compared the association between circulating TMAO concentration and the OR of cognitive impairment. As shown in Figure 2, there were six studies (Zhu et al., 2019; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Xu et al., 2022; Wang et al., 2023) involving 1,766 participants. Comparing the prevalence of cognitive impairment between the highest and lowest concentrations of TMAO categories, it was found that higher TMAO concentrations were associated with higher prevalence of cognitive impairment (OR: 1.39, 95%CI: 1.09–1.77, p < 0.05, I2:60%, random effects model, Figure 2). Three articles (Zhu et al., 2019; Zhong et al., 2021; Wang et al., 2023) were used to assess whether there was a dose–response relationship between circulating TMAO concentrations and the prevalence of cognitive impairment. Linear and nonlinear dose–response meta-analyses were performed; however, the results were not significant (P-nonlinearity = 0.205, P-linearity = 0.059). More details are shown in Supplementary Figures 1, 2.

[image: Forest plot showing the odds ratios (OR) and 95% confidence intervals (CI) for seven studies on cognitive impairment. Each study is represented by a box and whisker plot, showing its OR and CI. Sizes of the boxes correspond to the study weight. The overall random effects model is shown with an OR of 1.39 and a 95% CI of [1.09, 1.77]. The prediction interval is [0.71, 2.71]. Heterogeneity is indicated with I-squared at 60%, tau-squared at 0.0521, and p-value at 0.02.]

FIGURE 2
 Odds ratio and 95% confidence interval of plasma trimethylamine oxide (TMAO) levels for cognitive impairment.




3.4 Subgroup analysis

Due to the high heterogeneity of the studies (Zhu et al., 2019; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Xu et al., 2022; Wang et al., 2023), a subgroup analysis was performed to assess the impact of the underlying population, study type, age, sex ratio, cognitive function diagnostic scale, and sample size on the cognitive function results. As four of the included articles were from China (Zhu et al., 2019; Zhong et al., 2021; Xu et al., 2022; Wang et al., 2023), one was from the United States (de Oliveira Otto et al., 2022), and one was from Thailand (Buawangpong et al., 2022), a subgroup analysis was not performed at the national level. Similarly, among the included studies, only one study on TMAO was derived from serum (Xu et al., 2022), while the rest were derived from plasma (Zhu et al., 2019; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Wang et al., 2023). Therefore, a subgroup analysis was not performed; instead, the effect on the outcome of each study was observed using the one-by-one elimination method in the sensitivity analysis. The results of subgroup analysis suggest that these factors are not significant influences on heterogeneity (Table 2).



TABLE 2 Subgroup analysis.
[image: A table presents a meta-analysis of studies, showing odds ratios (OR), confidence intervals (95% CI), and heterogeneity measures for various subgroups. Subgroups include population (stroke, others), study design (cohort, cross-sectional), age groups (>65, <65), gender (>50%, <50% males), diagnosis methods (MMSE, MoCA, others), and participant numbers (<250, >250). Key metrics like P between group, I² percentage, and P heterogeneity are provided. References for each subgroup are listed alongside their respective data. Footnotes explain abbreviations used in the table.]



3.5 Sensitivity analysis

A sensitivity analysis was conducted to confirm the correlation between TMAO concentrations and the prevalence of cognitive impairment. The results were validated by sequentially removing one included study using a random effects model. As shown in Table 3, the combined results of the remaining studies did not change direction after each literature was excluded, suggesting that the results are robust.



TABLE 3 Sensitivity analysis.
[image: Table displaying study references with corresponding odds ratio (OR), 95% confidence intervals (CI), p-values, and I-squared percentages. Values include: Zhong 2021 (OR 1.617, CI 1.234-2.120, p 0.005, I² 52.9%); Wang 2023 (OR 1.324, CI 1.030-1.701, p 0.028, I² 61.1%); Xu 2022 (OR 1.454, CI 1.016-2.081, p 0.041, I² 64.9%); Marcia 2022 (OR 1.468, CI 1.076-2.002, p 0.016, I² 65.1%); Nida 2022 (OR 1.339, CI 1.046-1.715, p 0.021, I² 62.4%); Zhu 2019 (OR 1.294, CI 1.045-1.603, p 0.018, I² 50.1%).]



3.6 Publication bias

No evidence of publication bias was found using the Egger test in the highest and lowest TMAO categories (p = 0.703) or in circulating TMAO (p = 0.147).



3.7 Meta-analysis of the correlation between TMAO precursors and cognitive function

This review mainly retrieved studies related to choline levels in the plasma (Zhong et al., 2021; de Oliveira Otto et al., 2022) and diet (Liu et al., 2021; Flores-Torres et al., 2022; Shih et al., 2024), as well as betaine in plasma (Zhong et al., 2021; de Oliveira Otto et al., 2022); however, no studies related to L-carnitine have been performed. The results indicated that the above results were not statistically significant (dietary choline: OR: 0.93, 95%CI: 0.78–1.10, p = 0.385, I2:68%, plasma choline: OR: 0.65, 95%CI: 0.41–1.02, p = 0.063, I2:76%, plasma betaine: OR: 0.74, 95%CI: 0.52–1.05, p = 0.094, I2:61%). See details in Supplementary Figures 3–5.




4 Discussion


4.1 Potential mechanism underlying the role of TMAO in cognitive impairment

In vitro and in vivo studies have found that the negative effects of pathologically elevated TMAO on cognitive impairment can be explained by the following mechanisms.

First, TMAO can affect the central neuronal structure. TMAO impairs neuronal synaptic plasticity through the mTOR/P70S6K/4EBP1 pathway (Liu J, et al., 2023), leading to cognitive impairment. TMAO can also directly reduce the number and density of synapses in Alzheimer’s mice (Zarbock et al., 2022). Studies have been conducted to restore cognitive function by targeting TMAO. The ZeXieYin Formula restores synaptic plasticity and alleviates cognitive impairment by targeting TMAO through the mTOR signaling pathway (Liu J, et al., 2023).

Second, TMAO impairs the structure and function of BBB, which likewise leads to cognitive impairment. Brain microvascular endothelial cells are the main components of the BBB. It has been found that TMAO is closely associated with platelet hyperactivity and lipid metabolism disorders, and can regulate vascular endothelial function (Jin et al., 2024). In patients with chronic kidney disease, correlation analyses of TMAO with BBB markers brain-derived neurotrophic factor (BDNF) and neuron-specific enolase (NSE) showed significant negative and positive correlations and possible impaired BBB integration (Hernandez et al., 2022).

Third, TMAO can also trigger CNS inflammation through the NLRP3 inflammatory signaling pathway (Ge et al., 2023), oxidative stress (Deng et al., 2022), and endoplasmic reticulum stress (Wang et al., 2022), when it is in a state of illness. Subsequently, these inflammatory responses can induce glial and vascular cell dysfunction, ultimately triggering neuronal injury. For example, TMAO promotes a microglial pro-inflammatory phenotype and triggers phagocytic disorders (Janeiro et al., 2023). High concentrations of serum TMAO can cause reactive astrocytes and increase levels of TNF-α and IL-1β (Qiao et al., 2023).



4.2 Effects of TMAO concentration on cognitive impairment and relative cognitive domains

This study also noted the effect of TMAO dosage on cognitive impairment. Researchers have found that the fasting concentration of TMAO in the plasma of the general population ranges from 3.6 to 3.7 μmol/L (Kühn et al., 2017). One research constructed animal models based on human circulating TMAO concentrations, and found that TMAO (1.8 mg/kg) had an acute beneficial effect on the BBB at physiological concentrations (Hoyles et al., 2021). However, the relationship between TMAO levels and cognitive impairment under pathological conditions remains unclear. In the six articles we included (Zhu et al., 2019; Zhong et al., 2021; Buawangpong et al., 2022; de Oliveira Otto et al., 2022; Xu et al., 2022; Wang et al., 2023), the mean median concentration of TMAO was 2.63–8.5 μmol/L. Chen et al. found that plasma TMAO levels >7.4 μmol/L were an independent risk factor for PSCI (Zhu et al., 2019), while Xu et al. found that serum TMAO levels >14.14 μmol/L significantly increased the risk of MCI in type 2 diabetes mellitus (T2DM) patients (Xu et al., 2022). The effect of the TMAO concentration on cognitive impairment may be regulated by an underlying disease. In the dose–response relationship in this study, no significant correlation was found in either the linear or nonlinear dose–response relationships. However, in the six included articles, all the pathological concentrations of TMAO were greater than 4.31 μmol/L, which may provide some support for the relationship between TMAO dose and cognitive dysfunction.

The cognitive domain refers to various aspects involved in an individual’s cognitive processes, typically encompassing executive function, processing speed, memory, attention, and language (Divandari et al., 2023). Since cognition does not uniformly depend on bodily functions (Clouston et al., 2013), it is crucial to examine whether TMAO and its concentration exert unique effects on specific domains. In the literature related to TMAO included in this study, most research explored its impact on global assessment through the MMSE (Zhu et al., 2019; Zhong et al., 2021) and MoCA (Zhong et al., 2021; Buawangpong et al., 2022; Xu et al., 2022; Wang et al., 2023). Additionally, Wang and colleagues found that higher TMAO levels correlated with increased vulnerability to impairments in executive and memory functions (Wang et al., 2023). Moreover, Marcia C. de Oliveira Ottow and associates assessed cognitive impairment using the Modified Mini-Mental State Examination (3MSE), which evaluates various cognitive domains, including memory, orientation, calculation, and verbal fluency (de Oliveira Otto et al., 2022). In animal studies, research confirmed TMAO’s impact on hippocampal synaptic plasticity, which similarly indicated detrimental effects on learning and memory functions (Zhou et al., 2023).



4.3 The potential applications of TMAO in therapeutic contexts

Currently, researchers have identified TMAO as a potential biomarker for disease and a new therapeutic target (Janeiro et al., 2018), primarily focusing on cardiovascular implications. For instance, treatment with rosuvastatin can lower plasma TMAO levels in patients with atherosclerotic cardiovascular disease, leading to improved lipid metabolism (Xiong et al., 2022). Ma et al. discovered through animal studies that berberine can reduce TMAO production and address atherosclerosis (Ma et al., 2022). In terms of cognitive function, the TMAO inhibitor 3,3-Dimethyl-1-butanol (DMB) can restore cognitive deficits in aging mouse models by alleviating neuroinflammation and enhancing insulin resistance (Lanz et al., 2022). Additionally, Jing Liu et al. found that ZeXieYin Formula mitigates TMAO-induced cognitive impairments by repairing synaptic plasticity damage (Liu J, et al., 2023). Further clinical studies targeting TMAO to treat cognitive dysfunction remain essential.



4.4 The effects of the precursors of TMAO on cognitive impairment

Betaine, choline, and L-carnitine, which are precursors of TMAO from dietary sources, may affect the circulating concentration of TMAO. Although several studies have suggested a correlation between TMAO and dietary structure, data on the relationship between dietary compounds such as choline and TMAO are not clear. One study found an association of homeostasis between TMAO, betaine, and choline, with the study population of “high betaine + TMAO” having a protective effect against cardiovascular disease (Huang et al., 2023). Our research retrieved four articles on choline from hemorrhagic plasma (Zhong et al., 2021; de Oliveira Otto et al., 2022) and diet (Liu et al., 2021; Flores-Torres et al., 2022), as well as two on betaine from plasma (Zhong et al., 2021; de Oliveira Otto et al., 2022), and did not find any association with cognitive impairment. This is similar to the conclusion of another meta-analysis of the relationship between TMAO and its precursors and stroke (Liu D, et al., 2023). Due to the insufficient literature, more research is needed to explore the effects of choline and betaine on cognitive function.



4.5 Advantages and limitations

This study has the following advantages: (1) We conducted a comprehensive search and included TMAO and its precursors on cognitive impairment following a standardized protocol, and the included studies were of high quality, most of which were adjusted for covariates to exclude confounding factors. (2) The included literature focuses on 2019–2023, ensuring contemporaneity with current public needs. (3) We found that TMAO may be a risk predictor and therapeutic target for cognitive impairment and is not due to dietary sources of choline and betaine intake but is more likely due to underlying diseases resulting from abnormal synthesis in the body.

Meanwhile, study has the following limitations: (1) There is a paucity of clinical studies, and more multicenter, large-scale studies are needed to assess the relationship between circulating TMAO concentrations and the risk of cognitive impairment. (2) Discussions about TMAO and cognitive impairment frequently emphasize broad evaluations, neglecting specific cognitive domains. A deeper inquiry is needed to uncover TMAO’s influence on particular cognitive domains. (3) The studies surveyed primarily stem from China, raising concerns about potential bias. (4) Diagnosing cognitive dysfunction largely depends on questionnaire-based general assessments, lacking advancements in computer-assisted diagnostics, which reduces both sensitivity and reproducibility. (5) Participants in the reviewed studies frequently present with pre-existing health conditions that may introduce bias in the results.




5 Conclusion

This is the first study to analyze the relationship between TMAO and its precursors, and the risk of cognitive impairment in a global population. This study revealed a significant positive correlation between TMAO and the prevalence of cognitive impairment, particularly affecting global cognitive assessment, and to some extent, memory and executive functioning. However, no relationship was found between cognitive impairment and specific doses. In addition, our study found no evidence that dietary choline, plasma choline, or betaine (i.e., TMAO precursors) were associated with the incidence of cognitive impairment.

There are few clinical studies on the relationship between TMAO and its precursors and cognitive impairment and not enough focus on cognitive domains, researchers need to conduct more center-based clinical studies with large samples and assess the unique role of TMAO on specific cognitive domains to provide conclusive data.
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Background: Exercise is considered as a cost-efficient option for individuals with mild cognitive impairment (MCI). Although the potential benefits of exercise for improving cognitive function are recognized, its impact on neuropsychiatric symptoms (NPS) and the quality of life (QoL) in individuals with MCI remains unclear.
Objective: This study aims to investigate the effects of exercise interventions on NPS, including depression, anxiety, sleep disorders, and the quality of life in individuals with MCI.
Results: There were 17 randomized controlled trials (RCTs) involving 1,575 participants were included. The findings indicate a small but significant positive effect of exercise on depression (standardized mean difference [SMD] = −0.47, 95% confidence interval [CI]: −0.73 to −0.21), but the quality of the evidence is low. Mind–body exercises were relatively more effective in alleviating depression. No significant improvements were observed in sleep disorders (SMD = −1.27, 95% CI: −2.80 to 0.26). Exercise improved anxiety in one study but had no effect in the other. It also improved quality of life in seven studies, with two showing no effect.
Conclusion: The findings suggest that exercise, particularly mind–body exercises, can improve depression in individuals with MCI. However, the effect of exercise on anxiety, sleep disorders, and quality of life is still uncertain, necessitating additional research. These findings underscore the significance of integrating customized exercise programs in managing MCI to boost quality of life and mitigate NPS.
Systematic Review Registration: https://www.crd.york.ac.uk/prospero/. ID: CRD42023445369.
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1 Introduction

Mild cognitive impairment (MCI) is an intermediate stage between normal aging and dementia onset, and it is classified into two subtypes: amnestic MCI (aMCI) and non-amnestic MCI (naMCI) (1, 2). The clinical manifestations include memory loss, language ability damage, attention difficulties, and executive function impairment. Moreover, a considerable number of individuals with MCI also exhibit neuropsychiatric symptoms (NPS) (3). Research shows that approximately 35–85% of individuals with MCI have at least one NPS, with depression exhibiting the highest reported NPS prevalence rate (83% for aMCI and 73% for naMCI) (4). Anxiety and sleep disorders are also common in MCI, with prevalence rates exceeding 70 and 39%, respectively (5). In addition, negative psychological states significantly impact the quality of life in individuals with MCI (6–8). Inadequate or delayed treatment has an adverse impact on cognitive functioning and the general state of health (9–11).

In recent years, treatments for individuals with MCI have generally been categorized into pharmaceutical and non-pharmaceutical therapies. Existing evidence suggests that pharmacotherapy (represented by cholinesterase inhibitors) shows some efficacy in preventing and treating cognitive decline in MCI, but there is still a lack of high-quality clinical evidence (12–14). Fortunately, some meta-analyses have demonstrated that non-pharmaceutical interventions, especially exercise, can enhance global cognitive function, memory and executive function (15–17). Additionally, studies have found that exercise combined with cognitive training can improve motor performance in MCI patients, including balance, gait, and mobility (18, 19).

However, whether it is pharmacotherapy or non-pharmacotherapy, more focus has been placed on treating cognitive domain impairment than on addressing NPS in individuals with MCI. As a safe and economical intervention, exercise has played an important role in improving mood states, such as depression, anxiety, tension, and confusion (20–22). Therefore, exercise intervention could be a new, easy, and convenient therapy for improving NPS with MCI. Research has shown that exercise interventions have notable impacts on reducing anxiety (23) and alleviating depression (24) in MCI. Moreover, a meta-analysis of six studies demonstrated that exercise was an effective intervention for alleviating depression in older adults with MCI (25). Similar results were also supported by another meta-analysis (26).

Although the above research has highlighted the beneficial effects of exercise on specific NPS, controversies still remain. Liu et al. (27) indicated that the impact of dance intervention on depression, anxiety, and quality of life in persons with MCI requires further verification (27). Another study has indicated that traditional Chinese exercise has no effect on depression (28). Therefore, previous meta-analyses on this area had notable limitations. First, they included a limited number of studies, exhibited high heterogeneity, and suffered from methodological quality issues, undermining the persuasiveness of the findings (25, 29, 30). Second, the majority of the related meta-analyses have focused on the cognitive domain, rather than the NPS. Third, despite the fact that several reviews have reported the effect of exercise interventions on NPS with MCI, all of them solely focused on partial psychological symptoms, particularly depression. Finally, the varying effectiveness of different interventions and conditions necessitates subgroup analyses for a meaningful evaluation of intervention outcomes.

Therefore, considering both the limitations of prior research and the substantial advantages of exercise on quality of life, this study aims to evaluate the effects of exercise on common NPS and overall quality of life in individuals with MCI.



2 Materials and methods


2.1 Protocol and registration

This meta-analysis was reported according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) instructions (31). It has been recorded in the International Prospective Register of Systematic Reviews (PROSPERO) with the registration ID CRD42023445369.



2.2 Information sources and search

The search process involved two steps. First, an independent literature search was conducted within the database, verifying each step of the process. The trials available in the Randomized Controlled Trials Registry platform but not yet published were also sought. The development of literature supplements and searches utilized the references from the articles that had been screened. Subsequently, full portions of research that potentially met the inclusion criteria were obtained for a comprehensive eligibility assessment. Second, the retrieved data was imported into Endnote X9 software to eliminate any duplicates. The research was screened based on predetermined inclusion and exclusion criteria. We conducted a search in the following databases: Web of Science, Scopus, PubMed, APA PsycINFO, Embase, Cochrane Library, and MEDLINE (from inception to 18 February 2024). To ensure a comprehensive search and minimize the risk of overlooking relevant studies, we developed a search strategy that incorporated a variety of pertinent major search terms (Medical Subject Headings [MeSH] terms) and free-text keywords. Trials on depression, sleep disorders, anxiety, and quality of life effects were screened during a subsequent literature search. Supplementary Table 1 outlines the screening methodology.



2.3 Eligibility criteria and study selection

Inclusion criteria followed are (1) Participants: screened individuals aged 50 years or older with a primary diagnosis of MCI, as defined by the Research Diagnostic Criteria, or adults with MCI identified through validated screening measures, scoring below normal threshold values (e.g., Montreal Cognitive Assessment [MoCA]). (2) Interventions: investigated the use of exercise in treating MCI, defining it as a deliberate, organized, repeated, and purposeful physical activity designed to enhance or sustain physical fitness (32). (3) Comparisons: included no treatment, usual care, placebo, waitlist, or health education. (4) Follow-up: for at least 8 weeks or more (from the trial baseline assessment). (5) Outcomes: at least one examination result related to depression, anxiety, sleep disorder, or quality of life was reported. (6) Design: Randomized Controlled Trials (RCTs).

Excluded criteria followed are (1) the absence of MCI participants; (2) the absence of non-exercise intervention; (3) the absence of RCTs; (4) the absence of full-text available; (5) the inability to extract outcome data; and (6) the absence of studies (such as conference abstracts, animal experiments, etc.).



2.4 Data extraction

Data was extracted using a pre-prepared form by one collaborator (LC), with the accuracy subsequently verified by another collaborator (SMK). The information obtained from the qualifying research comprised the following: study characteristics, participant characteristics, interventions, and outcome measurement information. In cases where incomplete statistics were provided, the mean and standard deviation were estimated using the sample size, median, quartile, and other available reported data (33–35).

Furthermore, exercises were grouped based on the objectives of this study and previous reviews. There were four types: (1) Aerobic exercise (AE; enhancing cardio-respiratory fitness and including activities, such as walking, swimming, and cycling) (17, 36, 37). (2) Mind–Body exercise (MBE; enhancing mind–body coordination and awareness, such as yoga, dance, and Tai chi) (17, 36–38). (3) Multicomponent exercise (ME; a minimum of two exercise modalities, such as walking and limb balance training, running and skipping) (36, 37). (4) Physical and Cognitive Training (PCT; combines exercise and cognitive training, such as walking and memory training or sport stacking) (36, 39). Subsequently, subdivisions within different exercise categories were organized based on intervention frequency, duration, and session. The consistency of the extracted data was evaluated by the Intra-class Correlation Coefficient method before addressing the difference, resulting in an outcome of 0.97, which signifies high consistency in data extraction (40).



2.5 Risk and bias

The risk of bias in the qualifying trials was assessed using Cochrane’s Risk of Bias Tool 2.0 (RoB 2) (41, 42). Two collaborators independently assessed six aspects, including the randomization process (D1), deviations from the intended interventions (D2), missing outcome data (D3), measurement of the outcome (D4), selection of the reported result (D5), and overall bias (D6). The risk of bias was categorized as “low risk,” “some concern,” or “high risk” based on their assessments for each domain. Discrepancies between the researchers’ assessments were discussed with a third party. We used Cohen’s kappa coefficient to assess interrater reliability, which indicated a high level of agreement with an overall kappa value of 0.91. Specifically, the kappa values were 0.88 for D1, 0.73 for D2, 0.86 for D6, 1.00 for D3, D4, and D5 (43). Studies were not excluded based on the high risk of bias.



2.6 Statistical analyses

The meta-analysis was carried out using Review Manager 5.3 and Stata 17.0 software. Effect sizes were reported as mean differences with 95% confidence intervals (CIs). When outcomes were measured using varying scales with similar constructs, the standard mean difference (SMD) was used (44). Four categories of heterogeneity were determined based on the I2 index: low (I2 ≤ 25%), moderate (25–50%), high (50–75%), and extremely high (I2 > 75%) (45). A random-effect model was employed when I2 was >50%; otherwise, a fixed-effect model was used. Furthermore, due to high heterogeneity, subgroups were analyzed, based on factors such as exercise frequency, session, and duration. Publication bias was evaluated by Egger’s regression asymmetry test (46). Funnel plots were generated and visually inspected for outcomes with 10 or more included studies to detect potential asymmetry in the distribution of studies.



2.7 Quality of evidence

We used the GRADE (Grading of Recommendations, Assessment, Development, and Evaluation) framework to evaluate the evidence quality (47), which covered five key areas, such as study limitations, inconsistency, imprecision, indirectness, and publication bias. Two researchers, LC and SMK, independently conducted the evaluations using GRADEpro Guideline Development Tool software,1 categorizing evidence quality into four levels: very low, low, moderate, and high. In the GRADE approach, the initial quality level of included studies is considered high. If one risk factor is present and severe, the evidence quality is reduced by one level; if the risk is very severe, the evidence quality is reduced by two levels. As this analysis included only RCTs, conditions that could potentially enhance the quality level, such as large sample sizes, high effect sizes, and the presence of confounding factors, were not applicable. Each outcome’s evidence quality was evaluated using GRADE standards (48), and all decisions to downgrade evidence quality were justified with annotations. The two researchers reached full agreement in their assessments.




3 Results


3.1 Study selection

From databases, reference lists, and other sources, 21,462 studies were retrieved. Among these, 9,586 duplicate records were removed, leaving 11,876 studies for further examination. After reviewing titles and abstracts, 11,780 records were excluded as they did not meet the eligibility criteria. After examining the full text of 96 articles, 79 records were eliminated. Finally, 17 studies were included (Figure 1).

[image: Flowchart illustrating the systematic review process with stages: Identification, Screening, Eligibility, and Included. Initially, 21,349 records are identified from various databases. After removing duplicates, 11,876 records remain. 11,780 records are excluded due to ineligibility. 96 records undergo further screening, resulting in 17 records. Finally, 17 studies are included in the quantitative synthesis. Additional exclusions are detailed for each stage, including reasons like ineligible design, review, animal experimentation, and inconsistent objectives.]

FIGURE 1
 Study selection process flowchart.




3.2 Study characteristics

A total of 17 studies, encompassing 1,575 participants, are briefly summarized in Table 1. The studies, conducted between 2007 and 2022, had participants with an average age of 71.83 years. Asia had the most articles with 10, followed by Europe with 4 and the Americas with 3.



TABLE 1 Study characteristics.
[image: A detailed table presents data from studies on cognitive impairment interventions. Columns include reference numbers, country, setting, sample size, gender type, mean age, intervention type, duration, frequency, session length, comparison groups, and outcomes. The interventions are varied, including aerobic exercises, structured exercise, and memory-based exercises. Outcomes are measured using various scales, such as the Geriatric Depression Scale. The table footer explains abbreviations and provides additional context about the study criteria and methods.]

Aerobic exercise interventions (e.g., walking and stepping) were reported in 3 articles (49–51), mind–body exercise interventions (e.g., Kundalini yoga and Chinese square dance) in 6 articles (52–57), multicomponent exercise interventions (e.g., rhythmic exercise combined with walking, Tai Chi paired with static bicycle riding, and limb exercises) in 3 articles (56, 58, 59), and physical and cognitive exercise interventions (e.g., Rummikub combined with Tai Chi, cognitive tasks paired with Zumba dance, and cognitive activities combined with aerobic exercise) in 6 articles (59–65). Lam et al. (59) identified two types of exercise interventions, thereby categorizing them into distinct exercise types: multicomponent exercise and cognitive and physical training. In addition, the trials had an exercise intervention activity duration ranging between 10 and 48 weeks. The intervention lasted for 12 weeks or less in 9 studies, 12–24 weeks in 5 studies, and more than 24 weeks included 3 studies. Additionally, follow-up periods after intervention were reported in only three studies (53, 57, 64).

The effectiveness of interventions for depressive symptoms was reported in 14 articles, using all kinds of assessment tools. The Geriatric Depression Scale (GDS), which has a maximum score of 15 (GDS-15), the most frequently used tool, was used in seven studies (49, 52, 54, 56, 57, 61). Following this, the Geriatric Depression Screening Scale (GDS-30) was used in three studies (50, 53, 65), the Cornell Scale for Depression in Dementia (CSDD) in one study (59), and the Korean version of the Geriatric Depression Scale (SGDS-K) in one study (60), the Centers for Epidemiological Studies Depression (CES-D) Scale in one study (55), and the Geriatric Depression Scale-Short Form (GDS-SF) in one study (64). These tools not only share a similar construct and high structural similarity (66, 67) but also have some differences. GDS-15 and GDS-SF are short and suitable for quick screening, while GDS-30 is more detailed and is often used for comprehensive assessment. The Korean version of the GDS, SGDS-K, is culturally adapted and validated. The CSDD is specifically designed for dementia patients, including cognitive impairment. The CES-D is used for a broader population, especially in epidemiological studies, to assess depressive symptoms. In clinical practice, different measurement tools can be selected based on specific needs. Although different tools to measure depression, these tools share a similar construct. Therefore, we used the SMD method for analysis.

Furthermore, in 9 articles, researchers assessed the quality of life using various tools, including EuroQoL 5-D (EQ-5D) (61), the Quality of Life Index (QL-Index) (63), the Short Form Health Survey-36 (SF-36) (57), the Quality of Life-Alzheimer’s disease (QoL-AD-C; Chinese version) (50), the Dementia Quality of Life questionnaire (D-QoL) (51), the 14-item Perceived Well-being (PWB) (64), the 36-item Short Form Health Survey (SF-36; Chinese version) (55), and the Short-Form 12 health survey (SF-12) (52, 56). Although these tools are designed to assess quality of life, they differ in their internal structure, specific target populations, and assessment content. For example, the EQ-5D is suitable for a broad population, QoL-AD-C and D-QoL focus on dementia and Alzheimer’s patients; the QL-Index provides a comprehensive evaluation of health and social aspects; SF-36 and SF-12 assess eight health dimensions; and the PWB assesses individual well-being.

Finally, sleep quality was assessed in 4 articles using the Pittsburgh Sleep Quality Index (PSQI) (50, 56, 58, 65), which covers multiple dimensions such as sleep duration, efficiency, and disturbances, making it suitable for a broad population. Anxiety symptoms were also the focus of the two articles. They were assessed using the Geriatric Anxiety Scale (GAS-20) (61), which is specifically designed for the elderly, and the State–Trait Anxiety Inventory-Trait (STAI-T) (55), which measures both situational and persistent anxiety. These tools are similar in their assessment of specific mental health aspects but differ in their assessment content and internal structure.



3.3 Risk of bias within studies

The risk of bias for each included RCT was evaluated using RoB 2. Although Cohen’s kappa coefficient indicated a high level of agreement among the researchers (0.91), discrepancies in the risk of bias assessment necessitated a final decision through consultation with a third party (SWY). Consequently, three studies were identified as having a low risk (50, 59, 65), six studies were identified as having a high risk (49, 51, 52, 54–56), and eight studies were identified as having some concerns (53, 56–58, 60–64).

The studies classified as high risk presented significant issues in two aspects: (1) at least one domain had high risk, such as the lack of allocation concealment (55) and the absence of an appropriate analytical method to address attrition during the intervention (54) (2) two domains had some concerns, including inadequate details on allocation concealment and deviations from intended interventions (49, 51, 52) and high attrition rates (56). The studies with some concerns were noted to lack detailed information on allocation concealment (63) and deviations from the intended interventions (53, 56–58, 60, 61, 64) (Figure 2).

[image: Table and bar chart showing risk assessment for various studies. Columns D1 to D5 represent different risk categories: randomization, deviations, missing data, measurement, and selection. Colors indicate risk levels: green for low risk, yellow for some concerns, and red for high risk. The bar chart summarizes these categories, reflecting varying levels of overall bias across studies.]

FIGURE 2
 Risk of bias assessment.



3.3.1 Regarding the risk of bias in randomization

All studies utilized randomization methods to assign participants, but the specific methods varied. Some studies used computer-generated random codes (49–51, 53, 54, 56–59, 61–65), while others used methods such as drawing lots (52) or coin tossing (56), and urn randomization (55). However, some studies did not specify the randomization methods used in these studies (60). Additionally, only six studies provided detailed descriptions of the allocation concealment procedures (50, 53, 54, 56, 57, 61).



3.3.2 Regarding deviation from intended interventions

Five studies adopted the intention-to-treat (ITT) analysis method (50, 51, 56, 59, 64), while other studies did not provide detailed information on how they handled deviations from the intended interventions.




3.4 Synthesis of results

When conducting data screening and processing, it was found that only a few studies reported the post-intervention effects, which limited our ability to better analyze the long-term effects. Consequently, we opted to assess the immediate impact of the intervention on individuals with MCI at the conclusion of the intervention period.


3.4.1 Depression

The impact of exercise interventions on depression among MCI patients has been documented in 14 studies (Figure 3). The random effects model was employed due to the substantial heterogeneity (I2 = 81%, 
p
 < 0.00001). The results show a statistically significant disparity between the exercise intervention and the control group in terms of depression symptoms among MCI patients, with a mean effect size of (SMD = −0.47, 95% CI: −0.73 to −0.21, Z = 3.56, 
p
 = 0.0004). Additionally, potential sources of high heterogeneity were explored through subgroup analyses.

[image: Forest plot displaying a meta-analysis of multiple studies comparing experimental and control groups. Each study lists means, standard deviations, sample sizes, weights, and standardized mean differences with confidence intervals. The overall effect size is depicted with a diamond at −0.47, favoring the experimental group. The analysis indicates heterogeneity with I-squared at 81% and a significant overall effect, with a p-value of 0.0004.]

FIGURE 3
 The effect of exercise on depression.



3.4.1.1 Subgroup analyses

In the subgroup analysis of exercise types, MBE(6), PCT(5), ME(2) and AE(2) types were included (Figure 4A). Specifically, it was found that the MBE intervention type had a significant impact on improving depression compared to the control group (SMD = −0.40 95% CI: −0.69 to −0.10, Z = 2.59, p = 0.010). However, no statistically significant differences were observed in the intervention types of AE (SMD = −1.03, 95% CI: −2.63 to 0.57, Z = 1.27, p = 0.21), PCT (SMD = −0.47, 95% CI: −1.21 to 0.26, Z = 1.26, p = 0.21), or ME (SMD = −0.28, 95% CI: −0.86 to 0.30, Z = 0.94, p = 0.35).

[image: Four forest plots analyzing the impact of exercise on a given outcome, categorized by type, session, duration, and frequency. Each plot shows various studies with standard mean differences and confidence intervals. The analyses are labeled as A, B, C, and D, with heterogeneity statistics and overall effect sizes included.]

FIGURE 4
 The effect of exercise type on depression (subgroup analyses).


Exercising for 30 min or less per week (SMD = −0.48, 95% CI: −0.83 to −0.12, Z = 2.65, p = 0.008) and 60 min or more per week (SMD = −0.44, 95% CI: −0.76 to −0.13, Z = 2.74, p = 0.006) was associated with improvements in depression (Figure 4B). Additionally, exercise programs lasting 12 weeks or less (SMD = −0.47, 95% CI: −0.94 to −0.01, Z = 2.00, p = 0.05) and those between 16 and 24 weeks (SMD = −0.74, 95% CI: −1.27 to −0.22, Z = 2.77, p = 0.006) were found to be effective (Figure 4C). Furthermore, exercising 3 to 5 times per week (SMD = −0.45, 95% CI: −0.75 to −0.15, Z = 2.96, p = 0.003) also correlated with reductions in depression (Figure 4D).



3.4.1.2 Publication bias

Figure 5 shows that the effect size of exercise therapy on depression is symmetrical. In addition, to enhance the objectivity of the results, Egger’s regression model was applied to assess publication bias. The results demonstrated no statistically significant difference and indicated no publication bias (t = −1.90, df = 20.21, p = 0.08).

[image: Funnel plot showing the standard error of the standardized mean difference on the vertical axis and the standardized mean difference on the horizontal axis. Open circles represent data points, with most clustering near the zero mark on the horizontal axis. A vertical dashed line at zero suggests symmetry.]

FIGURE 5
 Funnel plot for the exercise therapy on depression.





3.4.2 Sleep quality

Four studies examined how exercise interventions affected the quality of sleep in MCI patients. As shown in Figure 6, the analysis revealed no significant differences between intervention and control groups (SMD = −1.27, 95% CI: −2.80 to 0.26, Z = 1.63, 
p
 = 0.10).

[image: Forest plot showing the standardized mean differences between experimental and control groups across four studies, each represented by a square and line. Studies by Bademli (2019), Yang (2022), Lina Wang (2020), and Dan Song (2019) are included. The overall effect size is depicted by a diamond with a confidence interval ranging from -2.80 to 0.26. The plot indicates heterogeneity with Tau2 = 2.31 and an I2 of 97%, suggesting substantial variability among studies. The Z test for overall effect is 1.63 with a P-value of 0.10.]

FIGURE 6
 The effect of exercise on sleep quality.




3.4.3 Anxiety

Two studies investigated the effects of exercise interventions on anxiety in individuals with MCI. A small-sample study found preliminary improvements in anxiety (61), while the other study showed no significant effect (55). The interventions consisted of two types, PCT and MBE.



3.4.4 Quality of life

A total of 9 RCT studies focused on exercise interventions in patients with MCI: 2 on AE, 3 on PCT, and 4 on MBE. Seven studies showed that exercise interventions significantly improved quality of life (50–52, 56, 57, 63, 64), while two studies showed no improvement (55, 61).




3.5 Quality of evidence within studies

Based on the GRADE assessment, the quality of the evidence for the effects of exercise interventions on depression and sleep quality in MCI patients is low and very low (Table 2). In the analysis of depression, although results were combined from 14 studies, the overall quality of evidence remains low due to high heterogeneity (I2 = 81%) and the presence of several high-risk bias studies. For sleep quality, 50% of the studies raised concerns about bias, and the heterogeneity was 97%. The total sample size was below 400, resulting in wide confidence intervals. These factors contribute to a low quality of evidence.



TABLE 2 Research quality grade assessment results.
[image: Table comparing the certainty assessment of depression and sleep quality interventions. It lists the number of studies, study design, risk of bias, inconsistency, indirectness, imprecision, and other considerations. Depression metrics show low certainty with standardized mean difference (SMD) of -0.47. Sleep quality shows very low certainty with an SMD of -1.27. Both are marked important, with footnotes indicating study limitations and high heterogeneity.]




4 Discussion

This study examined the effects of exercise on depression, quality of life, anxiety, and sleep in individuals with MCI. The meta-analysis results indicated that the exercise group had superior outcomes for depression than the non-exercise group. However, exercise had no significant impact on sleep. Additionally, while several RCTs have demonstrated that exercise can enhance anxiety or quality of life, others are not entirely consistent.

Our study results indicate that exercise can help alleviate depression in patients with MCI, consistent with previous meta-analyses (25, 30, 61). Furthermore, we analyzed the effects of various exercises (AE, ME, PCT, and MBE) on depressive symptoms. AE, such as walking and stepping, has been shown to reduce depressive symptoms (49, 50). ME, which integrates activities such as Tai Chi and static cycling, has been demonstrated to enhance both physical and mental health, thereby alleviating depressive symptoms (59). PCT, which integrates physical activity with cognitive tasks, has shown promise in simultaneously engaging the body and mind, thereby reducing depressive symptoms and enhancing overall cognitive function and emotional well-being (64).

However, our meta-analysis results show that mind–body exercises outperform other types of exercises in alleviating depressive symptoms, and demonstrate a small but significant effect (68). This finding is similar to that of a previous meta-analysis (25). Mind–body exercises, which are characterized by full-body stretching and relaxation, focus attention, and rhythmic breathing (38), integrate both mental and physical training. Compared to other types of exercise, mind–body exercises place a greater emphasis on participants’ internal experiences and proprioception, achieving similar intervention effects to high-intensity exercise in improving depressive symptoms (69).

In the RCTs included in this study, the frequency of exercise interventions varied from one to five times per week, with the majority of reports indicating a frequency of three times per week. Exercise frequency of three or more times per week has alleviated depression in individuals with MCI. Perraton et al. (70) also found that exercising three times per week significantly improved depressive symptoms (70). This frequency enhances physical fitness and enables the body in adapting to the stress induced by exercise while also providing adequate recovery time. The exercise duration in the RCTs varied from 12 to 48 weeks, with 12-week interventions being the most commonly reported. Interventions that lasted less than 24 weeks showed improvements in depressive symptoms, whereas those that lasted longer than 24 weeks did not achieve the expected results. The ineffectiveness of longer interventions may be attributed to decreased participant motivation and increased psychological and physical fatigue, which may impair the effectiveness of the intervention. In contrast, shorter interventions, such as those lasting 12 weeks, are easier to control for experimental variables and maintain high quality. As a result, they are more commonly selected and reported. Additionally, studies have shown that each additional 10 min of exercise enhances the antidepressant effect, with approximately 60 min being optimal (71). Our research also suggests that exercise interventions of 30 min and 60 min or more are effective, with the highest number of reports for 60-min interventions. Therefore, when designing exercise intervention programs, it may be preferable to choose a regimen lasting 12 weeks with sessions spreading three times per week and each session lasting 60 min.

However, it is worth noting that the overall quality of evidence is considered to be low. There are several limitations present in some studies, such as deviations from the intended interventions, a lack of appropriate analytical methods to address attrition during the intervention, and inadequate allocation concealment. Furthermore, some studies did not fully adhere to standards for allocation concealment and ITT analysis, which may have led to an overestimation of the exercise effects. Thus, it is important to interpret the results with caution.

Anxiety, another common neurological symptom in MCI patients, has been less extensively studied than depression in MCI patients. Although some research has indicated that exercise can have beneficial effects on mood and anxiety (72, 73), the impact of exercise on subsequently affecting anxiety in MCI patients remains unclear. This study refrained from conducting a meta-analysis of the impact of exercise interventions on anxiety symptoms in patients with MCI, as it included only two studies and faced inconsistencies in measurement methods. One study with some concerns about bias, which utilized a PCT regimen combining Tai Chi with Rummikub, showed a positive intervention effect (61). The intervention was conducted thrice a week, with each session lasting 90 min over a 12-week period. However, the small sample size of only 11 participants may hinder the interpretability of the intervention’s effectiveness. Another study, identified as having a high risk of bias, involved MBE in the form of yoga and reported no significant effect (55). This regimen was carried out twice weekly, with each session lasting 60 min, also over 12 weeks. Despite the inconsistent intervention outcomes, it is interesting that both studies chose MBE as their intervention approach (Tai Chi, Yoga). This preference may be due to the potentially favorable effects of MBE on anxiety (74, 75). Nonetheless, due to the small sample size, more rigorous and extensive RCTs are necessary to better explore the impact of exercise on anxiety in patients with MCI.

For sleep disorders, a meta-analysis reported that exercise can improve PSQI scores in adults (76), but the impact of exercise on sleep quality in patients with MCI remains uncertain due to inconsistent findings across studies (65). Our study synthesized the findings of other four studies and concluded that exercise did not significantly improve sleep quality in MCI patients. The studies involved primarily limited exercise types, including one on AE (Aerobic stepping exercise), one on PCT (Sport Stacking), and two on ME (Rhythmic exercise and walking, Structured limbs-exercise), with most exercises being simple and repetitive. Notably, there was a lack of research on the effects of MBE. The intervention protocols varied greatly, with durations ranging from 15 to 24 weeks, frequency from 3 to 7 times per week, and session length from 30 to 80 min. Such variability in the protocols and differences in participant characteristics (e.g., age, country), may have contributed to the high heterogeneity observed in the meta-analysis. This heterogeneity, combined with the small sample sizes of the included studies, led to the overall quality of evidence being considered to be very low (48). Therefore, future exercise intervention studies need to improve research design and enhance study quality in order to increase the credibility of the research conclusions.

Compared to individuals without MCI, the quality of life in individuals with MCI significantly declines (77). This decline is related to neuropsychiatric symptoms, functional deterioration, and cognitive decline (78). Due to inconsistencies in measurement methods and disparities in internal structure, we were unable to conduct a meta-analysis on the impact of exercise interventions on quality of life. However, our investigation has revealed that the majority of studies indicate a positive effect of exercise on quality of life. The most common exercise regimen was 12 weeks in duration, with sessions spread three times per week, each session lasting 60 min. Dance-based interventions were the most prevalent, appearing in four studies, with two of them focusing on Chinese square dancing. Furthermore, studies have shown that depression is significantly related to other factors (79). Research by Kang and Lee (80) supports this view. They analyzed the factors affecting the quality of life of 348 individuals with MCI in South Korea and found that depression is a strongly associated factor. Our meta-analysis also revealed that mind–body exercises, particularly square dancing, are more effective in alleviating depression. It is possible that socially engaging exercises like square dancing improve depression in individuals with MCI, indirectly enhancing their quality of life (56). Therefore, exercise might act as an intermediary factor between MCI symptoms and the enhancement of quality of life, with dance-based interventions potentially offering more significant benefits (52). However, four of the included studies were classified as high-risk, while the others had some concerns. Future research on interventions for quality of life should aim to improve methodological quality and enrich this area of study to confirm the effects of exercise on quality of life.

There are strengths and limitations to this study. On the one hand, the data extracted from eligible studies exhibited high quality, reflecting our rigorous efforts to collect relevant RCTs and the thoroughness with which our team ensured accuracy and consistency during data extraction. Moreover, the application of the GRADE approach provided a systematic and transparent assessment of the quality of the evidence, helping to identify the strengths and weaknesses of the included studies. However, some intervention results remain unclear or should be interpreted with caution. This is due to the low quality of evidence regarding depression and quality of sleep, as well as the limited number of available RCTs on exercise interventions for anxiety and sleep disorders in individuals with MCI. Furthermore, since the majority of studies did not include follow-up periods after the intervention, this analysis solely focused on the immediate effects of the exercise interventions, omitting the evaluation of the long-term maintenance effects. Lastly, considering that the retrieved experimental studies on this topic did not report on a broader range of neuropsychiatric symptoms, we focused only on depression, anxiety, and sleep disorders to illustrate the effect of exercise interventions on NPS in MCI patients. We anticipate that future experimental studies will pay greater attention to other NPS as well, thereby enabling a more comprehensive evaluation of the intervention effects.



5 Conclusion

Exercise has a small positive effect on depression in individuals with MCI. However, this is based on evidence of low quality. Among the various forms of exercise, mind–body exercises appear to be more effective in alleviating depression. While exercise may not significantly improve sleep quality in MCI patients, the supporting evidence is of very low quality. The quality of research in this area needs to be improved in order to further clarify the effects of the interventions. Additionally, inconsistencies in the structure of measurement tools prevented the conduct of a meta-analysis of the intervention effects. Therefore, more high-quality RCTs are required to validate the beneficial effects of exercise on anxiety and the quality of life of individuals with MCI.
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Introduction: Posttraumatic stress disorder (PTSD) is a mental health disorder caused by experiencing or witnessing traumatic events. Recent studies show that patients with PTSD have an increased risk of developing dementia, including Alzheimer's disease (AD), but there is currently no way to predict which patients will go on to develop AD. The objective of this study was to identify structural and functional neural changes in patients with PTSD that may contribute to the future development of AD.
Methods: Neuroimaging (pseudo-continuous arterial spin labeling [pCASL] and structural magnetic resonance imaging [MRI]) and behavioral data for the current study (n = 67) were taken from our non-randomized open label clinical trial (ClinicalTrials.gov Identifier: NCT03229915) for treatment-seeking individuals with PTSD (n = 40) and age-matched healthy controls (HC; n = 27). Only the baseline measures were utilized for this study. Mean cerebral blood flow (CBF) and gray matter (GM) volume were compared between groups. Additionally, we utilized two previously established machine learning-based algorithms, one representing AD-like brain activity (Machine learning-based AD Designation [MAD]) and the other focused on AD-like brain structural changes (AD-like Brain Structure [ABS]). MAD scores were calculated from pCASL data and ABS scores were calculated from structural T1-MRI images. Correlations between neuroimaging data (regional CBF, GM volume, MAD scores, ABS scores) and PTSD symptom severity scores measured by the clinician-administered PTSD scale for DSM-5 (CAPS-5) were assessed.
Results: Decreased CBF was observed in two brain regions (left caudate/striatum and left inferior parietal lobule/middle temporal lobe) in the PTSD group, compared to the HC group. Decreased GM volume was also observed in the PTSD group in the right temporal lobe (parahippocampal gyrus, middle temporal lobe), compared to the HC group. GM volume within the right temporal lobe cluster negatively correlated with CAPS-5 scores and MAD scores in the PTSD group.
Conclusion: Results suggest that patients with PTSD with reduced GM volume in the right temporal regions (parahippocampal gyrus) experienced greater symptom severity and showed more AD-like brain activity. These results show potential for early identification of those who may be at an increased risk for future development of dementia.
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Background

Posttraumatic stress disorder (PTSD) is a mental health disorder caused by experiencing or witnessing traumatic events that include exposure to actual or threatened death, serious injury, or sexual violence (1, 2). Symptoms consist of intrusive memories, avoidant behaviors, increased anxiety, and flashbacks (1, 3). A recent study has shown that 63% of Canadians above the age of 18 will likely experience at least one traumatic event and that approximately 7% of Canadians will screen positive for PTSD during their lifetime (4). Prevalence rates appear similar across the United States (5, 6). This risk of PTSD increases in vulnerable populations including: women (7), military personnel (8), first responders (9) and health care workers (10). As the population grows, the impact of PTSD will continue to increase—understanding this disorder and its neurobiological impact will be increasingly important for treatment.

PTSD is categorized as a Trauma- and Stressor-Related Disorder and does not have a clear neurobiological cause; yet, emerging evidence suggests that PTSD predisposes individuals to developing dementia later in life (1, 11–13). In fact, it has been suggested that the increased risk of developing dementia following a PTSD diagnosis is 1.5 to 2-fold compared to people without PTSD (14, 15). The increased risk of dementia in PTSD spans a variety of diagnoses including: frontotemporal dementia, vascular dementia, and Alzheimer's disease (AD) (16). The present study focuses on the most prominent cause of dementia (AD), which accounts for approximately 70% of all dementia cases (17).

In contrast to PTSD, which can occur at any age but on average begins in young adulthood to middle-age, AD symptoms typically present around age 65 (18). The biggest risk factor for developing AD is age −47% of people tested above the age of 85 had probable diagnoses of AD (19). PTSD and AD share common symptoms including negative changes in mood and cognition, personality changes, memory difficulties and alterations in arousal or reactivity symptoms (20, 21). A recent study suggests that PTSD symptom severity is associated with accelerated cognitive decline, a leading symptom of AD (22).

Although the neurobiological underpinnings of PTSD have been difficult to isolate, a recent meta-analysis identified several brain regions that have been shown to have reduced gray matter (GM) volume, including the medial frontal gyrus, posterior cingulate gyrus, hippocampus, amygdala, prefrontal cortex (PFC), and insula (23). Furthermore, significant correlations have been observed between increased PTSD symptom severity and decreased GM volume within the temporal lobe, and most commonly in the hippocampus (24–26). Interestingly, AD also typically shows neurodegeneration in the medial temporal lobe, hippocampus and amygdala (27–31). In addition to these memory-related brain regions, AD can also be characterized by decreased activity (cerebral blood flow [CBF] or metabolism) in the frontal cortex and posterior cingulate cortex (32–36) which are also commonly found in PTSD (37–40). These overlapping neuroimaging findings may point to a mechanism for the increased risk of AD following a PTSD diagnosis.

Currently, no biomarkers are available to identify which patients with PTSD will progress to AD. This study explores different neuroimaging modalities to investigate possible neural biomarkers of dementia in a high-risk population. In this study, we characterize GM volume and CBF differences between PTSD and HC groups, then apply two machine learning algorithms across two neuroimaging modalities to estimate AD-like Brain Structure (ABS) scores (41) and AD-like activity pattern (Machine learning-based AD Designation [MAD]) scores (42) in PTSD. MAD scores indicate how similar a patient's brain activity is to AD patterns of brain activity—the higher the score, the greater the similarity. The MAD algorithm was originally trained using fluorodeoxyglucose (FDG) positron emission tomography (PET) data of 94 patients with AD and 111 age-matched HC from the AD Neuroimaging Initiative (ADNI; http://adni.loni.usc.edu/) database. MAD has been shown to be compatible with CBF images derived from perfusion SPECT (42) and pCASL data (43). Furthermore, MAD scores have been shown to increase over time only in patients with mild cognitive impairment (MCI) who later progress to dementia—MAD scores of patients with stable MCI remained stationary (44). Finally, MAD scores were also elevated in patients with epilepsy experiencing cognitive decline, compared to cognitively intact patients with epilepsy (45), suggesting its utility in identifying at-risk individuals with comorbidity.



Materials and methods


Participants

A total of 67 participants aged 18–65 were recruited for the open-label, non-randomized parallel clinical trial (ClinicalTrials.gov Identifier: NCT03229915)—only baseline data were used for the present study. Two groups were included in this study: PTSD (n = 40) and HC (n = 27). Patients in the PTSD group were treatment-seeking individuals who had experienced a criterion A traumatic event. The HC group consisted of trauma-naïve (TNC; n = 15) and trauma-exposed (TEC; n = 12) participants; due to low sample size TEC and TNC groups were pooled. TEC participants met CAPS-5 Criterion A (i.e., exposure to a traumatic event), while obtaining a CAPS-5 total severity score of ≤ 5. Demographic data are provided in Table 1.


TABLE 1 Demographic and CAPS-5 data for PTSD and HC groups.

[image: Table comparing PTSD and HC groups across several variables. Sample sizes are 40 and 27, respectively. Variables include age, sex ratio, handedness, education years, CAPS-5, MAD, and ABS. Significant differences are noted for education (p = 0.001) and CAPS-5 (p < 0.001). Other variables show no significant differences.]

Exclusion criteria for all participants included substance dependence not in remission for at least 3 months, uncontrolled bipolar or psychiatric disorder, history of panic attacks, heart disease, respiratory distress, or neurological conditions including traumatic brain injury (TBI), as well as any MRI contraindications (e.g., metal implants or pregnancy). The CAPS-5 interview was administered to all participants to assess PTSD diagnosis and symptom severity (see Table 1). This study was approved by the Biomedical Research Ethics Board of the University of Manitoba and performed according to regulations. Participants provided written informed consent prior to participating in the study and received an honorarium for their time.



MRI acquisition

MRI scans were acquired from all participants to investigate brain structure and function. Scans were acquired using a 3 Tesla, 12-channel Siemens MAGNETOM Verio MRI scanner (Erlangen, Germany) at the Kleysen Institute for Advanced Medicine in Winnipeg, Canada. Imaging acquired during each session included an anatomical T1-weighted scan (MPRAGE sequence; TR/TE/TI = 2,300/3.02/900 ms; flip angle = 9°; field of view (FOV) = 256 mm × 256 mm with 1.00 mm × 1.00 mm × 1.00 mm resolution; 240 slices), a resting state functional [image: The notation "T subscript 2 superscript asterisk" appears, possibly representing a mathematical or scientific concept involving indexed or specific variables.]- weighted scan (scan duration = 11 min; results forthcoming elsewhere), and a pseudo-continuous arterial spin labeling scan (pCASL; TR/TE = 4,000/12 ms; flip angle = 90°; FOV = 240 mm × 240 mm with 3.8 mm × 3.8 mm × 5 mm resolution; 90 volumes; 20 slices; slice thickness = 5; inter-slice gap = 1 mm; labeling time = 2 s; post label delay time = 1.2 s; bandwidth = 3 kHz/pixel). M0 images were also acquired (TR/TE = 8,000/12 ms) to calibrate the pCASL images.



Structural MRI analysis

Structural T1-weighted images were preprocessed using the CAT12.8.2 toolbox (r2170; https://neuro-jena.github.io/cat/index.html) using SPM12 software (version 6909, www.fil.ion.ucl.ac.uk/spm/). First, a robust bias correction was applied to the MRI scans to reduce intensity variations. Then, the scans were segmented into gray matter (GM), white matter, and cerebrospinal fluid maps and spatially normalized into Montreal Neurological Institute (MNI) space (voxel size 1.5 mm × 1.5 mm × 1.5 mm) using the DARTEL algorithm. Modulation was applied to keep the volume information accurate. For VBM analysis, we smoothed the modulated GM images with an 8 mm3 full-width at half-maximum (FWHM) Gaussian kernel to improve the signal-to-noise ratio.

In order to detect any morphological differences in GM between individuals with PTSD and HC, we conducted a two-sample t-test on the smoothed GM images using SPM12 software. Age, sex, and total intracranial volume (TIV) were included as covariates during the analysis. An explicit mask, comprised of an average of all participant's GM masks, was used to limit search regions inside the GM of the brain. Results are considered significant at a cluster-forming threshold of p < 0.001 (uncorrected) and a cluster-level threshold of p < 0.05, corrected using family-wise error (FWE). Individual-level mean GM volumes were extracted from the significant clusters for further correlational analyses.

We estimated the previously described ABS scores (41) utilizing the region-based morphometry feature in CAT12 to obtain whole-brain GM volumes based on the neuromorphometrics atlas (www.neuromorphometrics.com; 136 regions in total), along with subregions of the hippocampus (18 regions) (46) and the cerebellum (26 regions) (47). Additionally, cortical thickness (CT) measurements were assessed using the Desikan-Killiany-Tourville (DKT) atlas, which defines 34 regions of interest in each cerebral hemisphere (48). In order to adjust for variations in brain size, the volumes of each subject were normalized by respective TIV. TIV was determined using the CAT12 toolbox (49). Utilizing the aforementioned brain structure-describing information, ABS ranks the most relevant features for classifying AD vs. HC based on a support vector machine (SVM) (41). The details of ABS model replication and validation are included in the Supplementary material.



CBF analysis

For the CBF analysis, pCASL images were preprocessed using the default parameters of the ASLtbx (https://www.cfn.upenn.edu/zewang/ASLtbx.php) (50). First, data were realigned, then co-registered to the structural T1-weighted image, segmented and spatially normalized to standard MNI space (using nonlinear normalization by applying the deformations from the structural CAT12 analysis), and smoothed with an 8 mm3 FWHM Gaussian kernel, as described previously (51). Mean CBF images were produced and contrasted between the groups using SPM12. Age and sex were included as covariates. An explicit mask using the average whole-brain map of all participants was used to limit search regions within the brain. Results are considered significant at a cluster-forming threshold of p < 0.001 (uncorrected) and a cluster-level threshold of p < 0.05, corrected using FWE. Mean regional CBF values were extracted from significant clusters for further correlational analyses.

The smoothed mean CBF images were further assessed using our previously developed MAD algorithm (available at: https://www.kolabneuro.com/software1) (42). In the original work, out of the five different algorithms tested, the SVM with iterative single data algorithm (ISDA) was the best-performing machine (84% sensitivity and 95% specificity) for distinguishing between AD and HC—this algorithm was used in the present study (42).



Statistical evaluation

Statistical analyses were conducted using the Statistical Package for the Social Sciences (SPSS; IBM Corp., version 27.0, Armonk NY) software. Demographic data were assessed using independent t-test or chi2, as appropriate (Table 1). Additionally, correlations between neuroimaging data (significant clusters in GM and CBF whole-brain analyses and MAD and ABS scores) and CAPS-5 total severity scores were assessed. Results were considered significant at p < 0.05.




Results

PTSD and HC groups did not significantly differ for age or sex (Table 1). CAPS-5 scores and years of education significantly differed between groups (Table 1)—the PTSD group had higher PTSD symptom severity scores (t(65) = 17.771, p < 0.001), as expected. Additionally, the PTSD group on average had fewer years of education (t(65) = 3.556, p = 0.001). Sex, age, and TIV (GM volume analyses only) were used as covariates throughout the study.


GM volumes

Reduced volume was observed in the right middle temporal gyrus/parahippocampal gyrus for the PTSD group, compared to the HC group (Table 2, Figure 1). No regions showed significantly larger volume for the PTSD group, compared to the HC group. GM volume of the middle temporal gyrus cluster correlated with CAPS-5 total symptom severity scores (r = −0.461; p = 0.005; Figure 2).


TABLE 2 Whole-brain volume-based morphometry differences between groups (PTSD > HC), using age, sex, and total intracranial volume as covariates.

[image: Table showing statistical data for the right middle temporal gyrus. Brodmann areas 20 and 21 are highlighted. There are 1,155 voxels with a p-value of 0.010, significant at p < 0.05, and a t-value of -4.43. Peak coordinates are X: 39, Y: 6, Z: -33.]
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FIGURE 1
 Whole-brain voxel-based morphometry results for the PTSD > HC contrast. The significant cluster (1,155 voxels) is identified in blue, indicating reduced volume in this region for the PTSD group, relative to HC.



[image: Two scatter plots show relationships between individual GM cluster volume and scores. Left plot compares GM volume with CAPS-5 score for Healthy Controls (HC) using triangles and PTSD with circles, showing a negative trend. Right plot compares GM volume with zMAD score, showing no clear trend. Both plots include trend lines and shaded error regions.]
FIGURE 2
 Correlation results. Medial temporal lobe volume correlates with CAPS-5 scores (left) and standardized MAD scores (right) in the PTSD group (teal, filled circles), but not the HC group (black, empty triangles).


ABS scores did not show any significant difference between the PTSD and HC groups (t(65) = 0.831, p = 0.409). Further evaluation using a proportions z-test indicated that 11.1% (3/27) of the HC group and 7.5% (3/40) of the PTSD group were classified as AD-like, resulting in a z-statistic of 0.508, p = 0.612 (proportional difference = 3.61%, 95% CI = [−10.78%, 18.00%], Cohen's d = 0.1259), indicating no statistically significant difference between the groups.



CBF

The PTSD group showed significantly lower CBF in two clusters, primarily in the left hemisphere, compared to the HC group (Table 3, Figure 3). The first cluster (3,933 voxels) had peak coordinates in the caudate and striatum and extended to the insula, parahippocampal gyrus, inferior frontal gyrus, limbic lobe and amygdala. The second cluster (4,069 voxels) peaked within the middle temporal gyrus and inferior parietal lobule and extends to the pre- and postcentral gyri. There was no significantly increased CBF for the PTSD group, compared to the HC group. The mean CBF values of either cluster did not correlate with CAPS-5 total severity scores.


TABLE 3 Whole-brain cerebral blood flow differences between groups (PTSD < HC), using age and sex as covariates.

[image: Table showing brain imaging data with two regions. Region 1: Left Caudate/Striatum, BA 13, 45, 47, 3933 voxels, p-value 0.004, t-value 5.06, peak coordinates X -8, Y 9, Z 10. Region 2: Left middle temporal gyrus/inferior parietal lobule, BA 7, 39, 40, 4069 voxels, p-value 0.003, t-value 4.45, peak coordinates X -48, Y -75, Z 28. Significance at p less than 0.05. BA refers to Brodmann Area.]
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FIGURE 3
 Whole-brain cerebral blood flow results for the PTSD > HC contrast. Significant clusters are identified in blue, indicating reduced cerebral blood flow in these regions for the PTSD group, relative to HC.


MAD scores did not significantly differ between groups [t(65) = 1.376, p = 0.174]. At the individual level, five of the PTSD patients showed MAD scores (z-score) higher than 1.96 (p < 0.05), compared to none of the HC participants (χ2 = 3.647, p = 0.076). MAD scores correlated with GM volume in the significant middle temporal gyrus cluster identified above (r = −0.423; p = 0.010; Figure 2). A non-significant trending correlation was also observed between MAD scores and CAPS-5 total severity scores (r = 0.302, p = 0.065). Other correlational analysis results are summarized in Supplementary Table S1.




Discussion

The goal of the present study was to find a novel non-invasive early neurological marker of AD in PTSD. We used machine learning algorithms (MAD and ABS) paired with neuroimaging and clinical variables to investigate these markers. The combination of these algorithms and PTSD symptom severity scores (CAPS-5) allowed us to identify a significant region of decreased brain volume in PTSD, associated with greater similarity to AD resting brain activity. Interestingly we noticed these markers in a PTSD participant group whose ages are younger than the typical age of diagnosis of AD.

As expected, and consistent with diagnostic criteria, there was a significant difference in CAPS-5 total symptom severity scores between the PTSD group and HC group, indicating increased PTSD symptom severity in the PTSD group (1, 52, 53). The CAPS-5 total severity scores were used as our primary psychiatric variable throughout the study. Additionally, education significantly differed between groups (Table 1), which is not surprising given that many of the participants in the PTSD group had careers as public safety personnel, typically requiring fewer years of formal education than our HC cohort, which had higher than average years of education.

Structural neuroimaging results identified one region of significantly reduced GM volume for the PTSD group, compared to the HCs (Figure 1). This middle temporal gyrus cluster included the parahippocampal cortex and Brodmann's areas (BA) 20 and 21 (Table 2). BA 20 is typically associated with processing visual information and memory association while BA 21 is involved in semantic memory processing, language processing and visual perception (54). Taken together, reduced volume within these regions may be associated with the experience of traumatic events and the ability to recall these memories (3, 55), and may be involved in symptoms such as flashbacks and accurate memory retention of traumatic events (1, 52). This result of decreased volume in the middle temporal lobe, more specifically the hippocampus and surrounding regions, is a common finding among PTSD structural neuroimaging results (56–58).

Interestingly, GM volume within this region was significantly, negatively correlated with CAPS-5 scores—smaller volume in this region was associated with greater symptom severity—a finding corroborated in the literature (24, 25). Furthermore, reduced GM volume in the temporal lobe cluster also correlated with MAD scores. In AD, the middle temporal lobe is the first region to begin showing neurodegeneration (30, 59), corresponding to the defining symptom of AD: memory deterioration (60). Although a causal role cannot be determined by the present study, it may be the case that individuals with reduced volume in this middle temporal region may be more susceptible to developing AD (as well as PTSD). Alternatively, trauma and the effects of PTSD may cause neurodegeneration in this region that increases the risk of dementia later in life. However, it is interesting to note that recently, psychological trauma in an animal model induced GM volume reduction in the hippocampus and globus pallidum (61). Further large-scale longitudinal investigations such as the UK Brain Bank (https://ukbbn.brainsfordementiaresearch.org) and Biofinder (https://biofinder.se/) should be used to shed more light on causality.

Topographically, MAD scores are determined by the overall whole-brain metabolic pattern, which is projected to a hyperplane used to differentiate between AD and HC (42). This hyperplane was largely characterized by hypometabolism in temporal regions. Therefore, it is not surprising that the regional GM reduction in the temporal regions observed in the present study correlated with increasing MAD scores in PTSD (Figure 2). While it remains to be seen whether there is any causal relationship between the location of the GM deterioration and AD progression, the lack of significant correlation within the HC group suggests that the medial temporal lobe may be an important region for predicting AD-risk in PTSD.

None of the ABS scores, which focus on AD-like structural patterns, correlated with any other neuroimaging results (GM, CBF, or MAD) or symptom severity (CAPS-5). Although the regional GM deficiency revealed by VBM analysis (Figure 1) spatially overlapped with features used in ABS classification, it should be noted that it does not constitute that they reflect the same pathology. The local GM difference between HC and PTSD groups was highly localized and it primarily reflects the PTSD-related changes (hence correlated with CAPS-5). On the contrary, ABS scores did not differ between groups. The relatively small regional atrophy in the right middle temporal lobe in our cognitively healthy PTSD sample may have not been sufficient to affect ABS scores, which capture the entire brain structural changes associated with AD. Nevertheless, the MAD score was correlated with regional GM changes. This observation is in line with the finding that AD-specific structural changes appear to occur after the functional (and/or vascular) changes (62).

Previously, alterations in CBF have been shown in PTSD, including increased activation in the amygdala (63) and decreased activity in the ventromedial prefrontal cortex and the inferior frontal gyrus (64). Our current results identified decreased CBF within the left caudate and striatum; this large cluster additionally encompassed the inferior frontal gyrus and insula—these findings confirm previous CBF findings of decreased activity in these cortical regions (64–67). Interestingly, research suggests that the insula and inferior frontal gyrus have become target stimulation regions for improving attentional decline in AD (68).

The second cluster, showing significantly reduced CBF in the left middle temporal gyrus and inferior parietal lobule in the PTSD group corresponds with the frontoparietal network (FPN; also known as the central executive network), a resting state network associated with attention and executive processing. Previous neuroimaging studies showed both increased (69–71) and decreased activity (65, 72–75) within this region in PTSD. Discrepancy in activity within this region in the literature may be due to several factors: first, whether resting metabolic/CBF or task-related activity are considered, as outlined, second, some studies have found reduced activity within the left IPL in the acute stage following traumatic exposure, when exposed to trauma-related (76) or fear-learning stimuli (77). In fact, left IPL activity in the acute phase was negatively correlated with symptom severity 3 months later (77).

The regional CBF did not correlate with MAD scores. Similar to the above interpretation for the lack of significant correlation between regional GM volumes and ABS scores, the reduced regional CBF, which reflect PTSD-related changes, may have not been sufficient to influence the MAD scores, which reflect the risks of dementia. It should also be noted that CBF images are much noisier than GM images, the regional change of which has shown to be correlated with MAD scores.

Limitations of this study include that its design was cross-sectional in nature; longitudinal study is required to confirm if patients with these identified neurological patterns go on to develop dementia, and more specifically, AD. We also acknowledge that there may be a selection bias for the HC groups as many of these participants were recruited by word of mouth and advertisements within the hospital and university settings, which may contribute to the higher years of education observed in this sample.

We used MAD scores for assessing AD-associated brain activity changes and ABS for assessing AD-associated brain structural changes. MAD was correlated with GM volume reduction in the medial temporal area which was correlated with PSTD symptom severity measured by CAPS-5. ABS was not correlated with any other measures. Taken together, as symptom severity increases, the brain structure and function become more AD-like, in the PTSD group—it is possible that these individuals who have higher MAD scores may be more susceptible to developing AD in the future. The data presented in our study are more poignant when the average age of our PTSD sample (i.e., 40.0 years) is considered—neurodegeneration in AD typically begins around 55 years of age (78). Early identification of individuals at an increased risk for developing dementia later in life is important for implementing disease-modifying preventative care.

In the current study, we used machine learning for early detection of markers associated with AD in PTSD. This study may provide information that will allow for a better understanding of brain structure and function in PTSD and how it may relate to the progression and possible increased risk of AD and dementia. To our knowledge, this is the first study that uses machine learning to assess the defining characteristics of AD within a PTSD population using neuroimaging.
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Family monthly income (yuan)
3,000
3,000~5,000
>5,000
SBP (mmHg)
DBP (mmHg)
Duration of diabetes (y)
FPG (mmol/L)

HbAILc (%)

606249.11

21(568)
16 (43.2)
22735334

9(6.12)

5(135)
22(59.5)
10(27.0)
137.92£17.92
7886+11.94
16.00 (11.50,20.00)
7.80 (6.95,10.50)
9.40 (8.35,10.45)

(n=28) group (n =26)
645746.86 6050831
14(50.0) 13 (50.0)
14(50.0) 13(50.0)
24294350 2416£227
9(6,12) 9(6,12)
9(32.1) 2(7.7)
14(50.0) 15(57.7)
5079) 9(34.6)
1345421488 127921583
78.82£10.00 798541027
14,00 (10.00,18.00) 14.00 (3.50,20.25)
7,50 (6.75,848) 7.35 (6.738.23)
9.45(8.25,10.78) 9.90 (8.15,11.95)

Data are presented as mean  SDs or as number (percentage) or as median (quartile) [M (P25, P75))
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; FPG, fasting plasma glucose.
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Voxels  p- t- Peak
value value coordinates
X Y Z
(1) Left 13, 3933 | 0.004* 506 | -8 9 | 10
Caudate/ 45,
Striatum 47
(2) Left middle | 7, 4,069 | 0.003* 445 | —48| -75 28

temporal 39,
gyrus/inferior 40
parietal lobule

*Significant at p < 0.05, EWE corrected for multiple comparisons. BA, Brodmann Area.





OPS/images/fneur-15-1470727/fneur-15-1470727-t002.jpg
Region BA Voxels p- t- Peak
value value coordinates

XY [ Z
Right middle 20, 1155 3 3
temporal gyrus | 21

*Significant at p < 0.05, EWE corrected for multiple comparisons. BA, Brodmann area.
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PTSD torx? df
N 40 27
Age (years) 400 (£119) | 354 (£140) = —1426 | 65 | 0159
Sex (M:F) 1426 11:16 0227 1 0.634
Handedness 3361 243 0247 1 0.619
(R:iL)
Education 140 (£2.6) | 165 (£3.2) 3.556 65 | 0001
(years)
CAPS-5 334 (£94) | 0.8(£15) 17770 | 65 | <0.001*
MAD —0516 0.000 1376 65 | 0174
ABS 0.184 0229 0.831 65 | 0409

*Significant at p < 0.05. TData missing for one participant. MAD scores are z-score
normalized. CAPS-5, Clinician-administered PTSD scale for the DSM-5; MAD, machine
learning-based Alzheimer’s disease designation; ABS, Alzheimer’s disease brain structure.
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Certainty assessment No of patients Effect Certainty Importance

No of Study Risk  Inconsistency Indirectness Imprecision Other Exercise Comparison Relative Absolute

studies  design of considerations (95% CI)  (95% ClI)
bias

Depression_MCI (assessed with SMD)

1 randomised | serious® serious” not serious not serious none 730 698 - sMD-047  @BOO Important
trials D lower Low
(=0.73 lower,
to-021
lower)

Sleep quality_MCI (assessed with PSQI)

4 randomised  serious* serious serious* not serious none 156 155 - sMp-127 | @000 Important
trials SD lower Very low
(28 lower
10026
higher)

Cl, confidence interval; SMD, standardized mean difference.

‘Some studies have the following limitations: deviations from the intended interventions, absence of an appropriate analytical method to address attrition during the intervention, and lack of llocation concealment.
"> 75%; high heterogeneity indicates substantial inconsistency among the study results

‘Deviations from the intended interventions (56, 55).

'F'> 75%; high heterogeneity and inconsistencies in effect size.

“The total population size is less than 400.
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Rank  Country uantity
1 China 78
2 usa 75
3 England 19
4 Canada 18
5 Australia 16
6 Ttaly 13

Germany 10
Japan 10
9 Spain 9
Brazil 8
Thailand 8

%, percentage of the quantity of work per country/i

3223

3099

7.85

7.44

661

537

331

331

ACI

1112

2381

1574

2811

3188

2023

48.10

1080

2156

2038

36.88

TLS

44

62

36

2

2

Rank

Institution
Fujian University
of Traditional
Chinese Medicine
Harvard Medical
School
University of
Florida

‘The Chinese
University of
Hong Kong
Massachusetts
General Hospital
University of
‘Washington
University of
Nebraska Medical
Center

Stanford
University
University
College London
University of
California, Los
Angeles

Mayo Clinic
Shanghai
University of

Sport

Quantity

tion out of the 242; ACI, average citations per item; TLS, total link strength;

496

289

248

248

248

248

248

248

248

same quantity of publications,

Country  ACI
China 2033
UsA 2800
UsA 2713
China 950
UsA 5771
UsA 2400
UsA 950
UsA 270
England 967
UsA 3817
UsA 967
China 500

TLS

23

2

2

2

21

1
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Rank Al ACI TLS

Fujian University of Traditional
Chen, L China 12 4.96 2375 68
Chinese Medicine

Fujian University of Traditional
Li,M China 7 289 3129 55
Chinese Medicine

Fujian University of Traditional
=2 Tao, ] China 7 289 3071 55
Chinese Medicine

Zheng, G Shanghai Institute of Health Sciences  China 7 289 2714 16

Wang, L. Jilin University China 7 289 1200 19

Fujian University of Traditional
=6 Li,J China 6 248 3083 5
Chinese Medicine

Fujian University of Traditional
Xia, R China 6 248 19.00 36
Chinese Medicine

Lavresky, H University of California, Los Angeles  USA 6 248 3817 19
=6 Zhang, L Jilin University China 6 248 700 13
Siddarth, P University of California, Los Angeles  USA 5 207 3040 19

Alzheimer’s Research & Prevention
=10 Khalsa, DS USA 5 207 40.20 18
Foundation

=10 Wang,$ Jilin University China 5 207 18.00 16

Yang, H University of California, Los Angeles  USA 5 207 3120 16

%, percentage of the quantity of work per author out of the 242; ACI, average citations per item; TLS, total link strength; =, same quantity of publications.
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Rank Journal

1 Frontiers in Aging Neuroscience

2 JOURNAL OF ALZHEIMER'S DISEASE
3 Frontiers in Psychology

G

Nursing

International Journal of Environmental Research and Public
Health

JMIR Serious Games
7 MEDICINE

Frontiers in Human Neuroscience

Trials
=10 AGING CLINICAL AND EXPERIMENTAL RESEARCH
=10 Clinical Interventions in Aging
=10 Evidence-based Complementary and Alternative Medicine
=10 Frontiers in Psychiatry

INTERNATIONAL JOURNAL OF GERIATRIC PSYCHIATRY

%, percentage of the quantity of work per journal out of the 242; IF, 2021 Impact Factors.

%
661
496
372
289

289

289
248
207
207

165

165

165

IF
5702
416
4232

2525

4614

3364
1817
3473
2728
4.481
3829
265
5.435

385

Country
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Netherlands

Switzerland
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zerland

Canada
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Switzerland
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Italy

New Zealand
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Top 10 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End
mind-body exercise 2014 1.66 2014 2019
alzheimers disease 2014 1.36 2014 2019
cognitive performance 2014 121 2014 2015
lifestyle intervention 2014 1.18 2014 2018
neurocognitive disorder 2015 1.28 2015 2018
memory training 2015 1.16 2015 2016
memory enhancement training 2016 1.17 2016 2017
subjective memory complaint 2016 1.17 2016 2017
analysis of task performance 2017 1.09 2017 2018
quality of life 2016 1.15 2020 2022

2013 - 2022

I
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#0 dual-task training

#1 alzheimer disease

#2 baduanjin

#3yoga

#4 dorsal anterior cingulate cortex
#5 quality of life
#6 combined cogni
#7 aging

#8 delphi technique

#9 psychiatry

#12 anxiety

#13 post-intervention adherence
#16 cortisol
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Top 10 References with the Strongest Citation Bursts

References

Year Strength Begin

Erickson KI, 2011, P NATL ACAD SCI USA, V108, P3017, DOI 10.1073/pnas. 1015950108, DOI 2011

Mortimer JA, 2012, J ALZHEIMERS DIS, V30, P757, DOI 10.3233/JAD-2012-120079, DOL
Law LLF, 2014, AGEING RES REV, V15, P61, DOI 10.1016j.arr.2014.02.008, DOL

Lavretsky H, 2013, INT J GERIATR PSYCH, V28, P57, DOI 10.1002/gps.3790, DOL

2014, 7 AM GERIATR SOC, V62, P25, DOI 10.1111/jgs. 12611, DOL

LiFZ, 2014, ARCH GERONTOL GERIAT, V58, P434, DOI 10.1016/j.archger.2013.12.003, DOI.
Song D, 2018, INT J NURS STUD, V79, P155, DOI 10.1016/j jnurstu.2018.01.002, DOL

Moher D, 2015, SYST REV-LONDON, V4, P0, DOI 10.1136/bm;j 2535, DOL

Livingston G, 2017, LANCET, V390, P2673, DOI 10.1016/S0140-6736(17)31363-6, DOL
Petersen RC, 2018, NEUROLOGY, V90, P126, DOI 10.1212/WNL.0000000000004826, DOL
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7346 Records identified
7346 from Databases
1518 PubMed
4309 Embase
1519 Web of Science
0 from registers

Records removed before screening:
Duplicate records removed (n = 3347)
Records marked as animal experiments (n =
1842)
Records marked as reviews, letters, reports
(n=516)
Records removed for other reasons (n = 49)

1592 Records screened

1496 Records excluded
753 Disease not suitable
692 Exposure factors are inconsistent
51 Others

96 Reports sought for retrieval

60 Reports excluded
30 Reviews and RCTs
26 Contains multiple exposures
4 Not retrieved

36 Reports assessed for eligibility

27 Reports excluded:
16 Data is not available
11 Not meeting inclusion criteria

9 Studies included in review and
meta-analysis
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Study

Chen,2019
Zhong_1,2021
Zhong_2,2021
Nida,2022
Marcia,2022
Xu,2022
Wang,2023

Random effects model
Prediction interval

Heterogeneity: /% = 60%, £ = 0.0521, p =0, %

Cognitive impairment

OR

3.30
0.93
0.96
2.36
1.22
1.40
218

1.39

95% CI

[1.51;7.23]
[0.61; 1.42]
[0.62; 1.48]
[1.02; 5.47]
[0.89; 1.67]
[1.25; 1.57]
[1.15; 4.12]

[1.09; 1.77]
[0.71; 2.71]

Weight

71%
15.2%
14.9%

6.4%
19.4%
27.3%

9.6%

100.0%
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Author Year Country Study Age*,y males, Population Exposure measurement Source  Diagnosis Participants, Study ~Hypertension, Diabetes, Drinking, Coronary Adjusted confounders

(reference) design method of of Cl n period n (%) n@% (%  heart
of exposure  exposure disease,
n(%)
Zhu(Zhuetal 2019) | 2019 China  cohort | 6714110 543 stroke TMAO  HPLC-MSMS  blood  MMSE 256 Jn2017- | 148(57.8) 7@77) | 92(359)  28(109)  Age,education level, hypertension,
Dec2017 diabetes, recurrent stroke,initial NIHSS

score, white matter lesions,lowdensity

lipoprotein, Hs- CRP, and homocysteine

leve
Livetal 2020) 2020 Chima  cross NR | 4901 nodisease  Choline  Questonmaire  dietary WIS, AR, 239 00202 LS02(628) | 539(34) 1666(69.6)  NA  Agegender, BMI alcohol consumption,
sectional restrictions DssT 2013-2014 and hypertension;
Zhong (Zhongetal, | 2021 (China cohort | 604105 | 7019 stroke TMAO,  UPLC-MSMS  blood  MMSE, 617 Aug2009-| 475(77.0) | 104069)  NA | 66(10.7) Timefrom onset o randomization,
2021) Choline, MoCA May 2013 admission NIHSS score, systolic BE,

Betaine fasing plasma glucose,estimated

lomerular filration rate, medical

fory use of antihypertensive and

lipid-lowering medications,ischemic

stroke subtype, and randomized
treatment.
Nida (Buawangpong | 2022 Thalnd cross | 6484 | 4549 cardiovascular TMAO  LC-MS/MS  blood  MoCA 3 Apr20i-| 19587 15667200 NA NIA Age, gender health care service scheme,
etal, 2022) sectional high risk Mar 2014 istory of smoking, metabolic syndrome,
and history of the established CV event.
Marcia (de Oliveira 2022 US.  cohort | 71648 | 35 nodisease  TMAO, LC-MS/MS  blood  3MSE, 3078 1989199, NiA NiA N/A NIA Red meat intake, fish,total energy
Oto etal, 2022) restictions  Choline, 1QCODE, 1992-1993 consumption, eGFR, prevalent CHD,
Betaine Tics atrial fbrillation and heart filure.
Xu(Xuetal,2022) 2022 China eross 6 | 5178 T2DM TMAO  HPLC-MSMS  blood  MoCA 25 Jn2018- | 75296 3300 | 62245 NA NA
sectional | (57.8-69) Dec2020
Wang (Wangetal, 2023 China  cohort  77.40+788 516 TIA TMAO  LCMS/MS  blood  MMSE, 310 Jn2020- 180 (581) 8(77)  NA | 26(84) Agesex,years of education, bascline
2023) MoCA, July 2021 NIHSS, intracranial atherosclerosis
1QCODE stenosis, Fazekas score,cortical
‘micrainfarcts and focal cerebral
hypoperfusion.
Torres (Fores Torres e 2022 US. oot | N/A | NJA nodisease  Choline  Questionnaire  dietary  N/A 77501 2012~ NIA NIA NIA NIA - NA
al. 2022) restrictions 20142008
2012
shih (Shi e1al.2020) | 2024 Taiwan, Case- | N/A | NIA nodisease  Choline  Questionmaire dietary  MMSE 154 2019-2024 NIA NIA NIA NIANA
China  cohort restrictions

Cl, cognitive impairment; T2DM, type 2 diabetes melltus; TIA, transient ischemic attack; TMAO, Trimethylamine oxide; HPLC-MS/MS, High performance liquid chromatography~tandem mass spectrometry; UPLC-MS/MS, Ultra Performance Liquid
Chromatography~tandem mass spectrometry; LC-MS/MS, Liquid chromatography-tandem mass spectrometry; MMSE, Mini-Mental State Examination; WLS, the Consortiurm to Establish a Registry for Alzheimer’s Disease (CERAD) Word Learning subset; AF, the
Animal Fluency test; DSST, the Digit Symbol Substitution Test; MoCA, Montreal Cognitive Assessment; IQCODE, Informant Questionnaire on Cognitive Decline in the Elderly; N/A, Not Applicable; TICS, the Telephone Interview for Cognitive Status.
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Visit 1 Call Visit2  Visit 3

(baseline, (month (month (month
month 0)  3+1) 6+1) 12+1)

) (& x

Selection criteria x

Demographic and x

clinical

characteristics

NPI-Q x X x
Fototest x x x
Clock drawing test x x x
AcceXible test x x x
EQ-5D x x x
Adherence x x x x
Safety x x x x

IC, informed consent; NPI-Q, neuropsychiatric inventory questionnaire.
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Energy 125keal
Protein 38g
Carbohydrate 1658
Fat 49g
EPA (eicosapentaenoic acid) 300mg
DHA (docosahexaenoic acid) 1,200mg
Phospholipids 106mg
Choline 400mg
UMP (uridine monophosphate) 625mg
Vitamin E (a-TE tocopherol equivalents) 40mg
Vitamin C 80mg
Selenium 60g
Vitamin B12 3ug
Vitamin B6 1mg

Folic acid 400pg
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bvFTD SVPPA VPPA
Demographics
No. (malefemale) 34(18:16) 27(207) 220139) 24(14:10)
Handedness (R:L) 304 261 211 231
Age(y) 707 6.1 6650.7) 66.10.1) 70981
Education () 160(12.2-160) 140(120-160) 160 (112-160) 135 (110-160)
Symptoms duration (y) 5301276 17(7-57) 54(46-63) 1326-51)
MMSE (130) 185 (162-250) 250215275 235(185-285) 255(172-280)
WASIVIQ 970 (840-110.5* 86.0(610-1130 65.0(550-76.0)"> 750 66.0-97.0)
WASIPIQ 3.0 (740-963 910 (830-109.0)" 1110 (980-129.0)" 89.0(77.0-106.0)
Neuropsychology
Episodic memory.
RMT faces /50) 305 (260-353) 320(53-385) 290(275-36.05 340(300-100)
RMT words (/50) 285(25.0-383) 360 (27.8-44.0) 315 (27.0-385)
Executive
DS forward (12) 605070 65(0-78)" 70(60-701 40(40-50)3
DS reverse (12) 1030451 10050 50 (4050 300400
WAST matrices (30) 110 (78160 165(9.0-240) 250 21.0-29.0) 115(60-220)"
DKEFS stroop: colour (905) 540 (4150-61.0) 40(330-660)" 510 (67.0-67.0) 90.0(630-900)¢
words (905) 320280-360) 300 220-350/ 280 230-35.0/ 660 (520-900)
interference (1805) 1480 (106.0-1800)* 830(600-1800)" 92,0 (620-1280)' 180.0 (119.8-180.0)
TMTA () 690 (580-127.0) 560(400-9300 530(30-610¢ 620(420-143.0)
TMTB(5) 3000 (1945-300.0) 1920 (1000-300.0) 1150 (820-177.0)" 2380 (149.0-300.0)
Letter uency (F) 100(60-13.01 80(0-140) 70 (40-120¢ 40(0-80)
Category fluency (animals) 90(58-133 90(50-17.00 50(20-90 90/20-150¢
Language
BPVS (/150) 1440 (120.8-146.3) 1410 (135.0-148.0) 84(33.0-107.0) 1305 (11481440
GNT(130) 140(45-205) 150(3.0-238)" 000 90(60-19.0)
Other sill
GDA (24) 2010657 60(40-140)44 120(60-160 30050
VOSP (120) 160(14.0-17.3)" 155 (10.0-18.0) 160(150-17.3) 170 (148-180)*

Social cognition

RSMS-total 310 (123) 204118 2512% 3541807
RSMS-EX 150(100-2101 80(20-1400 75(50-120 170/(40-23.0¢
RSMS-SP 188 (65 1214 147 (60" 1986.4)
Obsessionality s 2079 13(59)" 86y
Disinhibition L 2389 16 709
Apathy 23(68) 21 9n 12(50)
Altred pain sense 102 1204y 1265y 8063
Inappropriate trust 800 1204 12653 1a7)

This table presents demographic, neuropsychological and behavioural characteristics of diagnostic groups, based on the complete patient cohort, Counts (standard deviation) are shown for
general demographic and clinical data; mean (standard deviation) or median (interquartile range) scores are shown for neuropsychological tests (also with maximum scores in parentheses);
and raw counts (percentage of group) are shown for behavioural change data. All patients fulflled current consensus diagnostic criteria [AD: Dubois etal. (21); bETD: Rascovsky etal. (22);
PPA: Gorno-Tempini et al. (23)). 15 patients underwent lumbar puncture and/or brain amyloid-PET; all had biomarker profiles consistent with underlying AD pathology, based on local
criteria. Significant differences between patient groups are coded as follows: significantly different from AD, “significantly different from byFTD, *significantly different from svPPA,
significantly different from nfvPPA (all iy <0.05). AD, patient group with typical Alzheimer’ disease; BPVS, British Picture Vocabulary Scale (24); bvFTD, patient group with behavioural
variant frontotemporal dementia; D-KEFS, Delis Kaplan Executive System (25); DS, Digit Span; EX, sensitivity to socio-emotional expressiveness; GDA, Graded Difficulty Arithmetic test (26);
GNT, Graded Naming Test (27); L, lefi; MMSE, Mini-Mental State Examination score (26); nfvPPA, patient group with nonfluent/agrammatic variant primary progressive aphasia; PIQ,
performance IQ; R, right; RMT, Recognition Memory Test (29); RSMS, Revised Self-Monitoring Scale; s, seconds; SP,ability to modify self-presentation; svPPA, patient group with semar
variant primary progressive aphasia; Symptoms,estimated duration of symptoms since onset; TMT, trail making test; VIQ, verbal IQ; VOSP, Visual Object and Space Perception Battery -
Object Decision test (30); WASI, Wechsler Abbreviated Scale of Intelligence (31). A reduced number of patients completed certain tests, s follows: -1, n-2, n-3, ‘n-4, 0-5, 'n-6, -7, "n-8,
1n-10. The subcohort of 69 patients included in the predictor analysis (Supplementary Table 52) did not differ significantly in any cognitive or behavioural characteristic from the fll cohort
(see Supplementary Table $3),
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Severity of AD

Variables Overall
Moderate Severe
Perceived efficacy of treatment <0.001
Improvement 276 (34.7%) 126 (24.2%) 94 (14.5%) 496 (25.2%)
Stable condition 324 (40.8%) 152(29.2%) 115 (17.7%) 591 (31.0%)
Deterioration 195 (24.5%) 243 (46.6%) 441 (67.8%) 879 (44.7%)

Safety issues after AD dementia diagnosis

Never 444 (55.8%) 404 (77.5%) 559 (86.0%) 1,407 (71.6%) <0.001
Falls 206 (25.9%) 219 (42.0%) 353 (54.3%) 778 (39.6%) <0.001
Wandering away 142 (17.9%) 244 (46.8%) 352 (54.2%) 738 (37.5%) <0001
“Taking the wrong medicine 191 (24.0%) 128 (24.6%) 107 (16.5%) 426 (21.7%) <0.001
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Appetite disorder 51(6.4%) 59 (11.3%) 129 (19.8%) 239 (12.2%) <0.001
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Perceived social support

Methods to maintain patients’ basic activity of daily living 514(64.7%) 320 (61.4%) 378 (58.2%) 1,212 (61.6%) 0.041
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Severity of AD

Variables Overall
Moderate Severe
Overall 795 (40.4%) 521(26.5%) 650 (33.1%) 1966 (100.0%)
Gender 0.008
Male 363 (54.3%) 193 (63.0%) 278 (57.2%) 834 (57.6%)
Female 432 (45.7%) 328 (37.0%) 372 (42.8%) 1,132 (424%)
Age, years <0.001
40-49. 35 (4.4%) 6(1.2%) 5(0.8%) 46 (2.3%)
50-59 76 (9.6%) 42(8.1%) 45 (6.9%) 163 (8.3%)
60-69 213 (26.8%) 110 (21.1%) 153 (23.5%) 476 (24.2%)
70-79 295 (37.1%) 175 (33.6%) 207 (31.8%) 677 (34.4%)
280 176 (22.1%) 188 (36.1%) 240 (36.9%) 604 (30.7%)
Length of education 0.004
0-6years 289 (36.4%) 230 (44.1%) 215(33.1%) 734 (37.3%)
7-9years 169 (21.3%) 102 (19.6%) 126 (19.4%) 397 (20.2%)
10-12years 181 (22.8%) 99 (19.0%) 164 (25.2%) 444 (22.6%)
213 years 156 (19.6%) 90 (17.3%) 145 (223%) 391 (19.9%)
Residence <0.001
Urban 514 (64.7%) 377 (72.4%) 536 (82.5%) 1427 (72.6%)
Rural 281 (35.5%) 144 (27.6%) 114(17.5%) 539 (27.4%)
Form of care <0.001
Care athome 778 (97.9%) 481 (92.3%) 564 (86.6%) 1823 (92.7%)
Care from professional institutions 17 21%) 40/(7.7%) 86(13.2%) 143 (7.3%)
Family earning (monthly) 0.002
<2000RMB 171 (21.5%) 124 (23.8%) 101 (15.5%) 396 (20.1%)
2001~ S000RMB 320 (40.3%) 198 (38.0%) 256 (39.4%) 774 (39.4%)
5,001 ~8000RMB 153 (19.2%) 110 (21.1%) 131(20.2%) 394 (20.0%)
8,001 ~ 10000RMB 65(8.2%) 45(8.6%) 68 (10.5%) 178 (9.1%)
10,001 ~ 15000RMB 39 (4.9%) 24 (4.6%) 56 (8.6%) 119 (6.1%)
>15000RMB 47 (5.9%) 20 (3.8%) 38 (5.8%) 105 (5.3%)

“p-values from Chi-square test.
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DSB “The Digit Span Backward
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M Man

w Woman

1G. Intervention group
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NM. Not mentioned
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u University

UN Uneducated
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Models Variables
All patients Residence
Severity of AD

Perceived efficacy of treatment
Safety issues after AD dementia diagnosis
Perceived social support

Mild AD Perceived efficacy of treatment
Safety issues after AD dementia diagnosis
Perceived social support

Moderate AD | Perceived efficacy of treatment

Severe AD Residence
Perceived efficacy of treatment

In all analyses, caregivers without positve statesis the reference category.

P
0.009
<0.001
<0.001
0.009
0.001
<0.001
0017
<0.001
<0.001
0.005

<0.001

OR (95% Cl)

quare P
0.70 (054,091 284702 <0.001
0,67 (058, 0.77)
197 (1.70,2.28)
073 (057,092)
177 (1.27, 2.46)
1.94(1.56,2.43) 97.901 <0.001
0.68 (050, 0.94)
298 (1.72,5.16)
205 (1.57, 2.69) 44.409 <0.001
043 (024,0.78) 38.365 <0.001

184 (138, 2.45)
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Measures
Satisfaction with life scale

[Diener et al., 1985 (47)]

Scale of positive and negative
Experience (SPANE)

[Diener et Biswas-Diener, 2009 (48)]

World Health Organization-Five
Well-Being Index
[WHO, 1998 (49)]

Mylife questionnaire

[Clare etal,, 2023 (50)]

“Life is meaningful to me Scale”

[Measures of personal well-being,
ONS, 2018 (51)]

12 observable measures of relative
well-being
[Kitwood et Bredin, 1992 (30)]

Categories assessed
Life close to one’s ideal
Life conditions

Life satisfaction

Availabilty of “important things”in life

Changes in life if one could live life over

P

ity/negativity
Feeling good/bad
Pleasantness/unpleasantness
Happiness/sadness
Joyfulness/fear
Contentment/anger
Cheerfulness

Calmness and relaxation
Feelingactive

Feeling of waking up recreated
Evaluation of life as interesting
Agency

Interpersonal relationships
Engagement

Activity

Sleep.

Living situation

Social confidence

Happiness

Anxiety

Worthwileness

Overall life satisfaction
Pleasure

Relaxation

Agency

Social confidence
Worthwileness

Humor

Mode

SR

SR

SR

SR

SR

PR

No of items

5

Time fra

Presence

Past dweeks

Last 2weeks

Presence

Day before

Presence

Presence

SR, sel-rated; PR, proxy-rated. A detailed overview of observational and self-report measures of well-being in dementia studies can be found in Tinkler and Hicks, Clarke at al, and Madso

(51-53).
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Severity of AD
Perceived efficacy of treatment
Neuropsychiatric symptoms causing stress in caregivers
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Perceived social support
Mild AD Age
Perceived efficacy of treatment
Neuropsychiatric symptoms causing stress in caregivers

Safety issues after AD dementia diagnosis

Perceived social support
Moderate AD  Age
Form of care
Perceived eficacy of treatment
Neuropsychiatric symptoms causing sress in caregivers
Safety issues after AD dementia diagnosis
Perceived social support
Severe AD Form of care
Perceived efficacy of treatment
Neuropsychiatric symptoms causing stress in caregivers

Perceived social support

In all analyses, caregivers without negative states s the reference category.
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0.004
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147 (1,03, 2.11)
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Subgroups MD 95%CI1
MMSE
Amjad et al., 2019 1.45 1.03to0 1.87
Tarnanas et al., 2014 0.73 0.45t0 1.01
Tarnanas et al., 2015 0.91 0.65t01.36
Thapa et al., 2020 0.89 0.50to0 1.27
MoCA
Choi and Lee., 2018 038 0.18t0 0.76
Sun et al,, 2021 021 0.11 to 0.51
Amjad et al., 2019 031 0.19t0 0.67
Delbroek et al., 2017 0.52 02210 0.81
Hu et al.,2018 1.16 0.83to 1.49
Ji-Su Park et al., 2020 048 0.18t0 0.78
TMT-B
Ji-Su Park et al., 202 -0.68 -1.07 to -0.29
Liao etal., 2019 -0.93 -1.27 t0 -0.59
Sun et al,, 2021 111 -1.49t0-0.73
Tarnanas et al., 2014 -0.30 -0.68 to 0.09
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TMT-B 65 61 *

.48 (-13.59 to -1.38) 0% 0.02
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(((Cognitive Dysfunction (Title/ Abstract)) OR (Cognitive Impairments
1 (Title/Abstract))) OR (Mild Cognitive Impairment*(Title/ Abstract))) OR
(MCI(Title/ Abstract))

(((“cognitive*”(Title/Abstract)) OR (“cognitive ability “(Title/ Abstract)))
2 OR(‘cognitive function(Title/Abstract))) OR (“cognitive decline”(Title/
Abstract))

(((Exergaming*(Title/Abstract)) OR (Virtual Reality* (Title/ Abstract))) OR

(Active-Video Gaming (Title/ Abstract))) OR (Exergames (Title/Abstract))
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6 Limit5 to (English language and humans)





OPS/images/fneur-15-1424390/fneur-15-1424390-t002.jpg
Intervention
duration
(weeks)

Mean
age
(Years)

Outcome
measure

Education
level

Included
studies

Diagnostic

Participants
(M/W)

Sample

size (N) Platform

criteria

Sunetal,
2021 (27)

Choi and Lee,
2018 (19)

Delbroek
etal, 2017
(28)

Tarnanas
etal, 2015
9)

Mrakic-
Spostatal,
2018 (30)

“Tarnanas
etal, 2014
Gn

Parketal,
2020 (21)

Tarnanas
etal, 2014
(€]

Liao etal.,
2019 (30)

Amjad etal.,
2019 (32)

Huetal, 2018
(6)

65-85

76324417

872461

713541169

7334579

707

765479

7254532

743460

NM

741458

MMSE>24;
MoCA<26

MoCA<26

MoCA<26

MMSE225

MMSE225

Clinical

evaluation

MMSE>16

Clinical

evaluation

MMSE>24;
MoCA<26

Clinical

evaluation

19SMoCAS25

1G: PS (9);JHS (9);
HSATSS (6); U (5)

CG:PS (7); JHS
(10); HSATSS (7);
u@

NM

NM

CG:15.6£80

NM

NM

IGUNQ)ES(13):
MS (2); HS (1)

CG:UN(I)ES(13);
MS (2);HS (1)

1G:93£40

CG8.4£35

1G:93+3.8

CG99£21

NM

NM

57(21/36)

609/51)

20(7/13)

78(50/28)

10(4/6)

66(25/41)

35(17/18)

68(16/52)

34(23/11)

38(NM/NM)

60(47/13)

1G=30;
CG=30

1G=10;

1G=40;
CG=38

1G=32;
CG=34

1G=20;
CG=20

1G=34;
CG=34

1G=18;
CG=16

1G=18;

1G=30;
CG=30

Session .

Intervention Task content
Frequency
IGSminWarm- Single-task. VR Baduanjin Exercise
up+20minVR.
training +5mi
Relaxation
training, three
times a week
CG: Routine
rehabilitation
1G: 10min warm-  Single-task Virtual Kayak Paddling
wp Exercise
40minVR.
training+10 min
Relaxation
training, two times
per week
CG: Maintain daily
activitie
EG: 18 min VR Multi-task VR training (Downhill
training in week 1 ski; Weight-bearing
gradually increased transfer; Avoidance
0 30min in week while walkingMemory
5, twice a week exercise)
CG: Maintain daily
activities
1G:20minVR Multi-task VR training
training (Emergencyevacuation)
CGNo other
treatment
IG: VR, training | Multi-task VR training (Riding a
increased from bike, Crossing roads;
40min in the first Grocery shopping)
3weeks to 45min
in the latter, three
times a week
CG:No other
treatment
1G: 90minVR. Muli-task VR Museum Cogitive
training, twice a Training (Finding
week objects; Story
CG: conventional recollection;
cognitive traning Archeological pract
1G: 30minVR. Multi-task VR training (Driving;
training, five times Door opening;
aweek Bathroom time)
CG: Conventional
cognitive
rehabilitation
1G: 60minVR. Multi-task VR training (Juice
training+30min ‘making; Crow
Eye massage, three Shooting; finding the
times a week fireworks number;
CG: Physical ‘memory object)
exercise course
1G:3 timesaweek | Multi-task VR training (Take the
CG: Conventional MRT; Kitchen chef;
physical and Convenience store
cognitive training clerk; Tai Chi; Football)
1G: 5min Warm- | Multi-task VR training
up+25min VR (LogicsPhysical;
training:+10min Memory; Reflexes and
Relaxation Math)
training, 2 times
per week.
CG: Physical
exercise course.
1G. VR training | Multi-task VR training (Domestic

was gradually activities; Kitchen

extended from cooking; Cycling)
Sminat the

beginning to

15min, once a day

CG: Routine

rehabilitation

M, Man; W, Woman; IG., Intervention group; CG, Control group; NM. Not mentioned; PS, Primary school; JHS, Junior HS; HSATSS, HS and technical secondary school; U, University; UN,
Uneducated; ES, Elementary school; MS, Middle school; HS, High school; XML, eXtended Markup Language; VRML, Virtual Reality Markup Language; MMSE, the Mini-Mental State

Examination; MoCA, the Montreal Cognitive Assessment; TV

the Trail Making Tests; DSE, Digit Span Forward.

VIR, training
system
(Nanjing,
Version 2.0 of
MuoXun)

‘TheraBand
Exercise
Station,
(Hadamar,

Germany)

BioRescue (RM
Ingenierie,

France)

NM

PlayStation
controller

(Sony, Japan)

Virtual
Museum
system
(Developed by
XML and
VRML)

‘The
MOTOCOG*
system
(Cybermedic
Inc, Korea)

NM

Kinect

Kinect for Xbox
360

BioMaster

£

6

12

20

12

MoCA;
TMT-A;
TMT-B

MoCA

MoCA

MMSE

MMSE;
TMT-A

MMSE;
TMT-B; DSF

MoCA;
TMT-A;
TMT-B; DSF

MMSE

TMT-A;
TMT-B

MMSE;
MoCA

MoCA
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Youden index Sen: ity (%) Speci

Age 0.626 60.50years 0220 62.40 59.60
Duration of education 0.645 7.50years. 0226 38.40 84.20
Duration of diabetes 0.658 1350 years 0.265 57.60 68.90
HbAlc 0.639 7.65% 0229 79.20 43.70
FIB 0.607 345g/L 0.198 38.40 8140
ALB 0.601 4105g/L 0182 50.40 67.80
AIG 0.646 148 0252 53.60 7160
TBIL 0618 1065 umol/L. 0.189 52.80 66.10
IBIL 0.645 805 umol/L 0.246 65.60 59.00
p2-MG 0599 206mg/L 0175 44.80 72.70
Cys-C 0619 0.78mg/L 0227 54.40 68.30
Serum sodium 0575 141.90 mmol/L. 0.170 64.00 53.00
GLU 0.583 10,64 mmol/L. 0171 36.80 80.30

HbALG, glycosylated hemoglobin; ALB, albumin; A/G, albumin/globulin ratios TBIL, total bilirubin; IBIL, indirect bilirubins Cys-C, Cystatin-Cs 2-MG, 2 microglobulin; GLU, glucose; FIB,
fibrinogen.





OPS/images/fneur-15-1419017/crossmark.jpg
(®) Check for updates






OPS/images/fneur-15-1419017/fneur-15-1419017-g001.jpg
08
2 05
§
04 e
— Al
__ Duntonof
e
—m
poct %
02 =0
— Rafeece Lie
09
00 02 04 05 08 10 2] 02 04 05 08
1- specificity 1- specificity





OPS/images/fneur-15-1419017/fneur-15-1419017-g002.jpg
MMSE score 21~26 (n=124)
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'

Insulin (1=40)

Insulin with metformin (n=28)

¥

i

Metformin (n=30)

)

3 were excluded
2 loss of contact
1 did not adhere to the

medication regimen

2 were excluded
1 loss of contact

1 did not adhere to the

medication regimen

2 were excluded :

2 loss of contact

i

Insulin (1=37)

'

¥

Insulin with metformin (n=26)

Metformin (n=28)
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Characteristics Cognitive impairment Normal cognitive t/Z /¢

group (n =125) function group (n = 183)

Age (y) 61.73£9.08 58.0948.17 3662 <0001
Gender

Male, n (%) 61 (48.8) 118 (64.5) 7.503 0.006

Female, n (%) 64(51.2) 65(35.5)
BMI (kg/m?) 24.00+3.63 24.61£3.70 —1431 0.153
Smoking, n (%) 53 (42.4) 68(37.7) 0.684 0.408
Drinking, n (%) 36(28.8) 68(37.2) 2320 0.128
Duration of education (y) 9(6,12) 12(9,15) —4451 <0.001
Family monthly income (yuan) 23,140 <0.001

<3,000 26 (20.8) 11(6.0)

3,000~ 5,000 73 (58.4) 97 (53.0)

>5,000 26(20.8) 75 (41.0)
Exercise habits 109 (87.2) 164 (89.6) 0431 0512
Reading habits 7(56) 23(126) 4.102 0.043
SBP (mmHg) 133.09+19.13 131.98+17.15 0532 0595
DBP (mmHg) 79.02+10.49 80.78+12.12 -1.325 0.186
Duration of diabetes (y) 14.50 (10.00,19.00) 10.00 (5.00,15.00) -4712 <0.001
DPN, 1 (%) 89(712) 105 (57.4) 6.087 0014
DR, n (%) 16 (12.8) 19 (10.4) 0431 0512
DN, n (%) 30 (24.0) 27 (14.8) 4210 0.040
Hypertension 61 (48.8) 68(37.2) 4.135 0.042
CHD n (%) 30 (24.0) 24(13.1) 6.086 0.014
Abnormal blood lipids, n (%) 36(28.8) 68(37.2) 2320 0.128
FPG (mmol/L) 7.50 (6.73,9.43) 7.40 (6.80,8.50) —0.902 0.367
HbAIc (%) 8.95(7.73,10.58) 8.00 (6.90,9.20) —4.137 <0.001
FIB (g/L) 3.00(2.53,3.80) 2.80 (2.40,3.25) -3.204 0.001
TG (mmol/L) 1.52(1.14,2.26) 1.61(1.16,2.34) —0.678 0.498
TC (mmol/L) 4.07 (3.24,5.00) 4.08 (3.31,4.70) —0.045 0.964
LDL-C (mmol/L) 2.21(1.683.11) 2.37(1.65,3.00) —0.165 0.869
HDL-C (mmol/L) 0.99(0.85,1.21) 1.01 (0.83,1.26) —0.479 0.632
ALB (g/L) 40.98+4.87 42494467 -2756 0.006
AIG 1.4710.29 1.61+0.27 —4.475 <0.001
“TBIL (umol/L) 10.45 (7.50,14.00) 12.60 (9.60,16.60) —3514 <0.001
DBIL (umol/L) 3.45(2.10,5.00) 3.40 (2.40,4.90) —0.431 0.666
IBIL (umol/L) 6.70 (4.95,9.28) 9.00 (6.20,12.60) —4.309 <0.001
B2-MG (mg/L) 1.92(1.59,2.50) 1.78(1.45,2.12) -2942 0.003
Cys-C (mg/L) 0.80 (0.68,0.98) 0.71 (0.64,0.86) —3.532 <0.001
Serum sodium (mmol/L) 141 (138,143) 142 (139,143) -2233 0.026
GLU (mmol/L) 8.49(6.71,12.73) 7.62(6.27,9.97) —2.460 0.014

Data are presented as mean D or as number (percentage) or as median (quartile) [M (P25, P75))
BMI, body mass index; SBE,systolic blood pressure; DB, diastolic blood pressure; DPN, diabetic peripheral neuropathy; DR, diabetic retinopathy; DN, diabetes nephropathy; CHD, coronary
heart disease; FPG, fasting plasma glucoses HDALC, glycosylated hemoglobin; TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; ALB, albumin; A/G, albunin/globulin ratio; TBIL, total bilirubin; DBIL, direct bilirubins IBIL, indirect bilirubin; Cys-C, Cystatin-C; {2-MG, 2 microglobulin; GLU,
glucose; FIB, fibrinogen.
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Author Year Selection ~ Comparability Measurement of outcome/ Score Quality

exposure factors grades

Wajd Alkabbani 2023 4 2 3 9 High
Chung-Yi Li 2022 4 2 3 9 High
Eugene Han 2022 4 2 3 9 High
Zhang Jie 2021 3 0 2 5 Middle
YoungGun Kim 2020 4 2 3 9 High
Hou Xinghua 2019 3 0 2 5 Middle
Mao Hongling 2019 3 0 2 5 Middle
Shuling Liu 2019 4 1 3 8 High
“Tali Cukierman-Yaffe 2019 4 2 3 E High
Hemalkumar B 2017 4 2 3 9 High
Liu Chang. 2016 3 1 2 6 High
Sang Ouk Chin 2016 4 2 2 8 High
Nisha Nigil Haroon 2015 4 2 3 9

Insa Feinkohl 2014 4 2 2 8

C-H Lin 2013 4 2 2 8

Kristine Yaffe 2013 4 2 3 9

Rachel A. Whitmer 2009 3 2 3 8
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YoungGun Kim et al(1 episode) (2020)
(C=H Lin etal(l pisode) (2013)
Rachel A Whitmer etal(l pisode) (2009)

Subgroup, DL (I = 0.0%, p = 0.390)

2
‘YoungGun Kim etal(2-3 episodes) (2020)
12-3 episodes) (2013)

Rachel A Whitmer etal(2-3 episodes) (2009)
Subgroup, DL (I = 68.4%, p = 0.042)

C-HLines

3
‘YoungGun Kim etal(more than 3 episodes) (2020)
(C-H Lin et al(more than 3 episodes) (2013)
Rachel A Whitmer et l(more than 3 pisodes) (2009)

‘Subgroup, DL (F = $429%, p = 0.113)

Heterogeneity between groups:p = 0.115
Overll, DL (= 59.1%, p= 0.012)
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Connection Connection 2 T-stat
NC-mild VCI CUN_R PoCG_R 552
PCUN_L CUN_R 529
CUN_R SPG_R 445
CUN_R PoCG_L 417
PCUN_L PoCG_L 405
PCUN_L PoCG_R 3.94
PoCG_R PoCG_L 369
PoCG_L SPG_R 364
CUN_R 10G_L 345
Mild VCI - major VCI CUN_R PoCG_R 355
CUN_R SPG_R 350
PoCG_R PoCG_L 343
SPG_R THA_R 322

10G, inferior occipital gyrus; PCG, posterior cingulate gyrus; THA, thalamus; CUN, Cuneus; PoCG, Postcentral gyrus; DCG, median cingulate and paracingulate gyris PCUN, Precuneus;
SPG, superior parietal gyrus; L, left; R, right.
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CsvD Cerebral small vessel disease

MRI Magnetic resonance imaging

1s-fMRI Resting state functional MRI

BOLD Blood oxygenation level dependent

ver Vascular cognitive impairment

FOV Field of view

TALFF Fractional amplitude of low-frequency fluctuation
FC Functional connectivity

NC Normal control

D Standard deviation

MOCA Montreal cognitive assessment

10G Inferior occipital gyrus

PCG Posterior cingulate gyrus

THA ‘Thalamus

cuN Cuneus

PoCG Postcentral gyrus

DCG Median cingulate and paracingulate gyri
PCUN Precuneus

SPG Superior parietal gyrus

L Left

R Right
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Records identified through database searching (N—4356)
CNKI  (N=480) WanFang (N=1328)

peny (N=825) SinoMed 16) Additional records identified through

o e
PubMed (N=170) Cochrane Library (N=667) other sources (N=0)
Embase (N=140)

v
Records identified (N=4856)

Duplicates removed by automatic and manual
Screening in EndnoteX9 (N=913)

v
Obtain Records (N=3943)

Records Excluded by titles and abstract (N=3727)
non-RCTs; ‘mechanistic studies ;
inconsistent interventions ; duplicate data;
non-conforming topics;  reviews:cases reports;

Full-text articles for eligibility (N=216)

Records excluded (N=125)

1. Duplicate publications (N=5)

2. Excluding outcome measures (N=35)

3. Excluding non-pharmacological treatments (N=17).

4. Different forms of the same treatment approach (N=27)
5. No data obtained or entire text (N=12)

6.The control group consists of healthy individuals (N=1)
7.The two groups received different standard drug

treatments (N=21)
8 Participants include Alzheimer's disease and mixed-type
dementia (N=7)
v
Studies included in qualitative

synthesis (N=91)
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haracteristics
Demographics

Age(y)

Male (%)

Education (y)

BMI (Kg/m2)

Systolic pressure (mmHg)
Diastolic pressure (mmHg)
Smoking (%)

Drinking (%)

Diabetes mellitus (%)
Coronary heart disease (%)
Carotid atherosclerosis (%)
Snoring (%)

MoCA

GMV (ml)

TIV (ml)

Neuroimaging markers [ (%)]
u

WMH

EPVS

CMBs

NC, normal controk; VCI, vascular cognitive impairment; SD, standard deviation; BMI, body mass index; GMY, gray matter volume; TIV; total intracranial volume; MoCA, Montreal Cogitive
Assessment; LI, lacunar infarcts; WMH, white matter hyperintensities; EPVS, enlarged perivascular spaces; CMBs, cerebral microbleeds. In the post-hoc comparison, a represents NC<mild

VCI< major VCI.

NC (51)

54979
27(529)
11942
27527

13682197
8554143
20(39.2)
8(157)
4(78)
3(59)
12(23.5)
40(78.4)
277413
574817437435

1484343 £ 111816

NA
NA
NA

NA

Mild VCI (61)

557469
26 (42.6)
10843
248431

13232189
8358123
18 (295)
9(14.8)
3(49)
2(33)
8(13.1)
45(73.8)
228£23

579,383 45,387

1474.579+139.232

8(13.1)
58 (95.1)
47(77.0)

13(213)

Major VCI (53)

576455
31(585)
9.9+5.1
241428
13612211
8482120
15(283)
7(13.2)
7(13.2)
2(38)
12(226)
49(73.6)
148221
572,856 38,801

1442223+133.821

9(17.0)
51(96.2)
46 (86.8)
19(35.8)

[

2160
2979
2633
0772
0872
0246
1723
0132
2549
0506
2454

0426

563.834

1300

1530

0334

0.089

1729

2,968

p value

0.119
0225
0.075
0.464
0420
0.783
0423
0.936
0.280
0777
0.293
0.808

<0.001°
0277

0220

0.563
0.766
0.181

0.085





OPS/images/fneur-15-1421283/fneur-15-1421283-t002.jpg
Brain regions Cluster size Peak intensity ~ MNI coordinates of the peak voxel F value Post-hoc

10G_L. 32 404439 -2 -9 -12 15071 A<BC
PCG_R 30 43.2834 9 -39 9 105.004 A<B<C
THA_R 6 36.5988 9 -2 15 49.26 C<BeA
CUN_R 17 387423 15 -78 27 72124 C<BeA
PoCG_L 67 422728 —60 -15 33 63.680 C<BeA
PoCG_R 308 56.985 39 -30 60 45.002 C<BeA
DCG_R 6 410275 6 -30 33 14307 C<BeA
PCUN_L 75 433902 -15 —45 66 6255 C<BeA
SPG_R 2 38.0219 18 =51 63 63518 A<B<C

ANOVA and Bonferroni post hoc test with FWE correction, voxel-level p<0.001, cluster-level p<0.05. In the post-hoc comparison, A represents the NC group, B represents mild VCI group, C
represents the major VCI group. 10G, inferior occipital gyrus; PCG, posterior cingulate gyrus; THA, thalamus; CUN, Cuneus; PoCG, Postcentral gyrus; DCG, medi
paracingulate gyri; PCUN, Precuneus; SPG, superior parietal gyrus; L, lef; R, right.

ingulate and
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Records identified through Additonal records identified
database searching through other sources.

(n=1781)

n=2

Records after duplicates removed
(n=1090)

Records screened
(n=1090)
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All results are presented in the form of MD (95% CI). Non-pharmacological interventions are ranked according to the P-value from left to right, starting with the best. The results of the network meta-analysis are showed in the lower left part, and results from pairwise
comparisons in the upper right half (if available). ADL, Activities of Daily Living Scale; MD, Mean Difference; CI, Credible Intervals ACUR acupuncture; MB, moxibustion; RT, Rehabilitation training; rTMS, Repetitive Transcranial Magnetic Stimulation; AE, Aerobic

exercise; EMGBEB, electromyographic biofeedback; HBO, hyperbaric oxygen therapy; ENS, Fastigial nucleus stimulation; CFT, Cognitive function trainin

EA, electroacupuncture; CT, Conventional treatment
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Gao (83)
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Sun etal. (87) 3030 16/14 1812 67049 68056  HBO_CT cr 21d MMSE
ARs
Wangetal. (55) 40140 218 | 2020 662496 670£89  HBOCT cr 60d MMSE
ADL
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ADL
Hu (93) 60/60 2634 3129 | 72128510 | 7347£529  HBOCT cr Im MMSE
ARs
Wangetal. (94) 35035 1817 1718 675598 68493 HBOCT cr 8w MMSE
ADL
Yang etal. (95) 49149 47/51 71£112 HBO_CT cr aw MMSE
ARs
Li 96) 45145 2520 | 2421 | 6859£407 | 6873418  HBOCT cr 11d MMSE
ADL
Wang and Zhai 40/40 218 2020 642472 637491 HBO_CT cr 10°5 MMSE
©7)
Xia (95) 30130 16/14 1317 55-73 58-76 HBO_CT cr aw MMSE
ARs
Bao etal. (99) 46143 21125 19/24 726468 716482 HBO_CT cr 10d%4 MMSE
Waetal. (100) 50/50/50 | HBOCT: 28122 HBO_CT: 62£211  HBOCT cr 3w MMSE
27123 6422190 HBO ARs
HBO: HBO:
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Song (101) 313131 N/A N/A HBO_CT cr 3w MMSE
HBO b
Bu(102) 32132/32 N/A N/A HBO_CT cr 3w MMSE
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Liu (103) 52152 208 | 2725 | 6469198 | 6483£227  EMGBFB.CT  CT aw MMSE
ADL
Ranand 39139 2n7 25/14 66814602 | 6703589  EMGBEBCT  CT 4m MMSE
Yang (104) ADL
ARs
Duetal. (105) 42142 348 3210 | 7L14:688 | 7087£7.02  EMGBFB.CT  CT 6m MMSE
Liuetal. (106) 5757 3027 | 27130 | 6856427 | 69894471  EMGBEBCT  CT im MMSE
ADL
ARs
Caietal. (107) 47147 2621 25/22 644554 62714583 EMGBFB_CT  EMGBFB 3m MMSE
Chenetal. 35133 2015 1914 7291£320 | 7163#457 | ENSCT cr 10d%2 MMSE
(108)
W (109) 2013 2419 668547 ENS_CT cr 154 MMSE
ADL
Daietal. (110) 25021 15/10 12/9 753482 76283 ENS_CT cr aw MMSE
ADL
ARs
Lietal. (111) 48148 2820 | 2622 | 6217£801 | 60.86£745 ACUPRTCT RICT 8w MMSE
Wuetal. (112) 50150 3020 3218 | 6089£391 | 6L02¢311 | ACUPRT.CT RT_CT aw MMSE
Lietal. (113) 35035 19/16 1718 6256 6427 ACUP_RT_CT  RT_CT 12w MMSE
ADL
Lietal (114) 60/60 68/52 55-76 ACUP_RT_CT | RT_CT 12w MMSE
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(15) ADL
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7
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Wangetal. 2020 1278 13/7 65.1 664 Acup cr 12w MMSE
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ADL
Li(122) 46146 32014 34012 | 6625£7.03 | 6537£679  EMGBFB.CT  CT 8w MMSE

M, male; F females E, experimental group: C, control; m, months; w, weeks; d, days; AA, auricular acupuncture; ACUP, acupuncture; AE, Aerobic exercise; CFT, Cogaitive function training
CT, Conventional treatment; EMGBEB, electromyographic biofeedback; EA, electroacupuncture; ENS, Fastigial nucleus stimulation; HBO, hyperbaric oxygen therapy; MB, moxibustion; KT,
Rehabilitation training; FTMS, Repetitive Transcranial Magnetic Stimulation; MMSE, Mini-Mental State Examination; ADL, Activities of Daily Living Scale; AR, Adverse reactions.
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(=0.70;
2.66)
177
(0.19;
3.35)
234
(=0.75;
543)
179
0.79;
279)

230
(0.33;
427)

0.26
(<082
134)

031
(-0.96;
1.59)
050
(=1.76;
276)
096
(~0.66;
2.58)
175
(0.245
3.27)
232
(=073
5.38)
177
(0.88;
265)

(=134
138)

EA

0.06
(-1.25;
136)
024
(=204
252)
070
(=0.94;
234)
149
(=0.05;
3.03)
206
(=1.00;
5.13)
151
(0575
244)

Allresults are presented in the form of MD (95% C1). Non-pharmacological interventions are ranked according to the P-value from left to right, starting with the best. The results of the

network meta-analysis are showed in the lower left part, and results from pairwise comparisons in the pper right half (if available). MMSE, Mi

ini-Mental State Examination; MD, Mean

Difference; CI, Credible Interval; ACUP, acupuncture; MB, moxibustion; FNS, Fastigial nucleus stimulation; RT, Rehabilitation training; rTMS, Repetitive Transcranial Magnetic Stimulation;

AE, Aerobic exercise; HBO, hyperbaric oxygen therapy; AA, auricular acupuncture; EMGBEB, electromyographic biofeedbac

Conventional treatment.

‘Cognitive function training; EA, electroacupuncture;

ACUP

019
(=1.90;
228)
064
(~0.99
228)
144
(=0.09
297)
201
(~1.06;
5.07)
145
(053;
237)

-0.29
(=2.66;
2.08)

MB

046
(-2.03;
294)
125
(-116;
3.66)
182
(=1.77;
5.41)
126
(<0825
334)

219
(051
387)

AA

079
(=1.03;
262)
136
(~1.86;
459)
081
(=0.55;
2.16)

269
3%
4.06)

HBO

057
(2,605
3.74)
001
(=1.213
124)

333(0.6%
6.04)

EMGBEB

056
(=3.48;
237)
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Favours [experimental] Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD_ Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Bademli (2019) 404 178 30 13.05 234 30 24.0% -4.28(-5.22,-3.34] -

yang(2022) =127 276 9 044 27 11 241% bt

Lina Wang (2020) i 57 10.22 291 54 25.9% X -

Dan Song (2019) 833 343 60 6.76 294 60 26.0% 0.49[0.13,0.85] -

Total (95% CI) 156 155 100.0% -127[-2.80, 0.26] i

Heterogeneity: Tau? = 2.31; Chi* = 93.78, df = 3 (P < 0.00001); I = 97% BT T T
Test for overall effect: 63 (P=0.10)

Favours [experimental] Favours [control]
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Favours [experimental] Control Std. Mean Difference Std. Mean Difference
Study or Subgroup __ Mean SD__ Total Mean _SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Chang (2021) 431 114 62 502 167 47 7.7% -0.51(-0.89,-0.12] —
Dan Song (2019) 487 322 60 57 36 60 7.8% -0.24(-060,0.12]
Eyre (2017) 448 466 38 453 351 41 7.3%  -0.01[-0.45,043]
Jeong (2021) 438 401 13 631 444 13 50% -044[-122,034]
Langoni (2019) 25 075 26 40825 26 5.8% -1.87(-253,-121]
Lazarou (2017) 126 173 66 222 203 63 7.9% -0.51[-0.86,-0.16] =
LCW Lam (2015) 01 04 147 01 05 131 86%  0.00(-0.24,0.24] 7T
LCW Lam (2015)b 01 06 132 01 05 131 85%  000[(-0.24,0.24] o=
Lina Wang (2020) 511 263 57 674 281 54 7.7% -0.60(-0.98,-021] =
Parial (2022) 264 029 30 318 035 30 62% -166(-2.25,-107) ——
Shuo Wang (2020) 261 171 33 512 277 33 68% -1.08(-160,-0.56] =
‘Tremont (2022) 1061 956 25 982 832 21 63%  0.09(-0.49,067] =
Xu (2020) 033 3.0 5-117 763 6 31%  0.23(-0.97,142) —r
yang(2022) -082 346 9 022 277 11 44% -032(-121,057) —
¥i Zhu (2018) 104 6 27 122 6 31 67% —l-
Total (95% CI) 730 698 100.0% -047[-0.73,-0.21] L 4

Heterogeneity: Tau? = 0.19; Chi’ = 71.80, df = 14 (P < 0.00001); I* = 81%
Test for overall effect: Z = 3.56 (P = 0.0004)

2 -1 i
Favours [experimental] Favours [control]
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Included

Records identified through database searching (n=21349)
Web of Science:5154  Embase:1938
Cochrane Library:5498 ~Scopus: 6338 MEDLINE:730
APA PsycINFO:369  Pubmed:1322

Additional records identified
through other sources(113)

Records after duplicate database searching (n=11876)

Records screeded(n=96)

Records excluded=11780
-Ineligible design:1535
Review:1478
Animal experimentation:57
-Ineligible literature types:10245
Not MCI:5052
Inconsistent objective:4320
not match Participants:873

Records screeded(n=17)

Studies included in quantitative synthesis(meta-analysis)(n=17)

Full-text literature excluded =79
Not outcome:21
Not relevant outcome:14
Not exercise intervention:13
Conference abstract:12
Exercise comparison:4
Not MCI:2
Not RCT:4
Experimental protocol:9
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Study removed (reference) OR 95%Cl p value

Zhong 2021 (Zhong etal., 2021) 1617 1234-2.120 0.005 529
Wang 2023 (Wang et al,, 2023) 1324 1.030-1.701 0.028 611
Xu 2022 (Xu et al., 2022) 1454 1.016-2081 0.041 649
Marcia 2022 (de Olliveira Otto etal., 2022) 1468 1.076-2.002 0016 65.1
Nida 2022 (Buawangpong et al, 2022) 1339 1.046-1.715 0.021 624
Zhu 2019 (Zhu etal., 2019) 1294 1.045-1.603 0018 50.1

OR, odds ratio; 95%Cl, corresponding 95% confidence intervals
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Subgroups Studies, n [references] 95%Cl Pbetween I2,% P heterogeneity

group

Al 6 (Zhu etal., 2019; Zhong et al,, 2021; Buawangpong 139 109-177 60 0.02
etal, 2022; de Oliveira Otto et al, 2022; Xu etal., 2022;
Wang etal,, 2023)

Population

Stroke 2(Zhu etal, 2019; Zhong etal,, 2021) 131 0.70-2.45 078 77 001

Others 4 (Buawangpong et al,, 2022; de Oliveira Otto et al., 144 119-1.73 2 0.26
2022 Xu etal, 2022; Wang et al, 2023)

Design

cohort study 4(Zhu etal., 2019; Zhong etal,, 2021; de Oliveira Otto 137 0.94-199 0.68 67 0.02
etal, 2022 Wang etal., 2023)

cross sectional study | 2 (Buawangpong et al, 2022 Xu et al., 2022) 153 105-2.23 31 023

Olds.

>65 3 (Zhu etal., 2019; de Oliveira Otto etal., 2022; Wang 19 1.04-348 0.20 7 003
etal, 2023)

<65 3 (Zhong etal., 2021; Buawangpong et al,, 2022; Xu 123 091-1.66 60 006
etal, 2022)

Males (%)

>50 4(Zhu etal, 2019; Zhong etal,, 2021; Xu etal., 2022 14 101-194 083 ] 001
Wang etal, 2023)

<50 2 (Buawangpong et al, 2022; de Oliveira Otto et al., 151 082-275 52 015
2022)

Diagnose

MMSE 2(Zhuetal, 2019; Zhong etal,, 2021) 168 049-5.79 089 87 <0.01

MoCA 3 (Zhong etal,, 2021; Buawangpong etal,, 2022 Xu 134 0.95-1.87 54 on
etal,, 2022)

Others 2(de Oliveira Otto et al., 2022; Wang et al 2023) 152 0.88-2.64 61 o1

Participants, n

<250 4(Zhong etal,, 2021; Buawangpong et al,, 2022 Xu 188 0.71-494 050 81 002

etal, 2022 Wang etal., 2023)
>250 2(Zhu etal,, 2019; de Oliveira Otto etal, 2022) 132 0.99-1.76 58 0.05

OR, odds ratio; 95%Cl, corresponding 95% confidence intervals; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.
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Variables
Demographic factors
Age (Mean £5D)
Gender (%)
Male
Female
Education (%)
Above middle school
Primary school
literacy
Marital status (%)
Marriage
No marriage
Income (%)
>3,000 yuan
<3,000 yuan
Chronic diseases
Hypertension (%)
No
Yes
Diabetes (%)
No
Yes
Coronary heart disease (%)
No
Yes

Cerebrovascular disease (%)

Daily living information
Sleep disorders (Mean £ SD)
Smoking (%)

No

Yes
Drinking (%)

No

Yes

SD, standard deviation.

Total (n =368)

69.06+7.30

162 (44.0)
206 (56.0)

222(60.3)
102(27.7)

44(120)

301 (81.8)

67(18.2)

109(29.6)

259 (70.4)

195 (53.0)

173 (47.0)

289 (78.5)

79(21.5)

330 (89.7)
38(103)

332(90.2)
36(9.8)

6074423

304 (82.6)

64 (17.4)

141 (38.3)

227(61.7)

aMCl (n

72.9749.06

24(148)
35(17.0)

16(7.2)

24(235)

19(43.2)

44(146)

15(224)

17(15.6)

42(162)

21(10.8)

38(220)

37(128)

22(27.9)

52(15.8)
7(18.4)

50 (15.1)
9(25.0)

6415445

53(17.4)

6(94)

18(12.8)

41(18.1)

9)

Normal (n=309)

68.32£6.68

138 (85.2)
171(83.0)

206 (92.8)
78(765)

25(56.8)

257 (85.4)

52(77.6)

92 (84.4)

217 (83.8)

174 (89.2)

135 (78.0)

252(87.2)

57(72.1)

278 (84.2)
31(81.6)

282 (849)

27(75.0)

601£4.19

251 (826)

58(90.6)

123 (87.2)

186 (81.9)

the
~4.60

032

40.96

246

002

854

1043

238

~0.66

255

181

Value of p
<0.001

0572

<0001

0117

0882

0.003

0.001

0672

0123

0509

0.110

0178
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Variables B Value OR

of p

95%Cl

Age 0043 0021 2040 0042 | 1044

Gender
Male - - - - -

Female 0252 0330  —0760 0445 0777

Education

level

Above
middle

school - - - - -

Primary

school 1321 0369 3580 <0001 3746

lliteracy 2099 0446 4700 <0001 8161

Hypertension
No - - - - -

Yes 0573 | 0324 1770 0077 | 1773

Diabetes
No - | -] - - N
Yes 0.896  0.345 2,600

0009 | 2450

SE, Standard Error; OR, Odds Ratio; CI, Confidence Interval.

1002~ 1.087

1000

0.407~1.485

1000

1.816~7.724

3.402~19.575

1000

0940~3343

1000

1.246~4.818
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Rank

Keyword
Mild cognitive
impairment
Tai Chi

Older adults

Alzheimer’s

disease

Cognitive tra

Cognitive

impairment
Systematic review

Executive function
Cognitive function

Cognitive
dysfnction

Physical activity

Quantity
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2
20
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018
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Rank  Title
Effect of T

Cognitive Performance in
1 Wayne, PM.
Older Adults: Systematic

Review and Meta-Analysis

Exercise programs for
2 Forbes, D.
peaple with dementia

Physical activity to improve
cognition in older adults:
can physical activity
programs enriched with
3 Gheysen, E.
cognitive challenges
enhance the effects? A
systematic review and meta-

analysis

Maintaining older brain

4 functionality: A targeted Ballesteros, 5.

review
Gains in cognition through
combined cognitive and

5 physical training; the role of  Bamidis, PD.
training dosage and severity

of neurocognitive disorder

IF, 2021 Impact Factors.

Journal

JOURNAL OF THE
AMERICAN GERIATRICS
SOCIETY

CCOCHRANE DATABASE
OF SYSTEMATIC
REVIEWS

INTERNATIONAL
JOURNAL OF
BEHAVIORAL
NUTRITION AND
PHYSICAL ACTIVITY

NEUROSCIENCE AND
BIOBEHAVIORAL
REVIEWS

FRONTIERS IN AGING
NEUROSCIENCE

7.538

11874

8915

9.052

5.702

2014

2013

2018

2015

2015

220

150

19

n7

13

Type

Review

Review

Review

Review

Article
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Cognitive Total aMCl (n =59) Normal

assessments (n=368) (n=309)
MMSE 26562247 24172298 27022207 -036 <0001 ~029 <0.001
AVLT
AVLT-1 2.93+1.66 185+ 1.14 314+ 1.66 —0.28 <0.001 =021 <0.001
AVLT-2 5.12£2.16 3.12£149 5.50£2.05 =041 <0.001 -0.33 <0.001
AVLT-3 6.28+2.67 3.66+1.61 6.7842.54 —0.44 <0.001 —0.37 <0.001
AVLT-sum 1-3 14.33£5.66 8.6313.20 15424536 —0.46 <0.001 —0.37 <0.001
AVLT-LR 5.06+292 1.19£0.92 5.80+2.56 -0.58 <0.001 -0.52 <0.001
IMT
LMT-IR 5.14£3.22 297+2.89 5.5513.11 =031 <0.001 =18 <0.001
LMT-DR 452£328 2.49£3.09 4.90£3.18 -0.29 <0.001 =1 <0.001
BNT
BNT-SN 19474435 16024454 20132399 -032 <0001 ~021 <0001
BNT-CN 1602210 164+ 164 1594218 003 0555 -005 0310
TMT-A
TMT-A (s) 78.46+41.38 107.75457.35 72.86+35.00 0.26 <0.001 0.19 <0.001
‘TMT-A error 092+2.26 1.68+2.82 0.7812.11 0.19 <0.001 0.08 0.151

AVLT-LR, long-term delayed recall scores of Auditory Verbal Learning Test; LMT-IR, immediate recall scores of Logical Memory Test; LMT-DR, delayed recall scores of Logical Memory Test;
BNT-SN, spontaneous naming scores of Boston Naming Test; BNT-CN, naming scores after semantic cue of Boston Naming Test. *Spearman partial correlation coefficient for the association
between aMCI and normal group (the aMCI group was assigned a value of 1, and the normal group was assigned a value of 0), controlled for age, gender, and educational level.
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Session
(min)

Comparison

Outcomes

No  References Country  Setting Sample  Gender Meanage Intervention  Duration = Frequency
(region) size (:C)  type (F/M) (1:C) (weeks) (times)
(I:C)
1 (51) Dutch ‘Community 71:67 48/29:55/19 75175 AE (Walking) 48 2
ME (Tai Chi + static
2 (9 Hong Kong Social centers 147:131 34/113:29/102 7551754 48 3
bicydle riding)
PCT
3 (59 Hong Kong. Social centers 132:131 28/104:29/102 76.3/75.4 48 L]
(Yoga + Writing)
PCT (Balance
4 (63) Slovak: ‘Community 40:40 22/18:19/21 68/65.9 exercise + CogniPlus 10 712
training program)
Longevity
5 (53) us 38:41 25/13:27/14 68.1/67.6 MBE (Yoga) 12 1
Center
MBE (International
6 (54) Greek ‘Community 66:63 \ 65.9/67.9 40 2
Ballroom Dancing)
MBE (Specially
7 (57 China Hospital 27:31 14/15:10/31 70.3/69.0 12 3
designed dance)
ME (Rhythmic
8 (58) Turkey Nursing home 30:30 18/12:17/13 72.2170.7 20 41317
exercise + Walking)
AE (Aerobic
9 79) China ‘Community 60:60 48/12:42/18 76.2/75.3 16 5
stepping exercisc)
Primary
10 (49) Brazilian Healthcare 26:26 6/20:6/20 726/71.9 AE (Walking) 24 2
Units
Community
ME (Structured
1 (56) China Healthcare 57:54 21/36:22/32 68.4/68.2 24 3
limbs-exercise)
Center
MBE (Chinese
12 (56) China Nursing home 33:33 7/26:12/21 8L.1/81.1 12 3
square dancing)
PCT (Tai
13 ©n HongKong  Community 56 24:1/5 7071745 12 3
Chi + Rummikub)
PCT (Aerobic
4 (60) Korea ‘Community 13:13 4/8:4/8 70.2/71.8 exercise’ + Cognitive 12 2
activities)
MBE (Chinese
15 2 China Nursing Home 6247 \ 7661759 18 3
square dancing)
Hospital and
16 55 us 2521 10/15: 1873 7161717 | MBE (Yoga) 12 2
Community
PCT (Sport
17 (65) China Hospital 9:11 5/4:417 72.0/70.5 12 5
Stacking)
PCT (Zumba
18 (64) Philippines. ‘Community 30:30 6/24:8/22 63.3/64.3 dance + cognitive 12 L]
training’)

This table was created by collecting data from patients with mild cognitive impairment, which refers to a decline in cognitive function that does not yet meet the criteria for dementia. I,
Intervention groups C, Control group; CSDD, Cornell Scale for Depression in Dementia; CED-S, Centers for Epidemiological Studies Depression Scales D-QoL, Dementia Quality of Life
questionnaire; EQ-5D, EuroQol. 5-D Questionnaire; GDS-30, Geriatric Depression Screening Scale; GDS-15, Geriatric Depression Scale with a maximum score of 15; GDS-SF, Geriatric
Depression Scale-Short Form; GAS-20, Geriatric Anxiety Scale with a maximum score of 20; PSQL, Pitisburgh Sleep Quality Index; PWB, 14-item Perceived Well-being; QOL-AD, Quality of
Life in Alzheimer’ disease; QOL-AD-C, Quality of Life in Alzheimer’ disease Chinese version; QL-Index, Quality of Life Index; STAI-T, State-Trait Anxiety Inventory-Trait; SE-12, Short-
Form 12 health survey; SF-36, 36-item Short Form Health Survey: SGDS-K, Korean version of the geriatric depression scale; AE, Aerobic exercise, aimed at enhancing cardiorespiratory fitness.
includes activities such as walking, running, swimming, or cycling: MBE, Mind-Body exercise, aimed at enhancing mind-body coordination and awareness, includes yoga, dance, or Tai chi;
ME, Multicomponent exercise, involving the integration of a minimum of two exercise modalites, such as walking and limb balance training, running, and skipping; PCT, Physical and
cognitive exercise, a combination of exercise and cognitive training, such as walking and memory training or sport stacking, F, Female; M, Male.

‘Primarily focus on aerobic walking, with added lower body training.

“Walk in line, toe rock-paper-scissors, step box, thera-band exercise, body rock-paper-scissors, ladder, etc.

Speaking, counting, word games, performing fast, uncomplicated numerical calculations, and playing a simple memory span game.

‘Arm-clock exercises, recall, and spelling,

60min

60min

60min

30min

60min

60min

35min

80min

60min

60min

60min

40min

90min

90min

30min

60min

30min

60min

placebo pills

social activities

social activities

usual care

Memory training

waiting list

usual care

health education

usual care

health education

usual care

health education

health education

usual care

health education

usual care

health education

D-Qol.

cspD

CsDD

QL-Index

GDS-30

GDS-15

GDs-15
SE-36

PSQI

GDS$-30
QOL-AD-C
PSQI

GDs-15

GDS-15
PSQI

GDS-15
SF-12
GDS-15
GAS-20
EQ-5D

SGDSK

GDs-15
SF-12
CES-D
SF-36
STALT
GDS-30
PSQL

GDS-SF
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AELELIES CONTROL Statistics

(n=153)
Age—M£DP 67.11£4.95 6690£4.51 0.958' 0813
60-69—n (%) 46(657) 105 (68.6)
70-78—n (%) 24(343) 48 (31.4) 0.186" 0,666
Gender—n (%) 0.692° 0405
Female 46(65.7) 109(71.2)
Male 24(343) 44(28.8)

Marital status—n (%)

Single 01(15) 14(92) 5894 0052
Married 50 (71.4) 89(58.2)
Divorced 8(114) 27176)
Widower 1(57) 23015

Schooling—n (%)

4-8years 2(29) 5(3) 7578 0.000
9years 6(8.6) 6(3.9)
12years 25(35.7) 33(216)
Higher level 25(35.7) 68 (44.4)
Postgraduate 1207.1) 41(268)
Income—n (%)* 9815 0.042
BRL 1,000-1,600 3(43) 3
BRI 1,600-3,000 50.1) 19.(124)
BRL 3,000-5,000 1420) 23015
BRL 5,000-10,000 28 (40) 37(24.2)
BRL 10,000-15,000 9(129) 32(209)
BRI 15,000-23,000 8(114) 28(183)
Over BRL 23,000 3(43) 1172)

Occupation—n (%)

Retired 49 (70) 107 (699)
Working 21(30) 38 (248) 0716° 0397
Unemployed 0 862

Routine activities

Exercising 36(51.4) 95(62.1)
Traveling 50 (71.4) 120(78.4)
Handcrafting/gardening 46 (65.7) 97 (63.4)
Daily Reading 35(50) 104 (68)
Cinema/theater 33(47.1) 99 (64.7)
Volunteering work 20(28.6) 53 (34.6)
Religious practice 18(257) 51(33.3)
Crosswords/sudoku 24(343) 71 (46.4)
Social engagement 34 (48.6) 70(516)
Playing cards/board games 11(157) 32(209)

Cognitive training/language/

8(114) 33(216)

Technology classes

Playing instruments 10143) 18(118)

Subjective cognitive complaints—n (%) 40(57.1) 65 (42.5) 3574 0029

Values expressed as mean (M) & standard deviation (SD) or number of participants (n)/frequencies (%). ‘Mann-Whitney (U) test for comparison between the medians of the groups; ‘Chi-
square test (). Fisher test for differences between groups. Significant results (p<0.05) in bold. COVID, individuals with previous COVID-19; BRL, (Brazilian currency). *Currency
1USD ~ SBRL.
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CONTROL Statistics

(n=153)
TICS-m—M 5D 24904379 27234437 4806.5' 0.001
MoCA-B—M D 25564271 26194239 60185 0134
Deficient—n (%) 25(35.7) 31(20.3) 6,098 0.014
GDS-15—M£5D. 197225 203£21 5,561 0.638
Altered—n (%) 06.(8.6) 12(7.8) 0034 0853
GAI-MSD 4.06+449 3594419 5,149 0.640
Altered—n (%) 1207.1) 17(11.1) 1544 0214

Values expressed as mean (M) & standard deviation (SD) or number of participants (n)/frequencies (%). "Mann-Whitney (U) testfor comparison between medians. ‘Chi-square (;2) test for
differences between groups. Significant results (p<0.05) in bold. COVID individuals with previous COVID-19; TICS-m, telephone interview for cognitive status assessment —modified;
MoCA-B, Montreal cognitive assessment—basic; GDS-15, geriatric depression scale—15-item version; GAI, geriatric anxiety inventory.
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Estimate z
(Intercept) ~10.6642 28929 ~3.6864 2e:04
Covid: positive x negative 0.8954 03802 23549 0.0185
Age 0.1463 00406 3.6068 304
Income: 1.6k-3k x 1k-1.6k 07542 0.969 07783 04364
Income: 3k-5k x 1k-1.6k ~07044 09458 ~0747 04564
Income: 5k-10k x 1k-1.6k ~1.0008 09091 ~1.1009 0.2709
Income: 10k-15k x 1k-16k -18527 10232 -18107 0.0702
Income: 15k-23k x 1k-16k ~20509 10657 ~19244 00543
Income: >23k x 1k-16k -10427 10786 ~09668 03337
Overweight: yes x no L0418 04207 24765 00133

ipant age,income, and
Each

The statistical parametric model fited to data to account for the probability of an impaired outcome in the MoCA-B test according to the diagnosis of COVID-19, part
overweight status. The class of the model s specified in the table’s head. The estimated coefficients ftting an instance of such a model lass are introduced in the “Estimate” column.
coefficient represents the association betuween the corresponding predictor (as informed in the row’ label) and the result in the MoCA-B and s followed by the respective satistics from the
Wald test for the evaluation of ts statistical significance.
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Estimate Std. Error

Model 1
Age (linear) 74552 21574 34556 0.0005
Age (quadratic) ~5.3407 22074 ~24195 00155
Income: 3k-5k x 1k-3k 24897 09101 27358 0.0062
Income: 5k-10k x 1k-3k 14012 0.8088 17325 00832
Income: 10k-15k x 1k-3k 35033 10045 34877 0.0005
Income: >15k x 1k-3k 25973 09574 27129 0.0067
Anxiety (GAI): affected x normal ~13031 0.6626 ~1.9665 00492
Covid symptom: ageusia ~09399 0.4893 ~1.9208 00548
Model 2

e 1271 0.6828 18613 0.0627
courses

Overweight —2.2071 0.6029 ~3.6607 00003
Covid symptom: ageusia —1.0283 04789 —2147 00318

The satistical parametric models fitted to data to-account for the MoCA-B score according to the patients age, income, anxiety as assessed by GAI, occurrence of ageusia during COVID-19,
patient’ habit of attending cognitive stimulating courses and overweight status. The class of the models are specified in the table’s head, along with the link function matching the expected
cumulative probability ofa given outcome to the linear combination of the predictors. The estimated coeffcients fitting an instance of such a model class are introduced in the “Estimate”
column. Each coeficient represents the association between the corresponding predictor (as informed in the row’s label) and the result in MoCA-B and is followed by the respective statistics
from Wald test for the evaluation of its statistcal significance. To avoid multicollinearity, the association with age was decomposed into linear and quadratic terms of a orthogonal
polynomial
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