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Editorial on the Research Topic
 Affective, Cognitive and Social Neuroscience: New Knowledge in Normal Aging, Minor and Major Neurocognitive Disorders




INTRODUCTION

The aging of the population is a phenomenon that is characterizing the demographic framework of any country, particularly those in the West and Japan. Population aging is a long-term trend that started several decades ago globally and especially in Europe with an increasing share of older people together with a decreasing share of people of working age in the global population (Eurostat, 2020). According to Eurostat, in 2080, the European population of the 28 member states will be just under 520 million people and almost 30% of them will be over 65 years old (about 10 percentage points more than the current situation). Increased life expectancy, improved economic conditions, technological and medical progress have changed the age structure of societies but not without consequences. The progressive aging population is forcing States to rethink the guarantees offered by the welfare system (de Meijer et al., 2013; Palermo, 2020). It is necessary to review the framework of social interventions in addition to the existing forms of economic assistance: health and home care and socialization services must be integrated with other new types of service, aimed at groups of citizens and patients who are particularly vulnerable (Bozzatello et al., 2019; Morese et al., 2019a,b; Morese and Longobardi, 2020; Palermo, 2021).

Furthermore, the first data on the COVID-19 emergency—collected at the beginning of the year 2020 in China and Italy—showed that the population group most severely tested for symptoms was the elderly. This was also confirmed in other countries, including the United States, as the epidemic spread to the rest of the world, becoming a pandemic. Starting with the USA data, and linking up with previous analyses, a study examined the positive/negative initiatives toward older people in the COVID-19 pandemic, and also the consequences these will have on the perception of aging in the immediate and in the long term (Monahan et al., 2020). The COVID-19 pandemic has highlighted the need to rethink three key areas: health care, employment policies and public awareness of aging. This is the only way to avoid discrimination against older people and to promote their active inclusion in society (Morese et al., 2019a; Corna et al., 2021; Palermo, 2021). In this context, it is becoming increasingly important to (a) know the changes that occur in the nervous system, cognitive and emotional-motivational functions in healthy and pathological aging; (b) know the epidemiological, clinical, and neuropsychological characteristics of dementia and other neurodegenerative pathologies (Palermo et al., 2018; Morese and Palermo, 2020); (c) be able to set up a thorough multidimensional assessment according to a bio-psycho-social approach; (d) be able to set up and manage prevention interventions and physical-cognitive enhancement in healthy and pathological aging; (e) promote socialization and social inclusion (Morese et al., 2016; Morese and Palermo, 2019).

To date, we know that does not exist a single direction of aging, but several kinds of ageotypes have been detected (Palermo, 2020). Physical and cognitive frailty and neurodegenerations have a major impact on higher-order cognitive functions and human organized behavior. Not surprisingly, therefore, the previous Research Topic received a favorable reception (Palermo et al., 2020a).

With this new call for Authors, we wanted to explore the continuum between normal aging and neurodegeneration. This Research Topic is part of a series of Research Topics on neuronal mechanisms and brain circuits that regulate the fundamental aspects of human behavior. Volume I: Perspective-taking, Self-awareness and Social Cognition in Neurodegenerative Disorders, cerebral abnormalities and Acquired Brain Injuries (ABI): A Neurocognitive Approach.

Our primary endpoint was to provide the reader with the most up-to-date perspective on how the interplay between physiological systems, neural mechanisms and neuropsychological processes lead to complex and highly organized behavior in normal aging and minor and major neurocognitive disorders. We aimed to provide an overview of new findings in aging by exploring the neuropsychological processes and brain circuits that regulate fundamental aspects of human behavior.

We have welcomed contributions from clinicians, neuroscientists, and academics. The goal we set for ourselves was to give an opportunity for researchers from different disciplines to discuss recent advances in this field. The authors have provided us with valuable suggestions for improving diagnostic and clinical practice. Their insights will be useful to imagine new research perspectives. The contributions here presented provide an interesting cross-section of the multidisciplinary hybridizations needed to study and manage aging.



AGING: NORMAL FUNCTIONING AND COGNITIVE IMPAIRMENT

Aging first causes a change in motivation. Social relations play a central role in motivation in healthy aging. However, the study of emotion recognition and regulation in older people is a relatively new field. A study to investigate the cognitive functions of emotional facial recognition, and to assess the influences of depressive mood on emotion recognition in older participants, like to repeat the influences of aging on the emotional recognition was presented in this special issue (Ochi and Midorikawa). Age, emotional state, and cognitive function have predicted the ability to recognize and attribute valence to emotions. Moreover, paradoxical relationships between emotional face recognition and some verbal functions were also observed. A deficit in the recognition of emotional facial expressions could be an early indication of mild cognitive impairment. This conclusion is corroborated by the evidence that facial emotion recognition is indicative of alterations in metacognitive-executive functions linked to brain functional abnormalities across pathologies (for example, Palermo et al., 2015, 2017).

Social cognition impairment related to metacognitive-executive functions is often detectable in Alzheimer's Disease (AD). Original research found that it was associated with connectivity and with the prefrontal cortex (Valera-Bermejo et al.), alterations in the inter-network connection involving the fronto-parietal network, the salience network, the TPJ, and the insula appear to be present.

In the cognitive domain, it is well known that word-finding ability progressively declines in older people. The topic is addressed here by investigating the associations between word-finding ability and language-related components with cerebral aging status, investigated with the brain age paradigm (Chen et al.). Chronological and white matter aging seem to affect language differently, involving not only domain-specific processing but also executive functions.

Movement and walking also become increasingly difficult and uncertain with advancing age and are therefore increasingly indicated as early predictors of physical and cognitive frailty. Evidence of this is provided by original research on gait kinematic in older people with Subjective Cognitive Decline (SCD) and mild cognitive impairment (MCI) (Zhong Q. et al.). The authors, therefore, suggest conducting gait analysis in the clinical setting to identify MCI patients also at functional observation. This is a fundamental aspect: the personal motor repertoire—supported by the mirror neuron system (MNS)—is sensitive to neurodegeneration. Indeed, an interesting aspect has been indicated in the initial stages of Alzheimer's disease, for which motor and cognitive performance seem to be sustained by the hyperactivation of the central nervous system (Farina et al., 2020). Abnormalities in the MNS have also been identified in movement disorders in old age (Palermo et al., 2020b). More and more evidence suggests that movement improves executive functions in older people. Among these, metacognitive-executive functions are particularly important (Morese et al., 2018, 2020). Light-intensity aerobic dance (LADE) may be particularly suitable for the elderly population. In particular, intermittent LADE seems to be particularly appreciated by the elderly population and can contribute to the development of executive functions enhancement programs (Hyodo et al.). This line of research includes a meta-analysis aimed at studying the effectiveness of dance programs on cognition, psycho-behavioral symptoms and motor functions in MCI (Liu C. et al.). The authors found that dance interventions benefit cognition although the mechanisms by which this happens are still unknown. Previous research assumed that the modulation of the brain network activated in complex action observation and embodiment may be evaluated as an important finding for neuro-rehabilitative programs (Palermo et al., 2020b).

To date, the relationship between healthy lifestyle factors and autonomy in daily living is still unclear. This possible association was explored in original research with a view to primary prevention (Li D. et al.). Adherence to a healthy lifestyle was found to be linked with a lower risk of neurophysiological function limitation. Indeed, studies stress the value of creating and developing programs that can help to reverse the direction of frailty to break the vicious circle with cognitive impairment, especially executive dysfunction, and the progression to minor and major neurocognitive disorders (Bartoli et al., 2020a; Amanzio and Palermo, 2021; Palermo, 2021).

That sedentariness and bad habits affect cognition is supported by two further studies. In the first, it has been found that the relationships between cognitive decline, blood lipid levels, and obesity could be influenced by blood pressure and sex (Wang Y. et al.). In the second, it has been found that cigarette smoking causes functional connectivity disruption between the nucleus basalis of Meynert and precuneus in MCI patients. In turn, nicotine affects cognition through the cholinergic pathway (Qiu et al.).



FROM MILD COGNITIVE IMPAIRMENT TO MAJOR NEUROCOGNITIVE DISORDERS

An important contribution to the understanding of the onset of neurocognitive disorders and their classification comes from the exploration of biomedical and laboratory variables. First and foremost is the evaluation of the CSF and genetics. In particular, Apolipoprotein E (APOE), glucose metabolism, lipids could take action with complex moderation interactions on cognitive function, probably acting on the same pathways involved in the pathogenesis of AD (Liu L. et al.).

A second original research (Hestad et al.) investigated whether the effects of APOE e4 allele can lead to increased brain functional vulnerability and brain reserves reduction, in this way mediating the progress from the aging brain to major neurocognitive disorders.

In the second original research, Authors (Zhong J. et al.) found some specific protein markers that could be useful to early evaluate cognitive decline, also early a clinical diagnosis of AD.

A preclinical important subtle symptom has come back into the limelight because of the pandemic: anosmia. Indeed, odor identification is common in neuropsychiatric symptoms associated with progression from MCI to AD. Original research found that patients with behavioral changes showed significantly worse performance in odor identification and cognition, with cognitive alterations which in turn worsen the ability to discriminate by smell (Wang Q. et al.).

What trajectory the neurodegenerative processes take will also depend in part on the individual's cognitive reserve (Gallo et al.). Brain integrity evaluation combined with residual cognitive performance represents a fruitful approach to cognitive reserve evaluation.



VASCULAR AND ISCHEMIC DISEASES

Long-term systolic blood pressure variability and mean heart rate are independent predictors of cognitive impairment and its worsening in patients at high cardiovascular risk. Since heart rate fragmentation (HRF) is linked with increasing age and cardiovascular problems, it becomes essential to investigate whether disrupted cardiac neuroautonomic function would be correlated with poor cognitive function and more severe cognitive decline (Costa et al.). The Authors found that amplified HRF in sleep was linked with reduced cognitive performance and with more cognitive deterioration. Sleep is also analyzed as the main predictor in a study exploring the bidirectional relationship between sleep duration and cognitive function (Hua et al.).

Dysfunctions after stroke are linked to white matter microstructure damage (Wei et al.). The authors found that pontine infarction results in widespread white matter tracts disruption which is associated with impaired motor and cognitive functions in the infarcted.

Considering disease progression, vascular dementia is the second most common cause of major neurocognitive disorder in the elderly. For this reason, it has received particular attention from researchers over the years. The study of the effects of vascular brain damage sees its initial expression in single case studies that allow a first approach to the functional and neuropsychological modeling of damage. Various examples can be found in the literature (for example, Palermo et al., 2014; Bartoli et al., 2020b).

We have ventured into exploring the effects of a blood disruption to the brain in this Research Topic as well. In addition to the study by Hestad et al., other research groups have contributed to the topic. Indeed, combing neuroimaging findings and neuropsychological aspects can integrate complementary evidence for the early detection of MCI (Li X. et al.). This possibility has been explored thanks to a propensity score matching approach. The authors found that cerebral small vessel disease (CSVD) can be considered an independent risk factor of MCI.

The study of the effects of vascular brain damage sees its initial expression in single case studies that allow a first approach to the functional and neuropsychological modeling of damage. Various examples can be found in the literature.

Subcortical ischemic vascular disease (SIVD) represents an important problem for large cases of patients hospitalized for cerebrovascular disease and underlies dysfunctions in executive functions. Distinct mechanisms of memory impairment differentiated AD from SIVD, particularly prospective memory. For the first time, a study based on a neurocognitive approach ascertained a frontal dysconnectivity associated with a deficit in prospective memory in SIVD (Zhuang et al.).



ANESTHESIA AND POST-OPERATIVE NEUROCOGNITION

It differs in approach from previous articles, a narrative review of the effects of the sevoflurane, a common anesthetic for surgical patients (Wang C. et al.). Treatment with sevoflurane can increase cases of postoperative cognitive dysfunction (POCD), while POCD patients show cognitive dysfunctions after surgery. Better understanding the role of mechanism of sevoflurane-induced POCD could help programs for prevention and treatment, especially in the elderly. With this aim, the Authors reviewed the diagnosis of POCD, and the possible mechanisms of sevoflurane-induced POCD, introduce animal models into clinical research, summarize treatment progresses.

On this thread, a clinical trial on the role of anesthesia management for the post-operative cognitive function in older surgical patients (Yang et al.) show interesting results; they seem promising in that the proposed approach reduces perioperative neurocognitive disorder while improves functional connectivity by reducing systemic inflammation.



PAIN AND COGNITIVE IMPAIRMENT

Pain is the most frequent reason for patients to seek medical attention. Chronic pain conditions have been associated with cognitive impairment, affecting attention, working and long-term memory, information processing, and reasoning (Moriarty et al., 2011). For the first time, cognitive impairment has been assessed in patients with burning mouth syndrome (BMS) (Canfora et al.). BMS was here associated with working memory, attention, and also executive dysfunctions.
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Decline in Emotional Face Recognition Among Elderly People May Reflect Mild Cognitive Impairment
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Background: As with cognitive function, the ability to recognize emotions changes with age. In the literature regarding the relationship between recognition of emotion and cognitive function during aging, the effects of predictors such as aging, emotional state, and cognitive domains on emotion recognition are unclear. This study was performed to clarify the cognitive functions underlying recognition of emotional facial expressions, and to evaluate the effects of depressive mood on recognition of emotion in elderly subjects, as well as to reproduce the effects of aging on the recognition of emotional facial expressions.

Materials and Methods: A total of 26 young (mean age = 20.9 years) and 30 elderly subjects (71.6 years) participated in the study. All subjects participated in face perception, face matching, emotion matching, and emotion selection tasks. In addition, elderly subjects were administered a multicomponent cognitive test: the Neurobehavioral Cognitive Status Examination (Cognistat) and the Geriatric Depression Scale-Short Version. We analyzed these factors using multiple linear regression.

Results: There were no significant differences between the two groups in the face perception task, but in the face matching, emotion matching, and emotion selection tasks, elderly subjects showed significantly poorer performance. Among elderly subjects, multiple regression analyses showed that performance on the emotion matching task was predicted by age, emotional status, and cognitive function, but paradoxical relationships were observed between recognition of emotional faces and some verbal functions. In addition, 47% of elderly participants showed cognitive decline in one or more domains, although all of them had total Cognistat scores above the cutoff.

Conclusion: It might be crucial to consider preclinical pathological changes such as mild cognitive impairment when testing for age effects in elderly populations.

Keywords: emotional face recognition, elderly people, cognitive function, depression, multiple regression analyses


INTRODUCTION

As with cognitive functions, it is crucial for people to be able to recognize emotions. Therefore, there is a long history of research on emotion recognition in subjects ranging from infants to the elderly (Bridges, 1932; Gitelson, 1948). Some authors have suggested that the ability to recognize emotions changes with age (Isaacowitz et al., 2007; Mill et al., 2009). As age-related differences have been observed not only in emotion recognition but also in cognitive functions (Glisky, 2007), their relationship has been examined. There are two main views of the relationship between age-related changes in emotional and cognitive functions in the literature. One perspective suggests that changes in emotion recognition are independent of those in cognitive function, although both are influenced by age. For example, Baena et al. (2010), who examined younger and older adults using an emotional identification task and cognitive tests targeting prefrontal functions, suggested that age effects may contribute independently to each function. The second viewpoint suggests that changes in emotion recognition are dependent on cognitive functions. Suzuki and Akiyama (2013) examined cognitive and emotional function in younger and older adults and reported that age-related deficits in emotion identification could be explained by general cognitive abilities and not by age itself. More recently, Virtanen et al. (2017) focused on an elderly population using large-scale sampling and suggested that the decline in emotion recognition may depend on cognitive functions. In their study, declines in the recognition of some types of emotion, such as anger, fear, and disgust, were sensitive to cognitive deterioration even when cognitive function was within the normal range, i.e., Mini-Mental State Examination (MMSE) scores were above the cutoff point. As their study adjusted for several factors, such as age, sex, education level, depressive symptoms, and antidepressant use, their results may indicate that recognition of emotion is mediated by cognitive function.

It is not yet clear which of these perspectives is more accurate. However, these studies suggest that cognitive functions mediate the ability to recognize emotion in elderly people, even considering cognitive tasks other than those used to assess prefrontal function. However, a few points still require clarification. First, Virtanen et al. (2017) used the MMSE as a cognitive task and determined that a decrease of 1 or 2 points was correlated with diminished emotion recognition. The MMSE is a multifactor test that includes immediate memory, orientation, delayed recall, and working memory (Shigemori et al., 2010), and the total MMSE score is calculated as the sum of these abilities. It is not clear which of these abilities may contribute to deterioration of emotion recognition. Second, the prevalence of depression is high in elderly populations and is associated with age-related factors (Djernes, 2006), and depression also affects the recognition of emotions (Demenescu et al., 2010). Therefore, it may be important to consider not only cognitive function but also depressive mood in the emotion recognition paradigm. However, Virtanen et al. (2017) adjusted for depressive symptoms and antidepressant use to calculate the effects of cognitive decline. We believe that depressive mood as well as cognitive function should be considered in analyzing the factors influencing emotion recognition.

The present study was performed to reproduce the effects of aging on the recognition of emotional facial expressions, to clarify the cognitive functions underlying recognition of emotional facial expressions, and to evaluate the effects of depressive mood on recognition of emotion in elderly subjects.



MATERIALS AND METHODS


Participants

We compared 26 adults (12 men, 14 women) aged 19–24 years (mean = 20.9 years) to 30 healthy elderly individuals (15 men, 15 women) aged 61–79 years (mean = 71.6 years). The education level of the older subjects ranged from 9 to 16 years (mean = 13.9 years, standard deviation = 2.2, and median = 14 years). The younger adults were graduate and undergraduate students, with an education level ranging from 13 to 18 years (mean = 15.1 years, standard deviation = 1.2, and median = 15 years). All elderly participants were recruited through the Silver Human Resource Center in Tokyo as paid volunteers. The human resource center was requested to recruit elderly participants conforming to our inclusion criteria, i.e., age from 60s to 70s with no history of dementia or neurological and psychiatric disorders. None of the participants were excluded from the study once it had started.



Materials

All of the elderly participants were tested using the Japanese version of the neurobehavioral cognitive status examination Cognistat (Matsuda and Nakatani, 2004) to assess their cognitive abilities and the Japanese version of the Geriatric Depression Scale-Short Version (GDS-S-J; Sugishita and Asada, 2009) to evaluate their depressive symptoms.

To evaluate subjects’ emotion recognition abilities, we used emotion matching and emotion selection tasks. We also used face perception and face matching tasks to clarify subjects’ basic face perception ability. The procedures for these four tasks were adopted from previous studies (Miller et al., 2012; Kumfor et al., 2014). The original stimuli were based on Caucasian faces; however, in the present study, to make the stimuli appropriate for a Japanese population, face stimuli were selected from a Japanese facial expression database (Fujimura and Umemura, 2018), including eight models (four males and four females) and six basic emotions (happiness, anger, disgust, sadness, fear, and surprise) and neutral. Pictures were cropped to create long oval shapes to hide the hair and then converted into grayscale images.


Face Perception Task

The aim of this task was to confirm subjects’ basic perceptual ability. Each picture was 75.3 × 51.8 pixels (height × width) in size, and the distance between stimuli was 44.8 pixels. A pair of different models or two pictures of the same model, each with the same emotional expression (neutral face), were presented on the computer screen, and subjects were asked, “Are these pictures the same?” We used eight models (four male and four female). There were 28 trials including 20 pairs (8 matched and 12 unmatched pairs). The hit rate (number of correct identifications of a pair/28 pairs) was used as the measure of participants’ performance; the maximum score was 1.0.



Face Matching Task

The aim of this task was to clarify subjects’ face identification ability independent of their emotional expression recognition ability. A pair of faces expressing different emotions (six facial expressions and one neutral expression) showing the same model or different models were presented on the computer screen, and subjects were asked, “Do these show the same person?” There were 42 trials (21 matched and 21 unmatched models) and no counterbalancing. We used three male models, and different facial expressions were presented for each trial. The hit rate (number of correct identifications of a pair/42 pairs) was used as the measure of each participant’s performance; the maximum score was 1.0. All stimulus properties in the face matching task were the same as those in the face perception task.



Emotion Matching Task

The aim of this task was to evaluate subjects’ emotion identification ability without verbal labeling, independent of face identification. Two faces of different people with the same or different emotional expressions were presented on the computer screen, and the subjects were asked to decide whether each facial expression pair was the same. There were 42 trials (21 matched and 21 unmatched facial expressions) composed of different models and without counterbalancing. We used three male models and presented different models for each trial. The hit rate (number of correct identifications of each pair/42 pairs) was used as a measure of each participant’s performance; the maximum score was 1.0. All stimulus properties of the face matching task were the same as those in the face perception task.



Emotion Selection Task

This task measured the participants’ ability to select a facial expression based on a verbal label. The subjects viewed arrays of seven pictures of a single model displaying six emotional expressions and one neutral expression, and they were asked to point to the target face corresponding to a label spoken by the examiner. The size of each picture was 32.2 × 20.6 pixels (height × width). One of the target faces was plotted in the center of the screen, and the other six target faces were plotted at radial distances 48.9 pixels from the center. There were 42 trials, and we used six models (three male and three female). The faces and the positions of the emotions on the screen were varied across trials. To maximize the intrinsic value of the stimuli, a partial credit score was adopted. In this scoring method, each response was given credit based on the proportion of subjects in the reference group giving that response. For example, if a given stimulus was classified as “happy” by 50% of the reference group, “angry” by 40%, and “neutral” by 10%, then the response “happy” would receive a score of 1.0 (0.5/0.5), “angry” would receive 0.8 (0.4/0.5), and “neutral” would receive 0.2 (0.1/0.5). All other responses would receive a score of 0 (Heberlein et al., 2004).



Procedure

The experiment was conducted in a quiet room with one subject at a time. Before the experimental task, elderly subjects were administered the Cognistat examination and the Japanese version of the GDS-S-J. During the experimental task, the participants were seated 55 cm from the monitor (Iiyama ProLite XU2390HS-B2, Japan). The experimental order of the four tasks was counterbalanced among subjects.



Statistical Analyses

All statistical analyses were performed using R-3.5.1 (R Core Team, 2018) with the effect size package (Ben-Shachar et al., 2020) for effect size (d) analyses, the anovakun package version 4.8.4 (Iseki, 2019) for mixed-model univariate ANOVA, and the MASS package (Fox and Weisberg, 2019) for linear regression analyses. The face perception, face matching, and emotion matching tasks were analyzed using Welch’s t test, and the face selection task was analyzed using mixed-model univariate ANOVA, with emotion (anger, disgust, fear, sadness, surprise, happiness, and neutral) as the within-subject variable and age (young, elderly) as the between-subject variable. Post hoc analyses using Holm’s sequentially rejective Bonferroni procedure for multiple comparisons were conducted to examine interaction and main effects. In the elderly population, to clarify the effects of emotion recognition ability, stepwise multiple linear regression analyses were conducted. Scores on the face matching and emotion matching tasks were entered as dependent variables, and age, face perception task score, GDS-S-J score, and Cognistat subtest scores were entered as independent variables in separate regression analyses. In all analyses, P < 0.05 was taken to indicate statistical significance.



Ethics

The study design was approved by the Ethical Review Committee of Chuo University Institute of Cultural Sciences (protocol number: 03 [FY2018]). All participants provided written informed consent to participate in the study. Although none of the procedures placed a high burden on the participants, they were told that they could take a rest at any time during the study if necessary.



RESULTS

Three subjects in the control group were excluded from the analyses due to missing data. Thus, data of 23 young subjects were analyzed (11 men and 12 women, aged 19–24 years [mean = 21.1 years]; Table 1). In addition, due to a ceiling effect, the orientation Cognistat subtest score was excluded from the regression analyses.


TABLE 1. Participants’ demographic data.
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Face and Emotion Tasks

Although there were no significant differences between the two groups in the face perception task [Welch’s t (40.8) = –2.0, P = 0.057, and d = –0.61], significant differences were observed for the face matching [Welch’s t (41.0) = –4.5, P < 0.001, and d = –1.4], and emotion matching tasks [Welch’s t (50.8) = –2.4, P = 0.02, and d = –0.7]. These results indicated that young and elderly subjects had similar performance in face perception, whereas elderly subjects had lower face identification and emotion recognition abilities. In addition, the emotion selection task showed a significant interaction [F (3.9) = 10.2, P < 0.001, and η2g = 0.14], and the single main effect tests revealed that the performance in emotional face recognition was lower in the elderly group than in young adults for the emotions of anger, disgust, fear, and surprise (Figure 1).


[image: image]

FIGURE 1. Comparison of the emotion selection task results between the elderly subjects and young subjects. The performance of the elderly subjects was lower than that of young subjects in recognizing facial expressions denoting anger, disgust, fear, and surprise (∗∗P < 0.01 and ∗∗∗P < 0.001).




Multiple Regression Analyses in the Elderly Group

Multiple regression analyses were conducted to identify the predictors of emotion recognition ability in the elderly group. Explanatory variables were selected by stepwise selection using Akaike’s information criterion. We calculated the variance of inflation factor (VIF) for the explanatory variables of the input candidates, and found that the value ranged from 1.2 to 2.4 and no VIF score exceeded 10, which were considered to cause multicollinearity (Belsley et al., 1980). In the face matching task, the F-value of the model was significant, although the adjusted R2 was low (adjR2 = 0.21, P < 0.05); however, the adjusted coefficient of multiple determination (R2) for the emotion matching task was significant (adjR2 = 0.71, P < 0.001). Partial regression coefficients for each factor are shown in Table 2.


TABLE 2. Predictors of face matching and emotion matching tasks.
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DISCUSSION

This study was performed to reproduce the effects of aging on the recognition of emotional facial expressions, to clarify the cognitive functions underlying recognition of emotional facial expressions, and to evaluate the effects of depressive mood on recognition of emotion in elderly subjects. To achieve these aims, we compared experimental emotion recognition tasks and a multicomponent neuropsychological test instead of using a simple screening test (Virtanen et al., 2017). The results were as follows. First, compared to young adult subjects, elderly subjects showed clear deterioration of their ability to recognize emotional facial expressions. Notably, the effects of age varied among categories of emotional expression. Second, regression analyses indicated that performance on the emotion matching task was predicted by depressive mood, cognitive function, and age.

Previous studies have reported that cognition of negative facial expressions, such as anger and fear, declines with age, while cognition of positive facial expressions, such as joy, is less affected by aging (Calder et al., 2003; Suzuki et al., 2007). Age-related changes and their discrepancies between categories have often been explained as positivity bias supporting socioemotional selectivity theory (Mather and Carstensen, 2005). That is, it is believed that elderly people act and think in pursuit of current happiness rather than information that will be beneficial in the future. The results of the present study also replicated these phenomena in elderly participants. In addition, age-related changes may be related to the study paradigm used. Suzuki and Akiyama (2013) reported that when neutral expressions were presented momentarily followed by labeling of the presented expressions, the hit rate of joyful expressions decreased and false positives increased in elderly participants. On the other hand, Saito et al. (2020) reported that immediate detection of joyful expressions by the visual search paradigm is less likely to occur in elderly participants. In the present study, seven different facial expressions were presented at once suggesting that happiness was relatively easy to identify.

As reported previously (Keightley et al., 2006; Mill et al., 2009) we confirmed that older participants had poor ability to recognize emotional facial expressions. In addition, our study confirmed that face recognition ability declined not only during tasks with a high cognitive load, such as in the emotion selection task, which required participants to select a facial expression based on a verbal label, but also during low cognitive load tasks, such as the emotion matching task, in which subjects were instructed to match emotional expression stimuli. These results suggested that the decline in emotional expression recognition in elderly people is a universal phenomenon independent of task demands. In addition, our study demonstrated that an aging effect was apparent not only compared to young subjects but also in comparisons among elderly subjects. In multiple regression analyses, age was a powerful predictor of performance in the emotion matching task. Therefore, aging may be a crucial factor in the decline in ability to recognize emotional facial expressions. In contrast, in the face matching task, which showed significant declines compared to performance among younger subjects, the factor of aging was not a predictor of face identification among elderly subjects of different ages. These results suggested that, compared to the face matching task, the emotion matching task was relatively sensitive to aging in old age.

In multiple regression analyses, our study also confirmed that depressive mood was related to performance on the emotion matching task. Although Demenescu et al. (2010) reported impaired recognition of facial expressions in subjects with anxiety and major depression, their subjects were diagnosed patients, whereas our subjects had not been diagnosed. The cutoff points for the GDS-S-J are 5/6 for depressive tendency and 9/12 for depressive state (Watanabe and Imagawa, 2013); in the present study, only two subjects exceeded the cutoff for depressed mood, and none demonstrated a depressed state. These results suggested that not only clinical depression but also emotional state within the normal range may be crucial for recognition of facial expressions.

Demented patients have also been reported to show a decline in the recognition of facial expressions, and a relationship between this recognition deficit and cognitive capacities has been demonstrated (Torres Mendonça De Melo Fádel et al., 2019). In the present study, however, the elderly participants did not have dementia; rather, our elderly subjects were recruited from a community job service, and all scored above the cutoff score on the Cognistat. These results suggest that the decline in emotion recognition may be related to aging, and not to pathological changes in the brain. However, our elderly subjects may not have been completely healthy subjects. Some showed decreased scores on Cognistat subtests, with the most notable decline being on the memory subtest followed by the attention (digit span) subtest; 47% (14/30) and 33% (10/30) of elderly subjects, respectively, were below the cutoff points in these subtests. Therefore, our subjects may have included some individuals from a preclinical population, such as people with mild cognitive impairment (MCI; Petersen et al., 1999). At the time of this experiment, our elderly subjects had no apparent issues related to their cognitive function, and their functional abilities were apparently preserved (i.e., they could manage their schedule and come to the experimental room independently). However, some showed declines in one or more cognitive domains. Therefore, some of our subjects may have met the diagnostic criteria for MCI (Albert et al., 2011) or mild cognitive disorder (American Psychiatric Association, 2013). We cannot define a biological substrate related to age at this stage, so MCI should be taken into consideration in explaining the effects of aging on the recognition of emotional expression.

The present study revealed an effect of hidden cognitive decline and depressive mood on recognition of facial expression within an elderly population. However, our study had limitations. First, the sample size and deviation of cognitive function test are small in the elderly, and therefore we could not conclude that cognitive functions and depressive mood definitely affect recognition of emotional facial expressions. Second, we did not examine cognitive function and depressive scale in young adults, so the predictors of facial cognition shown in this study may have been limited to the elderly. Third, the face recognition paradigm used was different from that used by Virtanen et al. (2017), and therefore it remains possible that differences between the results of these studies may have been due to differences in the paradigms used.

In conclusion, we found that elderly individuals showed a decline in the recognition of emotional facial expressions. The effect of age was apparent not only compared to a young population but also relative to older subjects. In addition to the effect of age, emotional status (depressive tendencies) and cognitive function were also related to recognition of emotional expression, but paradoxical relationships were apparent between recognition of emotional faces and some verbal functions. It may be important to consider preclinical pathological changes, such as MCI, in evaluating the effects of age in elderly populations.
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The aim of this study was to investigate whether cognitive performance was equally influenced by Apolipoprotein E (APOE, with its three alleles, e2, e3, and e4) in patients with subjective cognitive decline (SCD), mild cognitive impairment (MCI), and Alzheimer’s disease (AD). In addition, we examined a group of patients with a combination of Vascular dementia (VaD) and AD (VaD/AD). We asked if the APOE e4 allele influenced cognition in these patient groups in the same way. Our study comprised data from 1,991 patients (55% women), with a mean age of 70.9 years (SD 10.8) and 12.1 years of education (SD 3.8). Of them, 1,111 (56%) had at least one APOE e4 allele; 871 (44%) had one and 240 (12%) had two e4 alleles. Three neurocognitive tests were used to measure cognition: the Mini Mental State Examination (MMSE), the 10-word test of the Consortium to Establish a Registry for Alzheimer’s Disease Word List (CERAD-WL) (immediate and delayed recall), and the Trail Making Test Part A (TMTA). The APOE genotypes were regressed against cognitive function using linear regression, adjusting for diagnosis, age, sex, and education. The interaction diagnosis∗APOE was investigated. The allele type had the largest effect on cognitive performance assessed by the CERAD-WL delayed recall test, less for the other tests. Those without the e4 type scored 0.7 units better than those with e4 allele(s) (p < 0.001). Furthermore, there was a significant inverse dose-response pattern between number of e4 alleles and cognitive performance; those with one allele scored 0.4 units better than those with two alleles (p = 0.006), and those without e4 scored 0.7 units better than those with one e4 (p < 0.001). This pattern did not differ between the four diagnostic groups studied.

Keywords: cognition, memory difficulties, minor neurocognitive disorders, major neurocognitive disorders, dementia, APOE e4 status


INTRODUCTION

The human Apolipoprotein E (APOE) gene has three common allelic variants—e2, e3, and e4—which are encoded on chromosome 19 (Mahley et al., 2009). Depending on the genetic variability, the APOE gene has been ascribed significant positive and negative health effects such as longevity and shortened lifespan, neurological and psychosomatic disorders, cognitive decline and Alzheimer disease, altered lipoprotein profile, atherosclerosis and cardiovascular disease, type II diabetes, changes in the immune response, oxidative stress, quality of life, physical activity, and obesity (Spinney, 2014; Klimentidis et al., 2018; Abondio et al., 2019; Kulminski et al., 2019). The e4 allele has been ascribed poor health outcomes and the e2 has been associated with health-promoting effects (Farlow et al., 2004; Fan et al., 2006; Julian et al., 2009; Chou, 2010; Suri et al., 2013; Spinney, 2014; Kulminski et al., 2016; Abondio et al., 2019). According to a review of several studies, it is well known that persons with the e4 allele have an increased risk of developing Alzheimer’s disease (AD) compared with persons without the e4 allele (Saunders et al., 1993). This finding could be secondary to a dosage effect, as persons with homozygote combinations of APOE e4 (e4/e4) have the highest risk for development and early onset of dementia due to AD (Verghese et al., 2011). The clinical hallmark of AD is, among other factors, a progressive decline in episodic memory (McKhann et al., 2011), and a substantial number of studies have reported that the e4 allele contributes significantly to this progressive decline (El Haj et al., 2016). Even though there seems to be a dose-dependent risk regarding the development and course of the second most common dementia type, Vascular dementia (VaD), with a higher risk related to homozygote e4 alleles, more studies are needed to understand how VaD and Apo E status are related to each other (Verghese et al., 2011).

In addition, studies have shown that age-related memory decline in healthy individuals differs between e4 carriers and non-carriers (Caselli et al., 2009). For carriers of e4, decline started before age 60 and accelerated faster than in non-carriers. Those with homozygotic e4 alleles demonstrated the strongest acceleration (Caselli et al., 2009).

Various theories exist to explain how the APOE e4 allele affects the brain. One theory is that the different APOE e variants have various effects on amyloid-β accumulation (cerebral amyloid angiopathy and fibrinogen deposits) in the brain (Hultman et al., 2013). It is further suggested that the e4 variant increases blood-brain-barrier damage (Zipser et al., 2007). Another theory is that the various APOE alleles cause differences in binding and clearance of Aβ (Bell et al., 2007; Deane et al., 2008).

As the e4 allele is reported to have a negative effect on episodic memory in both normal aging and AD, we examined whether the APOE e4 allele affected cognition, especially episodic memory, equally in persons with subjective cognitive decline (SCD), mild cognitive impairment (MCI), and dementia due to AD.

We further explored the relationship between cognition and APOE genotypes in patients with a diagnosis of mixed VaD/AD.

We hypothesized that people with the APOE e4, either heterozygote or homozygote, would have a different relationship with cognitive performance than non-e4 carriers would, regardless of SCD, MCI, and AD diagnoses, whereas no hypothesis is offered for the group with mixed VaD/AD. We further hypothesized that test scores would be worse in the dementia groups than in the SCD and MCI groups.



MATERIALS AND METHODS


Norwegian Register of Persons Assessed for Cognitive Symptoms

Our study population came from the Norwegian Register of Persons Assessed for Cognitive Symptoms (NorCog), included and diagnosed during the period 2009–2018. NorCog is a national research and quality register for persons referred to the specialist health care service for assessment of memory impairment and possible dementia. The register is consent-based and has existed since 2009; 42 outpatient clinics currently collect these data from regular patients. NorCog is licensed by the Norwegian Data Inspectorate until 2030. Of those patients asked to give consent, 90% have answered positively and signed a consent form. The data collected in the register include a wide battery of neuropsychological tests, a comprehensive physical examination, blood-sample collection for various types of analyses, and cerebral imaging with magnetic resonance imagery or computed tomography (Braekhus et al., 2011). In addition, and in accordance with the Norwegian national guidelines regarding dementia, fluorodeoxyglucose-positron emission tomography (FDG-PET) and examination of concentration of amyloid-beta and tau protein in cerebrospinal fluid are increasingly performed in many patients with an uncertain diagnosis.



Diagnoses

The dementia diagnoses recorded in NorCog are based on the International Classification of Diseases (ICD-10) criteria for research (World Health Organization [WHO], 1993) and made by experienced neurologists, geriatricians, or geriatric psychiatrists, usually in consensus meetings. The Winblad criteria are used for MCI (Winblad et al., 2004), and patients who complain about cognitive decline but show no cognitive impairment are given the diagnosis of SCD, in accordance with the Jessen criteria (Jessen et al., 2014). Patients diagnosed with SCD, MCI, AD, VaD and mix VaD/AD were included in the analyses (VaD and the mixed VaD/AD groups were combined). Patients with dementia due to Parkinson’s and Lewy body disease, Frontotemporal dementia (FTD) and unspecific dementia or dementia due to rare causes were excluded because of small samples with ApoE information. The patients are newly diagnosed in connection with their first assessments at an out-patient clinic in specialist health care for the elderly. The diagnoses were based on clinical examinations, including neuropsychological testing and MRI or CT of the brain. In additions, depending on clinical indication, extended neuropsychological tests were performed, CSF was analyzed (beta amyloid and tau protein), or FDG-PET was carried out. If AD was diagnosed, patients were offered cholinesterase inhibitor treatment immediately at the time of diagnosis.



Study Population

The initial NorCog population comprised 10,457 patients, of which APOE information was recorded for 2,549 patients from five clinics. (No other clinics had APOE genotyped patients.) Of the 2,549 patients, we included 1,991 [Aker hospital (n = 173), Innlandet hospital (n = 231), Ullevål hospital (n = 1,017), Haugesund hospital (n = 80), and St. Olavs hospital (n = 490)] with a diagnosis of SCD, MCI, AD or mixed VaD/AD. Patients with other dementia diagnosis and APOE information were excluded because of the small number of patients in each diagnostic group.



The Cognitive Test

The following cognitive tests were applied: The Mini Mental state examination (MMSE) (Folstein et al., 1975), the Consortium to Establish a Registry for Alzheimer’s Disease Word List (CERAD-WL) (immediate and delayed recall) (Morris et al., 1988; Hankee et al., 2016) and the Trail Making Test Part A (TMTA). MMSE is a well-known screening test for cognition that includes items measuring orientation, attention, memory, language, and visual-spatial skills. It includes 11 questions and takes 7–10 min to administer. Scores range from 0 to 30, with a higher score indicating better performance. A cut of between 24/23 is often used as a healthy/dementia indicator. The CERAD-WL test consists of 10 words presented over three learning trials, and a delayed recall trial presented 10 min after trial 3 administration. The maximum score for the learning trials is 30, and for delayed recall 10, with a higher score indicating better performance. Here normative data were available both from Norwegian and other populations (Morris et al., 1988; Spreen and Strauss, 1991; Kirsebom et al., 2019). The TMTA consists of 25 encircled numbers randomly arranged on a page; the participant is asked to draw a line through the circles in proper numerical order (Strauss et al., 2006). We recorded the time required in seconds to perform the test without mistakes, with a shorter time denoting better performance. There are many different norms developed related to the Trail Making test, most of these are summarized in Strauss et al. (2006).

The tests were administered by a trained nurse, a physician or psychometrician. The raw scores of the tests were used in the analyzes.



APOE-Genotyping

Genotyping was performed using real-time PCR with allele-specific fluorescence energy transfer probes and melting curve analyses on a LightCycler 480 (Roche, Mannheim, Germany), with sense (GAAGGCCTACAAATCGGAACTG) and antisense (GGCTGCCCATCTCCTCCATC) primers and detection probes (LC-red705- ACATGGAGGACGTGCGCGG-Phosphate; NM_000041.3 [APOE]: c.388T > C variant nucleotide underlined) for the ε4 allele with the corresponding anchor probe (CTGCAGGCGGCGCAGGCCCGGCTGGGCGC-fluorescein). The 20 μL PCR reaction mix consisted of 1x LightCycler 480 Probes Master, 0.1 μM of sense and 0.5 μM of antisense primers, 0.14 μM of each probe, 10% dimethyl sulfoxide, and 5 μL of diluted DNA eluate (10–100 ng). The PCR touchdown protocol consisted of denaturation of DNA and activation of the polymerase (95°C, 5 min); 40 cycles of denaturation (95°C, 10 s), annealing (63°C stepping down 0.4°C/cycle to 59°C, 10 s), elongation (72°C, 10 s); denaturation and polymerase inactivation (99°C, 10 min); and melting curve analysis [38°C (1 min) to 77°C (ramp rate 1°C/s)]. The ε4 allele (rs429358) was identified by melting temperature 64°C vs. 56°C for wild type. The laboratory participates in an external quality assurance program (Equalis, Uppsala, Sweden) that includes APOE genotyping.

The number of years of education was self-reported. Anti-dementia medicine use was based on self-reports and coded using the ATC classification, as a binary variable with value 1 for those using medicines classified as N06D, and 0 for those not using one of these medicines.



Statistical Modeling

To investigate cognitive performance by APOE genotype, the APOE genotypes were regressed against cognitive function (i.e., raw scores from the different tests) using linear regression, adjusting for age, sex, diagnosis, and education. The interaction between APOE and diagnosis was included to investigate whether cognitive function by APOE genotype differed by diagnosis. Predictions of mean cognitive scores, with 95% confidence intervals (CIs), from the regression models were performed using the margins commando in Stata with fixed values for the adjustment covariates (age 75 years, men and women weighted equally, 12 years of education). Furthermore, to investigate whether cognitive scores differed among the three APOE types, the monozygotic e4 was set as reference and the difference in cognition for those without the e4 and those with two e4s was predicted (with 95% CIs). Analyses were also performed without an interaction between APOE and diagnosis, in the full sample, in the sample restricted to those with a dementia diagnosis, and in a sample of those with the milder cognitive diagnoses.



Ethics Statement

The study was reviewed and approved by the study Regional Ethics Committee for Medical and Biological Research (REK: 2019/316), and all participants gave written informed consent to participate in this study.




RESULTS

In our study population, 44% had one e4 allele and 12% had two. The occurrence of e4 differed by diagnosis and was most prevalent among AD patients (51% monozygotic and 20% homozygote) and least prevalent among SCD (38% monozygotic, 3% homozygote) and MCI patients (39% monozygotic and 12% homozygote) (see Table 1). SCD and MCI patients were younger than patients with a dementia diagnosis (see full APOE genotype distribution in Supplementary Table 1). Anti-dementia medicine use was used by 49 of the 1,991 patients (2.5%), mostly among those with AD (n = 37). The low number was mainly due the fact that the dementia diagnosis was made after the basic assessment as described in this article.



TABLE 1. Descriptive statistics.
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Adjusted for age, sex, and education, those with the milder cognitive diagnoses (SCD and MCI) performed significantly better than the dementia groups on all cognitive tests. With similar adjustments, AD patients had the significantly lowest scores for the CERAD-WL tests. For TMTA, however, AD patients scored significantly better than patients in the mix + VaD group. For MMSE, there was no significant difference in scores among the dementia subgroups.

In crude analyses, e4 carriers with a diagnosis of SCD, MCI, or AD had significantly poorer cognitive performance on the CERAD-WL delayed recall test (Table 2) compared to non-carriers. For e4 carriers with a diagnosis of MCI, this was the case also for the immediate recall test, and for e4 carriers with SCD on the MMSE.



TABLE 2. Cognitive scores by diagnosis and E4 status.
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In the analyses adjusted by age, sex, and education, allele type had the largest effect for cognitive performance assessed by the CERAD-WL delayed recall test, and less effect on the other tests—apart from immediate recall, in which the MCI patients without the e4 type scored significantly better than those with the e4-type (Figure 1). The interaction APOE by diagnosis was not significant (p = 0.99), however, suggesting an equal effect of APOE for all diagnoses.
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FIGURE 1. Mean cognitive scores on four cognitive tests (A–D) (with 95% CI bands) by e4 status and diagnosis (left panel), and predicted difference in cognitive scores for those without the e4 allele or homozygote e4 compared to those with monozygotic e4 (right panel).



Overall, for delayed recall, patients without the e4 allele scored 0.7 units better than did those with e4 allele(s) (p < 0.001). Furthermore, there was a significant inverse dose-response pattern between number of e4 alleles and cognitive performance; patients with one allele scored 0.4 units better than did those with two alleles (p = 0.006), and those without e4 scored 0.7 units better than did those with one e4 (p < 0.001). This pattern did not differ among the diagnostic groups. When diagnostic groups were analyzed individually, however, no significant difference between those with two and one e4 was found, probably due to lack of statistical power. A significant difference, however, was observed between patients with no e4 and those with one or two e4s (see Figure 1B, right panel).



DISCUSSION

The strongest association between APOE e4 and cognition was observed in the CERAD-WL delayed recall, and this association was similar across diagnoses (i.e., there was no APOE e4 ∗ diagnosis interaction). The finding concurs with the clinical hallmark of AD, a progressive reduction of episodic memory (McKhann et al., 2011). Nevertheless, this association was related not only to AD; it was found in all the diagnostic groups we examined. Overall, for the APOE e4, we also found a tendency for a dose-response effect on the delayed CERAD-WL delayed-recall test, with the weakest performance among patients within the homozygote e4 group. In diagnosis-specific analyses, however, this dose response did not reach statistical significance, likely due to low statistical power. Memory decline is also seen in healthy e4 carriers compared to non-carriers (Caselli et al., 2009). In children it is reported that e4 carriers have smaller entorhinal cortexes compared to non-carriers, which could possibly be interpreted as a developmental effect (Shaw et al., 2007). One will rarely see this effect on cognition in children, and it has been suggested that memory impairment becomes manifest after age 64 (Rawle et al., 2018). Homozygote carriers will present with most memory impairment (Rawle et al., 2018). Thus, it is possible that the observed reduction of episodic memory among e4 carriers is due not only to AD in a preclinical (MCI) or dementia stage but could just as well be a genetic cause of reduced development of the hippocampal area and thus be related to reduced memory performance that will occur in late life. Our findings could be interpreted in line with such an assumption or theory. Further findings could support our assumption/theory: Only scores on the CERAD-WL (especially delayed recall) were associated with the APO E e4 status across diagnoses. We saw no associations between e4 genotype and processing speed, scores on the MMSE, or TMTA. Therefore, the other cognitive deficits may not be related to the e4 allele, or they may be secondary to poor episodic memory.

Comparing the dementia groups, no differences were found among the AD and AD/VaD groups on the MMSE. On the TMTA, the AD group performed better than the AD/VaD group. Thus, the memory effect of the e4 allele does not seem to be specific to AD, because the same effect is seen in the diagnostic groups of SCD and MCI. There is a higher prevalence of the APOE-e4 allele is the AD group, however, and performance impairment on the CERAD-WL is larger in the AD than in any of the other diagnostic groups, especially for delayed recall. The large cognitive deficits on the delayed word list recall in AD may therefore be attributed to factors other than the APOE e4 allele. Nevertheless, the allele seems to be at least partly responsible for the memory problems related to word list recall. Looking at our data, and in line with Caselli et al. (2009) and Rawle et al. (2018) we suggest that the e4 allele probably influence the aging process of the brain. Those with the e4 allele as a group may have fewer brain reserves as part of the aging process. Not everyone with e4 allele will develop dementia, however, which probably indicates great variation. To have the e4 allele is probably neither sufficient nor necessary for developing dementia—neither AD nor VaD, even though it is a strong risk factor. The gene may contribute to the memory difficulties, however, especially delayed recall.


Limitations

This study has some limitations. First, its cross-sectional design makes it impossible to observe who will develop dementia belonging to the SCD and MCI diagnostic groups. Some of these patients may have AD in an early, preclinical stage. Second, we have not included neuropsychological tests that cover most cognitive domains, and thus cannot be sure that APOE genotype may be associated with other cognitive domains in addition to memory. A strength of the study is the large sample with patients who have been examined comprehensively and diagnosed with standardized criteria.



Conclusion

Our interpretation of the data is that the APOE e4 allele may contribute to the development of dementia, but the association between the e4 allele and the delayed recall test is also seen in the SCD and MCI groups. However, this is a cross-sectional study and the data needs to be confirmed in other kinds of studies. We, nevertheless, suggest that the effects of e4 allele can make the brain more vulnerable to dysfunction, which, in turn, could reduce brain reserves and contribute to the development of dementia.
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Several cognitive functions show a decline with advanced age, most prominently episodic memory. Problem-solving by insight represents a special associative form of problem-solving that has previously been shown to facilitate long-term memory formation. Recent neuroimaging evidence suggests that the encoding network involved in insight-based memory formation is largely hippocampus-independent. This may represent a potential advantage in older adults, as the hippocampus is one of the earliest brain structures to show age-related volume loss and functional impairment. Here, we investigated the potential beneficial effects of learning by insight in healthy older (60–79 years) compared to young adults (19–28 years). To this end, we compared later memory performance for verbal riddles encoded incidentally via induced insight-like sudden comprehension in both age groups. We employed a variant of the Compound Remote Associate Task (CRAT) for incidental encoding, during which participants were instructed to judge the solvability of items. In a 24-h delayed surprise memory test, participants attempted to solve previously encountered items and additionally performed a recognition memory test. During this test, older adults correctly solved an equal proportion of new CRA items compared to young adults and both age groups reported a similar frequency of Aha! experiences. While overall memory performance was better in young participants (higher proportion of correctly solved and correctly recognized old CRA items), older participants exhibited a stronger beneficial effect of insight-like sudden comprehension on later recognition memory for CRA items. Our results suggest that learning via insight might constitute a promising approach to improve memory function in old age.
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INTRODUCTION

Human cognitive functioning is subject to considerable alterations during aging, most prominently with regard to memory function. However, not all types of memory are affected to the same degree by age. Episodic memory, particularly explicit episodic memory encoding, typically shows the most pronounced decline in older adults, particularly from 67 years onward (Rönnlund et al., 2005; Nyberg et al., 2012). Although some cross-sectional studies suggest a linear decline, longitudinal studies, which evade cohort-effects like different generation-dependent educational backgrounds, show that episodic memory remains stable for a long time, before it begins to decline around the mid-60ies (Zelinski and Burnight, 1997). The specific age-related cognitive changes are strongly related to changes in the brain. The medial temporal lobe (MTL), encompassing the hippocampus, perirhinal and entorhinal cortex, and the parahippocampal cortex, is known to be crucial for episodic memory encoding and retrieval (e.g., Squire, 1992; Squire et al., 2004; Gold et al., 2006), until the information has become semanticized (Bonnici et al., 2012; Sommer, 2017). The high dependence of episodic memory on the integrity of the hippocampus poses a problem at a higher age (Nyberg et al., 2012), as the MTL is one of the first regions to show age-related volume loss and functional impairment (e.g., Fjell et al., 2009; Craik and Rose, 2012). Another reason for age-related differences especially with regard to episodic encoding has been proposed in a review by Craik and Rose (2012). Younger and older adults appear to differ considerably in their use of attentional resources as well as their active semantic elaboration of novel information, which has been associated with age-related structural and functional alterations in lateral fronto-temporal regions like the inferior prefrontal cortex1 (attentional selection) and anterior temporal lobe (semantic integration). This has profound consequences for memory performance as it affects the level-of-processing of novel information and thus efficiency of encoding (Craik and Lockhart, 1972). However, older adults can be steered to employ encoding strategies that use existing neural resources more efficiently. Incidental encoding (unintentional, automatic learning) and relying on existing semantic knowledge are two ways to facilitate learning at an advanced age (Troyer et al., 2006; Wagnon et al., 2019). For example, when older adults are encouraged to use deeper levels of encoding by actively making semantic decisions about novel information, later memory performance can be improved (Grady and Craik, 2000).

In a thus far largely separate line of research, the phenomenon of insight from the problem-solving domain has attracted the attention of memory researchers, because it appears to unite incidental encoding, prior-knowledge-related encoding and a deep level of processing: learning by insight. Insight can be defined as sudden comprehension that overcomes a previous state of incomprehension (Auble et al., 1979). It can essentially be considered a discontinuous problem-solving process (Zander et al., 2016), during which initial attempts at problem solving are unsuccessful, followed by a sudden understanding of a novel relationship between the pieces of the puzzle and prior knowledge that make up the solution (Ohlsson, 1984a,b; Ohlsson, 1992). It has further been shown that the feeling of Aha! can both be evoked by solutions found by the participant as well as by those presented by the experimenter, so-called induced insight (Kizilirmak et al., 2016a,c).

While Gestalt psychologists like Wolfgang Köhler have suggested over a century ago that learning may be facilitated when novel relationships are comprehended suddenly, by insight (Köhler, 1917), empirical research specifically directed at the potential beneficial effect of insight on memory encoding only started less than two decades ago (Ash et al., 2009; Ludmer et al., 2011; Danek et al., 2013; Kizilirmak et al., 2016a). It has been shown that later memory performance can be increased for incidental encoding with insight compared to encoding without insight (Danek et al., 2013; Kizilirmak et al., 2016a). The neurocognitive basis of this memory advantage is a topic of ongoing investigation (Danek and Wiley, 2020). Current research suggests that it is based on a combination of cognitive and affective aspects. A cognitive aspect is the generation effect (Slamecka and Graf, 1978), which reflects a combination of a deep level-of-processing (Craik and Lockhart, 1972) and activation of prior knowledge which a novel piece of information (i.e., the solution) can be linked to van Kesteren et al. (2014). Affective components are, for example, intrinsic reward or the feeling of certainty for the solution being correct that are part of the subjective Aha! experience (Danek et al., 2014; Kizilirmak et al., 2016a,c; Danek and Wiley, 2020).

In other words, learning by insight appears to represent a mechanism that simultaneously promotes multiple neurocognitive processes that can enhance memory encoding in older adults. Recent neuroscientific studies in animals and humans have shown that the hippocampus plays a much smaller role in learning novel information when this information can be readily integrated into a framework of pre-existing knowledge (so-called schemas) (Tse et al., 2011; van Kesteren et al., 2012; Brod et al., 2013). Learning via insight appears to represent such a special way of incidental, associative learning that is largely hippocampus-independent (Kizilirmak et al., 2016b, 2019). The question arises whether learning by insight represents a possibility to facilitate learning in older adults by drawing on these extant resources.

In the present study, we tested this hypothesis by comparing healthy young (19–28 years) and older adults (60–79 years) with regard to later memory performance after incidental learning via insight-like sudden comprehension. To this end, we employed a variant of the Compound Remote Associate Task (CRAT), which has previously been adapted for the study of insight-related memory by our group (Kizilirmak et al., 2016c). Participants were presented with verbal riddles during encoding (see Figure 1) and were to judge the plausibility of the presented solution. The items were either solvable CRA items or unsolvable control items. The presentation of the solution to solvable items was intended to induce insight-like sudden comprehension, while the presentation of pseudo-solutions to unsolvable items should evoke continued incomprehension for comparison. In a 24 h delayed memory test, participants attempted to solve previously encountered (old2) and new CRA and control items, followed by an old/new recognition memory decision. We assessed memory performance by means of solution rates of old and new items as an indirect measure of memory, and by means of an old/new recognition decision to assess the discrimination. The advantage of indirect memory tests is that even when participants do not explicitly remember having processed an item previously, higher solution rates can be expected for old items even for implicit learning (Richardson-Klavehn, 2010). Thus, semantic encoding success can be tested independently of explicit recognition, which is especially advantageous for older participants, as explicit recollection shows earlier age-related decline (Tromp et al., 2015).


[image: image]

FIGURE 1. Exemplary trials for the incidental encoding task (A) and the memory test (B).


Our main hypothesis was that (1) learning by induced insight-like sudden comprehension would facilitate learning in older adults to a higher degree than in the young. This should be reflected by a larger difference in the discrimination rate for CRA compared to control items in older adults, and larger solution rates for old versus new CRA items as compared to young adults. Additionally, due to their larger vocabulary, (2) older adults should be more accurate in deciding on the plausibility of a presented solution during encoding. Similarly, following a study showing a broader semantic knowledge of older compared to young participants (Privodnova and Volf, 2016), we further hypothesized that (3) older adults may have an advantage in solving new items during the memory test, reflected by higher solution rates for new CRA items. On the other hand, the young have higher cognitive flexibility and can access their knowledge faster in addition to faster average reaction times (e.g., Kray and Lindenberger, 2000). This may lead to a balance, resulting in similar solution rates.

As this is, to our knowledge, the first study to assess learning by induced insight in participants of advanced age, we also looked into a set of exploratory questions: (4) Are there age-related differences in the frequency of Aha! experiences reported for true and false insights, i.e., correct and incorrect solutions? Generally, Aha! experiences are reported more often for correctly solved items (true insights) as compared to incorrect solutions (false insights) (Danek and Wiley, 2017; Danek and Salvi, 2018). (5) Are there age-related differences in which phenomenological aspects of the Aha! experience receive a higher weight for deciding on whether an Aha! moment occurred?



MATERIALS AND METHODS


Participants

We investigated 61 healthy volunteers3 of two age groups: 30 young participants aged between 19 and 28 years, and 31 older adults aged 60–79 years. The older group had a median age of 67 years (M = 66.81, SD = 4.43), the younger group had a median age of 23 years (M = 22.77, SD = 2.76). All participants were native speakers of German, as the verbal riddles were in German. Detailed demographic data are provided in Table 1. All had sufficient visual acuity, either naturally or by using a visual aid, to read the words on the screen without difficulty, and reported no history of neurological diseases or mental disorders. We conducted a dementia screening (Mini-Mental Status Examination, MMSE; Folstein et al., 1975; Beyermann et al., 2013), a verbal intelligence screening (MWT-B; Lehrl, 1999), and a general health questionnaire in all participants. All participants could be included in the final sample for data analysis. None of the participants had an MMST score below 24, the widely accepted cut-off value for dementia (Creavin et al., 2016). Participants received financial compensation or course credits (for students) after completion of the experiment. Thirty-one (16 older, 15 young) of the participants were tested at the University of Hildesheim and 30 (15 older, 15 young) were tested at the Leibniz Institute for Neurobiology (LIN) Magdeburg.


TABLE 1. Demographic data of all participants included in the study and analyses.

[image: Table 1]Participants were recruited via university mailing lists and social media, via a newspaper article in Hildesheim, and via an existing participant pool of an ongoing study on age-related cognitive changes at the LIN Magdeburg (Assmann et al., 2020; Soch et al., 2021a,b). In Hildesheim, young participants were mainly recruited via digital media and older participants via newspaper call. In Magdeburg, both age groups were equally represented in the existing participant pool at the LIN. The data were collected between November 2019 and January 2020.

The study was approved by the Ethics Committees of the Department of Education at the University of Hildesheim and of the Otto von Guericke University of Magdeburg, Faculty of Medicine. Before the start of the experiment, the participants were informed about the procedure and their rights regarding data protection in accordance with European, federal, and state data protection regulations and gave their written consent to participate in the study in accordance with the Declaration of Helsinki (World Medical Association, 2013).



Stimulus Material

We used a total set of 180 German CRA items, created and employed previously by our group (Kizilirmak et al., 2016a,b, 2018). Each item consists of three nouns or color words (triad) and a fourth solution word. The solution could be used to create compound words with each of the other three (e.g., tree stem, brain stem, stem cabbage). About half of all items were homogeneous (solution word can be used as prefix or suffix for all triad words) and half were heterogeneous (solution word can be used as prefix/suffix for 1–2 triad words).

For each participant, a subset of 140 items, consisting of 60 old CRA items, 30 new CRA items, 30 old control items, 15 new control items, and 5 practice CRA items, was chosen in the following manner: (1) Six sublists of 30 solvable CRA items each (lists: A, B, C, D, E, F) were created that were matched with regard to solution rate, plausibility rating, and probability of an Aha! experience, which was derived from an unpublished pilot with 20 subjects. (2) The six sublists were used to create six lists of 30 unsolvable control items each (A_shuffled, B_shuffled, etc.). To this end, all triad words and all solution words per list were shuffled separately and newly combined, using MATLAB’s randperm() function, followed by manual inspection to ensure that thus created control items were indeed implausible. Note that the words composing a triad did not stay together, but were themselves mixed with words from the other triads. (3) According to a reduced Latin square (Kempthorne, 1952), for each subject we assigned two of the solvable CRA item lists that would be shown during encoding and testing (old CRA), one sublist for unsolvable control items for encoding and testing (old control), one sublist for new CRA items only to be used during memory test, the first half of one sublist for new control items, and of the remaining list, we took the first five items to be used as solvable practice items. For example, for one participant the list was A, B, C_shuffled, D, E_shuffled and items 1 to 5 of list F for practice. For the next participant, it was B, C, D_shuffled, E, F_shuffled and items 1–5 of list A for practice, and so on.



Task and Procedure

Exemplary trials of the encoding and memory test sessions are depicted in Figure 1. The experiment consisted of two experimental sessions. On day 1, participants were informed about the procedure and gave written informed consent, before the MMSE, the MWT-B, and the health questionnaire were administered. Afterward, participants performed the encoding session at a desktop PC after receiving a written task instruction, which they were asked to summarize orally for the experimenter to assess whether the task was understood correctly. On day 2, participants performed the memory test at the PC after having again received written instructions. These task instructions also included a definition of the Aha! experience as described in Kizilirmak et al. (2019), covering the criteria of suddenness, feelings of ease, confidence in the correctness of the solution, and positive affect, as described by Topolinski and Reber (2010). During incidental encoding on day 1, the timeout was too brief for participants to find a solution (4 s), which enabled us to induce sudden comprehension by presenting the solution. On day 2, participants had enough time to actually solve some items themselves (15 s), thereby allowing to assess solution rates of old versus new items as an indirect measure of memory. Moreover, when an item was solved by the participant, we asked them whether they had had an Aha! experience as described in the task instructions they had received beforehand. After the memory test, participants filled out a post-experimental questionnaire to assess potential confounding variables, such as use of strategies, participants’ ideas about our foci of investigation, whether they solve riddles in their leisure time, and whether they had a main criterion when providing the Aha! experience decision after they had solved an item.

The encoding session on day 1 started with five practice trials during which the experimenter made sure that participants had correctly comprehended the task. Then, 60 solvable CRA items and 30 unsolvable control items were presented. Each trial started with a fixation cross in the center of the screen (white on black) for 2 to 6 s (chosen with a pseudo-exponential distribution). This interval was used as this paradigm is intended to be used with functional neuroimaging in a future study, and we wanted to know exactly what kind of behavioral performance we could expect. Following fixation, a verbal riddle was presented for 4 s (see Figure 1A). Three words were presented stacked and centered. A horizontal line separated the triad from a question mark that was the placeholder for the solution word. Item order was shuffled individually for each participant. Participants were encouraged to start searching for the solution themselves, to help them make a plausibility judgment on the solution as soon as it was presented. In this regard, the written instructions they had received earlier read (translated from German): “The puzzles are displayed only briefly. There are solvable and unsolvable puzzles. We want to know, if you can distinguish between them. You can do this better and faster, if you attempted to solve the puzzle first. However, due to the very short presentation time, you will probably only be able to solve very few puzzles. When you have found a solution, please press the space bar immediately. Note that despite pressing the key, the puzzle will continue to be displayed on the screen until the time runs out.” This plausibility decision was followed by another inter-stimulus interval of 2–6 s, during which a fixation cross was presented. The solution was then presented together with the triad until a response was made via button press. The task was to judge the plausibility as a binary decision (plausible/implausible). Button assignment to decision (left and right arrow keys, pressed with index and ring finger of right hand, to plausible/implausible) was counterbalanced across participants to avoid confounding of responses to dominant fingers (typically the index finger).

On day 2 (24 h later, ±1 h), memory was assessed as follows: Participants attempted to solve old (had been presented on day 1) and new items. A total of 135 items (60 solvable old CRA items, 30 solvable new CRA items, 30 unsolvable old control items, and 15 unsolvable new items) were presented. Each trial started with a white fixation cross on black background, presented for 1 s (see Figure 1B). The triad, i.e., three words presented stacked in the center of the screen, with a question mark below a line directly underneath, was presented directly after, either until button press (space bar to indicate that the riddle had been solved) or until the timeout of 15 s was reached. As soon as the button was pressed, this display was immediately replaced by an identical one in which the question mark changed color to green to indicate that it was okay to say aloud the solution and whether participants had experienced an Aha! moment. Both oral responses were written down by the experimenter. After pressing space again, the trial continued with a display of the triad plus the correct solution. This display remained until button press to ensure that participants had read and understood the solution even if they had not solved it themselves (especially for control items which could not be solved). The last display contained a 5-point scale from sure new (–2), over probably new (–1), don’t know (0), to probably old (1), and sure old (2), which remained on screen until participants had chosen one of the values via arrow keys and confirmed by pressing space.



Experimental Design

We used a 2 × 2 × 2 mixed factorial design with Age as between-subjects factor (young vs. older participants) and the within-subjects factors Condition (solvable vs. unsolvable) and Stimulus (old vs. new). The experiment consisted of two sessions: incidental encoding on day 1 and memory testing on day 2, 24 ± 1 h later. During encoding, participants judged the plausibility of items presented with correct (solvable CRA items) or pseudo-solutions (unsolvable control items), presented in random order. By presenting correct solutions for the CRA items, we intended to induce insight-like sudden comprehension, whereas the pseudo-solution to control items should induce continued incomprehension. Previous studies (Kizilirmak et al., 2016b, 2019) have shown that in contrast to the control condition, the CRA condition is typically associated with 54–75% of subjectively reported Aha! experiences, characterized by suddenness, confidence, ease, and pleasure. Because of this, we assumed that it is possible to induce insight-like sudden comprehension via CRA items. During memory testing, participants attempted to solve items that had already been presented during encoding (“old items”) and new items, again in random order. When a solution was provided by the participant, the participant was asked to say whether they had experienced an Aha! moment as defined by a written definition they had received during instruction [core aspects being: suddenness, surprise, being convinced of the correctness, positive affect, as suggested by Topolinski and Reber (2010)]. We assessed the following dependent variables:

(1) congruency of plausibility decision: proportion of solvable CRA items correctly identified as plausible and unsolvable control items correctly identified as implausible;

(2) indirect memory performance: difference between solution rate of old items (= proportion of correctly solved old items) and new items (= proportion of correctly solved new items);

(3) direct memory performance:

(a) difference between hit rate of old items (= proportion of correctly recognized old items) and false alarm rate (= proportion of new items incorrectly identified as old);

(b) confidence rating from “sure old,” “probably old,” over “don’t know” to “probably new,” and “sure new”;

(4) proportion of Aha! experience: subjective feeling of Aha! assessed as a binary measure on day 2 for old and new correctly and incorrectly solved (CRA) items.

The occurrence of a subjective Aha! experience was only assessed on day 2, because the experiment was designed in a way that participants did not have enough time to solve items on day 1 to enable the induction of an insight by presenting the solution.



Statistical Data Analysis

Preprocessing of the data as well as visualization was performed using SPSS version 25 (IBM, Armonk, NY, United States). Data were analyzed using R version 3.6.2 and RStudio version 1.2.5033 for linear mixed-effects models in case of the recognition memory data, and JASP version 0.11.1 (JASP Team, 2020) for Bayesian model comparisons. The dependent variables proportion of congruent plausibility responses, solution rates (indirect memory performance), and Aha! rates were all analyzed by means of Bayesian model comparisons (see Section “Bayesian Model Comparisons”). More details on the included terms can be found in the respective Results subsections.

The recognition memory ratings (direct memory performance) were analyzed in two ways: (1) using linear mixed-effects models as implemented in R’s lme4 package version 1.1-21 (Bates et al., 2015) to analyze the confidence rating, and (2) using JASP and Bayesian model comparison on the discrimination rate, computed as hits minus false alarms. In contrast to all other analyses, we needed to analyze the confidence ratings on the single-trial level to not loose information about the distribution of the five response categories “sure new,” “probably new,” “don’t know,” “probably old,” “sure old” coded as –2, –1, 0, 1, 2. Models were fitted using the restricted maximum likelihood (ReML) method. Using summary statistics would have meant a large number of empty cells for several participants and combinations of the included factors Stimulus (old, new), Condition (CRA, control), Response (sure new, probably new, don’t know, probably old, sure old). Therefore, we decided for this comprehensive analysis approach so that all data could be taken into account.



Bayesian Model Comparisons

We used Bayesian model comparison for ANOVA designs, as implemented in JASP Version 0.11.1 (JASP Team, 2020). In this framework, terms for main effects (e.g., Condition or Age) can be either included into or excluded from the model; and terms for interaction effects (e.g., Condition × Age) can be either included into or excluded from the model when all main effect terms which they are based on are present in the model (i.e., Condition × Age × Site can only be varied when Condition, Age and Site are contained in the model, cf. Supplementary Table 1). Moreover, all models (incl. the null model) include Subject as a random effect in mixed designs with within-subject factors (e.g., Condition).

This leads to a specific number of models for given set of factors (e.g., 19 models for 3 factors, including the null model, cf. Supplementary Table 1). The prior probability for each model is specified as 1 divided by the number of all models. Consequently, main effects, two-way interactions and three-way interactions receive different prior probabilities, because they are contained in a different number of models (see e.g., Table 2). Then, posterior probabilities for all models are calculated and from these, the posterior probability of each effect, i.e., of including the respective term (e.g., the main effect of Condition), can be derived (see Supplementary Methods for more details).


TABLE 2. Results for all considered effects in the Bayesian model comparison for the congruency decision and mean response times of the associated button press.

[image: Table 2]In the results tables, P(E) and P(E|y) denote the prior and posterior probability of including an effect and BFE denotes the Bayes factor in favor of including this effect, which quantifies how much more likely it is to observe the measured data under H1 (in this case, all the models including the term), when compared to observing the data under H0 (all models not including the term). In the text, we additionally report the single winning model when inferring on models rather than effects (see Supplementary Results for more details).



RESULTS


Age-Related Vocabulary Differences

We compared the MWT-B sum scores of both age groups via Bayesian ANOVA, including Age (young, older) and Site (Hildesheim, Magdeburg) as factors. The winning model was the one including just Age [prior probability of P(M) = 0.200, posterior probability of P(M| y) = 0.528], indicating that Site had no relevant effect. In line with the literature (Park et al., 2002), older adults performed considerably better (mean = 31.4, SD = 2.4) compared with younger adults (mean = 25.0, SD = 2.2). The full model space, prior and posterior probabilities are reported in Supplementary Table 1 and the single effects can be found in Supplementary Table 2.



Congruency of Plausibility Decision and Response Times

The plausibility rating was primarily assessed as a control variable, to motivate active processing of the items for incidental encoding. Plausibility (plausible/implausible) was recoded into a variable termed congruency (1 for plausible CRA and implausible control, 0 for implausible CRA and plausible control). Older participants provided congruent plausibility answers for 94.8% (SD = 4.4%) of all CRA items and 95.6% (7.5%) of all control items. Young participants provided congruent responses for 89.2% (6.1%) of all CRA items and 97.2% (6.8%) of all control items. The whole pattern is depicted in Figure 2.


[image: image]

FIGURE 2. Frequency of congruent responses of the plausibility decision by condition and by age group. Congruent responses: plausible CRA and implausible control.


We included Age (younger, older), Condition (solvable, unsolvable), and Site (Hildesheim, Magdeburg) as well as all possible interaction terms in the Bayesian model comparison with proportion of congruent responses as dependent variable. The winning model comprised main effects of Age and Condition as well as the interaction term Age × Condition [prior probability of P(M) = 0.053, posterior probability of P(M|y) = 0.485]. Site (Magdeburg, Hildesheim) explained a negligible amount of variance [see Table 2. Results for all considered effects in the Bayesian model comparison for the congruency for a comprehensive list of all included effects, Bayes factors (BF), and prior/posterior probability of each effect]. The full model space is reported in Supplementary Table 3.

Responses for control items were more accurate (at ceiling) compared to CRA items. Moreover, while older and young participants performed equally well for control items, the older participants were more accurate when rating CRA items than were the young group (see Figure 2).

We further assessed potential response time (RT) differences, depending on Age (young, older) and Condition (solvable, unsolvable), setting up the model comparison as for the frequency of congruent responses. Incongruent responses, that is, incorrect responses, were excluded from analysis. Unfortunately, all participants from Magdeburg had to be excluded from this analysis, because – with the exception of four participants – there was a problem with logging RTs for the right arrow key (plausible response for even numbered participants and implausible response for odd numbered participants).

The winning model was actually the null model [P(M) = 0.200, P(M|y) = 0.344; see Table 2. Results for all considered effects in the Bayesian model comparison for the congruency for a list of all considered effects and Supplementary Table 4 for a report of the full model space with prior and posterior model probabilities, and BFs]. In other words, the data were most likely to be observed under a model just assuming a random effect of participant.

Descriptively, older participants responded more slowly (CRA: mean = 4894 ms, SD = 1939 ms; control: 5276 ms, 2303 ms) compared to young participants (CRA: 3989 ms, 2063 ms; control: 4385 ms, 3009 ms), and participants responded more slowly to control items than to CRA items.



Indirect Memory Performance: Solution Rate on Day 2

As expected, no old or new control items were solved on day 2 (with the exception of one young participant who remembered the pseudo-solution of one unsolvable control item). Hence, we could not include the within-subjects factor Condition, but focused the analysis of indirect memory performance on solvable CRA items. We analyzed the proportion of correctly solved old and new CRA items [within-subjects factor Stimulus (old, new)] with Age (young, older) and Site (Hildesheim, Magdeburg) as between-subjects factors. The winning model which best explains the variance in the observed data [P(M) = 0.053, P(M| y) = 0.506] was the one including Stimulus, Age and the interaction term Stimulus∗Age (see Table 3 for all included terms and Supplementary Table 5 for the whole model space). Again, site explained a negligible amount of variance.


TABLE 3. Results for all considered effects in the Bayesian model comparison for solution rate and response times.

[image: Table 3]Boxplots for all conditions are depicted in Figure 3. Of all solvable CRA items, the older subjects solved a mean of 40.8% (SD = 13.3%) old items and 23.8% (10.5%) new items. The young subjects solved 58.7% (11.7%) old items and 27.8% (10.6%) new items. As can be seen in Figure 3, young participants benefited considerably more from solving old items (mean difference old-new = 30.9%, SD = 12.2%) compared to the older group (17.0%, 10.2%).
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FIGURE 3. Proportion of correctly solved CRA items by Stimulus (old, new) and Age group (young, older).


As solution rates could be dependent on reaction times and reaction times are known to slow with increasing age (Bellis, 1933), we also compared reaction times of correctly solved CRA items with regard to Stimulus (old, new), Age (young, older), and Site (Hildesheim, Magdeburg). Please note that a single older participant never solved any new item, which is why this subject was not included (see Supplementary Table 6 for full model comparison). The winning model was the one containing main effect terms for Stimulus, Age, and Site, as well as the interaction term Stimulus∗Age [P(M) = 0.053, P(M| y) = 0.202, but see Table 3]. This was the only model comparison in which a model containing Site was the best way to explain the observed data.

Participants measured in Magdeburg (MD) had generally longer RTs compared to participants measured in Hildesheim (HI). As displayed taken in Table 4, older and younger participants showed similarly slow RTs for new items, but the younger participants were considerably faster in responding to old items, mirroring the solution rates reported above (see Table 4 and Figure 3).


TABLE 4. Descriptive statistics for response times of correctly solved CRA items.

[image: Table 4]To further assess whether the solution rates of old and new CRA items were positively correlated with the participants’ vocabulary (this was H1; H0 was that there was no such correlation), we computed Bayesian correlations for each age group and item category. We calculated Pearson’s rho, but, instead of p-values and confidence intervals, BFs and credibility intervals were computed to decide which hypothesis is most likely, given the data. The correlations are depicted in Figure 4.
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FIGURE 4. Correlation between score of vocabulary test (MWT-B) and frequency of correctly solved CRA items.


For older participants, there was moderate evidence for a positive correlation for old CRA items (r = 0.398, BF10 = 4.599). Thus, it is about 4.6 times more likely that there is a positive correlation than that there is none. However, for new CRA items, there is only anecdotal evidence for such a relationship (r = 0.308, BF10 = 1.642). Thus, there probably is no such correlation for new items.

For younger participants, there was merely anecdotal evidence for the H0 for old CRA items (r = 0.226, BF10 = 0.795). For new CRA items, there was even moderate evidence for H0, that is, the absence of a positive correlation, which is of no surprise with an r = –0.006 (BF10 = 0.221).

To summarize, if any correlation can be assumed between vocabulary and CRA solution frequency, then only for older participants and old CRA items.



Direct Memory Performance: Recognition of Old Items on Day 2

To address the main hypothesis, namely an increased beneficial effect from sudden comprehension on later recognition memory in older adults more directly, we ran a simplified analysis, in which all “don’t know” responses were excluded, and the “probably” and “sure” responses were collapsed. This enabled us to calculate classical hit and false alarm rates to infer how well participants could discriminate between old and new items. We computed differences between hit rates and false alarm rates for each condition and ran a Bayesian model comparison including Age (older, young), Site (Hildesheim, Magdeburg) and Condition (CRA, control) as well as all potential interaction terms (see Table 5). The winning model was the one including main effects of Condition and Age [P(M) = 0.053, P(M| y) = 0.337; see Supplementary Table 7 for a comprehensive list of all models].


TABLE 5. Results for all included terms in the Bayesian model comparison for recognition memory performance (difference hits – misses).

[image: Table 5]As can be seen in Figure 5A and Table 6, while the young performed generally better in discriminating between old and new items, the difference between the performances of both age groups was significantly smaller for CRA compared to control items (see for descriptive values). Moreover, old/new discrimination of CRA items in older adults was equal to discrimination of control items in younger adults. From another perspective, while the discrimination rate for the young was 13.6% higher for CRA compared to control, the benefit was 20.7% and thus considerably higher for the older participants (see Table 6 for comprehensive descriptive statistics).
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FIGURE 5. Recognition memory performance. (A) Depicts the ability to discriminate between old and new items (proportion of hits minus false alarms) by Condition (solvable CRA, unsolvable control) and Age group (young, older). (B) Shows the mean proportion of each response category for the recognition memory rating [sure new (–2), probably new (–1), don’t know (0), probably old (1), sure old (2)] by Condition (CRA, control), Stimulus (old, new), and Age group (young, older).



TABLE 6. Descriptive statistics for the recognition memory performance (hits-misses).

[image: Table 6]
Recognition memory performance was also analyzed by using linear mixed-effects models to obtain further information about the confidence with which participants made their recognition memory decision. Linear mixed-effects models were used to allow for a trial-wise analysis of the data, which was necessary, because not all participants made use of all available response options in each condition. The latter would have resulted in many participants with empty cells when using classical averaging per participant and per condition. We first computed a null model with only Subject (N = 61) and Solutions (N = 182)4 as random intercepts for later comparison. This null model (M0) was compared with a model M1 that additionally included the fixed-effects factors Condition (CRA, control), Stimulus (old, new), and Age (older, young), a model M2 including also the respective interaction terms, and a model M2a that included Condition as random slope to address the individual differences in CRA versus control slopes. All models are listed in Table 7. We ran model comparisons by using R’s anova() function. The winning model was M2a.


TABLE 7. Linear mixed-effects models for recognition memory rating as measured on a 5-point scale (–2 “sure new,” –1 “probably new,” 0 “undecided,” 1 “probably old,” and 2 “sure old”).

[image: Table 7]As can be seen in Figure 5B, participants of both age groups were most confident when making their decision on old CRA items, while they were less confident when deciding on old control items. Moreover, the young made more “probably” responses while older adults made more “don’t know” responses.

Regarding the fixed effects, main effects of Condition [t(110.34) = 5.09, p < 0.001], Stimulus [t(8027.26) = 30.80, p < 0.001], and Age [t(78.56) = 3.01, p = 0.004] were highly significant. The interaction terms Age∗Stimulus [t(8082.89) = 14.27, p < 0.001] and Condition∗Stimulus [t(8103.91) = 9.37, p < 0.001] were also highly significant. The interaction between Condition∗Age was not significant [t(108.72) = 1.30, p = 0.198], whereas the triple interaction reached significance [t(8041.06) = 2.01, p = 0.044].



Aha! Experience

To analyze the potential relationship between the proportion of Aha! experiences for correct (true insight) and incorrect solutions (false insight) of old and new items, we ran another model comparison including between-subjects factor Age (young, older), within-subjects factor Insight (true, false), within-subjects factor Stimulus (old, new) and all possible interaction terms (see Table 8). We decided to leave Site out of the model, as it had proven largely negligible in the previous model comparisons, and would have made the model space unnecessarily complex. The winning model this time was the simple model only including Insight [P(M) = 0.058, P(M|y) = 0.390; see Supplementary Table 8], suggesting that neither Age nor Stimulus had probable effects, given the data.


TABLE 8. Results for all included terms in the Bayesian model comparison for proportion of reported Aha! experiences of incorrectly and correctly solved items.

[image: Table 8]As can be seen in Figure 6, true insights were associated with a considerably higher number of Aha! experiences than false insights, and neither the age group (young, older) nor item status (old, new) contributed meaningfully to explaining the observed data (see Table 9 for descriptive statistics).
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FIGURE 6. Proportion of reported Aha! experiences for correctly (true insight) and incorrectly (false insight) solved items by Age group (young, older).



TABLE 9. Proportion of reported Aha! Experiences.

[image: Table 9]


DISCUSSION

This study reports, to our knowledge, the first investigation of age-related differences in problem solving by induced insight-like sudden comprehension and its effects on successful memory formation. The only other study on insight and aging focused on sleep as an incubation period (Debarnot et al., 2017) and did not address learning or memory formation. Our main interest here was, whether learning by induced insight could represent a potential resource in old age. To this end, during memory encoding, we employed an insight-like study condition, which induced sudden comprehension after a previous state of incomprehension (CRA condition), and compared it with a control condition during which the state of incomprehension was maintained. Later memory was tested (1) indirectly by means of solution frequency of old compared to new items (also known as the re-solution effect; Dominowski and Buyer, 2000) and (2) directly with regard to the ability to discriminate between old and new items.


Pronounced Memory Benefit From Sudden Comprehension in Older Adults

In line with our key hypothesis that older adults may show a pronounced memory advantage for CRA items, we found that their recognition memory performance (i.e., their ability to discriminate between old and new items) strongly benefited from this condition compared to the control condition (see “Direct Memory Performance: Recognition of Old Items on Day 2”). In fact, older adults exhibited a proportionally higher benefit from this insight-like encoding than the young adults. Participants of both age groups further showed a benefit from incidental encoding on the previous day on the indirect measure of memory, with solution rates being generally higher for old compared to new CRA items (see section “Indirect Memory Performance: Solution Rate on Day 2”). However, this benefit was significantly higher for the young compared to older adults. This effect pattern could either be due to (a) opposing effects of a better ability to solve the riddles in older adults on the one hand (larger vocabulary, Park et al., 2002), but slower processing speed (Salthouse, 1996), or (b) due to better memory for old solutions of the young. The first explanation appears more likely, given the significantly slower RTs of older as compared to young participants for old CRA items, the higher benefit from the CRA condition with respect to discrimination ability in older adults, and the equally high solution rates for new items. However, to evaluate this further, one would need to conduct a follow-up study without timeouts for solving the riddles to avoid potentially confounding effects of solution rates with reaction times or, more generally processing speed.



Vocabulary Advantage and Higher Accuracy of Plausibility Judgments by Older Adults

Many empirical studies have suggested that older adults have a stronger tendency to generalize information, a phenomenon also associated with increased false-memory effects due to semantic priming (Fandakova et al., 2013), preserved semantic priming even in Alzheimer’s disease (Evrard et al., 2016), reversed self-referential encoding patterns as compared to the young (focusing more on what is common, not the differences) (Gutchess et al., 2010), as well as generalized and reduced task-specific activation patterns in neuroimaging studies (Wang et al., 2010; Hoffman and Morcom, 2018). Yet, at the same time, their vocabulary tends to be more extensive and their semantic knowledge is broader compared to the young, although access is slower and more difficult (Park et al., 2002). Here, we could replicate this finding, using the vocabulary-based MWT-B (Lehrl, 1999), which yielded higher values in our sample of older adults as compared to the young (see section “Age-Related Vocabulary Differences”). Moreover, older adults were better at making plausibility judgments of CRA items (see section “Congruency of Plausibility Decision and Response Times”). The proportion of correctly solved items was not only comparable for new items in both age groups, despite the short time limit for attempting to solve the riddles on day 2 (15 s), but also RTs did not differ. This points to the interesting possibility that a broader and more strongly interconnected associative network may exist in the older participants, enabling them to find CRA solutions faster, counteracting the reaction time disadvantage. We found moderate evidence for a positive correlation between vocabulary and solution rates in older participants, but only for old CRA items, while it was only negligible for new items (see section “Indirect Memory Performance: Solution Rate on Day 2”). Thus, this interpretation has to remain tentative.

It is likely that the vocabulary advantage of older adults also facilitated their plausibility judgments. Moreover, older adults apparently depend more strongly on prior knowledge during visual as well as memory-related processing, as recently shown by Wynn et al. (2020). These findings are also in line with previous research from a large cognitive training study in older adults (ACTIVE; Gross et al., 2011), which found that verbal memory was a predictor of everyday problem-solving abilities in healthy older adults (>65 years). Thus, in tasks where prior knowledge and strong, generalized interconnectedness of knowledge represents an advantage, as likely in the present problem-solving task, this automatic reliance on existing knowledge can be beneficial. This supports our hypothesis that verbal knowledge represents a cognitive resource in old age.



Considerations on the Underlying Neural Basis of Observed Age-Related Differences

We tested the hypothesis that learning by induced insight-like sudden comprehension could represent a potential resource for learning at an advanced age, based on the repeated observation from neuroimaging studies of learning by insight (Ludmer et al., 2011; Kizilirmak et al., 2016b, 2019) that this process is mainly hippocampus-independent. Remarkably, instead of the hippocampus, midline structures like the medial prefrontal cortex and other regions of the so-called Default Mode Network (DMN) appear to play important roles in learning by insight. Especially the normally aged older adults (excluding the so-called successful agers) show subsequent memory effects suggesting that they use an hippocampus-independent network for successful episodic memory encoding that shows considerable overlap with the DMN (Maillet and Rajah, 2014). The question arises, whether this shift could represent the neurocognitive basis for beneficial effects of learning by insight in old age, and will be addressed in a next step.

The advantage of learning by insight for older adults, which is reflected by the higher increase in discrimination ability for the CRA as compared to the control condition, is highly interesting in light of a study that revealed impaired problem-solving ability in older adults, especially those with MTL lesions when compared with healthy young subjects (Sheldon et al., 2011). One of the investigated abilities was that of inferring how a solution state could be reached provided a given problem state (so-called Means-End Problem Solving). This task is very similar to our incidental encoding task, because we also provide a problem (triad) and a solution, while participants have to figure out how the solution word can be used to form compound words to make the plausibility judgment about the solution. Sheldon et al. (2011) reported significantly lower proportions of provided means (i.e., ways to reach the solution) in older adults and in patients with MTL lesions as compared to young healthy adults. This finding challenges our hypothesis that older adults may have an advantage in learning via insight due to it being less hippocampus-dependent. If problem solving depends on the MTL and especially the hippocampus, as not only Sheldon et al. but also others suggest for insight problem solving in particular (Luo and Niki, 2003; Kizilirmak et al., 2016b), how can it be that learning by insight is still enhanced as supported by facilitating old/new discrimination? This question can only be answered by neuroimaging studies that look further into age-related differences in neural networks of memory formation during learning by insight. Studies with young healthy participants at least suggest that while the hippocampus is indeed involved in insight-like sudden comprehension during problem solving, it plays no significant role in successful learning by insight (Ludmer et al., 2011; Kizilirmak et al., 2016b, 2019). Instead, the medial prefrontal cortex, which has been shown to play a key role in prior-knowledge dependent encoding (van Kesteren et al., 2012, 2013), seems relevant for this type of memory encoding.



Limitations

There are a number of limitations on the type of inferences we can draw from the current study. One is with regard to the operationalization of insight, or, more precisely, induced insight-like sudden comprehension. We did not assess, during encoding, whether participants actually had an “Aha!” experience concurrent with comprehending the presented solution to CRA problems. We refrained from adding a Aha!/no Aha! decision to the important plausibility judgment, because we intend to use the same design not only with functional magnetic resonance imaging, but also with clinical populations for whom the cognitive load of the task should be kept at a minimum (e.g., Alzheimer’s disease). Nevertheless, because of this, we can only make indirect inferences on whether the CRA condition was indeed a true insight condition – on the one hand, from the memory test of the current study, where we did assess the Aha experience, and, on the other hand, from other studies, in which we generally used the same encoding task, but also assessed Aha! in addition to plausibility (Kizilirmak et al., 2016b, 2019). From the memory test, we know that on average participants reported 59.2% of all correctly solved (old and new) CRA items to be associated with a concurrent subjective feeling of Aha!. From the named functional neuroimaging studies, we found that, during encoding, participants reported between 54 and 75% of Aha! experiences for presented CRA solutions. Thus, there is a high likelihood that in the majority of trials, participants did indeed comprehended the solutions to CRA with insight-like sudden comprehension or Aha!.

Another important consideration that has to be made is the question whether the here-used operationalization of insight and its beneficial effect on later old/new discrimination especially for the older adults is actually something special. The CRA can be understood as a sudden comprehension condition, whereas the control condition is a continued incomprehension condition. Here, we defined this “initial non-comprehension followed by comprehension” as insight (Auble et al., 1979). It has previously been shown in a series of experiments that this condition is more beneficial to later memory than (1) immediate comprehension and (2) continued incomprehension (Auble and Franks, 1978; Auble et al., 1979). The results of these studies further suggest that “the amount of elaborative processing does not seem to be an effective determinant of later recall” (Auble et al., 1979, p. 433) – neither when amount of elaboration was operationalized as “time to elaborate” nor as “difficulty to comprehend”. According to this line of thought, we compared response times for the plausibility response on day 1 (see section “Congruency of Plausibility Decision and Response Times”). Indeed, RTs were longer for the control condition, both in young and older adults. Moreover, in both conditions, participants had the exact same instructions during encoding: Try to understand whether and how the solution word can be used to build compound words with each of the other three. Thus, participants performed a semantic (or at least lexical) elaboration task on all items. We therefore conclude that changing a state of incomprehension into comprehension is of key relevance to learning in this context. At least elaboration in the sense of effort toward comprehension was not they key to facilitate learning.

One question that arises is whether our conditions (CRA versus control) could be compared with deep versus shallow levels of processing (Craik and Lockhart, 1972; Eysenck, 1979; Craik, 2002). Before the presentation of the solution, this is most definitely not the case. In both conditions, three words are presented that, on first glance, do not seem to be semantically related. Participants search for the compound solution word lexically and semantically. Levels of processing should be about equal to this point. After presentation of the solution, the link between the triad words becomes evident by means of the presented solution for CRA items only (=insight-like sudden comprehension), but not for control items. Based on these considerations, one could say that there is some difference with regard to the levels-of-processing, because CRA items can more easily be linked lexically (and to some degree semantically) than control items.

Another question is whether the results be explained by prior knowledge related versus prior knowledge unrelated encoding differences (van Kesteren et al., 2014; Greve et al., 2019; Wade and Kidd, 2019). Both conditions work with the exact same words (see section “Stimulus Material”), so there should be no general vocabulary differences. However, in the CRA condition, the words that make up the items can be linked based on prior knowledge, that is, by comprehending the valid compound words and their association via the solution word. Thus, there is a difference with regard to the benefit of prior knowledge on encoding.

To summarize, the here studied insight-like sudden comprehension appears to combine several phenomena (levels-of-processing, prior knowledge based encoding) that are each on their own known to be beneficial to memory encoding, and especially so for older participants (Kan et al., 2020; Ryan et al., 2020). We would like to propose that this combined effect, plus the key aspect of changing a state of incomprehension into sudden comprehension makes the insight memory advantage special in its own way.



Clinical Implications

Age-related memory impairment, while physiologically observed, must be differentiated from the early, pre-clinical stages of Alzheimer’s disease (AD). The gross anatomical changes in AD, which are observed with brain imaging, are preceded by accumulations of pathological proteins in the brain, most prominently plaques formed by beta-amyloid (Aβ) and neurofibrillary tangles consisting of aggregated tau protein (Schapira et al., 2017). While Aβ deposition correlates poorly with cognitive abnormalities, tau deposition is mirrored by characteristic cognitive deficits (Maass et al., 2019). In early AD, tau begins to accumulate in the MTL and is highly related to MTL atrophy and a deficit in object memory. Subsequently, tau pathology spreads toward frontal and posterior midline regions (Schöll et al., 2016), and this is reflected by an increasing deficit in scene memory. With respect to the task used here, would thus be highly interesting to study learning by insight in older adults at risk for AD, as indexed by subjective cognitive decline (SCD; Jessen et al., 2020) and biomarkers of neurodegeneration. We predict that older adults at risk for AD with tau pathology restricted to the MTL, would show at least some degree of preserved learning from insight, while performance should largely break down with the spread toward midline brain regions that seem to play a key role in this type of learning (Kizilirmak et al., 2019).



CONCLUSION

The results of the current study reveal that healthy older adults can outperform young adults with regard to their ability in judging the plausibility of provided solutions to verbal riddles. Moreover, despite only a brief time for problem-solving, older adults were similarly good as the young in solving novel riddles. Lastly, older adults benefited considerably from learning by insight-like sudden comprehension with regard to later ability to discriminate between old and new items. This suggests that learning by insight, which relies strongly on prior knowledge, constitutes a promising approach to improve learning and memory performance in old age. The neural underpinnings of this process are yet to be elucidated, and neuroimaging studies are warranted to assess the underlying neural mechanisms proposed in this study.
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FOOTNOTES

1 At this point we would like to point out that the relative volume loss of the hippocampus is about twice to thrice compared to that of prefrontal regions like the inferior frontal gyrus (Fjell et al., 2009).

2 Please note that, whenever we use italics for “old,” we refer to old items to avoid mix-ups with older adults.

3 The sample size was determined by prior experience about effects of the insight memory advantage (Kizilirmak et al., 2016b, 2019). We did not conduct an a priori power analysis for this study. Bayesian analyses work fundamentally different from classical null hypothesis significance testing (e.g., Wagenmakers et al., 2016; Faulkenberry et al., 2020; van Doorn et al., 2020). Because unlike Frequentist statistics, Bayesian inference does not control the type I error rate, but quantifies the evidence for competing hypotheses given observed data, there is no possibility to calculate statistical power given significance level and sample size. Instead, Bayesian inference works by updating posterior beliefs about the hypotheses based on the data, and it is even possible to quantify how the posterior probabilities for the hypotheses change with accumulating data. As van Doorn et al. (2020, p. 4) put it: “As may be expected from a framework for the continual updating of knowledge, Bayesian inference allows researchers to monitor evidence as the data come in, and stop whenever they like, for any reason whatsoever. Thus, strictly speaking there is no Bayesian need to pre-specify sample size at all.”

4 Checking the participants’ solutions had led us to accepting two additional alternative solutions for two items.
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Sevoflurane is one of the most widely used anesthetics for the induction and maintenance of general anesthesia in surgical patients. Sevoflurane treatment may increase the incidence of postoperative cognitive dysfunction (POCD), and patients with POCD exhibit lower cognitive abilities than before the operation. POCD affects the lives of patients and places an additional burden on patients and their families. Understanding the mechanism of sevoflurane-induced POCD may improve prevention and treatment of POCD. In this paper, we review the diagnosis of POCD, introduce animal models of POCD in clinical research, analyze the possible mechanisms of sevoflurane-induced POCD, and summarize advances in treatment for this condition.
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INTRODUCTION

Postoperative cognitive dysfunction (POCD) is a type of cognitive impairment that occurs after anesthesia and surgery. Patients with POCD experience impairment of cognitive abilities including attention, concentration, memory, information processing, executive function, visual-spatial ability, and psychomotor speed (Huang et al., 2020). POCD seriously affects the lives of patients, prolongs the length of hospitalization, increases medical expenses, and increases the burden on patients and their families (Cui et al., 2018). Among patients with apparently decent cognitive abilities before undergoing anesthesia and non-cardiac surgery, approximately 12% show symptoms of cognitive dysfunction after surgery (Needham et al., 2017).

Sevoflurane is one of the most frequently used volatile anesthetics and has the advantages of quick inhalation, rapid induction, and fine controllability. However, there is evidence that exposure of humans and animals to sevoflurane-based anesthetics, especially repeat exposure, can lead to neuropathological changes to the brain and long-term cognitive impairment (Tang et al., 2020). The neurotoxic effects of sevoflurane may be mediated via neuroinflammation, a neurotransmitter imbalance, and/or a reduction in brain-derived neurotrophic factor (BDNF) concentration (Gibert et al., 2012; Ozer et al., 2017; Cui et al., 2018; Qiu et al., 2018).



POSTOPERATIVE COGNITIVE DYSFUNCTION

The potential association between POCD and surgery under general anesthesia was first described in 1955 (Bedford, 1955; Belrose and Noppens, 2019). Subsequent research on POCD has focused on different aspects of the condition, ranging from epidemiology to diagnosis and treatment, and the field continues to expand. POCD is common among the elderly and places an additional burden on patients’ family members and caregivers. The incidence of cognitive dysfunction ranges from 10 to 65% and varies with many factors such as age, education level, sex, comorbidities, type of surgery, and evaluation methods (Boone et al., 2020).

The definition and diagnostic criteria of POCD vary across time periods and disciplines. Therefore, consistent terminology is necessary for the identification and diagnosis of POCD. In 2018, a multiprofessional working group recommended use of the Diagnostic and Statistical Manual of Mental Disorders, fifth edition (DSM-5) nomenclature for clinical purposes; the recommended POCD index refers to a follow-up period from 30 days to 12 months after anesthesia and surgery, assuming that the cognitive decline cannot be explained by any other medical condition (Evered et al., 2018). Due to the variability of previous studies, in this review, the term POCD will be used interchangeably with postoperative delirium (POD)—a temporary state of cognitive change that occurs immediately or within a few days after surgery.


Diagnosis

Diagnosis and research are prerequisites for treatment. Changes in behavioral and pathological biomarkers are the two major characteristics of POCD and the basis for its diagnosis. Although the 2018 recommendations provide a formal definition of POCD, there is a lack of uniform diagnostic criteria. A widespread criterion for POCD is a decline of one standard deviation from before to 3 months after surgery in at least two objectively measured cognitive functions, including verbal memory, attention, cognitive flexibility, language, and visuomotor abilities (Butz et al., 2019). The DSM-5 also specifies six key domains that should be considered when implementing diagnostic criteria for neurocognitive diseases: Perceptual-motor function, language, learning and memory, social cognition, complex attention, and executive function (Olotu, 2020). These functions are generally assessed using cognitive dysfunction scales in the postoperative period. The Mini–Mental State Examination, Montreal Cognitive Assessment, confusion assessment, and clock-drawing test are instruments commonly used to assess cognitive function in clinical settings. These assessment scales are applicable to all neurocognitive disorders, not just to POCD. Moreover, different scales focus on different cognitive domains. Therefore, it is difficult to determine which tests are most appropriate for diagnosing POCD. In practice, certain clinicians combine different scales for a holistic assessment, such as in the form of the Z score. The Z score is subsequently combined into a composite cognitive score by averaging the Z scores of each test from the patient’s preoperative assessments (Li Y. et al., 2019).

In addition to abnormal behavior, changes in the concentration of certain biomarkers may also indicate cognitive dysfunction. The biomarkers of POCD are primarily classified into brain-derived, inflammation-related, and neurotransmitter-based biomarkers. Tau protein, β-amyloid (Aβ), calcium binding protein β (S100β), and neuron-specific enolase (NSE) are specific markers of brain function. This may be why brain-derived biomarkers appear to be the gold standard for POCD. Further research has focused on inflammation-related biomarkers such as C-reactive protein, interleukins, and tumor necrosis factor-α (TNF-α). These markers are highly sensitive for the diagnosis and prediction of POCD but have low specificity. Neurotransmitters, metabolites, and their precursors are involved in cognition. However, the measurement of neurotransmitters after surgery cannot immediately distinguish patients with POCD from those without.

As postoperative cognition is a multifactorial process, there can be no single predictive marker, and clinicians typically examine several biomarkers simultaneously. A set of appropriately selected biomarkers with adequate sensitivity and specificity for POCD is needed (Schaefer et al., 2019; Majewski et al., 2020; Table 1).


TABLE 1. Reported biomarkers of postoperative cognitive dysfunction.
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Animal Models of POCD

A POCD animal model was established based on the different mechanisms of POCD caused by surgery or anesthetics. POCD in an animal model is mainly measured by analyzing animal behavior. The Morris water maze, open field test, Y-maze training and test, and novel object recognition task, among others, are common behavior-testing methods. Pathological examination of animal brain tissues and the evaluation of various in vivo markers are objective methods to further verify whether establishment of a model is successful.

The surgical POCD model is based on the fact that acute inflammatory reactions occur after all surgeries. Inflammation-induced cognitive impairment has been recognized for decades. Surgical procedures to induce POCD include orthopedic procedures such as internal fixation of tibial fractures (Miller-Rhodes et al., 2019; Yang et al., 2019), exploratory laparotomy (Zhang Q. et al., 2018; Zhang Z. et al., 2018), bilateral carotid artery ligation (Yamamoto et al., 2018; Zhang et al., 2021), splenectomy (Kamer et al., 2012), partial hepatectomy (Wei et al., 2018), and cardiac surgery (Hovens et al., 2016). Although different types of surgery can induce POCD in rats, the specific aspects and degrees of cognitive effects are not consistent among them. Some scholars have found that both abdominal and cardiac surgery can impair spatial memory, but only cardiac surgery can impair spatial learning and object recognition. Moreover, the effects of abdominal surgery appear to be limited to the hippocampus, whereas cardiac surgery appears to be associated with more widespread changes in the brain (Hovens et al., 2016). The clinically relevant tibial fracture mouse model is the most common POCD model, and this may be related to the high incidence of POCD in clinical orthopedic surgery. Indeed, as many as 50% of elderly patients suffer neurological complications after routine orthopedic surgery for fracture repair (Xiong et al., 2018).

N-Methyl-D-aspartic acid (NMDA)- and γ-aminobutyric acid (GABA)-mediated pathways play a critical role in normal neurodevelopment (Mutch et al., 2018). These two pathways are the targets for most anesthetics, and animal models of POCD can be established by performing anesthetic treatment. The primary anesthetic drugs used in the study of animal models of POCD are inhaled anesthetic gases such as sevoflurane (Huang C. et al., 2018) and isoflurane (Zhu et al., 2018; Velagapudi et al., 2019), intravenous anesthetics such as ketamine (Kozela et al., 2020) and propofol (Li X. et al., 2019), and adjuvant drugs such as scopolamine (Qiu et al., 2016). Anesthetic-induced cognitive impairment may depend on the developmental stage, anesthetic agent, and exposure dose. Researchers have reported that repeated but no single exposure to sevoflurane can cause POCD (Shen et al., 2013). The incidence of sevoflurane-induced POCD in adult mice is lower than that in young mice (Shen et al., 2013). Compared with normal, saline-administered, and low-dose scopolamine-administered rats, rats infused with 1.8 mg/kg scopolamine required more time to complete behavioral activity tests (Qiu et al., 2016; Table 2).


TABLE 2. Animal models of postoperative cognitive dysfunction.

[image: Table 2]Although POCD animal models can be established independently by using anesthesia or surgery, researchers tend to combine these two methods. Two interesting phenomena occur in POCD animal models. First, the evidence for anesthetic neurotoxicity is unequivocal when studied in animal models. However, these findings have translated poorly to the clinical domain when equated to POD in adults and POCD in either children or the elderly (Mutch et al., 2018). Therefore, it is necessary to control for age and pre-existing diseases when constructing POCD animal models. Second, POCD models are currently limited to rats and mice. No studies on POCD in non-human primates have been reported (Eckenhoff et al., 2020).



SEVOFLURANE-INHALATION ANESTHESIA

Sevoflurane (chemical name: 1, 1, 1, 3, 3, 3,-hexafluoro-2-[fluoromethoxy]propane ether) is a colorless, fragrant liquid first synthesized by Regan in 1968 (Smith et al., 1996). This powerful inhalation anesthetic is widely used in clinics, especially for children. However, its anesthetic mechanism remains unclear. Sevoflurane reportedly causes amnesia, analgesia, coma, and quiescence, primarily by inhibiting NMDA receptors (Petrenko et al., 2014). In addition, in vivo studies have suggested that GABA type A (GABAA) receptors (Lim et al., 2014), nicotinic acetylcholine receptors (Tang et al., 2018), and voltage-gated sodium channels (Yokoyama et al., 2011) are potential targets for sevoflurane related to its hypnotic effects (Palanca et al., 2017).

The clinical application of sevoflurane is complicated. It is currently the most commonly used inhalation anesthetic in operating rooms. It yields excellent respiratory tolerance and hemodynamic stability, providing a safe anesthetic process. However, electroencephalographic signs of epilepsy have been observed with sevoflurane, both during induction (Julliac et al., 2013) and under steady-state conditions (Cui et al., 2018). Sevoflurane treatment statistically significantly increases the incidence of POCD, particularly in the elderly.

Due to improvements in the overall standard of living, medical care, nutrition, and education, older patients now account for an increasing proportion of the surgical population. In one study, the incidence of POCD was at least twice as high in individuals older than 60 years as in younger age groups (Alalawi and Yasmeen, 2018). The high incidence of POCD in older individuals may be related to specific susceptibility factors. First, aging itself is a risk factor for cardiovascular, respiratory, renal, and neurodegenerative diseases. Immune responses to pathological insults also decrease with age. Second, the pharmacokinetics and pharmacodynamics of older individuals are considerably altered compared to younger individuals. With gradual degeneration of various organ functions, sevoflurane-based anesthesia in older individuals results in a lower minimum alveolar concentration of sevoflurane and an increased cumulative effect of sevoflurane (Cooter et al., 2020). Hence, sevoflurane may remain in the blood for longer periods in older than in younger individuals after anesthesia. The fragile balance between neuroinflammation and neuronal functioning in older individuals is easily interrupted upon pathological insult (Luo et al., 2019). Studies have found elevated plasma concentrations of S-100β protein, TNF-α, and IL-6 in individuals receiving sevoflurane anesthesia (Qiao et al., 2015). Sevoflurane has been found to induce increased inflammation and apoptosis of hippocampal neurons in older rats (Yang L. H. et al., 2020). Sevoflurane-induced anesthesia upsets the balance between neuroinflammation and neuronal functioning, especially in older individuals, increasing the incidence of POCD. The appropriate management of pre-existing diseases and maintenance of optimum bodily functioning may be an effective way to reduce the incidence of sevoflurane-induced POCD. Finally, in older animals, postanaesthetic sevoflurane-related behavioral deficits tend to be larger and last longer than those in younger animals (Peng et al., 2020).Therefore, it is important that studies include aged rodents when performed to investigate the mechanism of sevoflurane-induced POCD.

In addition to patient-related factors, the type of general anesthetic used for maintenance of anesthesia may affect the incidence of POCD. Sevoflurane-induced anesthesia may predispose patients to POCD. Qiao et al. (2015) discovered that the incidence of POCD was higher in older patients who underwent resection of esophageal carcinoma under inhalational anesthesia with sevoflurane than in those in whom anesthesia was maintained with intravenous propofol. In another randomized controlled trial of laparoscopic cholecystectomy, sevoflurane-induced anesthesia aggravated POCD compared to propofol (Geng et al., 2017). Tachibana et al. (2015) investigated the quality of cognitive function in older patients undergoing an extended period of desflurane or sevoflurane anesthesia. They discovered the Mini-Mental State Examination score, which represents learning by repeat testing, was reduced following sevoflurane but not desflurane anesthesia.

The contradictory effects of sevoflurane have prompted researchers to study its effects on neurons. Some studies have confirmed that sevoflurane exerts neuroprotective effects through specific pathways. In a rat model of focal cerebral ischemia, sevoflurane pre-treatment exerted a neuroprotective effect by reducing Akt signaling activity and activating autophagy (Lu G. et al., 2020). Kim et al. (2017) demonstrated that post-treatment with sevoflurane reduces apoptosis by activating phosphorylation of the Janus kinase 2-signal transducer and activator of transcription 3 pathway, upregulating Bcl-2 (an anti-apoptotic protein) and downregulating Bax (a pro-apoptotic protein) (Kim et al., 2017). In addition, sevoflurane post-treatment can upregulate mir-203 expression to attenuate cerebral ischemia–reperfusion-induced neuroinflammation by targeting MyD88 (Zhong H. et al., 2020). However, more studies have been conducted on sevoflurane-induced neuropathy and its effect on postoperative cognitive function, the details of which are discussed in the following section.



SEVOFLURANE-INHALATION ANESTHESIA AND POCD

POCD is a multifactorial, neurodegenerative condition of which the underlying mechanisms remain unclear. A series of animal studies and repeated clinical trials have shown that after exposure to sevoflurane-inhalation anesthesia, humans and animals experience varying degrees of cognitive decline. There are many hypotheses regarding the pathogenesis of sevoflurane-induced POCD, including neuroinflammation, changes in neurotransmitters, a decrease in BDNF, mitochondrial oxidative stress, and changes in Aβ concentrations. These mechanisms are not completely independent and interact with each other. In recent years, increasing attention has been paid to the relationship between sevoflurane-induced POCD and neuroinflammation, changes in neurotransmitters, and BDNF reduction.


Neuroinflammation-Related Sevoflurane-Induced POCD

Neuroinflammation in the brain, particularly in the hippocampus, has been shown to play a contributory role in POCD. The activation of microglia may play a key role in the occurrence of POCD as activated microglia are now recognized as the main source of pro-inflammatory cytokines and chemokines in the central nervous system (CNS) (Block et al., 2007; Lu B. et al., 2020). Neuroinflammation and microglial activation trigger and amplify a complex cascade of reactions, including immune response activation, microcirculatory changes, increased hippocampal oxidative stress, and increased blood–brain barrier permeability (Su et al., 2020). The pro-inflammatory cytokines IL-1β, IL-6, and TNF-α were statistically significantly increased in the brains of rats exposed to sevoflurane in a number of studies (Wadhwa et al., 2017; Huang L. et al., 2018). The mechanisms by which sevoflurane induces neuroinflammation are worth exploring.

Nuclear factor-kappa B (NF-κB) is a family of dimeric transcription factors that recognize and regulate genes involved in inflammation. NF-κB is normally retained in the cytoplasm by binding to NF-κB inhibitors (IκB). Various receptor-mediated signaling cascades activate the IκB kinase complex, which subsequently phosphorylates the inhibitory cytoplasmic NF-κB chaperone IκB, thus allowing NF-κB dimers to translocate to the nucleus and initiate specific gene transcription (Wang et al., 2014; Afonina et al., 2017; Huang L. et al., 2018). Sevoflurane is highly lipophilic and easily diffuses across the cell membrane without binding to specific receptors on the cell membrane, which may directly stimulate NF-κB signaling. Sevoflurane has been shown to increase intracellular Ca2+ by activating GABA receptors, inducing mitochondrial damage, and increasing the levels of intracellular reactive oxygen species (ROS) (Zhu et al., 2021). A sevoflurane-induced increase in intracellular Ca2+ may activate NF-κB signaling and lead to increased concentrations of pro-inflammatory cytokines (Shen et al., 2013). IL-17A, a novel cytokine, increases statistically significantly in the hippocampus of sevoflurane-induced aged rats and can promote the binding of Act1 (an activator of NF-κB) and IL-17R to induce activation of the NF-κB signaling pathway (Yang and Yuan, 2018).

Peroxisome proliferator-activated receptor-γ (PPAR-γ) is a ligand-inducible transcription factor of the nuclear hormone receptor family and is expressed in several cell types in the brain, including microglia, astrocytes, and neurons. PPAR-γ activation exerts anti-inflammatory effects by inhibiting NF-κB (Zhang X. et al., 2019). Dong et al. (2018) confirmed that sevoflurane could aggravate neuroinflammation mediated by microglia by downregulating hippocampal PPAR-γ, thereby exacerbating cognitive dysfunction (Lv et al., 2017; Dong et al., 2018). The Nod-like receptor protein 3 (NLRP3) inflammasome is essential to the immune response, and includes NLRP3, apoptosis-associated speck-like protein containing a caspase-recruitment domain, and procaspase-1. It regulates the maturation and release of pro-inflammatory cytokines IL-1 and IL-18 by cleaving caspase-1, leading to the secretion of many inflammatory factors (Shao et al., 2020). NLRP3 inflammasome activation requires two steps. First, the NF-κB pathway upregulates NLRP3 transcription. Second, the NLRP3 inflammasome is assembled and activated (Wang et al., 2018). Mitochondrial damage and subsequent release or exposure to mitochondrial contents—such as ROS—are essential for the assembly of the NLRP3 inflammasome (Wei et al., 2019; Ye et al., 2019). Calcium influx is also thought to be required for optimal activation of the NLRP3 inflammasome (Afonina et al., 2017). In the sevoflurane model, calcium influx and increased exposure to ROS can lead to the activation of the NLRP3 inflammasome, which may influence the neurological outcome (Ye et al., 2019; Figure 1).
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FIGURE 1. Sevoflurane induces neuroinflammation and leads to POCD. Nuclear factor-kappa B (NF-κB) recognizes and regulates genes related to inflammation. Peroxisome proliferator-activated receptor- γ (PPAR-γ) exerts anti-inflammatory effects by inhibiting NF-κB. The Nod-like receptor protein 3 (NLRP3) inflammasome regulates the maturation and release of pro-inflammatory cytokines. Sevoflurane directly penetrates the cell membrane and stimulates NF-κB signaling. Sevoflurane downregulates PPAR-γ, increases intracellular calcium levels, induces mitochondrial injury, and increases reactive oxygen species (ROS). Calcium and ROS, in turn, activate NLRP3, and interleukin (IL)-1, IL-6, tumor necrosis factor (TNF), and IL-17 activate NF-κB.


Sevoflurane can induce neuroinflammation through multiple pathways. The causes of POCD are complex, and neuroinflammation may be an important bridge connecting sevoflurane and POCD.



Brain-Derived Neurotrophic Factor-Related Sevoflurane-Induced POCD

Neurotrophins are also critical in the development of POCD. BDNF is a widely studied neurotrophic factor mediated by tyrosine kinase B (TrkB). It plays a key role in neuronal survival, plasticity, neurogenesis, and synapse formation in the developing brain (Wei et al., 2018). Converging evidence strongly suggests that deficits in BDNF signaling contribute to the pathogenesis of several major diseases and disorders such as Huntington’s disease, Alzheimer’s disease, and depression (Lu et al., 2014). An association between BDNF and POCD has also been reported. Patients or experimental animals with lower concentrations of BDNF exhibit more pronounced symptoms of POCD. Therefore, BDNF has become an important biomarker of POCD (Tian X.S. et al., 2015; Hem et al., 2016; Wu et al., 2016).

The relationship between sevoflurane and BDNF has been a topic of discussion in recent years. Many researchers believe that sevoflurane has a direct or indirect effect on BDNF expression. Xu et al. (2020) reported that sevoflurane treatment resulted in inhibition of BDNF expression. Tang et al. (2020) found that exposure of the hippocampus of developing mice to sevoflurane inhibited the protein sirtuin 1 (SIRT1), which was associated with the downregulation of BDNF.

Researchers have provided evidence that abnormal regulation of the BDNF/TrkB signaling pathway is mediated by NMDA receptor/Ca2+/calpain in the occurrence of POCD in aging mice (Qiu et al., 2020). Many previous studies have confirmed that NMDA receptors may be targeted by sevoflurane (Zhang et al., 2016) and that sevoflurane can increase the intracellular Ca2+ concentration (Qiu et al., 2020). Therefore, it is reasonable to believe that sevoflurane induces POCD by regulating BDNF/TrkB signaling through the NMDA receptor/Ca2+/calpain pathway. Hence, upregulation of the expression of BDNF is an attractive method to pursue in treating sevoflurane-induced POCD in the future.



Neurotransmitter-Related Sevoflurane-Induced POCD

Cognitively impaired rats show increased levels of serum pro-inflammatory factors and changes in the concentrations of prefrontal cortex and hippocampal neurotransmitters such as dopamine, epinephrine, serotonin, acetylcholine (ACh), and GABA (Ding et al., 2021). α-Synuclein, a protein containing 140 amino acids, is primarily located at the presynaptic terminal and maintains neurotransmitter homeostasis. Anesthesia and surgery can inhibit hippocampal cell autophagy, increase α-synuclein oligomerization, cause a neurotransmitter imbalance, and induce POCD (Yang N. et al., 2020). Since sevoflurane regulates the CNS and induces anesthesia by targeting different neurotransmitters and receptors on the synapses (Qin et al., 2018; Yin et al., 2019), its effect on various neurotransmitters is another cause of sevoflurane-induced POCD.


Acetylcholine

Acetylcholine (ACh) is a major excitatory neurotransmitter involved in cognitive processes (Coppi et al., 2021). Preoperative use of anticholinergic medications (such as atropine and scopolamine) is associated with an increased risk of POCD (Qiu et al., 2016). Acetylcholinesterase (AChE) is an enzyme that decomposes ACh into acetate and choline, and is located in synaptic clefts in the brain. The use of AChE inhibitors elevates the concentration of Ach in treated tissues and can enhance cognitive ability (Chen et al., 2018). Moreover, the alpha 7 nicotinic acetylcholine receptor (α7nAChR) plays an important role in regulating the balance between the pro- and anti-inflammatory states in the body (Yin et al., 2019). Many therapies enhance postoperative cognitive ability by upregulating Ach receptors and activating the α7nAChR-mediated cholinergic anti-inflammatory pathway (Liu et al., 2017; Wang T. et al., 2019).

The release of neurotransmitters is determined by the amount of Ca2+ entering the nerve terminal, which is related to Na+, Ca2+, and K+ channels (Westphalen et al., 2013). Sevoflurane has a wide range of effects on voltage-dependent ion channels (Yokoyama et al., 2011; Liu Y. et al., 2016; Fukushima et al., 2020). Chen et al. (2015) suggested that exposure to sevoflurane could reduce the transmission of cholinergic synapses by inhibiting the Ca2+ current. Furthermore, Silva et al. (2005) proposed that sevoflurane could promote the release of ACh in the cerebral cortex of rats by releasing Ca2+. Sevoflurane has also been shown to decrease the expression of the ACh receptor in the hippocampus, although it was unclear whether that pathway affected Na+ channels (Peng et al., 2012). In brief, sevoflurane-induced POCD may be considered from the perspective of ACh in the following manner: Sevoflurane inhibits the release of ACh and reduces its neuroexcitatory effect; it also downregulates Ach receptors and inhibits their anti-inflammatory effect.



γ-Aminobutyric Acid

GABA is the chief inhibitory neurotransmitter in the human CNS (Maldonado, 2013), and the GABAergic system controls the excitability of neuronal networks. The GABAA receptors are the main targets of sevoflurane; such binding is related to the development of cognitive memory deficits after anesthesia (Zurek et al., 2012; Li T. et al., 2019). After mice undergo inhalation anesthesia, their concentration of GABA decreases and their level of surface GABAA receptor proteins increases (Zhang et al., 2020). The Na–K–Cl–1 cotransporter (NKCC1) is a chloride importer that maintains high intracellular chloride levels, establishing a concentration gradient across neuronal membranes that drives a chloride efflux upon GABAA receptor activation. The net efflux of chloride depolarizes neurons, during which GABA acts as an excitatory neurotransmitter. In other words, NKCC1 excites GABA. This effect can be reversed by the chloride extruder, K–Cl–2 cotransporter (KCC2), which causes GABA to revert to an inhibitory state. Exposure to sevoflurane can upregulate NKCC1 and downregulate KCC2, thus affecting the excitability of GABA in the neonatal mouse brain (Cabrera et al., 2020). The expression levels of miR-30a, miR-31, miR-190a, and miR-190b were statistically significantly decreased in the hippocampus of aged rats exposed to sevoflurane, whereas the protein concentrations of GABAA receptors were statistically significantly increased. Thus, the miRNA-GABAergic transmission pathway may be involved in the pathophysiological alterations characterized by sevoflurane-induced POCD (Shan et al., 2017; Xu et al., 2020).



Dopamine

Dopamine is a monoamine neurotransmitter that plays a key role in cognition and movement. There are five subtypes of dopamine receptors (D1–D5), of which D1 and D2 receptors are most abundantly expressed in the brain and appear to be mainly involved in arousal (Kelz et al., 2019). Previous studies have shown that activation of dopamine D1 receptors can induce emergence from general anesthesia (Taylor et al., 2013). Dopamine D2 receptor antagonists deepen sevoflurane anesthesia. Dopamine acts on the D2 heteroreceptors of GABAergic neurons, causing hyperpolarization, which leads to increased activity in the neural network by reducing inhibitory GABA activity (Araki et al., 2018).

Sevoflurane anesthesia enhances the effect of the psychotropic agent-induced acceleration of dopamine turnover in the brain (Taharabaru et al., 2018). Furthermore, the expression levels of the dopamine receptor genes are increased by exposure to sevoflurane (Hayase et al., 2016).



Hydroxytryptamine

Hydroxytryptamine (5-HT), also known as serotonin, is distributed in various areas of the brain and has long been associated with various behavioral functions, especially mood regulation, aggression, and impulsivity. Experimental studies on animals and humans have revealed that 5-HT may play an important role in normal and disturbed cognitive function. The physiological role of 5-HT3 receptors in controlling the release of neurotransmitters such as dopamine, ACh, GABA, or 5-HT itself may be an important factor affecting cognition (Faerber et al., 2007).

Among the many recognized 5-HT receptors, 5-HT1A and 5- HT3 receptors are targets for sevoflurane, the binding of which enhances their activation (Suzuki et al., 2002; Hang et al., 2010; Qiu et al., 2018). Surgical patients, especially children, receiving sevoflurane frequently experience restlessness in the postoperative period (Kanaya et al., 2014). 5-HT1A receptor agonists can reduce numerous aspects of aggressiveness in mice and rats (Bacqué-Cazenave et al., 2020). Neuropeptide Y (NPY), acting through Y1 receptors, regulates the 5-HT system and coordinates aggressive behavior (Karl et al., 2004). Moreover, hippocampal NPY concentrations decrease after sevoflurane treatment (Kang et al., 2020). These results suggest that 5-HT and NPY may be involved in sevoflurane-induced postoperative agitation. Sevoflurane can also alter the expression of 5-HT1A receptors. 5-HT1A receptors regulate the expression of the second messenger cyclic adenosine monophosphate (cAMP) by activating adenylate cyclase; cAMP, in turn, activates protein kinase A (PKA). Furthermore, activated PKA phosphorylates the corresponding S133 site of the cAMP-responsive element-binding protein, which is involved in regulating learning and memory (Qiu et al., 2018), activating its transcriptional activity.

Sevoflurane non-competitively inhibits 5-HT3 receptors (Suzuki et al., 2002) and modulates currents mediated by them (Stevens et al., 2005). Sevoflurane sequesters acrolein, a lipid peroxidation product, associated with aging, that is elevated in the brains of elderly people. The enhanced partitioning of acrolein increases its focal concentration (and hence its reactivity to serotonin), enhancing the formation of a serotonin-derived melanoid (SDM). SDM exhibits redox activity, which can destroy the lipid bilayer and cause neuronal damage (Roberts et al., 2007; Miller et al., 2010; Brownrigg et al., 2011; Table 3).


TABLE 3. Possible mechanisms of sevoflurane-induced postoperative cognitive dysfunction.
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ADVANCES IN TREATMENT

At present, the treatment of POCD mainly relies on drug therapy and rehabilitation therapy such as acupuncture. These treatments are focused on reducing inflammatory responses, maintaining the balance of neurotransmitters, regulating receptor excitability, and increasing the BDNF concentration.


Narcotic-Related Drugs

The effectiveness of narcotic-related drugs as treatment for POCD is controversial. Dexmedetomidine (Dex) is gaining increasing recognition for the prevention and alleviation of POCD. It is a highly selective α2-adrenergic receptor agonist used for short-term sedation and analgesia in certain preoperative settings (Shi et al., 2020). Dex exerts anti-inflammatory effects and can effectively reduce POCD in humans and rats (Carr et al., 2018; Chen et al., 2019; Zhang D.F. et al., 2019). Studies have shown that Dex can stabilize the integrity of the blood-brain barrier and reduce apoptosis. These protective effects may be mediated by reducing the activation of the NF-κB and NLRP3 inflammasome pathways (Zhang X.P. et al., 2019). In addition, Dex enhances the cholinergic anti-inflammatory pathway via α7nAChR (Carr et al., 2018). The neuroprotective effect of Dex may be achieved by upregulating BDNF expression (Lv et al., 2016).

Etomidate, a hypnotic drug, is used by many doctors for rapid induction of anesthesia for intubation. It has been confirmed that etomidate mitigates NF-κB activation and pro-inflammatory cytokine production in rat macrophages (Liu M. et al., 2016). Compared with treatment with dexamethasone etomidate, Dex combined with etomidate yields a more satisfactory therapeutic effect in the treatment of older rats with POCD, effectively improving cognitive dysfunction and alleviating stress-related inflammation (Yu and Xie, 2020).

The κ-opioid receptor agonist, oxycodone, an opioid widely used for postoperative pain, can downregulate the expression of inflammatory factors and attenuate POCD (Gan et al., 2020; Fan et al., 2021).

Ketamine, a sedative with an analgesic effect, is widely used in orthopedic surgery in patients who concurrently sustained burn injuries. The brain-derived biomarkers, S100β and NSE, decrease after ketamine administration (Hollinger et al., 2021). The neuroprotective effect of ketamine may also be related to a reduction in postoperative systemic inflammation. Ketamine can also inhibit the expression of NF-κB, which is involved in the transcription of genes encoding pro-inflammatory cytokines (Hudetz et al., 2009).



Anti-inflammatory Drugs

The reduction of inflammation is a direct method of improving POCD. Minocycline is commonly used to treat infectious diseases in the clinic owing to its anti-inflammatory effects. Attenuation of neuroinflammation may be mediated through the NF-κB signaling pathway, thereby improving POCD (Tian Y. et al., 2015; Wadhwa et al., 2017). Cyclooxygenase-2 (COX-2) is an enzyme mainly involved in inflammation and is induced by TNF-α and IL-1. Parecoxib (Wang Y.B. et al., 2019; Huang et al., 2020) and meloxicam (Kamer et al., 2012; Haile et al., 2016) are selective COX-2 inhibitors that reduce the incidence of POCD, which may be attributed to their anti-inflammatory effect.



Antipsychotic Drugs

Antipsychotic drugs have been reported to attenuate POCD. Both galantamine and huperzine A are AChE inhibitors that reverse cognitive dysfunction by reducing the protein levels of IL-1β and normalizing excitatory synaptic transmission; huperzine A also increases the BDNF concentration (Mao et al., 2016; Wang T. et al., 2019; Cai et al., 2020). Haloperidol is a dopamine receptor antagonist that reduces excessive dopaminergic activity during wakefulness, thereby reducing e.g., aggressive behavior (Schrader et al., 2008; Nishigaki et al., 2019). Amantadine (Zhong J. et al., 2020) and amitriptyline (Hu et al., 2010) attenuate POCD by upregulating BDNF in the hippocampus.



Acupuncture

As an integral part of traditional Chinese medicine, acupuncture has been practiced widely in China for thousands of years and is recommended by the World Health Organization as an alternative and complementary strategy for treatment (Yang F. M. et al., 2020). Acupuncture has been suggested as an effective intervention for many neurological disorders (Lu et al., 2016; Du et al., 2018). Since acupuncture is non-pharmacologically based, it carries with it no concerns regarding dependence, addiction, tolerance, and neurological toxicity, and its use does not increase the metabolic burden on the liver and kidneys. The application of electroacupuncture (EA) and acupuncture in the prevention and treatment of POCD has received increasing attention (Ho et al., 2020; Ye et al., 2021). Previous studies have shown that acupuncture can reduce markers of inflammation and nerve damage, providing solid evidence that it may protect the brain. Research by Liu et al. (2017) has shown that EA relieves cognitive dysfunction by increasing the expression of α7nAChR and activating the cholinergic anti-inflammatory pathway (Wang et al., 2012; Liu et al., 2017). The inhibition of the NF-κB signaling pathway in microglia and the resulting reduction of inflammation is another mechanism by which EA alleviates POCD (Han et al., 2015). Acupuncture has been found to play an important role in reducing the production of ROS (Jung et al., 2016) and COX-2 (Gondim et al., 2012). Recent data on the correlation between neurotrophins and acupuncture have shown that EA may relieve certain neuropathological disorders by modulating BDNF and its signaling pathway (Lin et al., 2014).



Others

In addition to the aforementioned treatments, researchers are actively seeking new and effective treatments for POCD. Traditional Chinese medicine is a Chinese cultural heritage, and its effect on POCD has attracted attention. Resveratrol is a natural herb that is often used as an activator of SIRT1. SIRT1 is abundantly expressed in the hippocampal neurons and maintains mitochondrial function, alleviates inflammation (Zhao et al., 2020), and increases BDNF concentrations (Tang et al., 2020). Plants belonging to the Cistanche genus (Cistanche spp.; “Rou Cong Rong” in Chinese) have been used to prepare tonics in China for many years. Cistanches. can regulate PPAR-γ-dependent antioxidative and anti-inflammatory effects in rats (Peng et al., 2020). Both resveratrol and Cistanches have been proven to reduce sevoflurane neurotoxicity in rats. Therefore, Chinese herbal medicine may be effective in relieving sevoflurane-induced POCD.

NPY, a neuroprotective peptide, may be a potential target for POCD therapy. The hippocampus is very sensitive to insults and is commonly involved in cognitive impairment (Fang et al., 2016). NPY and its receptors are highly expressed in the hippocampus and NPY is released as a co-transmitter with neurotransmitters such as GABA (Méndez-Couz et al., 2021). Moreover, NPY exerts anti-inflammatory effects via Y1/Y2 receptors (Wheway et al., 2007; Wang W. et al., 2019).

Nimodipine, a calcium channel blocker, reverses sevoflurane toxicity and relieves POCD (Cui et al., 2018). Mesenchymal stem cell-conditioned medium (MSC-CM) ameliorates POCD in mice. The therapeutic effects of MSC-CM in a mouse model of POCD were associated with a reduction in inflammation, attenuation of oxidative stress, and an increased in BDNF expression in brain tissues (Jiang et al., 2019). Edaravone, a powerful free radical scavenger, can attenuate POCD in aged mice. The cognitive enhancement effect of edaravone may be due to its inhibition of neuroinflammation and increase of synaptic protein concentration and cholinergic transmission (Zhou et al., 2020). Even changes in behavior in daily life, such as caloric restriction, can improve cognitive function by promoting the expression of SIRT1 (Zhao et al., 2020; Figure 2).
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FIGURE 2. The treatment and mechanism of POCD.




SUMMARY AND FUTURE PROSPECTS

Sevoflurane has become the most commonly used anesthetic because of its unique pharmacological properties. However, there is increasing evidence of a causal relationship between sevoflurane and POCD. Sevoflurane-induced POCD may be associated with neuroinflammation, a neurotransmitter imbalance, and a decreased BDNF concentration. Therefore, inhibiting inflammatory pathways, activating anti-inflammatory pathways, increasing the BDNF concentration, and maintaining a balance in neurotransmitters are aspects on which to focus in the treatment of sevoflurane-induced POCD.

Sevoflurane-based induction of POCD is a complex pathological process. At present, although there are many reports on the mechanism and treatment of sevoflurane-induced POCD, no cure has been found. Therefore, future research should be aimed at further clarifying the pathogenesis of sevoflurane-induced POCD and developing an effective combination therapy.
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Background and Objective: The combination of neuroimaging and cognition characteristics may provide complementary information for early identification of mild cognitive impairment (MCI). This study aimed to establish the clinical relevance between cerebral small vessel disease (CSVD) burden and MCI and further explored the cognitive characteristics linked to CSVD applying a propensity score matching (PSM) approach.

Methods: The study was designed as a case–control study. All the subjects underwent the standard clinical assessments, neuropsychological testing battery (including global cognition, memory, executive function, and speed and motor control domains), and brain magnetic resonance imaging (MRI). A 1:2 nearest-neighbor matching approach without replacement was employed with a caliper of 0.15 in the PSM approach.

Results: A total of 84 MCI patients and 186 cognitively normal controls were included in this study. After PSM, 74 MCI patients and 129 controls were successfully matched, and the covariate imbalance was well eliminated. Compared with controls, the MCI group had more severe CSVD burden. In the binary logistic regression analysis, CSVD was associated with MCI after adjusting for all confounders. The results of multivariate linear regression analyses showed that higher total MRI CSVD burden was related to the deficit of cognitive performance in global cognition and three important cognitive domains after adjusting for all confounders.

Conclusion: Cerebral small vessel disease was an independent risk factor of MCI. Moreover, higher total MRI CSVD burden was associated with the overall cognitive impairment among middle-aged and elderly Chinese adults.

Keywords: cerebral small vessel disease, mild cognitive impairment, propensity score matching, susceptibility weighted imaging, neuropsychology


INTRODUCTION

Mild cognitive impairment (MCI) refers to a special state between normal cognition and dementia, which is of great significance in understanding the process of cognitive decline. It has become a key point of clinical and intervention trials. MCI has a few different clinical features and subtypes, and the prevalence and prognosis vary depending on different etiologies (Tangalos and Petersen, 2018).

It is hypothesized that multiple-domain MCI, either amnestic or not, was considered to have a vascular etiology. Cerebral small vessel disease (CSVD), an important component of systemic vascular disease, has been found to have a close association with cognitive impairment (Salvadori et al., 2016). Most of prior studies were focused on the impact of a single imaging marker of CSVD on cognitive function, such as lacunar infarction, white matter hyperintensity (WMH), and cerebral microbleed (CMB). However, different CSVD markers subtend different pathophysiological processes. CSVD is currently considered to be a global and dynamically changing disease (Shi and Wardlaw, 2016; Ter Telgte et al., 2018). Therefore, it is necessary to clarify the effect of total CSVD burden on cognitive dysfunction and the characteristics of different cognitive domains in MCI.

Recently, studies have paid more attention to the clinical features of total CSVD burden shown on magnetic resonance imaging (MRI). A study from the Netherlands tested a new method to evaluate total brain damage in CSVD patients and found that accumulating brain damage was related to worse cognitive performance, especially in information processing speed and overall cognition (Huijts et al., 2013). A cross-sectional study found that global network efficiency mediated the relationship between total MRI CSVD burden and information processing speed (Heinen et al., 2018). Another cross-sectional study also found that the total CSVD burden had the clinical relevance in a memory clinic population and associated with the performance of frontal and visuospatial tasks (Banerjee et al., 2018).

A recent proposal of MCI diagnosis highlighted the need of an objective evidence in several cognitive domains (Sachdev et al., 2014). There remains controversy for the criteria and the operationalization of MCI related to CSVD because of the no real agreement about the assessed cognitive domains and the proper cut scores. Therefore, more studies are needed to prove the causal relationship between CSVD and MCI and to find out the characteristics in different cognitive domains among CSVD patients.

For an observational study, where there are likely confounders impacting both cognition and CSVD, the correlation of CSVD and MCI could be distorted by the imbalance of disease characteristics. Propensity score matching (PSM) is a useful method used to correct biased estimation of outcome differences in statistical analyses. This method allows researchers to estimate the causal relationship using observational or non-randomized data.

Due to the complexity of pathologic changes and clinical symptoms, the combination of non-invasive MRI and cognition characteristics may provide complementary information for early identification of MCI. Thus, our aim was to establish the clinical relevance between the CSVD MRI markers and MCI and further explore the cognitive features linked to CSVD among middle-aged and elderly Chinese, applying the PSM approach to balance covariates between MCI patients and controls. We hypothesized that total MRI CSVD burden might be an important cause of MCI and would be particularly associated with “vascular” domains such as executive function and speed and motor control.



MATERIALS AND METHODS


Subjects

This was a case–control study designed to evaluate the influence of total MRI CSVD burden on MCI in middle-aged and elderly Chinese. The guidelines of Strengthening the Reporting of Observational Studies in Epidemiology were followed in this study. All participants were recruited from the Department of Neurology, Beijing Chaoyang Hospital, Capital Medical University, from September 2018 to December 2020. We finally recruited 84 MCI patients according to the standard clinical and neuropsychological assessments. The diagnosis of MCI was made using the criteria published previously (Albert et al., 2011): (1) complaint of a change in cognition; (2) abnormal cognitive function in one or more domains; (3) independent activities in daily life; and (4) no dementia with Clinical Dementia Rating Scale < 1. Inclusion criteria were that patients were 45 years or older, underwent brain MRI scans within 1 month before the diagnosis of MCI, and agreed to participate in our study. Exclusion criteria included (1) patients with acute cerebrovascular diseases, neurodegenerative disease, and severe brain injury caused by toxins, infection, or inflammation; (2) the history of large-vessel infarction, cerebral hemorrhage, serious organ failure, systemic inflammatory disease, or cancer; (3) prominent visual or hearing impairment interfering with cognitive tests; (4) psychiatric disease or current use of medicines affecting cognitive function; and (5) subjects with poor-quality brain MRI or incomplete cognition test data.

Besides, 186 cognitively normal subjects for health and physical examination were recruited to control group at the same period. They underwent similar evaluation as MCI patients including clinical assessment, brain MRI, and neuropsychological testing battery. Other inclusion and exclusion criteria were the same as those in the MCI group.

This study was conducted in compliance with the Declaration of Helsinki. The research protocol was approved by the Ethics Committee of Beijing Chaoyang Hospital (2018-Sci-305). All subjects were informed of the objectives of this study, and their consent to participate was obtained.



Magnetic Resonance Imaging Acquisition

Magnetic resonance imaging was performed on a 3.0-T MRI scanner (Prisma; Siemens AG, Erlangen, Germany) in the department of radiology in our hospital. The standardized sequences included T1-weighted, T2-weighted, fluid-attenuated inversion recovery, diffusion-weighted imaging, and susceptibility-weighted imaging.



Total MRI CSVD Burden Assessment

Imaging markers of CSVD were defined according to Standards for Reporting Vascular Changes on Neuroimaging criteria described previously (Wardlaw et al., 2013). Periventricular and deep WMH was graded using the Fazekas scale (range 0–3, respectively) (Fazekas et al., 1987). CMB was evaluated according to Microbleed Anatomical Rating Scale (Gregoire et al., 2009). The severity of perivascular spaces (PVS) in the basal ganglia (BG) and centrum semiovale (CSO) was divided into five grades (0 for no PVS, 1 for 1–9 PVS, 2 for 10–20 PVS, 3 for 21–40 PVS, and 4 for >40 PVS) (Maclullich et al., 2004). Brain atrophy was evaluated using the visual rating scale for posterior atrophy (PA), in which scores 0–3 represent absent, mild, moderate, and severe PA, respectively (Koedam et al., 2011). Besides, we count the total numbers of lacuna lesions and PVS in the hippocampus.

We used a scale to represent the total burden of CSVD by counting each neuroimaging feature (range 0–4) (Staals et al., 2014). One point was awarded for each of the following items: one or more lacunas, one or more CMBs, periventricular WMH Fazekas score of 3 and/or deep WMH Fazekas score ≥ 2, and PVS for grades 2–4 in BG.

All images were evaluated by two neurologists blinded to the clinical data. Interrater reliability tests were performed in 30 subjects for each CSVD marker assessment, and the κ coefficients were 0.757–0.896 indicating good reliability. Disagreement was resolved by discussing with other coauthors.



Clinical Data Collection

General characteristics including age, sex, education, body mass index, present cigarette, or alcohol use, medication history, and history of hypertension, diabetes, hyperlipidemia, ischemic stroke, transient ischemic attack (TIA), and cardiovascular diseases were collected according to medical records. Laboratory examinations were performed before or after MRI scans within 7 days, including tests for glycosylated hemoglobin, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and homocysteine.



Neuropsychological Assessment

For the assessment of cognitive performance, all participants underwent a face-to-face neuropsychological test by two trained interviewers. This protocol was based on the Leukoaraiosis and Disability in the Elderly study involving two global cognitive functioning tests and eight second-level tests that covered three important cognitive domains (Madureira et al., 2006). The tests used in this study included Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), World Health Organization University of California-Los Angeles Auditory Verbal Learning Test (including Immediate Recall, Delayed Recall, and Recognition), Digit Span Test (including forward and backward), Trail-Making Test (TMT, including Part A and Part B), Stroop Test (including Parts A, B, and C), Verbal Fluency Test (animal), Digit-Symbol Substitution Test, Maze, and Digit Cancelation Test. The memory-domain score is a compound score of the mean of z-scores from Immediate Recall, Delayed Recall, Recognition (hits minus false positives), and Digit Span (backward). The executive function was calculated using the mean of z-scores of Stroop-C minus Stroop-B, TMT-B minus TMT-A, Digit-Symbol Substitution Test, and Verbal Fluency Test. Speed and motor control was evaluated as the mean of the z-scores from TMT-A, Digit Cancelation, and Maze. Z-scores of tests were inverted to (-z) if the higher scores represented worse performances.



Calculation of Sample Size

This is a 1:2 unmatched case–control study. According to the available literatures, the prevalence of CSVD in MCI patients and controls was 72.7 and 47.1%, respectively (Jiang et al., 2019; Wong et al., 2021). The required sample size was calculated with a required power of 0.90 and an alpha of 0.05, resulting in the highest sample size for cases (n = 59). Assuming a loss-to-follow-up rate of 15%, recruitment numbers were set to 68 for cases and 136 for controls.



Statistical Analysis

The continuous data following normal distribution were presented as mean and standard deviation, and independent sample t-test or one-way analysis of variance was used to determine significant differences among groups. Continuous data with non-normal distribution and ordinal variables were presented as median with quartiles and compared using the Mann–Whitney U test or Kruskal–Wallis test. Absolute numbers and percentages were presented for categorical variables, and the chi-square test was used to compare the differences between groups.

As for the PSM, a 1:2 nearest-neighbor matching approach without replacement was employed with a caliper of 0.15. Firstly, a binary logistic regression model was built according to outcome variables (MCI/control group) with the forward stepwise method. Then variables (age, hyperlipidemia, and stroke/TIA) that entered into the model were selected as covariates for PSM. After matching, the relative multivariate imbalance L1 measure was 0.209, which was much smaller than it was before PSM (0.358). Moreover, the absolute values of the standardized differences were all less than 10%, so the balance between two groups after matching was considered to be good. Finally, 74 MCI patients and 129 controls were successfully matched and included in the subsequent analyses.

The correlation between total MRI CSVD burden and cognitive function was examined using Spearman correlation analysis. Binary logistic regression analysis was performed to determine whether the total MRI CSVD burden was an independent risk factor of MCI after adjusting for confounders. Multiple linear regression analysis was used to explore the relationship between total CSVD score and neuropsychological test results.

Statistical Product and Service Solutions (version 22.0) was used for these analyses, and the built-in PSM module was used for PSM approach. The difference was considered statistically significant when p < 0.05.




RESULTS

Initially, there were 315 MCI patients registered in this study. According to the inclusion and exclusion criteria, 124 patients were excluded because of the acute cerebral ischemic stroke, cerebral hemorrhage, history of large-vessel infarction, and Parkinson’s disease, severe pulmonary infection, depression, or other diseases. Fifty-nine patients were excluded because they had visual or hearing impairment and did not finish all the cognitive tests. Besides, 48 patients’ brain MRI images were not clear enough to assess markers of CSVD. Finally, 84 MCI patients were included in the analyses. As for the subjects for health and physical examination in our hospital, a total of 186 cognitively normal individuals were included in the control group after excluding those who were younger than 45 years of age, had substandard MRI, did not complete the full cognitive assessment, and had some diseases required to be excluded. The flowchart is shown in Figure 1.
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FIGURE 1. Flowchart of the subjects’ screening. MCI, mild cognitive impairment; MRI, magnetic resonance imaging.


The general characteristics for the included subjects are presented in Table 1. Before PSM, there was no significant difference in sex ratio between two groups (male: 53.2 vs. 63.1%, p = 0.130). MCI patients were older (68.3 vs. 65.7 years, p = 0.025) and more with history of stroke or TIA (32.1 vs. 14.0%, p = 0.001) than the control group. After matching, the mean age was 67.9 years, and 63.5% of patients were male in the MCI group. For controls, the mean age was 67.2 years, and 55.0% of subjects were male. The PSM procedure was successful because it eliminated the between-group differences on all of the confounders (Table 1).


TABLE 1. Demographic data and clinical characteristics before and after propensity score matching.
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Before PSM, 90 (33.3%) patients had no marker of CSVD, 57 (21.1%) had one score, 54 (20.0%) had two scores, 42 (15.6%) had three scores, and 27 (10.0%) had four scores of total CSVD burden. After PSM, there were 67 (33.0%) patients with no marker of CSVD, 40 (19.7%) with one score, 41 (20.2%) with two scores, 33 (16.3%) with three scores, and 22 (10.8%) with four scores of total CSVD burden. The proportions for different categories of total MRI CSVD burden in the MCI group and control group are shown in Figure 2. Compared with controls, the MCI group had more severe CSVD burden (Table 1) and showed poorer performances in global cognitive function and three important cognitive domains with p < 0.001 (Table 2).
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FIGURE 2. Proportion for different categories of total MRI CSVD burden before (A) and after (B) propensity score matching. MRI, magnetic resonance imaging; CSVD, cerebral small vessel disease; MCI, mild cognitive impairment.



TABLE 2. Comparison of cognitive function between two cognition groups after propensity score matching.
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We firstly investigated the role of total MRI CSVD burden in MCI patients and people with normal cognition (Table 3). In the binary logistic regression analysis, the score of CSVD burden was associated with MCI independent of age, sex, and years of education (Model 1: p = 0.019). Brain atrophy and PVS in CSO and hippocampus were not included in the total CSVD burden scale used in this study. So, we added them to the regression analysis in order to adjust for their potential effects on cognitive function, and the above result remained stable (Model 2: p = 0.014).


TABLE 3. Binary logistic regression analysis for the association between total CSVD burden and MCI after propensity score matching.
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Then, we compared the cognitive function among different categories of CSVD burden (Table 4). There were significant differences among five grades of CSVD burden in scores of MMSE (p = 0.048), MoCA (p = 0.004), memory (p = 0.009), executive function (p < 0.001), and speed and motor control (p = 0.006). Spearman correlation analysis showed that total MRI CSVD burden was positively correlated with MCI (rho = 0.193, p = 0.006).


TABLE 4. Comparison for cognitive function among different grades of total MRI CSVD burden after propensity score matching.
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We investigated the relationship between scores of total MRI CSVD burden and performances in different cognitive domains. Spearman correlation analysis indicated that scores of cognitive tests were negatively correlated with severity of total CSVD burden (Table 5). Multivariate linear regression analyses showed that higher total MRI CSVD burden was associated with the deficit of cognitive performance in global cognition and each cognitive domain such as memory, executive function, and speed and motor control after adjusting for age, sex, and education (Table 6, Model 1). Moreover, PA, CSO-PVS, and PVS in the hippocampus were added into analyses as extra confounders (Table 6, Model 2). The results also showed that total MRI CSVD burden was an independent risk factor of cognitive dysfunction in all cognitive domains.


TABLE 5. Spearman correlation analysis of total CSVD burden and cognitive function after propensity score matching.
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TABLE 6. Association between total CSVD burden and cognitive domains after propensity score matching.

[image: Table 6]


DISCUSSION

In this case–control study, we reported that higher total CSVD burden played an important role in cognitive disorder. The majority of MCI patients had at least one identifiable CSVD marker. Compared with controls, the MCI group had more severe CSVD burden. After PSM, binary logistic regression analysis indicated that the total MRI CSVD burden was an independent risk factor of MCI. There were significant differences among five grades of CSVD burden on global cognition (MMSE and MoCA) and important cognitive domains (memory, executive function, and speed and motor control). Multivariate linear regression analyses showed that higher total MRI CSVD burden was associated with the deficit of cognitive performance in global cognition and above three cognitive domains.

A population-based study showed that the prevalence of any one CSVD was 47.1% in Han Chinese aged 55–65 years (Jiang et al., 2019). According to our small sample data, the prevalence (before and after PSM: 78.6 and 75.7%) of CSVD and the mean total CSVD score (before and after PSM: 2.0 and 1.9) of MCI patients were similar with those reported in the previous cohort (Banerjee et al., 2018; de Heus et al., 2020; Wong et al., 2021). These results further confirmed their inference that the burden of CSVD in cognitive disorder patients was higher than that in healthy people and populations with other diseases (TIA, lacunar infarction, and hypertension) (Banerjee et al., 2018).

Previous studies mostly focused on the pathological mechanism and clinical manifestation of single imaging markers of CSVD, such as WMH, CMB, and lacunar infarction. However, alone with the recent proposal of CSVD as a whole-brain disease, the harm from the total CSVD burden to the cognitive function has become a hot topic in this field. A study based on patients with first-ever acute ischemic stroke showed that CSVD burden was associated with decreased MMSE score (Liang et al., 2019). The results of the Leukoaraiosis and Disability Study indicated that a combined measure of CSVD strongly predicted cognitive and functional outcomes even above the contribution of individual markers (Jokinen et al., 2020). A Polish observational study suggested that MCI and CSVD were highly prevalent in the middle-aged population, and severe CSVD was related to twofold incidence of MCI (Szcześniak et al., 2020). Our results also indicated that the total CSVD MRI burden was an independent risk factor of MCI, which was consistent with most previous studies. However, another cross-sectional study came to the opposite conclusion in which the total CSVD score was not significantly correlated with cognition in post-stroke CSVD patients, while structural brain network measures were more useful in predicting early cognitive impairment (Du et al., 2019). Since there is controversy, more causal researches with a larger population are necessary in the future.

As for performances in different cognitive domains, our study showed that higher total burden of CSVD was associated with overall cognitive impairment, which suggested a non-specific neuropsychological profile for CSVD patients. An early study suggested that multiple cognitive domains were impaired in the MCI-CSVD group, while MCI-prodromal Alzheimer’s disease patients demonstrated greater memory impairment with relatively preserved mental processing speed function (Zhou and Jia, 2009). In a memory clinic population, the total CSVD score was associated with performances of frontal and visuospatial tasks (Banerjee et al., 2018). Also, for the post-stroke cognitive decline, total CSVD burden was specifically related with decreased MMSE subscores including orientation, calculation, and word recall (Liang et al., 2019). These different results may be due to those heterogeneities in study populations, study designs, cognitive measurement methods, sample sizes, and so on. More well-designed studies with multidimensional neuropsychiatric assessments will be needed to explore the cognitive feature of CSVD patients. Tests tapping these characteristic domains might be potentially useful for the early detection of cognitive impairment patients caused by different diseases and choosing targeted treatment methods.

When multiple markers of CSVD are present at the same time, they may have synergistic or superimposed effects on cognitive dysfunction (Jokinen et al., 2012; Ye et al., 2019). The underlying mechanism of CSVD leading to cognitive impairment is still under investigation. CSVD lesions may lead to the direct damage of surrounding brain tissues, causing the debilitation on axonal communication or the disconnection of cortical and subcortical tracts (Charidimou and Werring, 2012; Coban et al., 2017). Furthermore, CSVD are more likely to imply more remote and generalized effects. CSVD can disrupt the integrity of brain structural and functional networks, thereby leading to cognitive impairment. Finally, other neurodegenerative pathologies can be present at the same time and are also involved in the pathogenesis of cognitive dysfunction (Ter Telgte et al., 2018).

This study was designed as a case–control study in order to provide more evidence for the inference of causality. The main strength of our study includes the use of various neuropsychological tests and composite z-scores to improve the sensitivity of detecting cognitive decline and limit the false statistical differences. Another strength is that the PSM approach makes the comparison between groups more suitable by addressing the covariate imbalance, so as to minimize the selection bias in observational studies. This useful analysis would help to provide more cogent evidence on the impact of CSVD on MCI and better understand the pathophysiological process for dementia. However, there are also some limitations in our study. Firstly, this is a retrospective single-center study, which may lead to selection and information bias. Secondly, the severity of CSVD was assessed only using semiquantitative scales. Although these scales were widely used for the assessment of total MRI CSVD burden in a simple and pragmatic way, there were still some shortages. Advanced software applications used to segment structures and make quantitative analysis for brain MRI might be employed in the further study to provide more accurate information and more reliable conclusions. Lastly, because of the relatively small sample size, subtypes of MCI were not further classified and analyzed in our study. The present study examined the overall impact of CSVD on cognitive impairment.

In summary, the results after PSM supported that the total MRI CSVD burden was an independent risk factor of MCI. Moreover, higher CSVD burden was associated with the overall cognitive impairment among middle-aged and elderly people in China. There is clearly a need for prospective, multicenter studies using advanced imaging technology and post-processing software to aid in clinical decision-making regarding the diagnosis and treatment of CSVD and cognitive impairment in the future.
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Background: Neuronal reactions and cognitive processes slow down during aging. The onset, rate, and extent of changes vary considerably from individual to individual. Assessing the changes throughout the lifespan is a challenging task. No existing test covers all domains, and batteries of tests are administered. The best strategy is to study each functional domain separately by applying different behavioral tasks whereby the tests reflect the conceptual structure of cognition. Such an approach has limitations that are described in the article.

Objective: Our aim was to improve the diagnosis of early cognitive decline. We estimated the onset of cognitive decline in a healthy population, using behavioral tests, and predicted the age group of an individual. The comparison between the predicted (“cognitive”) and chronological age will contribute to the early diagnosis of accelerated aging.

Materials and Methods: We used publicly available datasets (POBA, SSCT) and Pearson correlation coefficients to assess the relationship between age and tests results, Kruskal-Wallis test to compare distribution, clustering methods to find an onset of cognitive decline, feature selection to enhance performance of the clustering algorithms, and classification methods to predict an age group from cognitive tests results.

Results: The major results of the psychophysiological tests followed a U-shape function across the lifespan, which reflected the known inverted function of white matter volume changes. Optimal values were observed in those aged over 35 years, with a period of stability and accelerated decline after 55–60 years of age. The shape of the age-related variance of the performance of major cognitive tests was linear, which followed the trend of lifespan gray matter volume changes starting from adolescence. There was no significant sex difference in lifelong dynamics of major tests estimates. The performance of the classification model for identifying subject age groups was high.

Conclusions: ML models can be designed and utilized as computer-aided detectors of neurocognitive decline. Our study demonstrated great promise for the utility of classification models to predict age-related changes. These findings encourage further explorations combining several tests from the cognitive and psychophysiological test battery to derive the most reliable set of tests toward the development of a highly-accurate ML model.

Keywords: aging, cognitive decline, biological age, psychophysiological tests, executive functioning, machine learning, cognitive impairment, neurodegeneration


1. INTRODUCTION

The slowing of neuronal reactions and cognitive processes is a typical functional outcome of aging. However, the onset, rate, and extent of changes vary considerably from individual to individual. Furthermore, the breadth of cognitive function has led physiologists to describe cognitive performance in terms of domains of functioning; there is no single test that covers all domains, and batteries of tests are usually administered. Therefore, assessing the changes in the cognitive function throughout the lifespan of an individual is a challenging task. The best strategy is to study each functional domain by applying different conditions and behavioral tasks whereby the tests reflect the conceptual structure of cognition. This makes them suitable for both scientific research and practical studies. However, such an approach has limitations, which will be described in the article.


1.1. Structure of Cognitive Functioning and Cognitive Tests

The domains of cognitive function are hierarchical. The bottom of the cognitive construct is responsible for information input and refers to basic sensory and perceptual processes. The top of the construct is higher-order cognitive functioning. It maintains information processing that involves synthesis, accumulation, and retrieval from memory storage. The functions enable goal-driven behavior in an individual. The top-level elements are executive functioning (EF) and cognitive control. The domains are cross-dependent with the prevalence of top-down vs. bottom-up regulation. Broadly speaking, EF also encompasses cognitive control and exerts control over the use of more basic cognitive processes (Harvey, 2019).

Cognitive domains can be classified into memory, attention, language, and EF (e.g., reasoning and problem solving). EF is further classified into inhibition, task switching, working memory updating, and information speed processing, which are EF domains, or alternatively, cognitive subdomains.

Researchers consider dependent variables of executive functioning tests (EFTs) to be more sensitive to age-related changes than estimates of other types of cognitive functioning (Salthouse et al., 2003). Classical psychophysiological tasks are used to test EF target-specific functions. Assessments typically reflect subdomains of each ability, and careful combinations of tasks reveal patterns of performance that are consistent with a variety of neurological and neuropsychiatric conditions (Harvey, 2019). Typical limitations of the tasks are as follows:

• Despite the perfect usability of tests, many agree that practice effects influence follow-up performance on EFTs, which leads to potential overestimation of cognitive abilities in young people and underestimation of cognitive decline in older adults and patients (Overman et al., 2017).

• Because cognitive subdomains (both basic and higher-order) are closely interconnected, detecting changes that account for mutual compensation (e.g., speed-accuracy trade-off) can be difficult. However, such phenomena are common in physiology and may benefit permanent adjustments to variant conditions. Changing performance tactics may serve the surviving strategy. A solution was proposed by Beghali, where the Stroop switching task was modified by adding additional switching conditions to allow the assessment of overall EF using a single test (Belghali and Decker, 2019; Belghali et al., 2020).

Although age-related effects are more pronounced in EF than in other cognitive functions, the assumption that EF represents a distinct construct has received criticism (Salthouse et al., 2003; Salthouse, 2005). In a study of 261 cases, authors found “only weak evidence for the existence of distinct constructs corresponding to EF or to aspects of executive control concerned with inhibition, updating, or time sharing,” suggesting that researchers should not merely assume that variables reflect a particular hypothesized concept without relevant empirical evidence. To overcome such implications, we validated the Stroop switching card test (SSCT) in a recent study by comparing Stroop variables with the digital symbol substitution test, the digit span forward and backward test (DSFBT), the trail making test (TMT), and the classical Stroop test (Belghali et al., 2020).

Age-related cognitive changes are the key points of interest in interdisciplinary studies within the medical and behavioral sciences. Neurophysiologists, neurologists, and psychiatrists categorize cognitive processes into functional domains that have a hierarchical structure. The higher-order cognitive domains are cognitive control and EF, which account for the acquisition and processing of‘information.

Accurate assessment of cognitive status is important in neuroscience. To estimate cognition, EFTs are commonly used; however, there is no strong consensus that EFTs are reliable. In fact, some researchers have criticized the assumption that EF represents a distinct construct (Salthouse et al., 2003; Salthouse, 2005).



1.2. Psychophysiological Status and Tests, Functional Systems, Neural Hypernets

Psychophysiological tests (PTs) are alternative tools for assessing cognition and are also aimed at quantifying cognitive functioning domains, such as EF, information-processing speed, attentional control, and working memory. Commonly, a battery of PTs is composed of tests that cover all the constituents of cognition. However, they do not provide a summary assessment of whether the test results are associated with aging or disease. Instead, PTs provide an insight into an individual's psychophysiological status (PS). PS offers information on overall test performance, neuropathological changes, type of temperament, and trait features.

The idea of PS is closely linked to the theory of functional systems, which is a framework that describes the structure of an individual's behavior at the physiological and informational levels. Furthermore, it clarifies the cognitive architecture of an individual (Red'ko et al., 2004; Vityaev and Demin, 2018). According to the theory, goal-motivated activity comprises afferent synthesis, making a decision, and accepting the final result of an action (response selection). Thus, to estimate the PS of a person, clinicians should use a test battery that assesses all three components: the sensory component of a simple action, decision-making time, and response selection. A common EF test comprises these three elements.

All behavioral tests consist of consequent elements: afferent synthesis as a constituent of cognition, decision-making (an estimate of information-processing speed), and response selection (the core of attentional control). Additionally, PTs estimate the stability of regulatory system functions, which is also known as the level of neuropsychological stability.

Using a battery of PTs, neurophysiologists do not aim to target separate cognitive functions. Instead, they target physiological characteristics of the processes that underlie higher-order cognitive functions (e.g., EF). Sensorimotor response assessment in PTs is used to study the mechanisms of memory, information perception, and information processing, and by placing time limits or changing task complexity, it is possible to evaluate performance under various conditions. This allows psychophysiological compliance to be determined with some professional requirements. PTs have been validated as a cost effective and reliable tool to screen for professional maladjustment in sports and extreme professions (Li et al., 2019; Boichuk et al., 2020; Myroshnychenho et al., 2020). Unfortunately, clinical psychology does not meet the unconditioned cutoff criteria for major tests (Statsenko and Charykova, 2010).

Modern neurophysiological and neuropsychological studies have shown that specialized operations and systematic interactions of brain structures underlie cognition and behavior. The brain is structured and organized systematically and it includes projective, associative, integrative, and limbic-reticular function-specific systems. The systems closely interact with structures that are excited either simultaneously or alternatively. The functional elements are dispersed throughout the brain and separated, but not isolated, from each other. They maintain close cooperation, so that activation of one element can activate other elements. The basic unit of a functional system is a neuron, and a network of interconnected neurons is called a cooperative or cognitive group (cog). These networks contain an individual's innate and acquired knowledge and experience. The complete set of cogs forms a cognitome. The theory of functional systems has been further developed into the theory of neural hypernets, which describes the mind as a network in which the vertices are networks of functionally connected neurons. The representation of the mind as an organic and mathematical structure has fostered research applying experimental and theoretical physics, graph theory, and statistical mechanics approaches (Sudakov, 1997, 2015).



1.3. Onset of Cognitive Decline

Cognitive abilities (e.g., memory, thinking, and attention) begin declining from the age of 30. However, the rate of decline varies among individuals depending on genetics, lifestyle, regular mental activity, and somatic diseases. Compared with young and middle-aged adults, the elderly are more prone to lower mental performance, emotional lability, higher threshold of unconditioned reflexes, difficulties in developing conditioned reflexes, and fading of reflexes (Nelson and Luciana, 2001; Park and Gutchess, 2002). Because cognition reflects the integrated activity of the whole brain, cognitive impairment develops with focal and diffuse deterioration across various brain regions. The incidence of cognitive disorders increases with age, where 3–20% of people aged over 65 years have severe cognitive impairment (dementia) (Damulin, 2008). The incidence of mild cognitive impairment in the elderly ranges from 40 to 80% across different age groups (Larrabee and Crook, 1994). Usually, a diagnosis is made when an individual presents with evident cognitive deterioration and irreversible brain changes (e.g., dementia). Therefore, there is a need for improvements in diagnosis that allow the tracking of minor changes to detect early neurodegeneration. This will help to provide early prophylactic interventions and preventive measures to the elderly for sustaining a high level of intelligence.




2. OBJECTIVES

The overall aim of this study was to improve the diagnosis of early cognitive decline by applying a machine learning (ML) approach to psychophysiological and cognitive tests. We estimated the approximate age of onset of cognitive decline in a healthy population based on behavioral test performance and predicted individuals' age groups to compare with the their chronological age. Our objectives were:

1. To study the association between age and performance in psychophysiological and cognitive tests.

2. To estimate the onset of age-related decline in intellectual functioning.

3. To study sex differences in lifelong dynamics of the psychophysiological and cognitive test performance.

4. To develop a tool for identifying accelerated cognitive decline using the test results.



3. MATERIALS AND METHODS


3.1. Methodology of the Study

To address the first objective, we assessed the relationship between age and test performance. To do so, we calculated Pearson's correlation coefficients. For each age group, the relationships between the continuous features were assessed using the Kruskal-Wallis test.

For the second objective, we studied the distribution of test performance values by age. Trendlines that approximate the distribution functions were determined with the least squares method to estimate second-order polynomial coefficients. The parabolic trendline functions were displayed using 95% confidence intervals, which were calculated using the bootstrap method. We developed a descriptive model of cognitive decline by comparing the polynomial regression function fits for the different tests. To find a possible onset of cognitive decline we assessed mean values and variance of tests results in age groups. For this we used descriptive statistics methods.

To address the third objective, we analyzed the patterns of the sex-specific features of lifelong performance dynamics of the psychophysiological and cognitive tests. We built ordinary least squares regression trendlines and expressed results as IQR, mean±std or number of cases, and their percentage out of the observed group. With Kruskal–Wallis test we assessed whether sex affected the impact of age on test performance (i.e., whether there was an interaction effect). To examine differences between the slopes and intercepts we used a t-test.

The fourth objective was multifold. We hypothesized that in normal aging there is a cutoff age from when cognitive decline begins. Some clustering techniques allow solutions to be built based on the number of clusters which can be predefined by the user. This allows one to test several possible divisions to determine the optimal model with clear separation of the identified groups.

To achieve the first part of the fourth objective of determining the age at which cognitive decline can be identified from test performance, we utilized a ML approach. We used an exploratory analysis by assessing the separability of datasets using unsupervised ML algorithms. We used clustering methods, such as Simple K-means (Arthur and Vassilvitskii, 2006), canopy (McCallum et al., 2000), expectation-maximization (Dempster et al., 1977), and GenClus++ (Islam et al., 2018). Testing different numbers of clusters based on performance allowed us to determine the possible onset of cognitive decline. Then we built pairwise distributions of each attribute by age. The battery of PT that we used resulted in a large number of dependent variables (e.g., time estimates and accuracy metrics). For the analysis, we employed the major tests results explained in section 3.2.1.

For the second part of objective four, we studied the informative value of the tests for detecting cognitive changes in the elderly. To enhance the performance of the clustering algorithms, we used feature-selection methods, which are designed to minimize overfitting and reduce the time needed for training, while increasing model performance metrics by eliminating less informative features from the dataset. We employed the genetic algorithm (Hall, 1998) and information gain attribute evaluation (Kononenko and Hong, 1997). The genetic algorithm retrieves the most relevant features, whereas information gain attribute evaluation-based ranker lists the attributes in descending order based on their informative value for the final prediction. These values are considered as a useful measure of feature importance in the final model decision.

In the third, final part of the fourth objective, we built an ML algorithm to predict the age group from an individual's cognitive test performance. This fulfills the final aim of detecting misclassified cases that are susceptible to accelerated brain aging based on cognitive status assessment. To build the desired solution, we used several binary classification algorithms, such as support vector machines (Platt, 1999) with linear and non-linear (radial basis function) kernels, Gaussian Naive Bayes (John and Langley, 2013), Bagging meta-estimator (Louppe and Geurts, 2012), an extra-trees classifier (Geurts et al., 2006), a random forest classifier (Breiman, 2001), and multilayer perceptron (Glorot and Bengio, 2010). Because of the relatively small size of the datasets, we used a stratified five-fold cross-validation technique to have confidence that the predictions will generalize to unseen data. To evaluate the performance of the predictive models, we generated a receiver operating characteristic (ROC) curve averaged over five folds. We also calculated mean sensitivity, specificity, balanced accuracy (BAC), and area under the curve (AUC) values with respect to class. These performance measures were suitable as the datasets were balanced across the age attribute. Finally, we determined the cases that were misclassified by the best predictive model. We used the confusion matrix and calculated false-positive (FP) and false-negative values (FN).



3.2. Datasets Description


3.2.1. POBA Dataset

We used the dataset called Psychophysiological outcomes of brain atrophy (POBA; see section Acknowledgments). The methodology of the neurophysiological tests used for the dataset is well-defined and relevant to research on age-related functional changes. The accurate computerized assessment of PS was strongly aligned with the purpose of the study. The POBA dataset does not contain any complicated tests and comprises simple tasks that are suitable for those with different intelligence levels. The dataset consisted of 231 cases which included MRI examinations and psychophysiological testing results of people aged 4–84 years. Written patient or parental consent for minors for participation was obtained from each case. All participants were either patients who suffered from periodic headaches or were anxious about having organic brain pathology, or healthy participants who were examined at the beginning of their professional sports career. The exclusion criteria were as follows: organic brain pathology, mental disorder, or head injury. The dataset is available on demand (see section 8). A thorough description of the dataset has been previously published (Statsenko et al., 2020).

We have highlighted only the features used in this study to determine PT dynamics across the lifespan and for ML analysis. We used the following PTs:

1. Simple visual-motor reaction (SVMR): Reaction time (RT) is recorded for a single type of stimuli requiring an identical response. The result of the test is mean RT (SVMR_mean), which reflects the participants current functional state and indicates overall working capacity, type of temperament, and level of excitability of the central nervous system.

2. A type ofgo/no-go test with similar visual and motor components as the SVMR but with two types of stimuli that require different responses. For this reason, it is also called the complex visual-motor reaction (CVMR). The mean RT (CVMR_mean) correlates negatively with psychometric measurements of intelligence (Colman, 2015).

3. Decision-making time (DMT) is defined as the time taken for response selection. It is measured as CVMR_mean subtracted by SVMR_mean.

4. Attention study technique: To test attention, identical triggering stimuli are presented subsequently in different locations on a computer screen. The mean response time (AST_mean) reflects the level of attention to visual objects, stability, concentration of attention, speed of information processing, and work efficiency.

5. Interference resilience technique: In contrast to the previous task, this technique includes additional interfering objects (e.g., circles of different color and size) that overlapping each other and the targeted stimuli, which requires additional time for the participant to notice the triggering signal, and respond. The system calculates the average response time (IRT_mean).

6. The time delay in responding to the targeted stimulus due to visual interfering objects (TRVI) is the subtraction of AST_mean from IRT_mean (see Formula 2).

7. Reaction to a moving object (RMO) technique: A circle appears on the screen with one red and one green colored mark arranged radially. It becomes quickly filled with a yellow color in a clockwise direction from a starting point to the finishing line. The participant responds when the yellow sector passes through the red finishing mark. The result is measured as a mean value (RMO_mean) of the positive (time delays) and negative values (premature responses). A negative RMO_mean indicates a predominance of excitation of the central nervous system, whereas a positive RMO_mean indicates a predominance of inhibition of the central nervous system. Although RMO test results include a time parameter, the variable is an additional indicator of reaction accuracy (e.g., a delayed or proactive reaction).

8. RT variability: The dependent variables mentioned above measure the mean RTs calculated over 30 subsequent episodes of testing with varied time intervals. The standard deviation of RT conveys unique information beyond that offered by mean performance (Graveson et al., 2016). We analyzed the SD for each task as a separate dependent variable (SVMR_variance, CVMR_variance, AST_variance, IRT_variance, RMO_variance).

9. We used wrist dynamometry to measure the maximum muscular strength of the right (WDR_MMS) and left hand (WDL_MMS).

10. Asymmetry coefficient (AC) is calculated as the ratio of the maximum muscular strength of the wrists (see Formula 3). A study showed an association between the depth of the central sulcus (anatomic brain asymmetry) and the predominant use of the right or left hand for skilled and unskilled activities (Amunts et al., 2000). As anatomic brain asymmetry accounts for the functional asymmetry of the extremities, AC may reflect the difference in power between hands.
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3.2.2. Stroop Switching Card Test Dataset

We used the SSCT dataset available on demand (see Data Availability section). A sample of 103 participants aged 15–75 years volunteered for the experiment. The battery consisted of standardized neuropsychological tests evaluating cognitive flexibility (TMT), inhibition (Stroop color and word test [SCWT]; Golden and Freshwater, 1978), the SSCT (Belghali and Decker, 2019), updating (forward and backward digit span test; Wechsler, 1955), and information speed processing (digit symbol substitution test [DSST]; Wechsler et al., 1997). A single testing session lasted for approximately 1 h, and each participant was tested individually. The dataset and the methodology of the study is described in Belghali et al. (2020). Below is a brief description of the dataset.


3.2.2.1. Cognitive Flexibility

Cognitive flexibility is the mental ability to switch between thinking about multiple concepts simultaneously. It is based on executive functions that involve conscious changes in attention (cognitive shifting) and unconscious shifts of attention between tasks (task switching).

The TMT was used to assess flexibility. It is a neuropsychological test of visual attention and task switching. The subject connects 25 consecutive targets in a sequential order. TMT consists of two parts (A and B). In the first part, the targets are presented as numbers and the participant is required to connect them. In the second part, the participant is required to alternate between numbers and letters (i.e., 1-A-2-B-3-C, etc.). The time of completion for each part is recorded. The SSCT dataset contains the final outcome of the TMT test, which is measured as the Switch Score (SS) or TMT_BA_Time, which is the time delay between switching attention between numbers and letters (see Formula 5). Other studies have also used the ratio of performance (see Formula 6) based on evidence that the ratio of performance provides an index of EF; although the parts of the TMT differ in motor control and perceptual complexity (Arbuthnott and Frank, 2000). The TMT reflects cognitive abilities (visual-conceptual, visuospatial, and visual-motor tracking) as well as sustained attention and task alternation. The results predict physical impairment and mortality in older adults because poor cognitive function is associated with shorter life expectancy (Vazzana et al., 2010).



3.2.2.2. Inhibition

Inhibition was assessed using the classical Stroop test and its modified forms.

The first test was the classical SCWT starting with two basic tasks: color naming (part A) and word reading (part B). The third task (part C) contains an interference condition whereby individuals are asked to name the ink color, which does not correspond to the written word (e.g., “yellow” written in green ink). The incongruity between the ink color and the meaning of the word causes a time delay when performing part C compared with A and B. The examiner records the completion times of each task (i.e., STROOP A, STROOP B, and STROOP C) and the total number of errors in part C. The interference score (IS) is the dependent variable of interest (see Formula 4).

The SSCT developed by Belghali is a modified version of the SCWT. In addition to the classic interference condition, it includes a switching condition, where subjects are instructed to act in different ways depending on where the words are printed. The instructions are to either read the conflicting words (e.g., if “blue” is written in another color, the individual is instructed to read “blue”) or name the incongruently colored ink (e.g., if “yellow” is written in green ink, the participant is instructed to say “green”). The main reasoning behind this task is that inhibition and switching share brain networks, notably the prefrontal network. Moreover, inhibition and switching have been considered two sides of the same coin (Mostofsky and Simmonds, 2008). Age-related decreases in response inhibition accounts for rising up of interference on Stroop tasks (Troyer et al., 2006). Older adults whose executive performance reduces within 1 year have shown larger switch discrepancy scores (i.e., the difference in performance between the SSCT performance and the classical Stroop task) compared with those whose executive performance remains stable (Fine et al., 2008).

The following outcomes of the SSCT were used:

1. RT (SSCT_TIME): the global RT to complete the SSCT.

2. The total number of response errors (SSCT_ERROR): reflects accuracy.

3. The inverse efficiency score (SSCT_IES) by Bruyer and Brysbaert (Bruyer and Brysbaert, 2011): reflects the RT of the correct responses and combines the proportion of errors and RT into one variable (see Formula 7).

Responses are faster and more accurate when incongruent trials occur immediately after incongruent trials (conflict resolution) than when they occur after the congruent ones (conflict adaptation). Some studies have measured conflict resolution by the difference in response errors (i.e., accuracy) between incongruent and congruent trials and gauge conflict adaptation based on the response error difference between congruent trials following incongruent trials and incongruent trials following incongruent trials (Puccioni and Vallesi, 2012a,b). However, we used the following approach:

4. Conflict resolution (SSCT_Conflict_Resolution) was measured as the total number of response errors in incongruent trials that followed incongruent trials, which is inhibition without a change in congruence and refers to the ability to select relevant information while suppressing distracting information that is irrelevant to the current goal of the task. The subsequent tasks were congruent regarding the required response.

5. Conflict adaptation (SSCT_Conflict_Adaptation) was measured as the total number of response errors in congruent trials that followed incongruent trials, which is inhibition with a change in congruence and refers to the ability to adjust responses in accordance with the congruence of both current and previous trials.

6. Inhibition and switching (SSCT_I_S) is another metric of the conflict resolution process. In the SSCT, conflict resolution is applied in two ways. The first involves a cognitive sequence that involves inhibition exclusively without a change in congruence (e.g., naming an incongruent ink color preceded by an incongruent ink color). The second involves both inhibition and switching without a change in congruence (i.e., switching between calling the incongruent ink of colors and reading the words).

7. Working memory updating (SSCT_Updating) was measured by the total number of errors while classifying cards after each trial. It assessed inhibition only and inhibition with switching.



3.2.2.3. Updating

Updating was assessed using the DSFBT, which is a widely-used neuropsychological test for short-term verbal memory and is a component of the Wechsler memory scale (Woods et al., 2011). DSFBT includes two sequences: forward and backward. For the forward one, the participant repeats a series of numbers presented by the examiner in the same order. In the backward sequence, the participant recalls the numbers in the reverse order. The length of the sequence increases in subsequent trials. Two trials are presented for each list length. Each trial starts with two digits until the limit in list length is reached (nine forward and eight backward). The examiner stops when the subject fails both trials of the same list length successively or when the maximal list length is reached. The dependent variable of interest (DIGIT_SPAN_FWBW) is the total number of lists reported correctly for both sequences.



3.2.2.4. Information Speed Processing

Information speed processing assessed with the DSST, which is sensitive to many domains of cognitive dysfunction. It is also sensitive to changes in cognitive functioning across a wide range of clinical populations. Symbol-coding paradigms that are similar to the DSST are included as subtests in the Brief Assessment of Cognition in Schizophrenia and Repeatable Battery for the Assessment of Neuropsychological Status. However, DSST has low specificity for determining which cognitive domain is affected (Jaeger, 2018). Performance on the DSST can be affected by associative learning, motor speed, attention, visuoperceptual functions (e.g., scanning and ability to write or draw), executive functions of planning and strategizing, and working memory. The DSST consists of nine digit symbol pairs (e.g., 1/-, 2/~ 7/{, 8/X, 9/=), followed by a list of digits. Under each digit, the subject is required to write down the corresponding symbol as fast as possible. The number of correctly processed symbols within the allocated time (Processing_speed) is measured.
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3.3. Preprocessing of Data

The POBA dataset consists of a list of deidentified subject records, with one patient per row, which are stored in a comma-separated value format file. To convert data into a format suitable for ML applications, several preprocessing steps are performed. We cleaned the data by removing missing, unknown, or inappropriate values. In 26% of cases, values for wrist dynamometry attributes (WDL_MMS, WDR_MMS, and AC) were missing. We generated the values of missing attributes by using a linear regression model, which was trained on the available data as predictors and missing attributes as outcome variables. Then, the value of the AC feature was calculated using Formula 3. Then the numerical variables were normalized by subtracting the mean value and scaling to the attribute variance.


3.3.1. To Form Clusters and Groups of Participants

To form clusters and groups of participants, we initially used four age groups. The range of years corresponding to each group was as follows: Adolescents were aged [0, 20) years, Young adults were aged [20, 40) years, Midlife adults were aged [40, 60) years, and Older adults were aged ≥ 60 years. As shown in Figure 1, the distribution of subjects by age group was similar. Subsequently we enlarged the groups into two major clusters. The clusters of the young (<40 years) and older (40 years and above) adults were almost balanced: 48.5/51.5%. While solving the last task, we excluded the demographic features from the dataset because they risked biasing the prediction.


[image: Figure 1]
FIGURE 1. Age distribution of the (A) psychophysiological outcomes of brain atrophy and (B) stroop switching card test datasets.





3.4. Performance Evaluation Metrics

We used several objective measures to evaluate the performance of the clustering and classification methods. Confusion and error matrices were built for each predictive model to show how they distinguished between the younger and older classes. The ROC curve and AUC were used to evaluate the performance of the classifiers and summarize the trade-off between the true-positive (TPR) and false-positive rates (FPR), using different probability thresholds. The medical decision-making community has extensively published on the use of ROC graphs for the diagnostic testing (Fawcett, 2004) of balanced data (Saito and Rehmsmeier, 2015). Thus, we found that this metric was appropriate for our needs. We used: Here we use:
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The overall accuracy of the model was defined as follows:
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where TP,TN,FP, and FN are true-positive, true-negative, false-positive, and false-negative values, respectively, representing the confusion matrix of the classification model.

All metrics were calculated for each fold separately, and averaged values were used as the final measure.



3.5. Hardware and Software

All experiments were conducted using a Linux Ubuntu 18.04 workstation with 24 CPU cores and two NVIDIA GeForce GTX 1080 Ti GPU with 11 GB GDDR5X memory each, using the Python programming language and its libraries for data processing, ML, and data visualization, such as scikit-learn, NumPy, Pandas, Matplotlib, Seaborn, and Plotly. For the POBA dataset collection, we used NS-Psychotest by Neurosoft.



4. RESULTS



4.1. Association Between Test Performance and Age

Figure 2A describes the association between age and performance of participants for the PTs (i.e., the POBA dataset). Figure 2B shows the relationship between age and cognitive test performance (i.e., the SSCT dataset). The color intensity and size of the ellipses are proportional to the correlation coefficients.


[image: Figure 2]
FIGURE 2. Correlation matrix heatmap for the (A) psychophysiological outcomes of brain atrophy and (B) stroop switching card test datasets.


The analysis of the PTs showed a positive correlation between age and all features except AC, which was negatively associated with age. Age was significantly associated with all psychophysiological parameters (p < 0.05) except for TRVI, RMO_mean, and wrist power.

For the analysis of cognitive tests, associations between test performance and age were significant and stronger compared with those between PT performance and age. Test output values increased with age because they reflected either the time taken to complete the task or the number of errors (inaccuracy). The exceptions were information speed processing from the DSST and accuracy in updating, reflected by the dependent variable of the DSFB test. Poorer test performance resulted in lower speed and accuracy estimates. Performance in the DSST and DSFB were negatively associated with age. All these changes demonstrate the inevitable decline in mental processes with age.

Apart from the correlations between age and basic neurophysiologic and cognitive functions, the diagrams showed strong associations of age with various attributes of behavioral test performance. Cognitive domains undergo age-related changes in parallel; therefore, such associations are not surprising. However, the onset and rate of change may differ between domains.

Tables 1, 2 show Pearson's correlation coefficients and p values for the association between age and psychophysiological test performance (the POBA dataset) and cognitive test performance (the SSCT dataset).


Table 1. Correlation matrix of psychophysiological tests performance and age.
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Table 2. Correlation matrix of cognitive test performance and age.
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4.2. Lookup for the Onset of Psychophysiological and Cognitive Decline

Most dependent variables of the test batteries are represented by low values for high performance and vice versa. However, several dependent variables have lower values for poor performance, which include the muscle strength parameters and outputs of the DSST and DFBW tests. To maintain consistency in the diagrams, we reversed the values for subsequent analyses (i.e., 1/WDL_MMS, 1/Processing_speed, and 1/DIGIT_SPAN_FWBW).

Table 3 shows the lifelong dynamics of PT performance. The minimal values of the variables in young adults indicated better performance than other groups across all PTs (Figure 3). The U-shaped curve of the minimal values in those aged 30–45 years was the common pattern for all age-related changes, except for those of AC and RMO_mean. AC values showed a slight descending trend toward 55 years and a similar ascending trend after 55 years. RMO_mean remained almost unchanged throughout life.


Table 3. Comparison of test performance by age group and sex for the psychophysiological outcomes of brain atrophy dataset.
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[image: Figure 3]
FIGURE 3. Distribution of reaction time attributes by age for psychophysiological tests and wrist dynamometry.


The lifelong dynamics of cognitive test performance showed a different pattern. The performance metrics of the cognitive tests shared a similar overall trend, as seen in Table 4. Most values showed a rise from adolescence and an increase throughout life. However, several test estimates showed a small improvement in young adults, followed by steady worsening with age (e.g., SSCT_TIME, SSCT_IES, SSCT_Conflict adaptation, TMT_BA_TIME, and 1/DIGIT_SPAN_FWBW).


Table 4. Comparison of test performance in age groups with regard to gender in SSCT dataset.
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Figures 4, 5 illustrate the data in table. Only the SSCT_Conflict adaptation and SSCT_I_S curves presented an optimal value in those aged over 25 years with the following worsening of the parameters. All other dependent variables of the cognitive tasks progressed steadily throughout life.


[image: Figure 4]
FIGURE 4. Distribution of reaction time and accuracy attributes in Stroop switching card test by age.



[image: Figure 5]
FIGURE 5. The distribution of the Stroop switching card test, trial making test, Stroop color and word test, digit span forward and backward test, and digit symbol substitution test by age.




4.3. Sex Differences in Lifelong Test Performance

Table 3 shows the variance of PT performance by age and sex. From the averaged group data, men outperformed women in all PTs except for IRT_variance, which was similar across both sexes, with a slightly lower value in women (Figure 6). Table 4 and Figures 4, 7 show data of the cognitive test performance. No significant variance was related to sex.


[image: Figure 6]
FIGURE 6. Sex-related differences in reaction time attributes and results of wrist dynamometry.



[image: Figure 7]
FIGURE 7. Sex-related differences in the Stroop switching card test, trial making test, Stroop color and word test, digit span forward and backward test, and digit symbol substitution test across the lifespan.


Table 5 summarizes sex-specific lifelong changes of the variables. No significant differences were found among slopes or intercepts except for choice RT (CVMR_variance). Figure 6 shows that during adolescence, CVMR_variance remains unchanged throughout life in men. In contrast, in women, CVMR_variance increases with age. Figure 7 illustrates the different trends of changes with age for SSCT_Updating. In men, it remains relatively stable, whereas in women it increases. The significant difference in slope indicates different rates of deterioration between the sexes for this cognitive feature (see Table 5). There were no sex-related differences in the dynamics of age-related changes of psychophysiological or cognitive tests.


Table 5. Interaction coefficients for the comparison of intercepts and slopes for the psychophysiological outcomes of brain atrophy and Stroop switching card test datasets.
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4.4. Prediction of the Age Group Using Machine Learning

To estimate the onset of cognitive decline, we used cluster analysis. After assessing the outcome metrics of clustering into several groups, we obtained the best performance using two clusters when the cutoff value was set to 40 years of age (see Table 6). We achieved the best performance using the GenClus++ method (a combination of K-Means and the genetic algorithm). The misclassification of young participants was less frequent than that of older adults. This may account for the cumulative effect of individual lifestyle on cognitive status. Neurodevelopment in youth appears to be a more standardized process than brain aging of diverse origin, pace, and extent.


Table 6. Performance of clustering machine learning methods for the psychophysiological outcomes of brain atrophy and Stroop switching card test datasets assessed using the confusion matrix and prediction accuracy.
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Initially, the clustering generated low prediction accuracy (68.4%). To improve the performance of clustering of the POBA dataset, we resorted to using the feature-selection method. The genetic algorithm returned the following list of features that maximized prediction accuracy: AST_mean, IRT_mean, SVMR_mean, and CVMR_mean (see Table 7). When we ran the information gain-based ranker for the SSCT dataset, we retrieved the following informative features: SSCT_TIME, SSCT_IES, Processing_speed, TMT_BA_TIME, and SSCT_ERROR. When we fed the unsupervised ML clustering models with the aforementioned features, the separability of the subjects by age group improved considerably.


Table 7. Features retrieved using the information gain-based ranker method.
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To estimate the utility of a novel battery of tests for diagnosing age-related cognitive changes, we built an ML classification model, which identified the age group of participants as either below or above 40 years of age. If the prediction is reliable, it may reflect a subtle biomarker for accelerated aging (neurodegeneration) in those misclassified by the algorithm. A cognitive disorder may be diagnosed by estimating the gap between the chronological and predicted (biological) age. To make such predictions, a larger dataset is required in future studies using ML.

In Table 8 methods known for their high performance in classifying numerical data are compared. Figure 8 shows the ROC curves and AUC values that represent the performance of classifiers in both datasets. The accuracy of age group prediction from cognitive test performance was higher than that of PT performance (maximal AUC for the SSCT dataset was 0.9962 vs. 0.9382 for the POBA dataset).


Table 8. Performance of the machine learning classification models for the psychophysiological outcomes of brain atrophy and Stroop switching card test datasets assessed by sensitivity, specificity, and area under the curve values.
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FIGURE 8. Classification performance of each method in terms of the mean receiver operating characteristic curve using a stratified five-fold cross-validation technique (area under the curve values close to 1 indicate a high level of diagnostic rate, whereas a value close to 0.5 shows poor performance).




5. DISCUSSION



5.1. Psychophysiological and Cognitive Performance With Age


5.1.1. Dynamics of Psychophysiological Attributes Throughout Life

We used a battery of PTs comprising of cognitive domains and subdomains. SVMR reflected information processing, DMT represented task switching and inhibitory control, and IRT and AST measured attention. RT variability (RTV) across a set of trials reflected functional stability. To include the largest possible number of cognitive functions and components, we applied a comprehensive neurophysiological battery to study aging. However, we did not intend to explore specific cognitive subdomains, using specific tests. The idea was to study the basic neurophysiology that underlies complex behavior. The acquisition of visual-motor RT and its variance is straightforward, and the estimates provide an accurate physiologic assessment of individual neurodynamic properties.



5.1.1.1. RT

In our study, RTs for visual-motor response, attention, switching, and inhibition were positively associated with age, which demonstrates age-related neurocognitive slowing. Measuring RT provides an insight into information processing that typically includes signal acquisition, decision-making, and response. There is a fundamental processing speed, i.e., the rate at which cognitive operations are executed. The definition suggests independence of higher-level cognitive operations from motor operations (Salthouse, 1996). Because the basic psychophysiological tasks that we used included motor responses, RTs may reflect EF rather than fundamental processing speed (Nilsson et al., 2014). The RTs that we measured were the aggregate output of a series of complex information-processing transactions that were initiated by the presentation of a stimulus and terminated by an overt response (Bashore et al., 1997).



5.1.1.2. Choice RT

Choice RT (CRT) conveys information regarding concentration and processing speed. By subtracting simple RT from CRT, central processing time can be assessed, which accounts for 80% of age-related CRT slowing (Woods et al., 2015; Chintapalli and Romero-Ortuno, 2021). However, our data showed no significant difference between the rate of CVMR_mean and SVMR_mean slowing, which indicates impaired sensorimotor functions, rather than cognitive performance, and which at baseline explains the overall CRT slowing.



5.1.1.3. RT Variability

Apart from RT, we also noticed age-related acceleration of its inconsistency (RTV) (Graveson et al., 2016). A psychophysiological explanation for this variability relates to fluctuations in executive control mechanisms. It may also reflect attentional sustainability (Bunce et al., 1993, 2004; West et al., 2002). Typical age-related neurocognitive slowing results in an increase in RTV across the lifespan (Hultsch et al., 2002), where RTV increases with response slowing (Haynes et al., 2017). This increase can be reduced by physical exercise (Bauermeister and Bunce, 2016; Haynes et al., 2017).

The effect of aging on RTV may increase with the complexity of a cognitive task (West et al., 2002; Bunce et al., 2004; Dixon et al., 2007), which we observed in the comparison between AST_variance and IRT_variance slopes and SVMR_variance and CVMR_variance slopes (see Figure 6 and Table 5).

There are varied opinions regarding the plausible metrics of RTV. In this study, we used standard deviation, which is in line with a systematic review that showed similar results independently, with different ways of assessing RTV (Haynes et al., 2017). However, another systematic review supported measures controlled for mean RT (e.g., coefficient of variation) (Graveson et al., 2016). The idea of adjusting RTV to RT is based on the high correlations between these variables. Therefore, age-related changes in RTV may reflect a general slowing of responses (Myerson et al., 2007). However, associations between RTV and clinical outcomes (e.g., dementia, falls, and death) suggest that neurocognitive variance is not simply related to general slowing (Graveson et al., 2016; Haynes et al., 2017).



5.1.1.4. Attention

Rather than using choice and simple reactions exclusively, we employed attention study techniques (e.g., AST and IRT), which stemmed from the importance of evaluating attention. By driving goal-oriented behavior, attention determines the performance of any activity. Aging results in a reduced ability to concentrate on an object. Typical symptoms of advanced age neurodynamic disorders are talking around, inability to sustain attention, being easily distracted, and difficulty recalling information against a noisy background (Tanila et al., 1997). Age-related decline in attention may reduce the performance for simultaneously carrying out tasks. For example, RT increases in the elderly when they are asked to concurrently achieve postural stability. Furthermore, slower responses during a choice reaction test are a potential predictor of faster decline in mobility (Chintapalli and Romero-Ortuno, 2021). Although it is not well-understood, mobility and cognitive impairment accompany each other throughout life.



5.1.1.5. Visual-Motor Task Performance

Although we used PTs with visual paradigms, it was still challenging to analyze performance of tasks that relied on visual sensory functioning because they comprise several components: sensory acquisition, cognitive appraisal, and processing. Each component may undergo age-related changes that result in the wrong behavior of the entire system. Despite being derived from sensory components, poor performance may be misinterpreted as a sign of cognitive decline. Increased age results in a decline in visual search performance; however, the reasons for this association remain unclear (Monge et al., 2017).



5.1.1.6. Brain Functional Asymmetry

A possible reason for a negative association between AC and age is that the force of each wrist differs because of the asymmetrical atrophy of the brain during aging. This reduces the dominant position of the motor cortex of one side. Another reason is a reduction in white matter (WM) connectivity during life. Fiber loss in the corpus callosum disconnects the two hemispheres and reduces the suppression of the non-dominant hemisphere by the contralateral hemisphere (Teipel et al., 2009). If motor cortex activity becomes equal across hemispheres, AC will reduce.




5.1.2. Lifelong Trend of Cognitive Performance

Tasks vary across POBA and SSCT studies depending on cognitive complexity. They range from those involving low cognitive demands (e.g., SVMR in the POBA dataset) to those requiring more complex cognition (e.g., cognitive tasks in the SSCT dataset). On average, the cognitive tasks comprised in the SSCT dataset are more demanding compared with the battery of PTs. This may also explain why decline starts early in life according to cognitive tests, whereas psychophysiological findings begin to worsen only from middle age.


5.1.2.1. Task Switching and Conflict Resolution

Conflict resolution is an important cognitive ability that enables the suppression of automatic responses that may have been suitable previously but are inappropriate in a new context (Ho et al., 2019). Our findings on the lifelong dynamics of SSCT_Conflict_Resolution, SSCT_I_S, and 1/DIGIT_SPAN_FWBW are consistent with previous studies that showed poor dual-tasking abilities in older adults. The ability to switch between concurrent tasks is supported by executive control, which becomes weaker with age (Graveson et al., 2016). Executive cognitive control requires operations, such as conflict monitoring and response inhibition. Conflict monitoring is the evaluative component of cognitive control, as it detects the occurrence and level of conflict. The disproportionate deficits in inhibitory processing have shown to discriminate individuals with normal aging and MCI. Conflict resolution follows conflict monitoring and inhibits task-irrelevant responses and screens for task-relevant information (Cullen et al., 2007). The SSCT_I_S reliably reflects the ability to inhibit irrelevant responses and switch to a correct behavior (Belghali et al., 2020).



5.1.2.2. Interference Score

Interference score is a dependent variable of SCWT, the diagnostic value of which is based on the interference effect. The effect leads to slower cognitive speed during incongruent trials compared with congruent trials. The effect is larger in cognitively-impaired people compared with cognitively-preserved individuals (Ho et al., 2019). In our study, IS increased steadily across the lifespan (see Figure 5).



5.1.2.3. Processing Speed

In the battery of cognitive tests we used, DSST enabled us to assess information-processing speed, which showed significant age-related changes. Processing speed is particularly sensitive to age and mediates the decline in higher-order cognitive domains (Nilsson et al., 2014). An alternative point of view is that under appropriate control, processing speed accounts for most age-related differences in executive deficits (Verhaeghen and Cerella, 2002). For example, a study of three groups of participants, with mean ages of 22, 70, and 85 years, respectively, showed common perceptual and orienting attention patterns, and differences were observed for processing speed only (Muiños et al., 2016).



5.1.2.4. Attention

Attention as a cognitive domain was also measured by the cognitive tests. This is because major complex activities require attentional resources. Multitasking suffers with advanced age because of the reduced ability to flexibly switch attention (known as intellectual rigidity). TMT reflects cognitive flexibility and involves attention. Thus, it is not surprising that its dependent variable, TMT_BA_TIME, decreased across the lifespan. Numerous studies have shown that aging results in disturbances of concentration and attention.

Similarly to attention, working memory is also involved in many cognitive tasks (e.g., the SSCT and DSST). Changes in the dependent variables of the tests (SSCT_Updating and Processing_speed) signify working memory decline with age.




5.2. Onset of Decline in Psychophysiological and Cognitive Performance

Cognitive decline may start at different ages. There is no common age of onset in any population. Previous studies have shown that the decline is already evident at middle age. The most affected functions are EF (Singh-Manoux et al., 2012) and processing speed (Salthouse, 2009; Zimprich and Mascherek, 2010). A recent study revealed that most age-related cognitive changes occur at the age of 50–65 years, with only a few age-related differences being evident before the age of 50 years (Ferreira et al., 2015). However, in healthy educated adults, some aspects of cognitive impairment have shown to start during their 20s and 30s (Salthouse, 2009). Some studies have suggested that crystallized intelligence continues to increase during adulthood, whereas decline in physiological cognitive functions (e.g., fluid intelligence, memory, and especially processing speed) starts earlier (Zimprich and Mascherek, 2010).

There is a considerable body of evidence that has implicated brain structural changes in age-related EF deficits. Below is the discussion of our findings of previous brain morphology studies, which give insight into the pathomorphological mechanisms of neurocognitive slowing.


5.2.1. White Matter Changes and Psychophysiological Worsening



5.2.1.1. Reaction Time and Processing Speed

RT and processing speed. RT estimates and RTV of the PT that we used followed a U-shaped function across the lifespan, which is consistent with the inverted U-shaped function of WM volume changes. WM volume increases until early middle age (35 years of age), which is followed by a period of stability, and finally an accelerated decline after late middle age (55–60 years of age). Furthermore, there is evidence that indices of WM integrity from diffusion tensor imaging (DTI) strongly correlate with processing speed. WM integrity changes start early in adulthood and show greater decline after the age of 60 (Ferreira et al., 2014; Nilsson et al., 2014).

A recent study found that age-related differences in two components of processing speed do not occur simultaneously. The cognitive component of processing speed integrates all the results. The slowing of the component occurs before the age of 50 years, whereas the motor component slows during the age of 50–65 years (Ferreira et al., 2015).



5.2.1.2. RT Variance

The trial-to-trial volatility of RT across a task (RTV) is closely related to brain structural features and provides an insight into brain changes across the lifespan. RTV occurs because of the consequences of WM decline, such as less distinct cortical representations and increased neural noise. Independent of RT, RTV has been shown to be associated with the prevalence of WM lesions (hyperintensities on FLAIR). RTV is a measure of WM integrity alone (in DTI studies) and general neurological integrity at a biological level (Deary et al., 2006; Nilsson et al., 2014). Findings regarding the age at which RTV begins to increase are inconsistent. However, in line with our findings, age-related increases in variability are thought to begin in middle age or earlier (Haynes et al., 2017).




5.2.2. Gray Matter Atrophy and Cognitive Decline

Age-related changes in gray matter (GM) also mediate cognitive performance across the lifespan (Ferreira et al., 2014). The shape of age-related variance of major cognitive test performance is close to a straight line, which is similar to the linear trend of decreases in GM volume across the lifespan. The neural centers that comprise GM are responsible for information synthesis (e.g., decision making) and establishing links (e.g., associative thinking and working memory).


5.2.2.1. Inhibitory Process

A study using the Stroop test showed that age-related differences in cognitive inhibition occur at age 50–65 years alongside the onset of verbal fluency and premotor function decline (Ferreira et al., 2015). However, in our study, impairment started early in life (from adolescence), with a slow progression throughout life (see IS changes in Figure 5).



5.2.2.2. Attention

Attention is an internal cognitive process for directing focus toward objects or locations while managing distractions. According to its sources, attention can be broken down into networks that carry out alerting and executive control functions. Several studies have suggested that age-related cognitive decline, especially EF, begins early in life, childhood (Finch, 2009; Salthouse, 2009), or middle age (Zhou et al., 2011). Age-related deterioration of the prefrontal lobe and dopaminergic system accounts for the impairment of executive attention after the age of 40 (Zhou et al., 2011). In a recent study, decline in the attentional domain was found to occur during the transition from middle age (50 years) to old age (65 years) (Ferreira et al., 2015).

Our data showed that performance in PTs that utilize attention begins to deteriorate at middle age. In contrast, performance in the cognitive tests used in the study shows an early onset of decline. Estimating the onset of decline in attention is difficult because of the lack of tasks that purely measure attention.



5.2.2.3. Working Memory

EF decline in working memory occurs before the age of 50, which is reflected by changes in the manipulation of visual and verbal information. Changes in the latter are less prominent, as the visual modality is more demanding than the verbal modality, and more complex components are more vulnerable to change across the lifespan. Difficulties in verbal learning that start during middle age are likely to be more related to frontal lobe impairment than middle lobe impairment (Ferreira et al., 2015). The procedural memory component undergoes age-related changes that manifest as an increase in errors and time of execution, which are more related to inhibitory control (performed by the frontal lobe) and processing speed (Lezak et al., 2004; Ferreira et al., 2015).

It is difficult to estimate the onset of working memory decline using the tests that we included because the battery of tests used do not specifically measure working memory status.




5.3. Socio-Demographic Correlates in Age-Related Cognitive Impairment

Sociodemographic correlates, such as sex and education, can influence cognitive test performance. Literacy and higher educational level correlates with superior test performance on several cognitive domains (Ho et al., 2019). For our analysis of both datasets, we took into consideration the educational level of participants. For instance, we used literacy as an inclusion criterion. Moreover, we included adults who indicated that they completed a professional course after finishing general education. Another way to control for the level of intelligence is by considering the years of formal education. However, this has several limitations. Firstly, the intensity of training is not considered. Secondly, it does not reflect the level of intellectual activity after completion of formal education (e.g., postgraduate study). Furthermore, there is evidence that the effects of intelligence and formal education on the development of dementia differ. Schmand showed that a low reading test score predicted incident dementia better than a low level of education. Furthermore, the study found that a high occupational level had a protective effect (Schmand et al., 1997).


5.3.1. Sex Differences in Age-Related Cognitive Impairment

Despite some variation in psychophysiological and cognitive findings across the lifespan, we found significant test performance differences related to sex. The linear trends of the age-related changes for choice RT and updating in the SSCT test (see Table 5) had significantly different slopes. However, we did not observe significant sex differences in the lifelong dynamics of major test estimates. There is currently limited agreement in the literature on sex differences. Longitudinal studies comparing changes in cognitive function and probability of Alzheimer's dementia in men and women have revealed confronting results (Barnes et al., 2003).




5.4. Identification of Accelerated Decline

The idea of studying EF in normal aging was motivated by the increasing evidence that deficits in certain EFs may arise at early stages of neurodegenerative disease (Ho et al., 2019). The most commonly-documented cognitive changes associated with old age are decline in memory, attention, and speed of processing of incoming information. All components of processing, from stimulus acquisition to response execution, decline with age. There is no strong consensus regarding whether the rate of decline is a process specific or common across all components (Bashore et al., 1997). Previous studies have shown that a set of influences on information-processing speed occur with advancing age. The best way to characterize these influences is by combining a variety of processing speed measures, which may be acquired from different tasks or acquisition methods (e.g., latency of evoked potentials and RT) (Bashore et al., 1997).

In our study, the linear trendlines for the variance of test estimates across the lifespan represent tendencies toward decline of functioning, specifically for information processing, attention, and switching. They all followed a common trend with a similar rate of progression. The scatterplots indicate that age-related neurocognitive slowing is an unavoidable process that occurs at a permanent rate.

The graphs show that age-related decline in functioning does not separate the population into obvious cohorts that can be easily observed in scatterplots. Visually, we could not estimate a threshold value that would indicate the onset of cognitive decline. Nevertheless, the results obtained are promising. For now, the classification algorithms can be used for screening purposes (see section 5.4.2). The short acquisition time allows testing of each patient for signs of enforced brain aging. Future studies of patients with dementia using the same PTs will provide further support for our findings. Using a larger sample size will improve the performance metrics so that the battery of PTs will be a reliable predictor of the age group. Although, cognitive monitoring is not a replacement for a thorough neuropsychological assessment, its use as a supplement may provide indices of key cognitive domains during a brief consultation (Ho et al., 2019).


5.4.1. The Separability of Data and Onset of Decline

To improve prediction accuracy, we used feature selection. We expected that the highly-prevalent decline in some cognitive domains would be largely responsible for age-related functional fading. The time estimates for the attention study technique and motor-visual reaction tests were ranked the highest. All selected features reflected information-processing speed. Additionally, other cognitive domains and subdomains (e.g., attention and task switching) were involved. This is relevant to the recently-formulated assumption that slowing of functioning is a major outcome of aging. The dependent variables that were derived from studies of attention (TRVI), motor reaction (DMT), and RMO_mean had a value output of zero. From the perspective of the ranking method, these features can be considered as redundant because they do not provide additional information for the final model decision.




5.4.2. Reflection of Age-Related Cognitive Changes With the Psychophysiological Tests

Multilayer perceptron or traditional fully-connected three-layer NN models show significantly higher AUC values (89.6%) compared with other methods using the POBA dataset. The NN is a model that mimics the behavior of data and finds hidden patterns within it. The sensitivity and specificity of the young class were retrieved at 89 and 81%, respectively. The model was more sensitive to the young class than to the older class, which is in line with the trend observed in our assessment of the separability of the data.

Our results demonstrate that cognitive tests and PTs may serve a diagnostic purpose as a screening tool. They are rapid, standardized, fully automated, easy to administer, highly reproducible, and have sufficient sensitivity and specificity (see section 5.4.2).





6. STRENGTHS AND LIMITATIONS OF THE STUDY

A limitation of the study is its cross-sectional design. This implies that participants of different ages were born and raised at a different time. Thus, the Flynn or antiFlynn effect may have an influence, which is the change in intelligence test scores across generations, and it may influence mean RTs (Woodley et al., 2013). Such effects have been reported during previous decades in various countries (Woodley, 2012). However, there is increasing evidence that the effect is due to changes in test-taking behavior over time rather than significant variability in intelligence (Must and Must, 2013).

Another limitation of the study is that the datasets we used were not completely comparable, as they were acquired within the last 5 years in different countries. However, the last decade of research has shown that cognitive differences between countries are becoming smaller (Meisenberg and Woodley, 2013), which reduces the potential differences between societies and partly overcomes the limitation of this study.

In contrast to studies that used no specific criterion for normative performance, we proposed an approach that may have clinical utility. The ML classification algorithm may serve as a reliable tool for detecting individuals with accelerated cognitive impairment. If the algorithm misclassifies a participant into an incorrect age group, the individual may be considered at risk of cognitive deterioration. This potential application of our approach for clinical purposes is a strength of the study. To implement the classifier in practice, the study will need to be extended in a larger sample of healthy participants. Further research is required to investigate the dynamics of the identified measures in normal and pathological-aging populations.

Comprehensive psychophysiological assessment and detailed analysis of cognitive functions using ML-based modeling allowed us to detect early cognitive decline. Our study is one of few that have explored a broad variety of cognitive measures in a cohort of young and middle-aged adults. Knowledge of the early stages of normal aging will facilitate early advanced diagnostics and prevention of pathological aging.



7. CONCLUSION

• The study introduced the concept of a predicted “cognitive” age that can be forecast from a set of tests and compared with the chronological age. In cases where there is a significant difference between the predicted and actual age, the participant may be considered susceptible to accelerated brain aging. This will allow the individual to undergo advanced diagnostic procedures and follow-up examinations.

• In our study all RT and variance estimates followed a U-shaped function across the lifespan, which reflected the known inverted U-shaped function of WM volume changes, with optimal values observed in early middle age (35 years), followed by a period of stability, and accelerated decline after late middle age (55–60 years). The shape of the age-related variance of the major cognitive test performance was close to a straight line, which was similar to the linear trend of the decrease in GM volume across the lifespan. The neural centers comprising GM are responsible for information synthesis (e.g., decision making) and establishing links (e.g., associative thinking and working memory).

• Overall, the battery of cognitive tasks we used was more demanding compared with the PTs, which may explain why the analysis of the cognitive tests showed a decline starting early in life. In contrast, the psychophysiological findings (simple and complex RT and its variance across trials) suggested that the onset of functional decline occurred at middle age.

• Our study suggested that cognitive aging results from the convergence of several processes described in recent findings. These processes were a decline in EF, overall cognitive slowing, and impairment in visual processing. The tests we used may serve a diagnostic purpose as a screening tool for early neurocognitive slowing. The batteries may be used as subtle biomarkers of neurodegeneration for individuals who are misclassified by the algorithm.

• The study did not show considerable sex differences in the lifelong dynamics of major test estimates, except for choice RT and updating in the SSCT test that showed a significantly-faster decline in women than in men.

• The performance of the classification model to identify the subjects' age group was promising. The sensitivity and specificity of the identification of the young class were 97 and 86%, using the PTs. The metrics of the cognitive tests were 95 and 98%, respectively. We observed better performance of the ML algorithms with the cognitive tests than the PTs as predictors (balanced accuracy was 96.5 vs. 94%, respectively), which is because of the linear change in cognitive estimates compared with the U-shaped change of the lifelong neurophysiological dynamics.

• ML models can be designed and utilized as a computer-aided detector of neurocognitive decline. Our study showed great promise for the use of classification models as predictors of age-related changes. Our results encourage us to explore a combination of tests from the battery to derive a more reliable set of tests based on performance metrics. Moreover, further investigations of other cognitive and PTs are warranted.

• Future research is required to improve the performance characteristics of the ML model by using a larger sample size and an enriched test dataset that includes patients with dementia.
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AC, asymmetry coefficient; AUC, area under the curve; BAC, balanced accuracy; CVMR, complex visual-motor reaction; CRT, choice reaction time; DMT, decision-making time; DSFBT, digit span forward and backward test; DSST, digit symbol substitution test; DTI, diffusion tensor imaging; EF, executive functioning; EFT, executive functioning test; FN, false-negative values; FP, false-positive values; GM, gray matter; LOWESS, locally weighted scatterplot smoothing; ML, machine learning; NN, neural network; OLS, ordinary least squares; POBA, psychophysiological outcomes of brain atrophy; PS, psychophysiological status; PT, psychophysiological test; ROC, receiver operating characteristic; RT, reaction time; RTV, reaction time variability; SCWT, Stroop Color and Word Test; SSCT, Stroop Switching Card Test; SVMR, simple visual-motor reaction; TRVI, the time delay in responding to the targeted stimulus because of visual interfering objects; TN, true negative values; TP, true positive values; WM, white matter.
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Perioperative neurocognitive disorder (PND) is a common condition in elderly patients undergoing surgery. Sedation, analgesia, regional cerebral oxygen saturation (rSO2), and body temperature are known to be associated with PND, but few studies have examined the contribution of these factors combined in detail. This prospective, randomized, controlled, double-blinded study investigated whether anesthesia management based on multimodal brain monitoring—an anesthesia management algorithm designed by our group—could improve the post-operative cognitive function and brain functional connectivity (FC) in elderly patients undergoing elective spinal surgery with general anesthesia. The patients (aged ≥65 years) were randomized into two groups [control (Group C), n = 12 and intervention (Group I), n = 14]. Patients in Group I were managed with multimodal brain monitoring (patient state index, spectral edge frequency, analgesia nociception index, rSO2, and temperature), and those in Group C were managed with routine anesthesia management. All patients were pre- and post-operatively evaluated (7 days after surgery) with the Montreal Cognitive Assessment (MoCA). Amplitude of low-frequency fluctuation (ALFF) and FC were analyzed after resting-state functional MRI. Serum C-reactive protein (CRP) and lipopolysaccharide levels were measured, and the correlation between FC and changes in inflammatory marker levels was analyzed. Mean post-operative MoCA score was higher in Group I (24.80 ± 2.09) than in Group C (22.56 ± 2.24) (p = 0.04), with no difference in PND incidence between groups (28.57 vs. 16.67%; p = 0.47). Group I also showed significantly increased ALFF values in several brain regions after surgery (p < 0.05), and FC between the left hippocampus and left orbital inferior frontal gyrus (FG), left middle FG, left superior temporal gyrus, and left precentral gyrus was enhanced (p < 0.05), which was negatively correlated with the change in serum CRP (pre vs. post-intervention) (R = −0.58, p = 0.01). These results suggest that management of elderly patients undergoing surgery by multimodal brain monitoring may improve post-operative neurocognition and FC by reducing systemic inflammation.

Clinical Trial Registration: http://www.chictr.org.cn/index.aspx, identifier: ChiCTR1900028024.

Keywords: management based on multimodal brain monitoring, elderly patients, spinal surgery, perioperative neurocognitive disorders, functional connectivity, systemic inflammatory response


INTRODUCTION

Perioperative neurocognitive disorder (PND), which includes neurocognitive complications, such as delirium and longer-lasting post-operative cognitive dysfunction, is common in elderly patients undergoing surgery under anesthesia (Subramaniyan and Terrando, 2019). The main symptoms of PND are memory and attention loss and reduced abilities in language comprehension and social adaptability (Le et al., 2014; Evered et al., 2018). In a recent study, the incidence rate of PND in elderly patients, who had undergone spinal surgery, was 43% (Zhang et al., 2018). Patients with PND have an increased risk of mortality and morbidity, longer hospital stays, significantly higher healthcare costs, and increased use of family care services (Monk et al., 2008; Steinmetz et al., 2009). With the aging of the global population, PND in elderly patients has become a major clinical problem.

Resting-state functional MRI (rs-fMRI) is a non-invasive method for examining the functional brain networks (Biswal et al., 1995). It analyzes the brain function and activity in the resting state (i.e., awake without thinking of anything in particular) based on the blood-oxygen level-dependent (BOLD) signal. rs-fMRI can distinguish patients with mild cognitive impairment (MCI) from healthy subjects (Chen et al., 2011) and Alzheimer's disease (AD) from normal aging (Khazaee et al., 2015). However, most rs-fMRI studies have focused on neurodegenerative diseases, such as AD and multiple sclerosis (Eijlers et al., 2019), and it has rarely been applied to the patients undergoing surgery, though it was recently demonstrated that the functional connectivity (FC) in certain brain areas may predict post-operative pain relief (Sawada et al., 2020). FC changes in PND—especially in elderly patients—have not been reported.

The PND is thought to arise from the neuroinflammation caused by stress from anesthesia and surgery (Lim et al., 2013). Biomarkers of the inflammation and stress [e.g., C-reactive protein (CRP) and cortisol] were found to be negatively correlated with the neuropsychological test score (Edipoglu and Celik, 2019). Inadequate sedation during the surgery is related to an increased stress response, which can cause the release of inflammatory cytokines and lead to the cognitive dysfunction (Vlachakis et al., 2017; Quan et al., 2019). Similarly, the oversedation, acute pain, cerebral hypoxia, and hypothermia can exacerbate neuroinflammation and are correlated with post-operative cognitive deficits (Drabek et al., 2014; Gong et al., 2018; Koyama et al., 2019; Snyder et al., 2021), which can potentially be prevented by monitoring the sedation [e.g., by electroencephalography (EEG)], analgesia, and regional cerebral oxygen saturation (rSO2) (Murniece et al., 2019; Bocskai et al., 2020; Cotae et al., 2021). Accordingly, we developed a multimodal brain monitoring management strategy involving EEG-based patient state index (PSI) and spectral edge frequency (SEF) combined with other monitoring tools, such as the analgesia nociception index (ANI), rSO2, and nasopharyngeal temperature. The anesthesia management strategy was based on the assumption that maintaining the monitoring parameter values in a normal range would alleviate the cognitive dysfunction. However, whether it is more effective in preventing PND than routine anesthesia management—which depends solely on the experience of an anesthesiologist and does not include monitoring of PSI, SEF, ANI, and rSO2–is unknown.

In this study, we investigated the effect of anesthesia management by multimodal brain monitoring on post-operative cognitive function in elderly patients undergoing spinal surgery with general anesthesia. We also examined the correlation between inflammatory markers and FC in cognition-related brain regions in order to clarify the possible mechanism underlying post-operative changes in cognition. We hypothesized that patients receiving this intervention would have higher neuropsychological test scores, improved FC in the brain, and lower serum levels of inflammatory biomarkers compared to those who underwent routine anesthesia management.



METHODS


Study Design

This prospective, randomized controlled trial with patient and outcome assessor blinding was approved by the institutional review board of Xuanwu Hospital, Capital Medical University and registered with the Chinese Clinical Trial Registry (ChiCTR1900028024). The trial was conducted from September 2019 to December 2020. All experimental procedures were carried out in accordance with the Declaration of Helsinki. The verbal and written informed consents were obtained from all participants.



Patients

The inclusion criteria for patients were as follows: age ≥65 years, an American Society of Anesthesiologists (ASA) physical status classification of I or II, scheduled for elective spinal surgery, and at least 6 years of education. Exclusion criteria were as follows: participation in other trials, diseases associated with cognitive impairment, preoperative Montreal Cognitive Assessment (MoCA) score <19, severe mental disorders, body mass index (BMI) >35 kg/m2, contraindication for study medications or MRI, history of neurosurgery or head trauma, persistent arrhythmia, alcohol or drug use, left-handedness, and refusal to participate.



Randomization and Blinding

Patients were randomized into intervention and control groups (Groups I and C, respectively) using a random digit table generated using an online software program (https://tools.medsci.cn/rand) by an investigator blinded to this study. A complete concealment method was used for random assignment: grouping information from the random digit table was prepackaged in consecutively numbered, sealed, opaque envelopes. When a patient who met the inclusion criteria was enrolled, the anesthesiologist opened the corresponding envelope, and the patient received the treatment corresponding to their group. Patients and the outcome assessor were blinded to group assignment. Except in cases of acute complications, the randomization code was discarded only after patient enrollment and follow-up had ended.



Anesthesia Management

Heart rate, blood pressure, pulse O2 saturation level, nasopharyngeal temperature, end-tidal CO2 level, urine output, and other parameters were routinely monitored. A standard general anesthesia induction protocol (0.15 mg/kg etomidate, 0.8 mg/kg rocuronium, and 0.3 μg/kg sufentanil) was used in all patients, who were then intubated with an endotracheal tube and ventilated with a 50% O2-air mixture. The initial dosages of maintenance anesthesia were 4 mg/kg/h propofol and 0.2 μg/kg/min remifentanil. The intervention was implemented during anesthesia maintenance according to the group. The initial dosage of norepinephrine was set as 0.03 μg/kg/min, and the infusion rate was increased or decreased in increments of 0.02 μg/kg/min if the mean arterial pressure was <70 mmHg or raised >20% from the baseline value. Patients underwent intravenous patient-controlled analgesia (PCA) after surgery (40 mg oxycodone diluted to 100 ml with normal saline). PCA parameters were set as a bolus dose of 1 mg oxycodone with a lockout time of 5 min; the maximum amount within 1 h was 3 mg.


Management Based on Multimodal Brain Monitoring in Group I

Patients in Group I were managed with multimodal brain monitoring, which included the monitoring and regulation of sedation depth parameters (PSI and SEF), analgesia parameter (ANI), rSO2, and nasopharyngeal temperature. PSI, SEF, ANI, and rSO2 data were provided by the Root Platform (Masimo, Irvine, CA, USA). PSI (25–50) and SEF (8–12) were selected as the triggers for the intervention. The management protocol was as follows (Figure 1). (1) When both PSI and SEF values were abnormal, we checked the rSO2 value; if this had decreased by >20% from the baseline value, a low rSO2 rescue procedure was initiated (Figure 1B). (2) ANI was monitored, and the target range was set as 50–70. The infusion rate of remifentanil was increased or decreased in increments of 0.02 μg/kg/min when ANI was <50 or >70, until the ANI reached the target range. (3) Patients with hypothermia or hyperthermia (body temperature <36°C and >38°C, respectively) were treated by warming or cooling (target body temperature 36–38°C). If rSO2, ANI, and nasopharyngeal temperature were within the appropriate ranges but PSI and SEF values were still abnormal (PSI >50 and SEF >12 or PSI <50 and SEF <8), then the infusion rate of propofol was increased or decreased in increments of 0.5 mg/kg/h until the target ranges of PSI and SEF were reached. Finally, if PSI or SEF values were in the normal range but rSO2 remained abnormal, an rSO2 rescue procedure was initiated. If body movement occurred, analgesia and sedation were adjusted simultaneously.


[image: Figure 1]
FIGURE 1. Anesthesia management of Group I. (A) Management based on multimodal brain monitoring. The management is triggered by PSI with the SEF, rSO2, ANI, and nasopharyngeal temperature were observed in sequence. Low rSO2 rescue procedure, adjustment of the infusion rate of remifentanil or propofol, warming or cooling was conducted according to the change of parameters. (B) Low rSO2 rescue procedure. MAP, PETCO2, Hb, and SpO2 were adjusted when low rSO2 occurred. PSI, patient status index; SEF, spectral edge frequency; ANI, analgesia nociception index; rSO2, regional cerebral oxygen saturation; MAP, mean arterial pressure; PETCO2, end-tidal carbon dioxide partial pressure; VT, tidal volume; RR, respiration frequency; Hb, hemoglobin; SpO2, pulse oxygen saturation; FiO2, fraction of inspiration oxygen.




Routine Anesthesia Management in Group C

Patients in Group C were managed with a routine anesthesia management protocol, in which the remifentanil infusion rate during maintenance depended on the experience and hemodynamic parameters of an anesthesiologist. Propofol was adjusted according to the bispectral index (BIS), with the target range set as 40–60. ANI and rSO2 were not monitored.




Blood Sample Collection

Venous blood samples were collected 1 day before surgery (baseline, T0) and 24 h after surgery (T1). The samples were centrifuged for 15 min at 1,000 rpm, and the supernatant was frozen at −80°C until use. CRP and lipopolysaccharide (LPS) levels in the serum were detected by ELISA using the commercial kits (CRP: R&D Systems, Minneapolis, MN, USA; LPS:CUSABIO, Wuhan, Hubei, China) according to the instructions of the manufacturers.



Patient Data Collection

The demographic and clinical data of patients, including age, BMI, ASA physical status, education level, history of hypertension, diabetes, coronary artery disease (CAD), operated segment, and preoperative diagnosis were recorded 1 day before surgery. The patients were preoperatively trained on how to use the numeric rating scale (NRS). Pain intensity was assessed using the NRS at 24 h after the surgery (T1). The dosage of anesthetics and vasoactive drugs and surgery and anesthesia duration were recorded during the surgery. The amount of oxycodone consumed, time of the first post-operative exhaust, adverse effects (nausea and vomiting), post-operative complications (e.g., wound infection or fever), and length of hospital stay were recorded after the surgery.



Neuropsychological Assessment

Patients were evaluated with the MoCA 1 day before surgery (T0) and 7 days after surgery (T2) by the same neuropsychologist. To calculate the incidence of PND, we referred to previous practice effect data of community volunteers collected by our research group (Zhang et al., 2018): the practice effect was found to be 1.92 ± 1.19, and Z-score was calculated according to the formula [MoCA score (T2) – MoCA score (T0) – practice effect (mean)]/practice effect (SD); a diagnosis of PND was made if the Z-score was ≥1.96.



rs-fMRI Data Acquisition

Patients underwent fMRI scanning 1 day before (T0) and 7 days after (T2) the surgery before neuropsychological assessment. The MRI data were obtained using a 3.0-T MRI scanner (Verio; Siemens Medical Solutions, Erlangen, Germany) with a 12-channel head coil. Head motion and scanner noise were minimized using cushions and earplugs. Participants were instructed to keep their eyes closed and remain relaxed with their heads still, and avoid thinking of anything in particular during the scan. The scanning parameters were as follows: repetition time (TR) = 2,000 ms, echo time (TE) = 30 ms, field of view (FOV) = 240 × 240 mm2, flip angle (FA) = 90°, section thickness = 4 mm, acquisition matrix = 64 × 64, voxel size = 3.8 mm × 3.8 mm × 4.0 mm, and 33 slices covering the whole brain. The sequence lasted for 488 s. Additionally, T1-weighted images were obtained with a three-dimensional magnetization-prepared rapid-gradient echo sequence, for which the parameters were as follows: TR = 1,900 ms, TE = 2.19 ms, inversion time = 900 ms, FA = 9°, FOV = 256 × 256 mm2, voxel size = 1.0 mm × 1.0 mm × 1.0 mm, and 176 slices at a thickness of 1.0 mm.



Image Data Preprocessing

The Python-based pipeline Configurable Pipeline for the Analysis of Connectomes (https://fcp-indi.github.com) was used to preprocess image data; this was accelerated and simplified by the Beijing Intelligent Brain Cloud platform (http://www.humanbrain.cn).

Structural preprocessing involved the following steps: image deobliquing; right-to-left, posterior-to-anterior, and inferior-to-superior (RPI) reorientation; skull-stripping; normalizing individual skull-stripped brains to Montreal Neurological Institute 152 stereotactic space (1 mm3 isotropic) using linear and non-linear registrations; segmenting the brain into gray matter, white matter, and cerebrospinal fluid (CSF); and constraining the tissue segmentation of individual subjects by tissue priors from standard space obtained from the FMRIB Software Library (FSL; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki).

Functional preprocessing was performed as follows. The first 10 time points were removed, and slice time correction was performed. The image was deobliqued and subjected to RPI reorientation. Motion parameters were obtained by motion correction to the average image. Skull-stripping was performed, and global mean intensity was normalized to 10,000. Functional images were registered to anatomical space by linear transformation, white matter boundary-based transformation, and prior white matter tissue segmentation from FSL. Motion artifacts were removed using independent component analysis - based strategy for automatic removal of motion artifacts (ICAAROMA) with partial component regression. The following nuisance signals were regressed out: mean values of the white matter and CSF signals derived from the prior tissue segmentations were transformed from anatomical to functional space; motion parameters (6 head motion parameters, 6 head motion parameters from a prior time point, and 12 corresponding squared items); linear trends; and a global signal for a single set of strategies.



Amplitude of Low - Frequency Fluctuations (ALFF) Analysis

The time series for each voxel was filtered at 0.01–0.1 Hz and then converted to the frequency domain by the fast Fourier transform; the square root and average square root (ALFF) were obtained from each frequency of the power spectrum and each voxel. ALFF images were transformed to the standard space by applying the previous anatomical-to-standard-space registration. ALFF images were registered through smoothing [full width at half maximum (FWHM) = 6 mm] and Z-score standardization.



Functional Connectivity Analysis

The primary outcome of this study (FC) was processed by seed-based whole-brain FC analysis; the seed region was selected from the results by comparing ALFF images in Groups I and C. The Pearson correlation coefficient between time series within the voxel and averaged time series in the seed region was used to define FC for each voxel. FC images were registered to standard space, and smoothing (FWHM = 6 mm) and Fisher's Z transformation were applied.



Statistical Analysis

The sample size was estimated as previously described (Klaassens et al., 2019). At least 14 samples were needed from each group to detect a significant change in the rs-fMRI analysis. Assuming a 10% dropout rate, we planned to recruit 30 patients.

Statistical analyses were performed using SPSS v19.0 for Windows (IBM Corp., Armonk, NY, USA). Data are presented as mean ± SD, median, and interquartile range, or frequency as appropriate. The distribution of continuous outcome variables was tested for normality by the visual inspection and with the Kolmogorov–Smirnov test. Data that were normally distributed (demographic, anesthetic, and surgical data; neuropsychological assessment scores; serum CRP and LPS levels; time of the first post-operative exhaust; and length of hospital stay) were analyzed with the two-sample t-test. Data conforming to a non-normal distribution (operated segment, NRS score, and amount of oxycodone consumed) were analyzed with the Mann–Whitney U-test. Categorical data (ASA classification, history of hypertension, diabetes, CAD, and incidence of adverse effects and complications) were analyzed with the chi-squared test. Effect size was calculated using Cohen's d statistic, Cohen's d value of non-parametric data was transformed from η2. A p < 0.05 was considered statistically significant.

The two-sample t-test was used to analyze differences in ALFF and FC in the whole brain based on voxel levels between Groups I and C using the REST v1.21 software on the MATLAB 2014a platform (MathWorks, Natick, MA, USA). Gaussian random field (GRF) correction for multiple comparisons was applied to all statistical maps based on a voxel p < 0.05 and cluster p < 0.05. The relationships between FC value in significantly altered brain regions and changes in inflammatory marker expression after vs. before surgery were analyzed with Pearson's correlation coefficient. Effect size was calculated using Cohen's f statistic. Effect size in Pearson's correlation was represented by the R-value.




RESULTS


General Characteristics of the Study Population

A total of 46 consecutive patients scheduled for spinal surgery were recruited, and 30 were ultimately included in the study and randomly assigned to the two groups (Figure 2). Four of the patients were excluded from the analysis (two for refusing the post-operative neuropsychological assessment, one for refusing to undergo MRI scanning, and one for unexpected post-operative medications). Therefore, 26 patients were included in the final analysis (14 in Group C and 12 in Group I). The characteristics of patients are presented in Table 1. No significant differences were observed in the demographic profiles of the two groups.
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FIGURE 2. Flowchart of the study.



Table 1. The demographic characteristic data of patients.
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Neuropsychological Assessment and Incidence of PND

The MoCA scores at T0 [1 day before surgery (baseline)] and T2 (7 days after surgery) and incidence of PND are presented in Table 2. The mean MoCA score was higher in Group I than in Group C. Although the incidence of PND determined based on Z-score showed no significant difference between the two groups, a trend toward significance was observed in Group I.


Table 2. Neuropsychological assessment and incidence of PND.
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Anesthesia Management Based on Multimodal Brain Monitoring Alters ALFF

There was no significant difference between groups in preoperative ALFF (GRF-corrected). Compared to Group C, patients in Group I had significantly higher ALFF values in the left middle temporal gyrus (TG), left precentral gyrus (L-PCG), left paracentral lobule, left hippocampus (L-Hip), left parahippocampal gyrus, and left precuneus 7 days after spinal surgery; meanwhile, ALFF was decreased in the left orbital middle FG, left orbital superior (S)FG, and left medial SFG (GRF-corrected; Table 3 and Figure 3).


Table 3. Regions showing significant difference in ALFF analysis between Group C and Group I at 7 days after surgery.
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FIGURE 3. Significant differences in ALFF between Groups I and C 7 days after surgery (voxel p < 0.05, GRF-corrected). Increased ALFF was observed in the left middle temporal gyrus, left precentral gyrus, left paracentral lobule, left hippocampus, left parahippocampal gyrus and left precuneus, decreased ALFF was observed in the left orbital middle frontal gyrus, left orbital superior frontal gyrus, and left medial superior frontal gyrus between Group I and Group C. ALFF, amplitude of low-frequency fluctuation; GRF, gaussian random field.




Anesthesia Management Based on Multimodal Brain Monitoring Improves FC in the Aging Brain

There was no significant difference between groups in preoperative FC (GRF-corrected). L-Hip was selected as the seed region for seed-based FC analysis. Compared to Group C, patients in Group I showed significantly increased FC in left orbital inferior FG (L-orIFG), left middle FG (L-MFG), left superior TG (L-STG), and L-PCG (GRF-corrected; Table 4 and Figure 4).


Table 4. Regions showing significant difference in FC analysis between Group C and Group I at 7 days after surgery.
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FIGURE 4. Significant differences in FC between Groups I and C 7 days after surgery (voxel p < 0.05, GRF-corrected). Increased FC was observed in the L-orIFG, L-MFG, L-STG, and L-PCG in Group I compared to Group C. L-PCG, left precentral gyrus; L-MFG, left middle frontal gyrus; L-OrIFG, left orbital inferior frontal gyrus; L-STG, left superior temporal gyrus; FC, functional connectivity; GRF, gaussian random field.




Markers of Inflammation Are Elevated After Surgery

There were no significant differences in pre- and post-operative CRP and LPS levels between Groups I and C (Table 5), and ΔCRP and ΔLPS (calculated as ΔCRP = CRP [T1] – CRP [T0] and ΔLPS = LPS [T1] –LPS [T0]) also did not differ between groups. However, compared to the baseline level (T0), CRP (p = 0.02) and LPS (p = 0.01) were significantly higher after surgery in Group C whereas in Group I, a significant increase was observed only for CRP (p = 0.01) with no significant change in LPS level 24 h after surgery.


Table 5. Serum inflammatory markers in two groups.
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Functional Connectivity Is Negatively Correlated With Inflammation

Pearson's correlation coefficient was calculated to assess the correlation between Z-transformed (z)FC and the extent of changes in inflammatory markers (ΔCRP and ΔLPS) after transforming t-values with statistical significance to Z scores using Fisher's transformation. A negative correlation was observed between zFC and ΔCRP (R = −0.58, p = 0.01), whereas no significant correlation was observed between FC and ΔLPS (Table 6).


Table 6. Correlation between FC and inflammatory markers.
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Secondary Outcomes

Secondary outcomes, including fluid intake and output, intraoperative use of remifentanil, propofol and norepinephrine, NRS at 24 h after surgery, amount of oxycodone consumed, time of the first post-operative exhaust, and length of hospital stay, were compared between groups (Table 7). There were no significant differences in surgery duration, anesthesia duration, intraoperative fluid intake and output, use of anesthetics (including propofol and remifentanil), norepinephrine consumption, NRS, oxycodone consumption, and time of the first post-operative exhaust. The mean length of hospital stay was over 3 days shorter in Group I compared to Group C, although the difference was non-significant.


Table 7. Secondary outcomes.
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There were three cases of post-operative nausea and vomiting (PONV) in Group C and two cases in Group I, with no significant differences between the two groups (p = 0.76). No other adverse effects of surgery were observed. There were two patients in Group C with post-operative complications during hospitalization (CSF leakage and lower limb pain) but no complications in Group I.




DISCUSSION

In the present study, we demonstrated that anesthesia management based on multimodal brain monitoring in elderly patients undergoing spinal surgery significantly enhanced post-operative neuropsychological assessment scores, improved brain activity, and reduced the effects of surgery and anesthesia on FC in the cognition-related brain regions compared to the routine anesthesia management. The differences between groups may be attributable to changes in systemic levels of inflammatory markers caused by the surgery and anesthesia.

The present study focused on elderly patients undergoing spinal surgery. Compared to adolescent patients, elderly patients have an increased risk of cognitive dysfunction after the surgery, which increases with aging (Evered et al., 2018; Daiello et al., 2019). We previously reported that elderly patients undergoing spinal surgery had a significantly higher rate of cognitive decline without intraoperative anti-inflammatory management (e.g., ulinastatin; Zhang et al., 2018), suggesting that these patients were at risk for developing PND. However, the functional changes that occur in the brain in PND are unknown.

Post-operative cognitive function is influenced by several factors (Chernov et al., 2006; Slater et al., 2009; Hou et al., 2018). Oversedation is a risk factor for PND: patients over the age of 60 years undergoing total knee arthroplasty had lower MoCA scores when the BIS value was controlled at 40–50 as compared to 55–65 (Hou et al., 2018). However, as an EEG-based monitoring method, BIS value is not influenced solely by the sedation depth; for example, it may also be affected by pain stress. Inadequate analgesia can lead to β arousal (Kortelainen et al., 2012). Cerebral hypoperfusion and lower rSO2 are also associated with cognitive deficits. In a study of elderly patients undergoing coronal artery bypass graft surgery (Chernov et al., 2006), a significant correlation was observed between cognitive function and change in cerebral perfusion in the short term and at 6 months post-operation; and another study found that regional brain anoxia and long-term hypoxia were risk factors for post-operative cognitive decline (Slater et al., 2009). We, therefore, developed our management strategy based on the monitoring of these parameters. Our results showed that management based on multimodal brain monitoring improved the post-operative cognitive function, as evidenced by the increased MoCA score. The MoCA can detect mild cognitive changes with high sensitivity and specificity (Luis et al., 2009) and was therefore used to evaluate cognitive function. PND was diagnosed based on the Z score recommended by the International Study of Post-operative Cognitive Dysfunction (Moller et al., 1998). Although there was no significant difference in the rates of PND in the two groups, there was a meaningful tendency in Group I patients.

Neuroinflammation induced by anesthesia and surgery contributes to PND (Safavynia and Goldstein, 2018). Preclinical studies in mice have demonstrated that nuclear factor (NF)-κB signaling is activated after surgery and stimulates the release of proinflammatory cytokines that increase the permeability of the blood–brain barrier (Wang et al., 2011). An elevated CRP level has been observed in patients over the age of 60 after lumbar surgery (Repo et al., 2019). The combination of surgical trauma and enhanced cytokine release has been proposed as a major cause of neuroinflammation and PND (Dantzer, 2001; Kapila et al., 2014). The levels of inflammatory cytokines were shown to be increased in the central nervous system and peripheral blood following surgery (Hirsch et al., 2016). In our study, the increased serum levels of CRP after surgery reflected systemic inflammation responses, although LPS was increased only in the control group (Group C), indicating that the inflammatory response was diminished by the multimodal brain monitoring intervention, which may have contributed to the higher post-operative MoCA score in Group I.

We used rs-fMRI to evaluate brain network connectivity. Changes in ALFF reflect altered brain activity. Although the diagnostic value of ALFF has been demonstrated for AD, subjective cognitive decline, and amnestic MCI (Yang et al., 2018; Zhuang et al., 2020), few studies have examined ALFF in relation to the development of PND. Decreasing ALFF values have been observed in the precuneus, anterior cingulate cortex, parahippocampal gyrus, and temporal lobe of patients with AD with disease progression (Liu et al., 2014; Sheng et al., 2017; Yang et al., 2018). We also observed changes in ALFF in some of these brain regions, although some of our findings diverged from those of other studies: we found that ALFF was decreased in the Hip of patients in Group C, whereas an increase in ALFF was reported in the left Hip of patients with AD (Liu et al., 2014; Yang et al., 2018). The difference may be attributable to the distinct pathogenic mechanisms of AD vs. PND. The increased ALFF in the Hip of patients with AD may be a compensatory response in long-term neurodegenerative diseases (Yang et al., 2018). In contrast, PND is reversible, and the duration may be too short for long-term compensatory mechanisms to be activated. This may explain our observation that a decreased MoCA score was associated with a lower ALFF value in the Hip, which is the opposite of what has been demonstrated in patients with AD.

Intrinsic FC is more stable in the resting state than during task-activated synchronization (Cao et al., 2014). Intrinsic functional networks appear similar on a global level when compared with task-evoked networks (Cole et al., 2014), highlighting the importance of resting-state brain networks in cognitive function (Buckner et al., 2009). Several studies have suggested a link between functional brain networks and human cognition (Buckner et al., 2008; Song et al., 2008); the level of FC may have predictive value for cognitive performance. In patients with AD, reduced connectivity in brain networks was shown to be correlated with disease severity, and the connectivity was positively associated with executive function and language scores (Agosta et al., 2012), suggesting that FC patterns are related to cognitive performance.

When L-Hip was used as a seed region, the FC between L-Hip and L-orIFG, L-MFG, L-STG, and L-PCG was increased in patients who were managed based on multimodal brain monitoring; this was accompanied by an increase in MoCA score. The orbitofrontal cortex (OFC) is thought to play a key role in executive and cognitive functions (Kawamura et al., 2011). Post-mortem studies have revealed anatomic connections between the OFC and thalamus, anterior cingulate cortex, temporal lobe, and occipital lobe (Burks et al., 2018); and the MFG was found to be related to memory reclamation (Brincat and Miller, 2015). The human STG is part of the temporal lobe, which contributes to language function. A task-based fMRI study revealed that FC in the temporal lobe and other brain regions increased along with naming ability with the surgical effect in patients with temporal lobe epilepsy (Trimmel et al., 2018). However, language ability cannot be solely treated as an independent ability but correlated with cognitive function. In patients with multiple sclerosis, the thickness of the STG was shown to be correlated with cognitive decline (Achiron et al., 2013). The PCG, which functions as the motor center, is located between the central and precentral sulci. However, patients with MCI who received nutritional supplementation showed a stronger BOLD signal and higher MoCA score, suggesting that the PCG may also participate in cognitive regulation (Boespflug et al., 2018), which is supported by our findings. Higher FC values indicated stronger associations between the above-mentioned brain regions and L-Hip, which could explain the higher MoCA scores in patients who were managed based on multimodal brain monitoring.

In our previous study, we demonstrated that a single dose of LPS (2 mg/kg by intraperitoneal injection) induced long-term neuroinflammation (for up to 30 days) in the Hip of aged rats with upregulation of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and NF-κB mRNA expression (Fu et al., 2014). Thus, peripheral inflammation can cause long-term cognitive changes in aging rats. Meanwhile, the application of NF-κB pathway blocker pyrrolidine dithiocarbamic acid reduced the levels of inflammatory cytokines in the Hip and the expression of post-synaptic density (PSD)-95, and improved long-term cognitive function in aged rats exposed to LPS (Kan et al., 2016). FC in aged rats is related to cognitive function, which may be exacerbated by neuroinflammation induced by a systemic inflammatory response (Liu et al., 2021). In our study, a significant correlation was observed between FC and ΔCRP, and management based on multimodal brain monitoring may have prevented an increase in the post-operative LPS level. The results of the current study and our previous work indicate that management based on multimodal brain monitoring during surgery may improve brain FC by reducing neuroinflammation in aged patients (Fu et al., 2014; Kan et al., 2016; Liu et al., 2021).

There were several limitations to this study. First, we did not investigate the detailed mechanisms underlying the observed effects of the anesthesia management strategy because of ethical concerns. Second, all of the patients enrolled in this study underwent spinal surgery; whether our results are generalizable to other types of surgery remains to be determined. Finally, the sample size was small, which could explain the lack of differences in some secondary outcome measures.

In conclusion, the present study demonstrated that anesthesia management based on multimodal brain monitoring under general anesthesia may improve the post-operative cognitive function and brain function connectivity in elderly patients undergoing spinal surgery compared to routine anesthesia management, as evidenced by increased brain activity (ALFF), enhanced FC, higher MoCA score, and reduced systemic inflammation. The extent of post-operative systemic inflammation was negatively associated with the FC enhancement and may be accompanied by a lower MoCA score. Our findings provide a basis for more effective management of elderly patients who undergo surgery to reduce the risk of cognitive disorders and improve brain function.
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Background: Physiological function impairment is the main precursor of assisted living, movement disorder, and disability in the elderly. The relationship between a combination of healthy lifestyle factors and functional limitations is unclear. We investigated the association between healthy lifestyle scores and the risk of functional impairment in community residents.

Methods: A total of 10,602 participants (aged 40–64 years) of the Atherosclerosis Risk in Communities (ARIC) study with no history of cardiovascular events and tumors and who came for their fourth visit (1997–1999) were included in the final analysis. Primary outcomes were recorded during the fourth visit; these included impaired lower extremity function, activities of daily living, and instrumental activities of daily living. A logistic regression model was used to test the associations between healthy lifestyle scores and functional impairment. The lifestyle score comprised six factors: healthy diet, moderate alcohol consumption, coffee consumption, physical activity, normal body weight, and no smoking.

Results: Among the 10,602 participants with a median follow-up of 9 years, the prevalence rates of impaired lower extremity function, activities of daily living, and instrumental activities of daily living were 50.6%, 14.7%, and 21.6%, respectively. In the adjusted Cox regression model, participants with a healthy lifestyle score of 5 plus 6 had a significant lower risk of impaired lower extremity function (odds ratio = 0.252, 95% confidence interval: 0.184–0.344, P < 0.001), activities of daily living (odds ratio = 0.201, 95% confidence interval: 0.106–0.380, P < 0.001), and instrumental activities of daily living (odds ratio = 0.274, 95% confidence interval: 0.168–0.449, P < 0.001) than did participants with a score of 0. The association of healthy lifestyle scores with impaired activities of daily living and instrumental activities of daily living was stronger for individuals without diabetes than for those with it (P for interaction < 0.05). This can be partly explained by the fact that the lowest risk of functional impairment among the participants with diabetes was associated with being overweight.

Conclusion: Adherence to an overall healthy lifestyle was associated with a lower risk of physiological function limitation. This study highlights the importance of behavioral interventions in the prevention of disabilities.

Clinical Trial Registration: www.ClinicalTrials.gov; Unique identifier: NCT00005131.
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INTRODUCTION

With the increasing average life expectancy and the number of elderly people in the United States, it is estimated that by 2030, approximately 20% of the population will be constituted of persons aged ≥65 years, resulting in an increase in the prevalence of chronic physical function impairment (Lubitz et al., 1995). Additionally, it is estimated that between 1985 and 2050, the number of elderly people with functional limitations will triple (Manton, 1997). Physiological impairment is the main precursor of dependent living, movement disorders, and disability in the elderly (Verbrugge and an Jette, 1994). Previous studies have shown that poor physical function is associated with hospitalization, long–term care, and increased mortality (Guralnik et al., 1994; Beswick et al., 2008; Motl and McAuley, 2010). Given that physical function impairment has no specific treatment, it is crucial to control modifiable risk factors to prevent or delay the decline of physical function.

There is increasing evidence of people with healthy lifestyles having a greater likelihood of better physical functions at old age. This healthy lifestyle comprises no smoking, limited alcohol consumption, regular coffee consumption, keeping fit, consumption of a healthy diet, and regular physical activity (Germain et al., 2001; Friedmann et al., 2001; Houston et al., 2005; Maraldi et al., 2009; Hagan et al., 2016; Timmermans et al., 2018; Wang et al., 2021). Furthermore, increasing evidence shows that maintaining multiple healthy behaviors has a greater impact on public health than maintaining a single one (Prochaska et al., 2004, 2008). However, knowledge of the protective effect of multiple healthy behaviors on the risk of functional limitation is limited. In previous studies, a combination of healthy lifestyle behaviors, including no smoking, regular walking, and consumption of plant foods was suggested to considerably increase disability-free survival (Artaud et al., 2013; Zhang et al., 2019). However, there are few studies on the association between a comprehensive healthy lifestyle and functional limitation. It is unknown whether pathways that contribute to disability, such as impaired physical and activity function, are partly inhibited by healthy lifestyles, given that functional limitations are key risk factors for disability (Guralnik et al., 1995; Stuck et al., 1999).

Therefore, we aimed to investigate the association between a healthy lifestyle score and risk of functional impairment in community residents from the Atherosclerosis Risk in Communities (ARIC) study.



MATERIALS AND METHODS


Study Population

This was a secondary analysis of data from the ARIC study. Data were obtained from the public database of the National Heart, Lung, and Blood Institute Biologic Specimen and Data Repository Information Coordinating Center. The ARIC study is a large prospective study covering four communities (Minneapolis, MN; Forsyth County, North Carolina; Washington County, Maryland; and Jackson, MS) in the United States. At baseline (1987–1989), 15,792 community residents aged 45–64 years participated in this study. The participants were followed up every three years. During the follow-up, information on their medical history, lifestyle, cardiovascular events, and other health-related events was collected. The study was approved by the institutional review board at each site. Informed consent was obtained from all the participants. All procedures in this study were done in accordance with the Declaration of Taipei. The study was approved by the institutional review boards at all field centers of the ARIC study and informed consent was obtained from all participants.

A total of 11,656 individuals participated in the fourth follow-up. The following participants were excluded from this study: participants whose healthy lifestyle and physical function could not be evaluated completely (n = 305); participants with myocardial infarction, stroke, or a malignant tumor at baseline (n = 411; diagnosis of these diseases may lead to changes in lifestyle, and it can significantly contribute to the development of functional limitations and disabilities); participants with an unreasonable calorie intake (≤500 kcal/day or > 5,000 kcal/day, n = 102); participants who were neither white nor black (n = 31); and participants with incomplete data (n = 136). Finally, 10,602 participants were included in this study (Figure 1).
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FIGURE 1. Study flow chart. ARIC, Atherosclerosis Risk in Communities.





Definition of the Healthy Lifestyle Score

Six modifiable lifestyle behaviors (healthy diet, moderate alcohol consumption, coffee consumption, physical activity, normal body weight, and no smoking) were components of the healthy lifestyle scores. Their association with functional impairment was also assessed (Germain et al., 2001; Friedmann et al., 2001; Houston et al., 2005; Maraldi et al., 2009; Hagan et al., 2016; Timmermans et al., 2018; Wang et al., 2021).

Dietary intake was assessed using the semi-quantitative food frequency questionnaire by Willett et al. (1987), which included specified portions of 66 foods. The daily nutrient intake was calculated by multiplying the nutrient content of a specific part of each food by its daily intake frequency. Dietary quality was assessed using the Alternative Healthy Eating Index-2010, which consists of 11 components. Of the 11 components, it is encouraged to consume six (vegetables, fruits, whole grains, nuts and legumes, and long chain omega-3 fatty acids), avoid four (sweetened drinks and fruit juice, red and processed meat, trans fats, and sodium), and consume one (alcohol) moderately. A 0–10-point scale is used to score each component; thus, the total Alternative Healthy Eating Index-2010 score ranges from 0 (non-adherence) to 110 (perfect adherence; Wang et al., 2014). It is a high-quality diet, which is useful for the prevention of chronic disease and functional limitations (Chiuve et al., 2012; Hagan et al., 2016). As alcohol consumption was an independent component of the healthy lifestyle score, it was removed from the Alternative Healthy Eating Index-2010. A healthy diet was defined as an Alternative Healthy Eating Index-2010 score ≥40%, as defined in previous studies (van Dam et al., 2008; Wirth et al., 2020).

Moderate alcohol consumption was defined as a daily alcohol intake of 5–15 g for women and 5–30 g for men, according to the guidelines used in the United States (Chiuve et al., 2012).

Coffee consumption was defined as drinking more than two servings of coffee per day. According to previous reports, the general and vulnerable population with a regular intake of at least two cups per day had a lower risk of functional impairment (Machado-Fragua et al., 2019; Wang et al., 2021).

A modified version of the Baecke Questionnaire was used to assess physical activity in the ARIC study (Baecke et al., 1982; Richardson et al., 1995). Participants were asked to report up to four sport activities or exercises they performed most. For each reported sport activity/exercise, additional information on the duration and frequency was recorded. By weighting the product of time and frequency with the task metabolic equivalent corresponding to each activity type, the data were scored again. The final metabolic equivalent of the task was obtained by summing all reported activity types. Based on the guidelines of the World Health Organization, healthy physical activity was defined as a physical activity ≥15 metabolic equivalent of task-hour/week (World Health Organization, 2020).

Height and weight were measured by trained staff and used to calculate the body mass index [BMI; weight (kg) divided by height (m2)] during follow-up sessions. A normal body weight was defined as a BMI of 18.5–24.9 kg/m2, according to the (World Health Organization, 2004).

In the ARIC study, smoking history was obtained via an interviewer-administered questionnaire. Participants were asked whether they were active smokers at the time of the interview or whether they were smokers in the past. We defined never smokers as participants who had never smoked, current smokers as participants who reported active smoking in any questionnaire, and former smokers as participants who had smoked in the past but did not report active smoking at the time of the interview (Nadruz et al., 2016).

Each healthy lifestyle factor was one point; therefore, the range of the healthy lifestyle score was 0–6. Given that lifestyle factors vary with time, the healthy lifestyle score was calculated using data obtained in detail and repeatedly to ensure an accurate representation of the participants’ lifestyles. Information on the Alternative Healthy Eating Index-2010 score, alcohol and coffee consumption, and physical activity were calculated using the average of 3-year repeated measurements. To minimize reverse causality, we used the maximum lifetime BMI.



Functional Limitations

Physical function was assessed only during the fourth follow-up (1996–1998) using a self-administered questionnaire. The questionnaire comprised 12 activities, and participants were asked to indicate whether they had no difficulties, had difficulties, or had great difficulties doing them or whether they were completely unable to carry out these activities when they were alone, and whether they used aids. As in the third National Health and Nutrition Examination Survey, the 12 activities were divided into lower extremity function, activities of daily living, and instrumental activities of daily living (Ostchega et al., 2000). Lower extremity functions included five activities (Katz et al., 1963; Rosow and Breslau, 1966) walking a quarter-mile; walking up 10 stairs without rest; bending, squatting, or kneeling; lifting or carrying 10 pounds; and standing up from a straight chair without an arm support. Activities of daily living included four activities (Nagi, 1976) walking from one room to another, getting up and out of bed, eating or drinking with glasses, and dressing. Instrumental activities of daily living included three activities (Rosow and Breslau, 1966; Lawton and Brody, 1969) doing housework at home, cooking by oneself, and managing money. Lower extremity function, activities of daily living, and instrumental activities of daily living were classified as “barrier-free” (i.e., participants who had no difficulty in any activity), “impaired” (i.e., participants with any difficulties), or “disabled” (inability to do; Stuck et al., 1999; Houston et al., 2005).



Covariate Assessment

At baseline, the participants’ socio-demographic information (age, sex, race, income, and education), health behaviors, and prevalence of cardiovascular events and cancer were collected through a standard self-reporting questionnaire. An enzymatic method was used to measure the serum lipid concentration. Hypertension was defined as a systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, or use of antihypertensive drugs in the last 2 weeks. The sitting arm blood pressure was measured three times after 5 min of quiet rest, with a standardized Hawksley random-zero sphygmomanometer. The final blood pressure value was the average of the second and third readings. Diabetes was defined as a fasting blood glucose concentration ≥126 mg/dl, self-reported history of diabetes, or use of diabetes drugs in the last 2 weeks. The concentration of blood glucose was determined using the improved hexokinase or glucose-6-phosphate dehydrogenase method. Coronary heart disease was diagnosed via a self-report questionnaire, medication, and hospitalization history for diseases such as myocardial infarction or coronary revascularization.



Statistical Analysis

Parametric continuous variables are reported as mean ± standard deviation values; these were compared using ANOVA. Meanwhile, non-parametric continuous variables are reported as medians (25th, 75th percentiles) and were compared using the Mann–Whitney U test. Categorical variables are expressed as frequencies and percentages, and these were compared using the chi-square test.

A logistic regression model was used to assess the relationship of the healthy lifestyle score with impaired lower extremity function, activities of daily living, and instrumental activities of daily living. The group with a healthy lifestyle score of 0 was set as the reference group in the logistic regression model. To further determine whether these relationships were independent of risk factors, the model was adjusted according to age, sex, race, education level (<high school, high school, or >high school), annual household income (<16,000, 16,000–35,000, >35,000 USD), hypertension, diabetes, coronary heart disease, levels of total cholesterol, high-density lipoprotein, low-density lipoprotein, triglycerides, creatinine, and blood glucose, and total calorie intake. A logistic regression analysis was performed after the adjustment for confounding factors to evaluate the association between the healthy lifestyle score and functional limitation in different subgroups of age, sex, race, hypertension, and diabetes; their interactions were tested. Due to the small size of the coronary heart disease subgroups (321, 3%), the model was not used for the subgroups of coronary heart disease.

To explain the different results in the subgroup of diabetes, the correlation of BMI with adjusted odds ratios for functional limitations was analyzed using linear splines with five evenly spaced knots in individuals with and without diabetes.

A two-tailed P < 0.05 was considered significant for all tests. All statistical analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA) and R software 3.5.0 (Vienna, Austria).



Data Availability

Data of the Atherosclerosis Risk in Communities study can be obtained from the National Heart, Lung, and Blood Institute Biologic Specimen and Data Repository Information Coordinating Center (BioLINCC)1.




RESULTS


Baseline Characteristics

Among the 10,602 participants with a median age of 53 years, the participants with a healthy lifestyle score of 0, 1, 2, 3, 4, 5, and 6 were 698 (6.6), 2,645 (24.9), 3,351 (31.6), 2,472 (23.3), 1,114 (10.5), 290 (2.7), and 32 (0.3), respectively. The number of patients with a healthy lifestyle score of 6 was too small for the analysis; therefore, the participants were divided into six groups based on a healthy lifestyle score of 0, 1, 2, 3, 4, and 5 plus 6. Baseline (1987–1989) characteristics are described and compared in Table 1. Participants with a high healthy lifestyle score were more likely to be American Caucasian; have complications like hypertension, diabetes, and coronary heart disease; have a higher level of education and income; have a lower level of cardiovascular biomarkers, and have more healthy behaviors than participants with a low healthy lifestyle score were (P < 0.001 for all).

TABLE 1. Baseline (1987–1989) participant characteristics grouped by healthy lifestyle score.

[image: image]



Healthy Lifestyle Pattern and Adverse Outcome

During the median follow-up of 9 years, the prevalence of impaired lower extremity function, activities of daily living, and instrumental activities of daily living was 50.6%, 14.7%, and 21.6%, respectively. Participants with a high healthy lifestyle score had a significantly lower incidence of functional limitations than participants with a low healthy lifestyle score (P < 0.001, Figure 2).


[image: image]

FIGURE 2. Incidence of impaired (A) lower-extremity function (LEF), (B) activities of daily living (ADLs), and (C) instrumental ADLs (IADLs) grouped by health lifestyle score.



In the adjusted logistic regression model (Supplementary Table 1), healthy diet, never smoking, moderate alcohol intake, regular consumption of coffee, physical activity, and normal body weight were all associated with a lower risk of impaired physical function (P < 0.05). Among those participants, never smoking, physical activity, and normal body weight were the most significant healthy behaviors for preventing impairment of lower extremity function, activities of daily living, and instrumental activities of daily living (P < 0.001). Meanwhile, moderate alcohol intake, regular consumption of coffee, and healthy diet had a protective effect on physical function.

Regarding comprehensive healthy lifestyle scores (Table 2), participants with a healthy lifestyle score of 5 plus 6 had a significantly lower risk of impaired lower extremity function [odds ratio = 0.252, 95% confidence interval (CI): 0.184–0.344, P < 0.001], activities of daily living (odds ratio = 0.201, 95% CI: 0.106–0.380, P < 0.001), and instrumental activities of daily living (odds ratio = 0.274, 95% CI: 0.168–0.449, P < 0.001), than participants with a score of 0. Moreover, participants with a healthy lifestyle score ≥1 had a lower risk of impaired lower extremity function, and participants with a healthy lifestyle score ≥2 had a lower risk of impaired activities of daily living and instrumental activities of daily living than participants with a score of 0 (P < 0.001). This means that adherence to only one or two healthy lifestyle factors can decrease the risk of functional limitations. Notably, an increasing healthy lifestyle score was associated with a decreasing odds ratio for impaired function.

TABLE 2. Adjusted odds ratios (OR) for the association of healthy lifestyle score with impaired lower-extremity function (LEF), activities of daily living (ADLs), and instrumental ADLs (IADLs).
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Subgroup Analysis

As shown in Figure 3, the association between the healthy lifestyle score and functional limitations was consistent, irrespective of age, sex, race, and hypertension. However, the risk of the healthy lifestyle score being associated with impaired activities of daily living and instrumental activities of daily living was higher for participants without diabetes than for those with diabetes (P for interaction: 0.033 and 0.025, respectively).


[image: image]

FIGURE 3. The association between healthy lifestyle score (HLS) with impaired lower-extremity function (LEF), activities of daily living (ADLs), and instrumental ADLs (IADLs) in the subgroup of age, sex, race, hypertension, and diabetes. Some models cannot run because of the very low sample size. Age was divided by median. Multivariable Logistic regression models were adjusted by age, sex, center-race, education (< high school, high school, or >high school), annual household income (<16,000, 16,000–35,000, >35,000), total calorie intake, total cholesterol, high density lipoprotein, low density lipoprotein, triglycerides, creatinine, blood glucose, hypertension, coronary heart disease, and diabetes. CI, confidence interval. OR, odd ratio.





Factor Analysis Between Diabetes and Non-diabetes

In the adjusted logistic regression model, all six binary variables of healthy lifestyle were significantly associated with impaired activities of daily living and instrumental activities of daily living for individuals without diabetes. Meanwhile, the associations of normal body weight with impaired activities of daily living and instrumental activities of daily living were not significant for participants with diabetes. Moreover, only physical activity and never smoked had a significant protective effect on both the risk of impaired activities of daily living and instrumental activities of daily living (Table 3).

TABLE 3. Multivariable logistic regression model for the association of healthy lifestyle factors with impaired activities of daily living (ADLs) and instrumental ADLs (IADLs) for individuals with and without diabetes.

[image: image]

Given that participants having impaired activities of daily living and instrumental activities of daily living with diabetes had a higher probability of having a normal weight than those without diabetes did (P for interaction: 0.019 and 0.002, respectively), linear splines were used to assess the association between BMI and the adjusted odds ratio for impaired functional activities (Figure 4). There were U-shape associations between BMI and the odds ratios for impaired activities of daily living and instrumental activities of daily living in individuals with diabetes. Participants without diabetes who had the lowest risk of impaired functional activities had a normal weight; however, the participants with diabetes who had the lowest risk of impaired functional activity had a BMI of 26 kg/m2.


[image: image]

FIGURE 4. The association between body mass index and odds ratio for impaired (A) activities of daily living (ADLs) and (B) instrumental ADLs (IADLs) in individuals with diabetes. The same relationship was investigated for impaired (C) ADLs and (D) IADLs in individuals with diabetes. The adjusted variables of the logistic regression model are consistent with Figure 3. CI, confidence interval.






DISCUSSION

In this community-based cohort study, healthy lifestyle factors including healthy diet (reflected by the first two quintiles of Alternative Healthy Eating Index-2010 diet scores), no smoking, moderate alcohol intake (5–15 g for men; 5–30 g for women), regular consumption of coffee (≥2 cups/day), physical activity (≥15 metabolic equivalent task-hour/week), and normal body weight (BMI: 18.5–24.9 kg/m2) were strongly associated with a lower risk of physiological function impairments. Adherence to only one or two healthy lifestyle factors could significantly reduce the risk of functional limitations. The reduction in the risk of functional limitations was more obvious in participants who maintained more healthy lifestyles. Therefore, assuming causal relations, the risk of functional limitations might be reduced by 20–70% in persons with a healthy lifestyle score >2.

In the subgroup analysis, the associations between healthy lifestyle score and impaired functional activities were consistent, irrespective of age, race (Caucasians vs. African Americans), sex, and hypertension; however, these associations were stronger in the participants without diabetes than in those with diabetes. Notably, normal body weight had no significant protective effect on physical function for patients with diabetes. Therefore, we analyzed the linear relationship between the BMI and functional activity limitation. The lowest risk of functional limitations in participants with diabetes is associated with being overweight (World Health Organization standard: BMI of 25–30 kg/m2). The lowest risk for participants without diabetes is associated with having a normal weight (18.5–25 kg/m2). Most previous studies have found that the extremes of the BMI distribution are associated with a higher risk for disability (Galanos et al., 1994; Ferraro and Booth, 1999; Ferraro et al., 2002) this is consistent with the U-shape associations in this study. Another study reported that overweight was not consistently associated with a higher risk for disability. In addition, one study reported that a BMI between 25 and 35 kg/m2 may be protective against functional limitations in men (Friedmann et al., 2001). Therefore, the relationship of BMI with functional impairment and disability is inconsistent. Several mechanisms may explain the relationship between obesity and being underweight. Skeletal stress, protein glycation in connective tissues, or atherogenesis may account for obesity-related disability (Hart and Spector, 1993; Stevens et al., 1993; Pratley et al., 1995). Underweight may be a result of reduced muscle mass and strength, which are important factors of functional impairment Losonczy et al., 1995). Based on a previous study, we minimized reverse causality by using the maximum lifetime BMI for the analysis; however, this may be limited since BMI change patterns had a significant impact on disability development. Although Chiu et al. reported that adults with diabetes having a stable normal weight had the lowest risk of disability, our study suggested that patients with diabetes having a maximum lifetime BMI of 25–30 kg/m2 may have a lower risk of functional impairments. This conclusion is consistent with the obesity paradox in previous studies on the relationship between BMI and mortality in patients with diabetes (Costanzo et al., 2015; Zaccardi et al., 2017). Considering that dysfunction and disability are important risk factors for death in patients with diabetes (Lallukka et al., 2016), this may partly explain the obesity paradox in persons with diabetes. Above all, more studies on weight control and physical function are needed, especially for vulnerable populations, such as patients with diabetes.

Many previous studies have reported that moderate alcohol consumption, keeping fit, no smoking, physical activity, regular consumption of coffee, and a high-quality diet are associated with a lower risk of functional limitations and disability (Germain et al., 2001; Friedmann et al., 2001; Houston et al., 2005; Maraldi et al., 2009; Hagan et al., 2016; Timmermans et al., 2018; Wang et al., 2021). However, our results show that individual healthy behaviors (such as coffee intake and moderate alcohol consumption) may only be protective for some physiological functions. Increasing evidence shows that multiple behavioral interventions may have a greater impact on public health than a single behavioral intervention (Prochaska et al., 2008). One research found that a combination of healthy lifestyle behaviors including no smoking, regular walking, and plant food intake may substantially increase disability-free survival (Zhang et al., 2019). Therefore, in line with these previous studies, our study further confirmed that a combination of multiple healthy lifestyle behaviors can strongly prevent a decline in the physical function of the elderly.

Given that health and social care services for elderly persons with disabilities will become a heavy burden and major social concern in the future (Beck and Stuck, 1996) and that functional limitation is a precursor of disability (Verbrugge and an Jette, 1994), changing unhealthy lifestyle behaviors to healthy ones will have massive socio-economic effects on the aging population in future. Therefore, health-related industry associations and social organizations can fully play their role by encouraging the popularization of health sciences via media and designing/implementing intervention strategies for different settings in the workplace and community, such as smoking bans and promotion of non-sedentary lifestyles. In addition, the healthy lifestyle score may be used as a simple screening tool for physical function impairment in primary prevention. By identifying high-risk persons, individual lifestyle interventions and risk management can be further implemented by health care professionals. However, the recommendation of a healthy lifestyle for the population is insufficient. Meanwhile, a simple and validated strategy comprising healthy counseling for engaging persons is needed, as it may lead to multiple behavioral changes.

This study had some limitations. First, while detailed and repeated measurements of healthy lifestyle factors were used to calculate the healthy lifestyle score during a study duration of over 9 years, this score relied on self-reported lifestyle factors. Second, only 32 (0.3%) participants had a healthy lifestyle score of 6; thus, the findings for these participants were not conclusive. Third, although associations between the healthy lifestyle score and physical function remained strong and significant after adjustment for several variables, residual confounding (such as body composition, comorbidity, medication, hearing, nutrition, and social support) cannot be totally ruled out in an observational study. Fourth, we excluded people with cardiovascular events and cancer to obtain a relatively healthy cohort, but we cannot be certain that none of the participants in our analysis had a functional impairment at baseline. Fifth, we used the maximum lifetime BMI for analysis and did not consider BMI changes. Therefore, these findings should be further confirmed in other prospective cohorts and randomized-controlled studies.

In general, adherence to an overall healthy lifestyle was associated with a lower risk of impaired lower extremity function, activities of daily living, and instrumental activities of daily living. Given the increasing prevalence of functional limitations and disability, our findings suggest that having at least two healthy lifestyle habits would substantially prevent functional impairments in the elderly and help to reduce the increasing healthcare burdens. Future research is needed to provide more accurate recommendations on healthy lifestyles for elderly individuals, especially for vulnerable populations, such as persons with diabetes.
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Background: Older adults with mild cognitive impairment (MCI) have slower gait speed and poor gait performance under dual-task conditions. However, gait kinematic and kinetic characteristics in older adults with MCI or subjective cognitive decline (SCD) remain unknown. This study was designed to explore the difference in gait kinematics and kinetics during level walking among older people with MCI, SCD, and normal cognition (NC).

Methods: This cross-sectional study recruited 181 participants from July to December 2019; only 82 met the inclusion criteria and consented to participate and only 79 completed gait analysis. Kinematic and kinetic data were obtained using three-dimensional motion capture system during level walking, and joint movements of the lower limbs in the sagittal plane were analyzed by Visual 3D software. Differences in gait kinematics and kinetics among the groups were analyzed using multivariate analysis of covariance (MANCOVA) with Bonferroni post-hoc analysis. After adjusting for multiple comparisons, the significance level was p < 0.002 for MANCOVA and p < 0.0008 for post-hoc analysis.

Results: Twenty-two participants were MCI [mean ± standard deviation (SD) age, 71.23 ± 6.65 years], 33 were SCD (age, 72.73 ± 5.25 years), and 24 were NC (age, 71.96 ± 5.30 years). MANCOVA adjusted for age, gender, body mass index (BMI), gait speed, years of education, diabetes mellitus, and Geriatric Depression Scale (GDS) revealed a significant multivariate effect of group in knee peak extension angle (F = 8.77, p < 0.0001) and knee heel strike angle (F = 8.07, p = 0.001) on the right side. Post-hoc comparisons with Bonferroni correction showed a significant increase of 5.91° in knee peak extension angle (p < 0.0001) and a noticeable decrease of 6.21°in knee heel strike angle (p = 0.001) in MCI compared with NC on the right side. However, no significant intergroup difference was found in gait kinetics, including dorsiflexion, plantar flexion, knee flexion, knee extension, hip flexion, and hip extension(p > 0.002).

Conclusion: An increase of right knee peak extension angle and a decrease of right knee heel strike angle during level walking were found among older adults with MCI compared to those with NC.

Keywords: mild cognitive impairment, subjective cognitive decline, gait, kinematics, kinetics


INTRODUCTION

Gait disturbance and cognitive decline increase with advancing age (Cohen et al., 2016), and both of these are considered prominent risk factors of fall in older people with dementia (Ambrose et al., 2013; Rinaldi and Moraes, 2016; Zhang et al., 2019). Therefore, the investigation of gait characteristics and its correlation with cognition is of great importance for fall prevention and cognitive improvement in older individuals with cognitive decline.

In a recent urban community cohort study, gait abnormality was diagnosed by clinicians in 35% of older adults (Verghese et al., 2006). In general, the older population shows slower preferred walking speed, reduced cadence, shorter step and stride length, and a cautious gait; however, gait variability remains stable over time (Herssens et al., 2018). Cognitive impairment is considered one of the risk factors associated with slow gait velocity, physical inactivity, muscle weakness, pain, impaired vision, prior history of falls, and obesity in older individuals (Verghese et al., 2016). Furthermore, slow gait velocity (slowing of gait) is one of the early signs of dementia; compared with healthy seniors, it further declines with progress of the severity of the disease (Kikkert et al., 2016). Higher stride time variability, longer Timed Up & Go test delta time, and slower gait speed are associated with a decline in episodic memory and executive performances in community-dwelling elderly without dementia (Beauchet et al., 2014). Quantitative tests have revealed gait dysfunction in subjects with amnestic and non-amnestic mild cognitive impairment (MCI) subtypes compared with healthy controls (Verghese et al., 2008). Furthermore, cognitive impairment has been found to affect spatiotemporal parameters of gait under dual-task performance (Montero-Odasso et al., 2014; Muurling et al., 2020).

Gait kinematics is the study of joint angles and segment orientation during walking. There is a wide variety of studies in the literature about the joint angle and range of motion (ROM) of the ankle, knee, and hip in the sagittal plane. Previous studies have shown that aged individuals have a reduced ankle ROM and ankle plantar flexion angle, increased knee ROM, greater hip flexion at heel strike and peak hip flexion, and less hip extension with increased hip ROM compared with young adults during walking. However, when walking speeds are matched, the difference in knee kinematics becomes more prominent (Boyer et al., 2017). Reduced strength and passive ROM of the lower extremity contribute to gait disturbances with advancing age (Kang and Dingwell, 2008; Ko et al., 2012), further leading to less upright posture during walking. Aged individuals also need greater joint effort at the hip and knee than at the ankle joints (DeVita and Hortobagyi, 2000), which might represent biomechanical plasticity (Anderson and Madigan, 2014; Kuhman et al., 2018). Furthermore, neuromuscular control of gait adaptation to age-related physiological changes and intersegmental coordination, especially foot–shank coordination, has been observed in the aged population (Hortobágyi et al., 2016; Gueugnon et al., 2019). Some studies have shown that the decline in gait control might lead to typical kinematic and kinetic gait changes among older adults. Although gait kinematics and kinetics have been studied well in the aged population, it remains unclear whether cognitive decline influences these gait parameters. Furthermore, detailed gait kinematics and kinetics in patients with MCI and subjective cognitive decline (SCD) have not been reported so far. Therefore, the aim of the present study was to analyze gait kinematic and kinetic characteristics in older adults with MCI and SCD and to further explore the relationship between gait and cognition.



MATERIALS AND METHODS


Participants

Older individuals from the local community were recruited if they satisfied the following criteria: (1) age between 55 and 85 years; (2) no history of stroke, cerebral hemorrhage, brain tumor, head trauma, or Parkinson’s disease; (3) no walking disability, severe arthritis, diabetic foot, fracture of the lower limb, or other related conditions; (4) junior high school education or above; (5) no unstable cardiovascular disease, no liver, and renal function failure. The participants were screened by neuropsychologists at the memory clinic of the First Affiliated Hospital of Nanjing Medical University between July and December 2019.



Inclusion and Exclusion Criteria

Screened individuals were recruited for this cross-sectional study if they met the inclusion criteria for MCI, SCD, or normal cognition (NC), and if they provided written consent.

While screening the medical history, a neurologist assessed Clinical Dementia Rating (CDR) (Lam et al., 2008), Mini-Mental State Examination (MMSE) (Folstein et al., 1975), and Hachinski Ischemic Score (HIS) (Swanwick et al., 1996) to exclude patients with dementia and vascular dementia.

In addition, participants were excluded if they had at least one of the following exclusion criteria: (1) diagnosis of vascular dementia, with HIS (Swanwick et al., 1996) of more than 4; (2) CDR score at least 1.0; (3) MMSE < 24; (4) presence of structural abnormality that could affect cognitive function, including brain tumor, subdural hematoma, previous head trauma, neurologic, or psychiatric disease; (5) had medical intervention that could impair cognitive function or treated for depression, unable to take part in cognitive function tests and gait analysis; (6) presence of deformities that affect walking; and (7) disorder such as deafness, blindness, severe language disorder, or physical disability.

Afterward, the participants were assessed using the following neuropsychological tests, covering three cognitive domains: (1) episodic memory assessed by Auditory–Verbal Learning Test–Huashan version (AVLT-H) (Zhao et al., 2012), using the delayed recall and delayed recognition scores; (2) speed/executive function assessed by trail-making test (TMT) parts A and B (Perrochon and Kemoun, 2014), using the time spent for completing TMT A and TMT B; and (3) language function assessed by verbal fluency (McDonnell et al., 2020) and Boston Naming Test (Stålhammar et al., 2016), using the scores of both tests. Meanwhile, depression level was assessed using the 30-item Geriatric Depression Scale (GDS-30) (Chau et al., 2006).

The inclusion criteria for MCI were based on the results of the abovementioned neuropsychological tests (Bondi et al., 2014) and the recommendations for MCI diagnosis in China (Han, 2018) along with memory complaint for more than 6 months. The participants were considered to have MCI if they met at least one of the following criteria: (1) impaired score, defined as >1 standard deviation (SD) below the age-corrected normative means, on both scores for at least one cognitive domain (memory, speed/executive function, or language); (2) one impaired score, defined as >1 SD below the age-corrected normative mean, in each of the three cognitive domains (memory, speed/executive function, or language). The normative means used in this study were taken from Guo et al. as used in Chinese population studies (Zhao et al., 2012) and summarized by Li et al. (2019).

Self-reported questionnaires (Blom et al., 2019) in line with the suggestions of SCD Initiative Working Group (Jessen et al., 2014) were used to discriminate SCD from NC. The inclusion criteria for SCD were as follows: (1) self-experienced persistent decline in memory rather than other domains of cognition for more than 6 months; (2) concerns related to SCD and feeling of deteriorating performance compared to the same age-group individuals; and (3) performance on standardized cognitive tests with age, gender, and education-adjusted norms, i.e., without meeting the diagnostic criteria for MCI or dementia.

The inclusion criteria for NC group were as follows: (1) not fulfilling the diagnosis of SCD or MCI; and (2) no complaints of cognitive impairment or memory loss.

This study was approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University (also named Jiangsu Province Hospital) (Approval Number: 2019-SR-015). All of the participants signed a written consent.



Gait Analysis

All the participants completed the gait analysis in the gait lab at Zhongshan Rehabilitation Branch of The First Affiliated Hospital of Nanjing Medical University. Motion capture system (Vicon Nexus 2.8, Oxford Metrics, Oxford, United Kingdom) with 12 cameras (Vantage5, Vicon Nexus 2.8, Oxford Metrics, Oxford, United Kingdom) was used to capture movement data of the markers put on the main joints (based on a 51-marker model) of these individuals. The model named Conventional Gait Model 2 (CGM 2.3 vision), which was developed by Dr. Fabien Leboeuf (University of Salford) and partly funded by Vicon, was used. It is an open-source biomechanical model developed in Python 2. The markers were attached to various parts of the body [in front and behind the head, acromion, supraclavicular fossa, manubrium, lateral elbow, medial and lateral wrist, hand, in the middle of the second and third metacarpophalangeal joints, seventh cervical vertebra, 10th thoracic vertebra, anterior and posterior superior iliac spine, medial and lateral knee, medial and lateral ankle, heels, and toes (in the middle of the second and third metatarsals)], while the tracking markers were set at the middle of the upper limb and forearm, right side of the scapula, proximal anterior thigh, distal anterior and lateral thigh, proximal and middle anterior crest of the tibia, lateral epicondyle, and medial malleolus. Kinetic data were recorded by two force plates (ATMI BP400600, United States, sampling at 1,000 Hz), embedded in the floor of the 10-m walkway path. Thereafter, the subjects were instructed to walk 10 m five times at their usual speed. The time it took to walk the middle 6 m was measured, and the ankle, knee, and hip kinematics in the sagittal plane were measured as primary outcomes.



Kinematic and Kinetic Analysis

Kinematic data, kinetic data, and gait speed were calculated by the Visual 3D (C-motion Inc., Rockville, MD, United States) software. Kinematic variables were recorded for the left and right leg during the 6 m of level walking period for an average of three consecutive stride cycles. Motion and force data were used to define heel contact and toe-off for stride and step identification. Hip–knee–ankle angles in the sagittal plane were calculated between foot and shank, shank and thigh, and thigh and pelvis. The following parameters were analyzed: peak flexion and extension of the hip and knee joints; peak dorsiflexion and plantar flexion of the ankle joint; ROM of the ankle, knee, hip joints in the sagittal plane; and ankle, knee, and hip angles at the initial contact and toe-off. The gait speed was calculated simultaneously. Ankle, knee, and hip moments were calculated using the same software. Thereafter, peak moments of dorsiflexion and plantar flexion and peak flexion and extension moment of knee and hip were also analyzed.



Statistical Analysis

The data were analyzed using SPSS (version 22.0, SPSS Inc., Chicago, IL, United States). Categorical variables were summarized using frequencies and percentages. Continuous variables were summarized using means and SDs. One-way analysis of variance (ANOVA) was applied to assess differences in characteristics between the three groups (MCI, SCD, and NC), while the chi-square test was used to assess differences in the distribution of gender, HIS, and comorbidities between the three groups. A p-value < 0.05 was considered statistically significant in these tests. As the gait kinematic and kinetic parameters are highly intercorrelated, a multivariate analysis of covariance (MANCOVA) was applied to detect the differences in gait kinematic and kinetic parameters on the left and right side across different groups with adjustment for age, gender, body mass index (BMI), gait speed, education years, diabetes mellitus, and GDS as covariates. A p-value < 0.002 (0.05/21) was considered statistically significant in MANCOVAs for 21 parameters (15 kinematic parameters and 6 kinetic parameters). Bonferroni corrected post-hoc analysis was used for multiple comparisons of 21 parameters across the three groups, and p-value < 0.0008 [0.05/(21 × 3)] was considered statistically significant (two-sided test). The results were reported as effect size and p-value.



RESULTS

The recruitment flowchart is shown in Figure 1. A total of 181 older adults were screened, of whom 136 met the inclusion criteria. A total of 82 men and women (50% each), aged 65–83 years, who signed the written consent were recruited for this study. However, 54 people were excluded due to loss of contact, no reply, or refusing to sign the written consent. Three individuals were not included in the data analysis because they failed to complete the gait analysis. Descriptive data of the participants’ cognitive impairment and demographic characteristics are presented in Table 1. Of the 79 individuals recruited for the study, 22 were diagnosed with MCI and 33 with SCD, leaving the remaining 24 with normal cognitive function. The mean age was 71.23 years (range, 61–84 years) for participants with MCI, 72.73 years (range, 59–82 years) for participants with SCD, and 72.73 years (range, 64–84 years) for participants with NC. Most of the participants had high school education (more than 12 years). Demographic characteristics and comorbidities were balanced among the three groups. Global cognition assessed using MMSE was statistically significant among the three groups (p = 0.004), showing a lower MMSE score for the MCI and SCD groups. In addition, the GDS score was also significantly different among the groups (p = 0.004), indicating higher depression in MCI and SCD participants. On the other hand, self-selected gait speed was not found to be different among these groups (p = 0.115).
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FIGURE 1. Flowchart of the recruitment.



TABLE 1. Baseline characteristics.
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Gait Kinematic Characteristics of Participants With Mild Cognitive Impairment and Subjective Cognitive Decline

Multivariate analysis of covariance on the right side revealed that most of the independent variables were significantly related to gait performance (Wilk’s LambdaGroup = 0.29, F = 2.02, p = 0.004; Wilk’s LambdaGender = 0.62, F = 4.13, p < 0.001; Wilk’s LambdaBMI = 0.37, F = 4.08, p < 0.001; Wilk’s LambdaGait speed = 0.16, F = 12.91, p < 0.001; Wilk’s LambdaEducation years = 0.46, F = 2.77, p = 0.003; Wilk’s LambdaDM = 0.52, F = 2.22, p = 0.017) but not significant with age (Wilk’s LambdaAge = 0.62, F = 1.45, p = 0.159) and GDS scale (Wilk’s LambdaGDS = 0.70, F = 1.04, p = 0.437) (Table 2). However, on the left side, MANCOVA showed no significant multivariate effect of group on gait kinematics and kinetics (Table 2). Details about the kinematics and kinetics on the left and right sides are provided in Supplementary Table 1; the correlations between cognition and kinematics/kinetics are provided in Supplementary Table 2.


TABLE 2. Multivariate analysis of covariances of various covariates (left and right sides).
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Multivariate analysis of covariances revealed a significant difference in knee peak extension angle (F = 8.77, p < 0.0001) and knee heel strike angle (F = 8.07, p = 0.001) among the three groups. However, no intergroup difference was observed for ankle and hip kinematic parameters in the sagittal plane. In addition, peak dorsiflexion, knee peak extension angle, knee ROM, and hip peak extension in the sagittal plane increased and hip heel strike angle and hip toe-off angle decreased with the progression of cognitive decline from normal to SCD and MCI.



Gait Kinetic Characteristics

Gait kinetic parameters are shown in Table 3. MANCOVA analysis with age, BMI, and other factors as covariates did not show any intergroup differences (p > 0.002).


TABLE 3. Comparison of gait kinematic and kinetic parameters on the right side among the three groups (MANCOVA).
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Results of post-hoc Analysis

Bonferroni post-hoc test was applied to explore the effect size and difference between MCI/NC, SCD/NC, and MCI/SCD (Table 3 and Figure 2). There was a significant difference of 5.91° [99.92, confidence interval (CI) 0.33–11.50, p < 0.0001] in knee peak extension in the MCI group compared with NC. Furthermore, there was a noticeable difference of −6.21° in knee heel strike angle (99.92% CI, -12.68–0.26, p = 0.001) and 5.30° increase in knee ROM (99.92% CI, −1.48–12.03, p = 0.011) in MCI compared with NC, as they were close to the level of significance. A trend of difference of −5.24° in knee heel strike angle (99.92% CI, −11.46–0.98, p = 0.005) was observed in MCI compared with SCD.
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FIGURE 2. Comparison of right knee kinematics among the three groups (MANCOVA with Bonferroni post-hoc analysis). MANCOVA, multivariate analysis of covariance; MCI, mild cognitive impairment; SCD, subjective cognitive decline; NC, normal cognition; ROM, range of motion. *A trend of difference between groups (0.0008 < p-values < 0.01 for post-hoc tests). **p-Values < 0.0008 for post-hoc tests between MCI and NC groups.




DISCUSSION

Although previous studies have found that older adults with MCI have slower gait speed and worse performance compared with healthy control, kinematic and kinetic changes in this population have not been reported. Our findings have shown that knee peak extension angle and knee angle at heel strike were significantly different among older adults with MCI, SCD, and NC. However, no intergroup differences in ankle and hip kinematics were found. In addition, knee peak extension angle was 5.91° larger while knee heel strike angle was 6.21° smaller in MCI compared with NC. These findings add more evidence that individuals with MCI have abnormal knee kinematics during level walking, which indicates that cognitive impairment may have a potential influence on gait kinematics along with changes in spatiotemporal parameters (Cohen et al., 2016).

Gait kinematic parameters, such as peak dorsiflexion, plantar flexion, ROM of ankle, peak flexion and extension, and ROM of knee and hip joint in the sagittal plane, are basic components of gait that influence postural control during walking. On the other hand, gait kinetic parameters, such as joint movement, power, and ground reaction force, indicate biomechanics of gait. Older adults show reduced ankle ROM, peak plantar flexion, increased knee and hip ROM, increased hip flexion angle at heel strike and peak hip flexion and peak hip extension and reduced dorsiflexion compared with young adults during walking (Boyer et al., 2017). In addition, reduced ankle strength and movement may lead to compensation of the knee and hip joint motion and power (Hortobágyi et al., 2016; Gueugnon et al., 2019). Furthermore, older adults with MCI and dementia have typical gait impairments, such as slower gait velocity, greater gait variability, and worse gait performance under dual-task conditions (Webster et al., 2006; Beauchet et al., 2014; Cohen et al., 2016; Rucco et al., 2016; Fuentes-Abolafio et al., 2020) and dual-task gait and slow gait speed, shorter step length, and high stride length variability are related to incident dementia (Ansai et al., 2017; Doi et al., 2019). While previous studies have focused on spatiotemporal gait parameters, the articular kinematic and kinetic characteristics of gait have not yet been reported in the older population with MCI or SCD. In this study, we have found a meaningful difference in knee peak extension and knee heel strike angle in the sagittal plane among MCI, SCD, and NC elderly. In addition, knee ROM was different among these groups. There was an increase in knee peak extension angle and knee ROM and a decrease in knee heel strike angle, indicating a more upright gait during the stance phase and a more flexed knee at heel strike in older adults with cognitive decline. This finding adds new insight into the gait characteristics of older adults with MCI and SCD.

Previous studies have reported the reduction in ankle ROM and plantar flexion in older adults (Boyer et al., 2017), which may be due to the weakness of ankle plantar flexors (Gueugnon et al., 2019). However, our results showed that although the difference in peak ankle dorsiflexion did not reach the adjusted statistically significant level among MCI, SCD, and NC, the values (2.67° and 1.80°) were clinically meaningful. Interestingly, one study about patients with Alzheimer’s disease (AD) and with behavior variant of frontotemporal dementia (bvFTD) also found a significant increase of dorsiflexion and a decrease of plantar flexion under cognitive dual-task conditions in AD patients compared to those of the normal control (Rucco et al., 2016). The observed increase in dorsiflexion may be due to weak planter flexors and overactive dorsiflexors in order to stabilize the ankle joint. Furthermore, we found an increase in knee peak extension angle and knee ROM during walking in MCI compared with healthy older adults, while previous studies found that healthy elderly showed an increased hip and knee ROM compared with young individuals (Boyer et al., 2017). This phenomenon may be due to weakness in ankle plantar flexors (Gueugnon et al., 2019) and biomechanical adjustment. Meanwhile, these findings indicate that cognitive decline and dementia might further aggravate abnormal posture in older adults during walking, leading to adaptive biomechanical changes for a stable posture. However, although we excluded participants with severe deformities of joints that affect walking, the ROM and muscle strength of the lower limbs were not recorded in our study. There might be slight differences in joint motions and muscle strength among the three groups, which may also contribute to the gait abnormalities. In addition, we did not find a significant difference in ankle and hip kinematics in the sagittal plane among older adults with MCI, SCD, and NC. Therefore, we conclude that ankle and hip kinematics may not be influenced to a noticeable extent in older people with cognitive decline under normal gait speed and single-task conditions.

The MCI participants in our study had complaints with memory loss, so they were considered in the early stage of AD. Therefore, their kinematic performances were not as significantly impaired as patients with dementia. Rucco et al. (2016) investigated the gait kinematics during single- and dual-task walking in patients with AD and bvFTD. They found that their articular kinematics were highly affected even during normal walking compared to healthy subjects. In the bvFTD group, impairment of the ankle, knee, and thigh in nearly all phases of the gait cycle was observed; however, in the AD group, impairment of knee and thigh kinematics was found. Furthermore, the gait performance of the AD group markedly deteriorated under dual-task conditions, which explains that the MCI participants in our study did not have entire impairment of all the ROMs under single-task conditions. Further research of walking under dual-task conditions is needed to explore the impairment of MCI participants.

Post-hoc analysis revealed increased knee peak extension and noticeable knee ROM and knee heel strike angle in MCI compared with NC, while no difference was found in SCD compared with NC. These findings indicated that knee kinematics were different significantly only in the MCI group; however, the SCD group had similar gait performance compared with NC. In addition, although the difference in ankle dorsiflexion did not reach the adjusted significant level, these values could be clinically important.

Previous studies have found that spatiotemporal parameters such as gait velocity, stride time, and stride length are correlated with cognitive domains of memory, executive function, and attention in the elderly with MCI (Xie et al., 2019). A recent study has shown that faster gait speed was associated with a change in immediate recall but not delayed recall memory (Sebastiani et al., 2020). While another study showed that executive function had a strong correlation with gait speed compared to other cognitive domains in patients with cognitive impairment (Toots et al., 2019). Although our findings indicate that older individuals with MCI have abnormal gait kinematics, no other study has reported the relationship between cognition and gait kinematics in individuals with MCI or SCD; therefore, further research is needed.

It has been observed that cognition and gait share the same anatomic substrates and brain control processes (Cohen et al., 2016). Gait impairment is typically associated with brain deterioration, especially gray matter atrophy and loss of white matter integrity (Ezzati et al., 2015; Wilson et al., 2019). In MCI patients, gait performance is correlated with gray matter volume, especially medial temporal (the hippocampus and parahippocampal gyrus) and left premotor cortex (Allali et al., 2016; McGough et al., 2018; Beauchet et al., 2019), white matter integrity (corpus callosum, forceps minor, and left inferior fronto-occipital fasciculus) (Snir et al., 2019), and reduced prefrontal activation during walking (Holtzer and Izzetoglu, 2020). Some studies have reported that executive function may impact gait performance in MCI patients (Xie et al., 2019) and is correlated with gait speed (Toots et al., 2019). However, gait parameters included in these studies were all spatiotemporal parameters and not kinematic or kinetic parameters. Therefore, although we observed an increase in knee extension angle and a decrease in heel strike angle in MCI participants, the relationship between gait kinematics and cognitive function needs further investigation. Furthermore, knee kinematics of MCI participants indicates that this population might have bad knee control during level walking. Therefore, clinical observation should not only evaluate cognitive performance of patients with MCI but also pay special attention to their gait characteristics along with other management strategies. Attention should be given to strength training of specific lower limb muscles such as knee extensors, flexors, as well as ankle plantar flexors to improve walking ability and balance control in these individuals.

Gait kinetics in our study population showed no meaningful difference among the three groups. This is the first study about gait kinetics in older people with MCI and SCD; therefore, negative findings may indicate that mild cognitive decline may not have a big impact on gait kinetics during level walking. Gait speed can influence joint moments and a stronger muscle contraction is required to produce high joint moments; therefore, older adults are less capable to produce a higher peak ankle moment when facing a higher task demand (Waanders et al., 2019). In this study, we chose self-selected walking speed during gait analysis, which might not be very challenging. A more difficult task such as dual-task walking or high-speed walking may be more sensitive to detect changes in joint moments among MCI, SCD, and cognitively normal older adults. Therefore, further studies are required to investigate the change in kinetic characteristics during different walking conditions and at various gait speeds.

Previous research has shown that age and gender play an important role in gait kinematics (Singhal et al., 2014; Boyer et al., 2017). In addition, obesity and high BMI have also been found to have a significant influence on gait kinematics, causing a large hip joint angle in both sagittal and transverse planes (Rosso et al., 2019) and a smaller hip ROM (Agostini et al., 2017). In addition, different walking speeds significantly influence gait kinetics (Waanders et al., 2019). Furthermore, diabetes mellitus (DM) was reported to have a potential influence on gait parameters simultaneously (Kimura et al., 2018). Therefore, we included all these factors as covariates in MANCOVA to avoid such an influence.


Study Limitations

There are several limitations to the present study. First, no study has reported gait kinematic and kinetic characteristics in older adults with MCI and SCD, leading to an insufficiency in the discussion to compare our results to other findings. Second, our cross-sectional design could not reveal the causal influence of cognitive decline on gait kinematic and kinetic parameters in older adults; in this sense, a cohort study design would be much better to investigate the role of cognitive decline and gait characteristics. Finally, the sample size of the present study was not big enough to eliminate the influence of multiple factors on gait kinematic parameters, such as muscle weakness and limitation of joint movement.



CONCLUSION

This study showed that an increase of right knee peak extension angle in the sagittal plane during level walking was found among older adults with MCI compared to those with NC. There was a noticeable increase in right knee ROM and a decrease of right knee heel strike angle in MCI participants compared to NC participants. It is also observed that gait kinetics was not significantly different among the three groups. This finding adds new evidence of gait abnormality in older adults with MCI. As recommendations for clinical practice, gait analysis should be thoroughly carried out to evaluate gait performance and knee joint angle should be particularly observed in older adults with MCI. Additionally, lower limb strength training should be advised to improve walking ability in these individuals. Furthermore, future research should include longitudinal studies with larger sample sizes to explore the impact of potential confounders on gait kinematics and kinetics and to reveal the brain’s structural and functional mechanism of gait kinematics in patients at early stages of dementia.
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Background: Due to its common association with chronic pain experience, cognitive impairment (CI) has never been evaluated in patients with burning mouth syndrome (BMS). The purpose of this study is to assess the prevalence of CI in patients with BMS and to evaluate its relationship with potential predictors such as pain, mood disorders, blood biomarkers, and white matter changes (WMCs).

Methods: A case-control study was conducted by enrolling 40 patients with BMS and an equal number of healthy controls matched for age, gender, and education. Neurocognitive assessment [Mini Mental State Examination (MMSE), Digit Cancellation Test (DCT), the Forward and Backward Digit Span task (FDS and BDS), Corsi Block-Tapping Test (CB-TT), Rey Auditory Verbal Learning Test (RAVLT), Copying Geometric Drawings (CGD), Frontal Assessment Battery (FAB), and Trail Making A and B (TMT-A and TMT-B)], psychological assessment [Hamilton Rating Scale for Depression and Anxiety (HAM-D and HAM-A), Pittsburgh Sleep Quality Index (PSQI), Epworth Sleepiness Scale (ESS), and 36-Item Short Form Health Survey (SF-36)], and pain assessment [Visual Analogic Scale (VAS), Total Pain Rating index (T-PRI), Brief Pain Inventory (BPI), and Pain DETECT Questionnaire (PD-Q)] were performed. In addition, blood biomarkers and MRI of the brain were recorded for the detection of Age-Related WMCs (ARWMCs). Descriptive statistics, the Mann-Whitney U-test, the Pearson Chi-Squared test and Spearman's correlation analysis were used.

Results: Patients with BMS had impairments in most cognitive domains compared with controls (p < 0.001**) except in RAVLT and CGD. The HAM-D, HAM-A, PSQI, ESS, SF-36, VAS, T-PRI, BPI and PD-Q scores were statistically different between BMS patients and controls (p < 0.001**) the WMCs frequency and ARWMC scores in the right temporal (RT) and left temporal (LT) lobe were higher in patients with BMS (p = 0.023*).

Conclusions: Meanwhile, BMS is associated with a higher decline in cognitive functions, particularly attention, working memory, and executive functions, but other functions such as praxis-constructive skills and verbal memory are preserved. The early identification of CI and associated factors may help clinicians to identify patients at risk of developing time-based neurodegenerative disorders, such as Alzheimer's disease (AD) and vascular dementia (VD), for planning the early, comprehensive, and multidisciplinary assessment and treatment.
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INTRODUCTION

The number of older people is rising, and the global prevalence of individuals aged more than 60 years will approximately double from about 12 to 22% by 2050 (Christensen et al., 2009). Due to this aging population, dementia (currently 50 million diagnosed cases), chronic pain (30.8%), and depression (7%) represent the prevalence of serious comorbidities in the elderly population, which cause a great impact on the economy, with the estimation of the annual global cost to be over 1 trillion USD (Zis et al., 2017).

For this reason, the early detection of these conditions is becoming crucial for health-care providers (Zelaya et al., 2020). Recently, it has been reported that chronic pain is associated with the increases in a self-rated and an objective cognitive impairment (CI) (Whitlock et al., 2017). Indeed, in epidemiological studies on community-dwelling residents and pain clinics, it has been estimated that wherever the intensity of pain is positively correlated with the degree of CI, at least 50% of people living with pain showed an impairment in objective cognitive tests (Whitlock et al., 2017; Cao et al., 2019).

Burning mouth syndrome (BMS) is a type of chronic neuropathic oral pain disorder characterized by a generalized or localized burning or dysesthetic sensation of the oral mucosa without the evidence of any specific mucosal lesions and/or laboratory findings [International Classification of Orofacial Pain, 2020]. Oral burning sensations are usually bilateral with fluctuating intensity lasting more than 2 h per day for more than 3 months. Xerostomia, taste disturbance, intraoral foreign body sensation, itching, and tingling sensation (Grushka et al., 2003) have been frequently reported (Grushka et al., 2003; Adamo et al., 2015, 2018, 2020). Eating and drinking may sometimes help to alleviate symptomatology. Compared to men, BMS occurs more often in middle-aged women, especially those who are experiencing menopause with a prevalence of 0.7–4.6% (Khan et al., 2014; Kohorst et al., 2015; Wu et al., 2021).

Its pathogenesis remains debated, but it is reasonable to assume a multifactorial process, including psychological factors, central nervous system dysfunctioning, peripheral small fiber neuropathy (Yilmaz et al., 2007; Cazzato and Lauria, 2017), and inflammatory factors (Barry et al., 2018; Pereira et al., 2020). Neuroimaging has provided the evidence of structural and functional brain changes in BMS and in other neuropathic chronic pain (NCP) conditions, which are also commonly reported in neurodegenerative diseases such as Alzheimer's disease (AD) (Tariq et al., 2018) and vascular dementia (VD) (Martucci et al., 2014; Tu et al., 2020). Recent studies have proposed a correlation between NCP and cognitive decline, suggesting the presence of a bidirectional interaction (Povedano et al., 2007; Femir-Gurtuna et al., 2020). Indeed, untreated pain could accelerate the onset of neurodegenerative diseases, and at the same time, a cognitive decline contributes to the exacerbation of pain perception (Achterberg et al., 2020). In addition, white matter hyperintensities (WMHs) and lacunes in the brain are commonly seen on MRI of patients with CI (Ding et al., 2018; Femir-Gurtuna et al., 2020) and potentially affect the connections in the descending modulatory system of pain, aggravating pain perception (Oosterman et al., 2006).

Moreover, mood disorders, such as depression, anxiety, and sleep disturbance, are usually observed not only in patients with BMS (Adamo et al., 2015, 2018, 2020; Galli et al., 2017) but also in patients with CI (Chan et al., 2020). It is also known that these psychological comorbidities often evolve and are considered as a risk factor for a cognitive decline resulting in dementia (Cerejeira et al., 2012; Whitlock et al., 2017; Chan et al., 2020). Several studies have evaluated the cognitive profile in different NCP conditions such as fibromyalgia (Rodríguez-Andreu et al., 2009), postherpetic neuralgia (Pickering et al., 2014), and chronic back pain (Schiltenwolf et al., 2017) although no studies have been performed on patients with BMS. However, in our clinical practice, the majority of patients with BMS across the years reported the typical subjective experience of CI, particularly concentration difficulties and forgetfulness that still remain despite the ability of the proper treatment to control pain and psychiatric symptoms. Therefore, we supposed to show the possibilities of a cognitive function impairment and to evaluate the potential involvement of domain type and performed a complete cognitive battery test.

This is the first study to evaluate the prevalence of CI in patients with BMS through a comprehensive cognitive assessment taking into account also the psychological profile of patients and by analyzing the potential predictors of a cognitive decline.

Our specific hypothesis states that patients with BMS could show a cognitive performance impairment compared with healthy participants even after its identification for potentially confounding factors. Therefore, the primary outcome of this study is to analyze cognitive and psychological profiles (anxiety, depression, and sleep quality) to report the pain and quality of life in a cohort of patients with BMS compared with a control group of healthy subjects matched for gender, age, and educational level. Our secondary outcome is to identify the predictive risk factors of CI in patients with BMS to evaluate sociodemographic characteristics (age, gender, education, job, and marital status) and health-related factors [body mass index (BMI), disease onset, smoking, alcohol use, sleep duration, physical activity, vascular diseases, and blood biochemical biomarkers], and psychological variables and brain neuroimaging methods measure the age-related white matter changes (ARWMCs) as covariates to account for confounding based on the associations between pain and cognition as reported in previous studies.



METHODS


Study Design and Participants

An observational case-control study was conducted at the Oral Medicine Department of University of Naples “Federico II” in accordance with the ethical principles of the World Medical Association Declaration of Helsinki and was approved by the Ethical Committee of the University (Approval Number: 251/19—the date of approval was February 20, 2019). The adopted methods conformed with the Strengthening of the Reporting of Observational Studies in Epidemiology (STROBE) guidelines for observational studies (von Elm et al., 2014).

This study was conducted between March 2019 and December 2020. A total of 100 participants aged 55–80 years were recruited, specifically patients suffering from BMS at the first consultation and without previous treatment, and healthy subjects presenting exclusively for dental care during the study period. All consecutive eligible subjects were invited to participate in this study and provided written informed consent. No payment was provided for participation in this study. The recruitment of patients with BMS and healthy subjects was based on a convenience sampling.

The case and the control groups were matched by age, gender, and educational level. In detail, patients with BMS were enrolled first and used to calculate the gender distribution, average age, and educational level; then the control group was recruited to obtain a matched sample.

In the baseline visit (time 0), 57 patients in the study group and 43 in the control group were considered eligible for this study, but only 40 individuals in each group met the inclusion and exclusion criteria. The flowchart of this study is summarized in Figure 1.
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FIGURE 1. The flowchart of this study.


The BMS group inclusion criteria were in line with the International Classification of Orofacial Pain (2020) 1st edition:

• patients experiencing the symptoms of oral burning recurring daily for >2 h per day for >3 months without any clinical mucosal alterations,

• patients aged between 55 and 80,

• patients with normal blood test findings (including blood count, blood glucose levels and glycated hemoglobin, serum iron, ferritin, and transferrin),

• patients who are currently not in treatment with psychotropic drugs, and

• patients without any contraindications to MRI scanning (e.g., pacemaker).

The BMS group exclusion criteria were as follows:

• patients suffering from diseases that could be recognized as a causative factor of BMS,

• patients aged <55 and more than 80 years,

• patients unable to understand the questionnaires,

• patients having a history of a psychiatric disorder or a neurological or an organic brain disorder,

• patients undergoing the treatment with psychotropic drugs,

• patients having a history of alcohol or substance abuse,

• patients in treatment with systemic drugs possibly associated with oral symptoms, and

• patients suffering from obstructive sleep apnoa syndrome (OSAS).

The inclusion criteria of a healthy subject were as follows:

• subjects without any lesion of the oral mucosa,

• patients aged <55 and more than 80 years,

• subjects without a psychiatric disorder or a neurological or an organic brain disorder,

• subjects without a history of BMS,

• subjects with normal blood test findings (including blood count, blood glucose levels and glycated hemoglobin, serum iron, ferritin, and transferrin),

• subjects who had not undergone treatment with psychotropic drugs, and

• subjects without any contraindications to MRI scanning (pacemakers or other metal objects).

The exclusion criteria of a healthy subject were as follows:

• subjects with a history of BMS,

• subjects aged <55 and more than 80,

• subjects suffering from a psychiatric disorder, a neurological, or an organic brain disorder, or other conditions possibly resulting in CI,

• subjects unable to understand the questionnaires,

• subjects undergoing treatment with psychotropic drugs,

• subjects having a history of alcohol or substance abuse, and

• patients suffering from OSAS.



Measures
 
Baseline Clinical Assessment

At admission, the data related to sociodemographic factors were analyzed for each group, including gender, age, years of education, family situation (single, married, divorced, and widowed), and employment (employed, unemployed, and retired). In addition, BMI (calculated as the weight in kilograms divided by the height in square meter), disease onset (in years), sleep duration (in hours), risk factors (current smoking status, alcohol consumption, and physical activity), oral symptoms, systemic diseases, and drug consumption were recorded.

All the patients were evaluated by a multidisciplinary team composed of two oral medicine specialists [Daniela Adamo (DA) and Federica Canfora (FC)] and one board-certified psychiatrist [Giuseppe Pecoraro (GP)] with also a neurology board certification. All of them have at least 5 years of experience in the psychiatric and pain assessment of elderly subjects with chronic orofacial pain. Each subject underwent a careful medical analysis, a general medical examination, an intraoral and extraoral clinical examination, and a psychiatric evaluation. In the first evaluation, the systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured two times in the right arm using an automatic device after minutes of rest in a seated position. The neuropsychological evaluation was completed using a set of battery scales exploring the neurocognitive, psychological profile and complete pain assessment of patients and healthy subjects; every evaluation of each patient was performed in a designated hospital room by a psychiatrist (GP) in the team, to standardize the clinical procedures. The physician provides the same documentation and a pen to every patient. In their first evaluation, venous blood samples were collected in the morning from all participants who agreed. Cognitive assessment and blood samples were collected on the same day. Within 4 weeks after the baseline examination, all subjects underwent the MRI of the brain using a standard protocol. This choice was made to prevent high levels of anxiety commonly reported by many patients who underwent MRI procedures, which could have an impact on cognitive test performance (van Minde et al., 2014).

Two neuroradiologists [Renato Cuocolo (RC) and Lorenzo Ugga (LU)] rated a white matter change (WMC) severity for the participants of this study using the clinically blinded ARWMC score.



Neurocognitive Assessment

All participants underwent a detailed one-to-one complete cognitive assessment using standardized protocols to assess global mental status, attention, processing speed, working memory, verbal memory, praxis-constructive skills, and executive functions (Figure 2).
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FIGURE 2. Neurocognitive assessment.


The cognitive battery test has included:

• the Mini Mental State Exam (MMSE),

• the Trail Making Test (TMT) part A and part B,

• the Digit Cancellation Test (DCT),

• the Corsi Block-Tapping Task (CB-TT),

• the forward and backward Digit Span Task (FDS/BDS),

• the Rey Auditory Verbal Learning Test (RAVLT),

• the Copying Geometric Drawings Test (CGD),

• the Frontal Assessment Battery (FAB).

All the scales are reviewed for their completeness before collection, administered in their Italian version, and described in detail in the Supplementary Material. The complete cognitive battery examination takes about 80 min to be administered.



Psychological Assessment
 
Depression

The Hamilton rating scale for Depression (HAM-D) (Hamilton, 1960, 1967) is a clinician-administered depression assessment scale; it contains 21 items pertaining to the affective field. The scores can range from 0 to 54. A score > 7 indicates an impairment. The scores in the range of 7–17 indicate a mild depression, the scores between 18 and 24 indicate a moderate depression, and the scores >24 indicate a severe depression (Morriss et al., 2008).



Anxiety

The Hamilton rating scale for Anxiety (HAM-A) (Hamilton, 1959) is a clinician-administered anxiety assessment scale. It comprises 14 items to measure both psychic anxiety and somatic anxiety. Each item is scored on a scale of 0–4, a total score <17 indicates a mild severity, 18–24 mild to moderate, and 25–30 moderate to severe (Hamilton, 1967).



Sleep

Subjective sleep quality and daytime sleepiness were evaluated using the Pittsburgh Sleep Quality Index (PSQI) and Epworth Sleepiness Scale (ESS), respectively.

The PSQI (Buysse et al., 1989) is a self-rated questionnaire, which assesses sleep quality and disturbances over a 1-month time interval generating seven “component” scores (0–3): subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, the use of sleeping medication, and daytime dysfunction (Carpenter and Andrykowski, 1998). The sum of scores for these seven components yields one global score ranging from 0 to 21. Global scores >5 distinguish the poor sleepers from good sleepers with a high sensitivity (90–99%) and specificity (84–87%) (Curcio et al., 2013).

The ESS (Johns, 1991) is a self-administered questionnaire for measuring the general level of daytime sleepiness of a subject. The instrument comprises eight items assessing the propensity for sleep in eight common situations. Subjects rate their likelihood of dosing in each situation on a scale of 0 (would never dose) to 3 (a high chance of dosing). The ESS score (Johns, 1992) is the sum of the eight items, ranging from 0 to 24, with a cut-off value of >10 indicating excessive daytime sleepiness (Vignatelli et al., 2003).



Health-related Quality of Life

The 36-Item Short Form Health Survey (SF-36) (Ware and Gandek, 1998) is a very popular instrument for evaluating health-related quality of life (HRQoL). It is a self-administered questionnaire and comprises 36 questions, which cover the eight domains of health; the physical health measure includes the four scales of physical functioning (PF: 10 items), role physical (RP: 4 items), bodily pain (BP: 2 items), and general health (GH: 5 items); the mental health (MH) measure is composed of vitality (VT: 4 items), social functioning (SF: 2 items), role emotional (RE: 3 items), and MH (5 items). The scores for the SF-36 scales range between 0 and 100, and the total score is a perfect equilibrium between the physical (50%) and mental (50%) components with higher scores indicating a better HRQoL (Jenkinson et al., 1999; Laucis et al., 2015).




Pain Assessment

The Visual Analog Scale (VAS) (Hayes and Patterson, 1921) is a well-validated unidimensional instrument for the measure of pain intensity (Hawker et al., 2011). The score is determined by measuring the distance on the line between the “no pain” and the mark of a patient mark, providing a range of scores from 0 to 10 (0 = no oral symptoms and 10 = the worst imaginable discomfort).

The Brief Pain Inventory (BPI) is a validated and widely used inventory that is developed to assess the severity of pain and the impact of pain on daily functions (Jumbo et al., 2021). It is a 9-item self-administration in which the pain severity is assessed by 4 items, including the worst and least pain in the previous 24 h, pain severity on average, and pain “right now” ranging from 0 (no pain) to 10 (pain as bad as you can imagine).

Pain-related interference rates the degree to which the pain affects the seven domains of functioning (general activity, mood, walking ability, normal work, relations with other persons, sleep, and the enjoyment of life). The score ranges between 0 (does not interfere) to 10 (completely interferes) (Im et al., 2020).

There is no scoring algorithm, but “worst pain” or the arithmetic mean of the four severity items can be used as the measures of pain severity; the arithmetic mean of the seven interference items can be used as a measure of pain interference.

The Pain DETECT Questionnaire (PD-Q) is a reliable screening tool with a high sensitivity and specificity for the identification of neuropathic pain (Migliore et al., 2021). It is a self-reported questionnaire and consists of nine items: seven sensory symptom items, including burning, tingling, or prickling sensations, tactile and thermal allodynia, electric shock-like sensations, numbness, and pressure-evoked pain sensation, which are graded from 0 to 5 on a Likert-type scale indicating never to very strongly agree; 1 temporal item on a pain course pattern graded from −1 to +1; and 1 spatial item on pain radiation graded from 0 for no radiation to +2 for radiating pain. The total score calculated from the nine items ranges from −1 to 38, with higher scores indicating the higher levels of neuropathic pain. The developer of the scale has suggested that patients with a score of ≤ 12 have an 85% likelihood of not suffering from neuropathic pain and patients with a score of ≥19 have a 90% likelihood of suffering from neuropathic pain (König et al., 2021).

The Total Pain Rating Index Questionnaire (T-PRI) from the short form of the McGill Pain Questionnaire (SF-MPQ) is a measure of the quality of pain and is a multidimensional pain questionnaire, which measures the sensory, affective, and evaluative aspects of the perceived pain (Hawker et al., 2011). It comprises 15 items from the original MPQ, each scored from 0 (none) to 3 (severe). The T-PRI score is obtained by summing the item scores (range 0–45). There are no established critical cutoff points for the interpretation of the scores and, as for the MPQ, a higher score indicates the worse pain.



Blood Sampling, Laboratory Tests, and Biochemical Markers

The laboratory test was analyzed from a venous blood sample obtained at morning after a fasting period of about 12 h. The samples were collected in the morning between 8 and 10 a.m., and serum and plasma samples were centrifuged within 30 min and stored at −80°C until being processed. All biochemical analyses were performed with a Roche Modular Analytics System in the Central Biochemistry Laboratory of our Institution.

The analysis included the full blood count, erythrocyte sedimentation rate, glucose and glycosylated hemoglobin, and a thyroid function.

In addition, the evaluation was completed with the following parameters:

• Blood lipids: total cholesterol (TC; measurement range 160–200 mg/dl), low-density lipoprotein cholesterol (LDL; measurement range 40–130 mg/dl), high-density lipoprotein cholesterol (HDL; measurement range 40–80 mg/dl), and triglycerides (TG; measurement range 60–180 mg/dl) were evaluated using the standard enzymatic-colorimetric method with an autoanalyzer (MIRA-PLUS, Roche, Basel, Switzerland). LDL and HDL cholesterol were determined using a direct method (a homogeneous enzymatic assay for the direct quantitative determination of LDL and HDL cholesterol). HDL was evaluated after the precipitation of apolipoprotein B-containing particles with phosphotungstic acid and a magnesium ion.

• Folate levels (measurement range 3.0–16.5 ng/ml), B12 vitamin (measurement range 197–866 pg/ml) level, and D3 vitamin (measurement range 10–100 ng/ml) level.

• Thrombophilia testing: serum total homocysteine (Hcy; measurement range > 11 μM), prothrombin time (PT; measurement range:11–13 s), partial thromboplastin time (aPTT; measurement range 28–40 s), protein C activity (measurement range 70–120%) and protein S activity (measurement range > 58%), plasma antithrombin III (AT III; measurement range 70–120%), anti-β2-glycoprotein I antibodies (antiβ2GPI; IgM and IgG; measurement range <20 U/ml), anticardiolipin antibodies (ACA; IgM and IgG; measurement range <20 U/ml), Lupus anticoagulants (LAs; measurement range RATIO <1.20 absent), fibrinogen levels (measurement range 160–350 mg/dl). Venous blood was collected in 0.1-M buffered trisodium citrate (bloodcitrate 9:1). Two centrifugation steps (10 min at 3,000 g) were performed to obtain a platelet-poor plasma. The plasma was aliquoted, frozen, and stored at −20°C until use. AT and protein C activities were determined using the Coamatic LR Antithrombin Kit (Chromogenix, Milano, Italy) and the Immunoserum PC Kit (Baxter AG, Vienna, Austria), respectively. The functional activity of protein S was determined using the protein S Reagent Kit (Dade Behring, Marburg, Germany). The presence of LAs was determined using the LA 1 Screening Reagent and LA 2 Confirmation Reagent (Dade Behring, Deerfield, IL, USA). ACA and antiβ2GPI were determined using an ELISA method (Synelisa Cardiolipin antibodies and antiβ2GPI; Pharmacia & Upjohn, Freiburg, Germany; microplate reader, Tecan, Crailsheim, Germany). Fibrinogen was tested on the ACL TOP analyzer (Instrumentation Laboratory, Werfen Group, Bedford, MA, USA). All functional coagulation assays were performed using an autoanalyzer system (BCS, Dade Behring, Marburg, Germany).




Acquisition of MRI and ARWMC

MRI was performed on a 1.5T Philips Gyroscan Achieva, MRI System (Philips, Best, The Netherlands) using a standard protocol, which included a fluid-attenuated inversion recovery sequence (TR: 8,005 ms, TE: 100 ms, TI: 2,200 ms, matrix: 256 × 192, slice thickness: 5 mm) and a turbo spin echo T2-weighted sequence (TR: 4,400 ms, TE: 100 ms, matrix: 256 × 192, slice thickness: 5 mm). According to the original study of the ARWMC scale, we defined WMC as ill-defined hyperintensities ≥5 mm on both T2-weighted and FLAIR images. This scale grades WMC severity in five brain regions (frontal lobe, parieto-occipital region, temporal lobe, infratentorial region, and basal ganglia) on a four-point scale (score 0 = no lesions, 1 = focal lesions; 2 = beginning confluence of lesions; and 3 = diffuse involvement). The results can be presented as the total score and global score. In this study, the total score was used, representing the sum of scores for each region in both hemispheres, which range from 0 to 30.



Primary Outcomes

The outcomes evaluated for the primary objective of the study were the presence of CI as measured by MMSE, DCT; FDS and BDS, CBTT, RAVLT immediate and delayed, CGD, FAB, and Trail Making A and B (TMT-A and TMT-B) and the reported pain as measured by VAS, BPI, PD-Q, and T-PRI, the psychological profile as measured by HAM-D, HAM-A, PSQI, ESS, and SF-36 with an aim to detect any potential differences between patients with BMS and healthy subjects.



Secondary Outcomes (Vascular Disease and Risk Factor Assessment)

The outcomes evaluated for the second objective of this study were the analysis of laboratory tests, including a thrombophilic evaluation, and the examination of ARWMC scores to detect the differences between patients and controls. Finally, we wanted to evaluate the potential predictors for CI in a sample of patients with BMS, so we included the following list of confounding variables associated with CI: age in years, gender (male and female), education (in years), marital status (single, married/partnered, divorced, and widowed), employment status (employed/unemployed), pain (VAS, BPI, PD-Q, and T-PRI), depression (HAM-D), anxiety (HAM-A), sleep disturbance (PSQI and ESS), and HRQoL (SF-36:PF, RP, BP, GH, VT, SF, and RE).

In addition, the following vascular comorbidity variables and other health variables and their correlation with CI were analyzed in the study groups:

• High blood pressure: The subject was considered as hypertensive in case of having blood pressure (BP) higher than 140/90 mm Hg (SBP/DBP) according to the current criteria ACCF/AHA for uncomplicated hypertension in the elderly (Messerli et al., 2011) or in case of taking antihypertensives.

• Obesity: The subject was considered as obese if they had the BMI values ≥30 kg/m2 as indicated by the current AHA/ACC/TOS criteria for obesity in adults (Lavie et al., 2014).

• Positive history for vascular disease (i.e., heart attack, atrial fibrillation, and stroke): These diagnoses were made if the subject exhibited a medical documentation certifying a specific diagnosis after admission (Zuin et al., 2021).

• Dyslipidemia: For the evaluation of the presence/absence of dyslipidemia; the values of the obtained lipid fractions were dichotomized using the cutoffs for the Metabolic Syndrome recommended by the NCEP-ATPIII (Welty, 2001). In particular, based on these criteria, the following cutoffs were used for the classification of borderline-elevated lipid values: CT ≥ 200 mg/dl; LDL ≥ 130 mg/dl; HDL ≤ 60; TG ≥ 150 mg/dl or if the subjects were in treatment with statins.

• Hyperhomocysteinemia (HHcy): For the evaluation of the presence/absence of HHcy, the cutoff considered in this study was 11 μmol/l in line with the International Consensus statement of AD of 2018, where Hcy >11 μmol/l (Smith et al., 2018; Hsu et al., 2020) was associated with an increase rate of atrophy of the medial temporal lobe and with a greater incidence risk of a cognitive decline (Galton et al., 2001; Smith et al., 2018).

• Smoking was assessed via the questions on the number of cigarettes smoked in the last 7 days and categorized as never smoker, very light smokers (<5 cigarettes), light smokers (5–10 cigarettes), moderate smokers (10–15 cigarettes), and heavy smokers (>15 cigarettes) (Sabia et al., 2012).

• Alcohol consumption was assessed via the questions on the number of alcoholic drinks (“measures” of spirits, “glasses” of wine, and “pints” of beer) consumed in the last 7 days and categorized as non-alcoholic (none or <1 unit/week), moderate drinkers (1–14 units/week in women and 1–21 units/week in men), and heavy drinkers (≥15 units in women and ≥21 units in men) (Hagger-Johnson et al., 2013).

• Physical activity: The answers of yes were considered if the subject practiced regularly at least 30 min of aerobic activity, three times a week (Lytle et al., 2004).

• Sleep duration was assessed via a question on the number of hours of sleep during the night in the last 7 days to evaluate whether the patients with BMS suffer due to insufficient (≤ 4 h per night) or excessive (≥10 h per night) sleep duration; as insufficient or excessive sleep duration is actually considered as the risk factors for CI (Ma et al., 2020).



Statistical Analysis

The statistical analysis was performed using the SPSS software v. 26. Descriptive statistics, including means, SDs, medians, and interquartile range (IQR), were used to analyze the sociodemographic and the clinical characteristics of the two groups. The Pearson Chi-Squared test was used to test the significance differences between the percentages in the two groups.

Differences associated with the values of p < 0.05 or 0.01 were considered moderately or strongly significant, respectively.

A post hoc power calculation was performed for the Mann–Whitney test. Considering the analysis of different cognitive tests, the effect size ranged from 0.69 to 0.76 for a sample size of 40 participants in each group, with a significance level of 0.05. The power test value (1-Beta) was from 0.91 to 0.97 (the analysis performed via the Gpower software).

The scores of ARWMC scale were transformed using a square root arithmetic transformation. The Mann–Whitney U-test was employed to test for any differences among blood biochemical markers and ARWMC and to evaluate the recorded medians of the VAS, BPI, PD-Q, T-PRI, HAM-D, HAM-A, PSQI, ESS, SF-36, MMSE, DCT, DS forward, DS backward, CBTT, RAVLT immediate, RAVL delayed, CGD, FAB, TMT-A, TMT-B, and TMT-B-TMT-A in the groups. The values of p < 0.05 were considered to reflect a statistical significance.

The Mann–Whitney U-test was used to analyze the correlation between a cognitive test and gender, marital status, employment status, smoking and alcohol consumption, physical activity, HHcy, dyslipidemia, essential hypertension, and left temporal and right temporal WMG (LT/RTWMC).

The Spearman test was used to analyze the correlation between a cognitive test and age, years of education, BMI, sleep duration, disease onset, VAS, BPI, PD-Q, T-PRI, HAM-D, HAM-A, PSQI, ESS, and SF-36. The values of p < 0.05 were considered to reflect a statistical significance.

Correlation matrices, using the patient group data only, were constructed to identify potential covariates. Finally, multivariate linear regression analyses were computed by entering all the identified variables/predictors of a univariate analysis; unadjusted coefficient estimations were obtained for each significant predictor identified from the correlation analysis. A total of eight models were computed. For each model, we reported the adjusted R2, which measures the overall goodness of fit adjusted for the number of variables included into the model.

The first model was performed to test the contribution of female gender, HHcy, and hypertension to altered MMSE; the second model was performed to test the contribution of the RP of SF-36 to an impaired FDS; the third model was performed to test the contribution of the smoking status to BDS; the fourth model tested the contribution of employment status and the RP of SF-36 to CBTT; the fifth model tested the contribution of years of education and the T-PRI and the RP of SF-36 to an impaired FAB; the sixth model have evaluated the contribution of years of education and hypertension to an impaired TMT-A; and the seventh model tested the contribution of sleep duration to TMT-B while the eighth model have evaluated the contribution of sleep duration and VAS, respectively, to TMTs-Delta.




RESULTS


Sociodemographic Data and Risk Factors

Demographic characteristics, BMI, disease onset, sleep durations, and habits related to the patients with BMS and controls are summarized in Table 1. A total of 80 participants were included in this study, 40 patients with BMS and 40 healthy participants, and no missing data were recorded. Patients with BMS and controls are chosen as a convenient sample for age, gender, and education level, considering the prevalence of BMS in female population and in the elderly. Of these participants, 70% (30) and 30% (10) were women and men for each group, respectively. The mean age of the patients with BMS was 65.63 ± 8.59 with a disease onset of 21.40 ± 25.25.


Table 1. Sociodemographic characteristics, body mass index (BMI), disease onset, sleep duration, and habits in patients with burning mouth syndrome (BMS) and control subjects.
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A statistically significant difference was found only in sleep duration, alcohol consumption, and physical activity. Indeed, a patient with BMS was referred to a shorter sleep duration (6.04 ± 1.30; p = 0.020*), eight patients were moderate drinkers (<14 units/week; p = 0.13*), and in addition the majority of patients (26; 65%) did not practice regular physical activity (p = 0.002**).



Medical Comorbidity and Drug Consumption

The prevalence of systemic diseases and drug consumption is summarized in Table 2. No statistical difference in the prevalence of systemic comorbidities was found between cases and controls. However, statistically significant differences in taking medications were found with a higher consumption of proton pump inhibitors (13, 32.5%; p = 0.032*), folate (16, 40%; value of p- < 0.001**), and cholecalciferol (24; 60%; p < 0.001**) in patients with BMS compared with controls. These results suggested that BMS has already received the supplementation to balance the deficiency of folate and D3 vitamin and to reduce the Hcy serum levels.


Table 2. The prevalence of systemic diseases and the drug consumption of patients with BMS and control subjects.
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Oral Symptoms and Sites Involved

The type and location of oral symptoms are shown in Table 3. Statistically significant differences was found between patients and controls. The majority of patients with BMS reported a high prevalence of burning sensation (40; 100%); other frequent symptoms were xerostomia (30; 75%), the change in tongue morphology (62.5%), and dysgeusia (47.5%). The predominant location of pain/burning was tongue (38; 95%) followed by lips (33; 82.5%) and gums (26; 65%).


Table 3. The prevalence of oral symptoms and sites involved in patients with BMS and control subjects.
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Biochemical Blood Markers and ARWMC Scores

Biochemical blood markers are shown in Table 4. There was a statistically significant difference in the plasma level of folic acid (p = 0.001**), vitamin B12 (p = 0.004*), and vitamin D3 (p = 0.004*) between patients and controls. Indeed, patients with BMS showed the higher plasma levels of these vitamins due to the use of therapeutic supplementation.


Table 4. Analysis of the biochemical blood markers of patients with BMS and control subjects.
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The ARWMC scores are summarized in Table 5. There was a statistically significant difference in the scores of the right (RT; p = 0.023*) and left temporal lobe (LT; p = 0.023*) between patients and controls, demonstrating the prevalence of WMC in patients with BMS in the temporal area.


Table 5. Analysis of the ARWMC scores of patients with BMS and control subjects.
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Psychological Profile

Differences in pain, depression, anxiety, sleep quality, and HRQoL between patients with BMS and controls are shown in Table 6. Regarding pain, BMS suffered the higher levels of pain compared with controls with a statistically significant difference in the median and the IQR of the scores of VAS (p < 0.001**), BPI severity score (p < 0.001**), BPI interference score (p < 0.001**), PD-Q (p < 0.001**), and T-PRI (p < 0.001**).


Table 6. Analysis of pain, depression, anxiety, sleep quality, and the quality of life of patients with BMS and control subjects.
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Regarding mood disorders, the prevalence of depression and anxiety in patients with BMS was 97.5% (39), whereas in the controls group the prevalence of both disorders were 15% (6) with a statistically significant difference in the medians and the IQR of the scores of HAM-D (p < 0.001**) and HAM-A (p < 0.001**) between cases and controls. In addition, the majority of patients with BMS showed a severe depression (19, 47.5%) and mild anxiety (21, 52.5%).

Moreover, 75% (30) of the patients with BMS were poor sleepers (PSQI > 5) with a statistically significant difference in the global PSQI score compared with controls (p < 0.001**), whereas a statistically significant difference between patients and controls is not found in the ESS score (p = 0.149).

A statistically significant difference between patients and controls was found in the medians and IQR of some subitems such as subjective sleep quality, sleep latency, and the use of sleeping medication (p < 0.001**).

Statistically significant differences were found in the medians and the IQR of all the items of SF-36 (PF: p < 0.001**; RP: p = 0.027*; BP: p < 0.001**; GH: p= 0.007**; VT: p < 0.001**; SF: p < 0.001**; RE: p = 0.002**; and MH: p < 0.001**). These results suggested that patients with BMS showed a poor HRQoL compared with controls.



Cognitive Evaluation

The comparison of the cognitive outcomes of patients with BMS and controls is shown in Table 7.


Table 7. The analysis of cognitive tests of patients with BMS and control subjects.
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All patients with BMS showed an impairment in at least one cognitive domain.

The median and IQR in the majority of cognitive tasks show a statistically significant difference between patients with BMS and controls such as in MMSE (p < 0.001**), TMT-A (p < 0.001**), DCT (p = 0.011*), CB-TT (p < 0.001**), TMT-B (p < 0.001**), TMTs-Delta (p < 0.001**), FAB (p < 0.001**), FDS (p = 0.004*), and BDS (p = 0.043*). No statistically significant differences were found in the two groups in the task evaluating verbal memory (RAVLT immediate; p = 0.686 and RAVLT delayed; p = 0.893) and praxis-constructive skills (CGD; p = 0.580).

Therefore, patients with BMS showed a decrease in the global cognitive function with the lower scores of MMSE [23.35 (21.1–25.2)]; a decrease of attention with the higher scores of TMT-A [105.50(79.5–153.8)] and the lower scores of DCT [46.38(40.3–49.7)]; a decrease of working memory with the lower scores of CB-TT [4(3.8–4.4)], FDS [5.83(4.7–6.1)] and BDS [3.48(2.8–4.3)]; and a decrease of executive functions with a higher score of TMT-B [214.40(160.8–263.8)] and TMTs-Delta [104(44.3–157.5)] and the lower scores of FAB [15.05(14–16.03)] compared with controls.

Tables 8, 9 show a correlation analysis between cognitive tests and quantitative and qualitative predictors, respectively, in the case group.


Table 8. Correlation analysis between cognitive tests and quantitative predictors in patients with BMS.
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Table 9. Correlation analysis between cognitive tests and qualitative predictors in patients with BMS.
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Specifically, a statistically significant positive correlation was found between years of education and FAB (p = 0.015*), whereas a statistically negative correlation was found between years of education and TMT-A (p = 0.004**) taking into account that the higher level of education corresponds to the higher scores in FAB and the lower level of education corresponding to the worst performance in TMT-A. In addition, FAB was correlated with T-PRI (p = 0.048*) and RP (p = 0.043*). Moreover, RE was positively correlated with CBTT (p = 0.043*) showing that better RE score corresponds to the higher scores in visual working memory.

Sleep duration was negatively correlated with TMT-B (p = 0.024*) and TMTs-Delta (p = 0.045*), therefore short sleep was associated with a decrease of executive functions with the higher scores in TMT-B and TMTs-Delta. In addition, TMTs-Delta was correlated with VAS (p = 0.020*) suggesting that a higher level of the intensity of pain reflects the higher scores of TMTs-Delta.

Mini Mental State Examination was correlated with gender (p = 0.040*); HHcy (p = 0.027*) and hypertension (p = 0.045*) suggesting that female patients with hypertension showed a lower score in MMSE with an impairment in the global cognitive function; instead, strangely, HHcy reflects the higher scores of MMSE. BDS was correlated with smoking, therefore smokers achieved higher BDS (3.76 vs. 3.08; p = 0.038*) with a better working memory. CBTT was correlated with employment status, with employed patients showed a better working memory with a higher score in CBTT (4.25 vs. 3.75; p = 0.013*). In addition, TMT-A was correlated with hypertension (p = 0.010*), therefore BMS hypertensive patients have a higher score in TMT-A and suffer from a decrease of attention.

A multivariate linear regression analysis between cognitive tests and predictors is shown in Table 10. The first model (MMSE model) testing the contribution of female gender, HHcy, and hypertension to MMSE showed that the MMSE was negatively correlated with female gender and hypertension (p = 0.037*; p = 0.039*) and positively correlated with HHcy (p = 0.019*), resulting in a strongly significant increase in the coefficient of determination (R2) (DR2 = 26.9%, p = 0.002**). The second model (FDS model) tests the contribution of the RP of SF-36 to FDS; RP was negatively correlated to FDS although the result was not statistically significant (p = 0.060); indeed there was not a significant increase in the R2 (DR2 = 8.9%, p = 0.060). The third model (BDS model) tests the contribution of the smoking to FDS; smoking was positively correlated to BDS but the result was not statistically significant (p = 0.078); indeed no significant increase in the R2 (DR2 = 8.9%, p = 0.060) was found. The fourth model (CBTT model) testing the contribution of employment status and the RE of SF-36 to CBTT showed that CBTT was positively correlated with employed patients (p = 0.038*) and with RP (p = 0.27), resulting in a significant increase in the coefficient of determination R2 (DR2=12.4%, p = 0.033*).


Table 10. Multilinear regression analysis predicting impaired cognitive test in patients with BMS.
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The fifth model (FAB model) testing the contribution of years of education and the T-PRI and the RP of SF-36 to FAB showed that FAB was positively correlated with years of education (p = 0.042*), T-PRI (p = 0.072*) and negatively correlated with RP (p = 0.363), resulting in a strongly significant increase in the R2 (DR2 = 22.9%, p = 0.006**). The sixth model (TMT-A model) testing the contribution of years of education and hypertension to TMT-A showed that TMT-A has, respectively, a negative and positive correlation with years of education (p = 0.039*) and hypertension (p = 0.04*), resulting in a strongly significant increase in the R2 (DR2 = 24.5%, p = 0.002**). The seventh model (TMT-B model) testing the contribution of sleep duration to TMT-B showed that TMT-B was negatively correlated with sleep duration (p = 0.025*), resulting in a significant increase in the R2 (DR2=12.5%, p = 0.025*). The eighth model (TMTs-Delta model) testing the contribution of sleep duration and VAS to TMTs-Delta showed that TMTs-Delta was negatively and positively correlated with sleep duration (p = 0.068) and VAS (p = 0.086), respectively, resulting in a significant increase in the R2 (DR2=13.4%, p = 0.026*). Therefore, hypertension in female patients with BMS showed a worst score in MMSE and could be at risk to develop CI as well as patients who sleep less; indeed, the reduction of sleep duration was associated with the higher scores of TMT-B and TMTs-Delta, resulting in the impairment of executive functions. Moreover, BMS with a higher level of education showed better scores in some cognitive tasks such as FAB and TMT-A, resulting in a better level of attention and cognitive functions; moreover, employed patients with BMS showed the higher scores in CB-TT, resulting in better working memory performances.




DISCUSSION

Patients affected by NCP are considered to be at high risk to develop a cognitive decline, especially in the domains of attention, working memory, and executive functions (Moriarty et al., 2011; Moriarty and Finn, 2014), which leads to the poor quality of life, difficulty in adherence to medications, increasing the risk of mortality, and health resource utilization (O'Connor, 2009; Colloca et al., 2017).

Burning mouth syndrome is a complex chronic orofacial pain disorder frequently associated with several psychiatric comorbidities such as anxiety, depression, and sleep disturbances (Kim et al., 2020; Pereira et al., 2020) while CI have never been evaluated in a complete way. Only one study is found in the literature by Kim et al. (2020), in an observational but a retrospective study, suggested that patients with BMS were not associated with an increase in the incidence of dementia and Parkinson's disease based on the diagnosis performed in ~10 years by physicians, moreover, they could not assess whether the development of both conditions may be the consequence or were involved in the onset of BMS (Kim et al., 2020). Instead, case-control or prospective studies have never been carried out with an aim to establish if patients with BMS may suffer of CI as well as mood disorders. The results of this study supported our suggestions because patients with BMS showed a mild cognitive impairment (MCI) with a decrease in global cognitive functions, elective attention, sustained attention, cognitive flexibility, working memory, and executive functions while verbal memory and praxis constructive skills were preserved in comparison with controls. The term MCI is suitable for patients with BMS with a cognitive decline as it is generally used for all non-demented individuals with memory impairment more often than expected for their age and that could be at risk to develop AD (Christa Maree Stephan et al., 2013; Breton et al., 2019).

In this study, patients with BMS showed the higher intensity and the quality of pain with a higher interference score in daily activities with a poor HRQoL compared with healthy subjects; the prevalence of depression, anxiety, and SD were very high, 97% (39) and 75% (30), respectively.

In line with previous studies on chronic pain and CI (Cao et al., 2019; Zelaya et al., 2020), we have analyzed all the predictors that generally affects cognitive performance.

A correlation between education and FAB and TMT-A was found; therefore, patients with a higher level of education have showed better attention, speed, mental flexibility, executive functions compared with patients with a lower level of education. These results were confirmed using a multiple linear regression where the years of education represent the most important predictor (FAB: p = 0.042*; TMT-A: p = 0.039*). These results are in line with the current literature in which the early life factors, such as less education, affect the resulting cognitive reserve (Livingston et al., 2020).

In addition, patients with better emotional functions showed a better visuospatial working memory. Moreover, a shorter sleep duration affects the mental flexibility and the executive functions of patients with BMS.

Short and long sleep duration, poor sleep quality, and insomnia were associated with a higher risk of CI (Shi et al., 2018) but wherefore sleep potentially affect CI remains unclear. Additionally, it seems that sleep–wake cycle dysregulation can be the cause of the pathophysiological processes of the brain, reducing the activation of glymphatic clearance pathways, increasing brain inflammation, and promoting β-amyloid deposition (Spira et al., 2013; Macêdo et al., 2018). Moreover, a new onset of late-life sleep disturbance, a few years before clinical dementia, might be part of the natural history of the dementia syndrome (Ma et al., 2020).

From the analysis of multiple linear regression, female gender, HHcy, and hypertension could explain 26.9% of the MMSE variance suggesting that female patients with hypertension could be at risk to develop an impairment in the global cognitive function (Smith et al., 2018; Avan and Hachinski, 2021).

Strangely, HHcy, which is considered as a risk for CI in previous studies about another type of NCP (Ansari et al., 2014; Hsu et al., 2020), seems to be a protective factor as well as the occupation because employed patients showed a better working memory (Silvaggi et al., 2020). These results confirm those of previous studies where mental activity, in general, might improve a cognitive function (Jak, 2012; Krell-Roesch et al., 2019). Indeed, a 12-year study on 1,658 people found that old retirement age was associated with the lower risk of dementia (Grotz et al., 2016).

Analyzing all predictors and considering comprehensively the neuropsychiatric assessment, it is possible to consider that female patients with hypertension, a lower level of education, unemployed, and a short sleep duration may be at higher risk to develop a cognitive decline compared with patients without these predictors.

These results are in line with the current literature in which the cognitive reserve in women is limited due to less education and unemployment, therefore older women are more likely to develop CI than men at the same age (Laws et al., 2016; Sohn et al., 2018).

In this study, hypertension was a predictor of CI according to the study of McGrath et al (2017), and persisted elevated blood pression was associated with an increased risk of developing dementia over a 18-year follow-up period (McGrath et al., 2017). Moreover, hypertension was associated with reduced brain volumes and increased WMCs and potentially can cause VD (Beauchet et al., 2013; Avan and Hachinski, 2021).

Strangely, despite the results of finding a statistically significant difference between patients and controls and the presence of literature studies, we did not find any correlation between CI and mood disorders, pain, obesity, alcohol use, physical activity, HHcy, and WMCs.

Taking into account these results, it is not possible to exclude that the union and the endurance of multiple predictors might affect the brain health in patients with BMS. In particular, both hypertension and HHcy could induce cerebral hypoperfusion to cause WMCs, which are predictive for CI and, further, this might have an impact on worsening pain perception.

Indeed, WMCs represent an incomplete ischemia mainly related to cerebral small vessel arteriolosclerosis contributing to VD but also associated with the pathogenesis of AD because ischemic insults or cerebrovascular insufficiency leads to an increased expression of amyloid precursor protein (Lee et al., 2005). It has to be considered that WMCs may progress or even regress over time by monitoring modifiable metabolic and vascular factors such as hypertension, cholesterol, smoking, and Hcy level (Alfaro et al., 2018). Previous studies suggested that a patient with mild CI with the lower scores on a cognitive test and higher ARWMC scores develop AD in around 18 months (Salthouse, 2012; Femir-Gurtuna et al., 2020). Therefore, the evaluation across the time of these scores together with vascular risk factors in promoting dementia could be important even more in patients with BMS because pain could be a further risk for dementia as suggested in previous studies (Ferri et al., 2020; McFarlane et al., 2020).

A novelty of this study is the finding that patients with BMS showed a statistically significant difference in the WMCs of temporal lobe structures compared with age-matched healthy subjects (Figure 3); probably because the temporal lobe has a key role in pain and mood modulation and exhibits an abnormal activity in chronic pain (Galton et al., 2001; Ayoub et al., 2019). In addition, the presence of confluent WMCs in this brain area has been considered as the predictive of progressive medial temporal lobe atrophy, frequently detected in AD, and therefore it might be a meaningful measure of brain disease progression and an additional risk factor (Galton et al., 2001; Ayoub et al., 2019).


[image: Figure 3]
FIGURE 3. Axial T2-weighted fluid-attenuated inversion recovery (FLAIR) images showing small gliotic foci in deep white matter of both temporal lobes (arrows) in a patient with burning mouth syndrome.


The multiple regression analysis shows a high prevalence of MCI in a sample of patients with BMS but it may be related not only to known predictors but also considered as an independent variable, which needs to be addressed regardless of all the other factors.

Another possible hypothesis could be that both cardiovascular and behavior predictors work in a synergic way during the time of the development of MCI. Therefore, even if every single risk factor plays a role, when considering together they could have a higher predictive value for cognitive deterioration. Indeed, the majority of these predictors remain undetected and untreated due to a delay in BMS diagnosis although we did not find any correlation with disease onset and impairments in cognitive tests. It is not possible to exclude that the diagnostic delay could have implications in cognitive performance because it is known that untreated pain may be associated with emotional distress, causing neurostructural changes that disrupt cognitive processing and deteriorate cognitive functions (Achterberg et al., 2013; Corbett et al., 2014). These changes and CI, in the time, furtherly affect the ability of patients to engage in the self-management of the pain and contributing to the loss of global functioning (Salthouse, 2012; Schiltenwolf et al., 2017).

In this study, the contribution of aging in the development of a cognitive decline in patients with BMS was not further investigated as the stratification of the sample based on different age ranges was not feasible, although it is well-known that aging may have a pivotal role in a cognitive decline (Leite-Almeida et al., 2009; Salthouse, 2012; Oosterman et al., 2013) mainly in patients affected by NCP. Indeed, the pain competes for available attentional resources of an individual (Leite-Almeida et al., 2009; Oosterman et al., 2013) and subsequently could accelerate a cognitive decline particularly in older people where attentional resources are limited, suggesting the mutual relationships between pain, age, and cognitive functions (Christensen et al., 2009; Oosterman et al., 2013). This theory is in line with the biopsychosocial frameworks of dementia proposed by Cohen-Mansfield et al. (2000), which is the net result of a broad range of predisposing, lifelong, biological, psychological, and environmental factors, some of these are fixed (not amenable to treat, e.g., education) and other tractable (may be amenable to change, e.g., mood and vascular factors) in which pain could be considered as fuel on the fire (Cerejeira et al., 2012; Livingston et al., 2020). Moreover, a growing evidence suggests that NCP and AD share some common abnormalities of the noradrenergic system in the locus coeruleus contributed to microglial dysfunction and neuroinflammation especially in the frontal cortex (Giorgi et al., 2020).

A MCI in the time might progress in dementia, therefore the early detection of high-risk population and intervention working on potentially modifiable risk factors, identified by the 2020 Lancet Commission on dementia prevention, is even more crucial in patients with BMS (Livingston et al., 2020).

In detail, the maintenance of a SBP of 130 mm Hg or less through a proper treatment with an antihypertensive drug, a decrease in alcohol use and stopping smoking, the reduction of obesity promoting later-life physical activity, the control of cholesterol and Hcy levels, and the management of neuropsychiatric symptoms are specific actions required for every patient with MCI to prevent dementia (McGrath et al., 2017; Livingston et al., 2020; Avan and Hachinski, 2021).

The control of cholesterol levels is essential in midlife because high cholesterol level appears to be a risk factor for dementia (McFarlane and Kedziora-Kornatowska, 2020), especially AD (Shobab et al., 2005) as suggested by in vitro studies because it is implicated in reducing the production of soluble amyloid precursor protein and the modulating α-secretease cleavage of amyloid precursor protein production (Tsatsanis et al., 2020). These actions are involved in the amyloid cascade leading to neuronal death (Shobab et al., 2005; Solfrizzi et al., 2006). In addition, a higher HDL cholesterol level might protect against the presence of vascular risk and inflammation with amyloid-β pathology in MCI (O'Brien and Wong, 2011; Button et al., 2019).

Moreover, managing psychological distress is relevant because it could predict the onset of dementia 25 years later as suggested by the Norwegian HUNT Study (Krokstad et al., 2013). In this study on 10,189 individuals with a follow-up of 10 years, they reported late-life symptoms (over 65 years) and there is an increase of dementia risk also in cognitively healthy subjects (Krokstad et al., 2013).

The MCI in patients with BMS, independently from the evolution in dementia, might increase their disability and complicate not only their own functioning but also the quality of life of their caregivers and families (Brodaty and Donkin, 2009; Mwendwa et al., 2021). For this reason, it is clear that this syndrome continues to be a challenge for clinicians particularly in the evaluation of patients that, currently, require complete multidisciplinary skills to identify high-risk patients who could develop dementia. In this context, it is essential to assess the psychological and cognitive profile over pain in all patients with BMS, and to carefully monitor patients who suddenly develop a late-life depression and sleep disturbance (over 70 years) because these symptoms could be a part of dementia prodrome (Shi et al., 2018; Ly et al., 2021).

We have speculated the use of burning fog term for all patients that self-reported symptoms of CI such as subjective concentration difficulties, forgetfulness, mental confusion, and inability to multitask, which are confirmed by a subsequent adequate neurocognitive assessment. The MCI called as burning fog in these patients could be considered as a preclinical transitional state of dementia, for which targeted interventions may be feasible because these symptoms could precede the onset of noticeable clinical signs of AD, also after 20 years, and it is never too early in the life course for dementia prevention.

Mini Mental State Examination could be the first evaluation test for the cognitive evaluation in patients with BMS as suggested in several NCP studies (Povedano et al., 2007; Rodríguez-Andreu et al., 2009; Moriarty et al., 2017; Larner, 2018). In addition, it is possible to consider as an adjuvant tool TMT because patients with BMS have shown to exhibit the worst performance compared with healthy controls in these tasks, suggesting a greater deterioration in attention and executive functions.



CONCLUSIONS

This is the first study supporting the theory that patients with BMS show burning fog with a decrease in the global cognitive function, attention, working memory, and executive functions with a higher score of ARWMC in the temporal lobes of the brain compared with healthy subjects. It is still unclear if this CI is a primary disease manifestation or a consequence of it.

Moreover, these patients exhibit a high level of pain, the high prevalence of depression, the anxiety and sleep disturbances with a shorter sleep duration, and an impaired HRQoL compared with controls.

The CI of patients with BMS is not correlated with pain and mood disorders but with female gender, lower educational level, hypertension, and with a short sleep duration. This study confirms that BMS is a complex disease in which pain could be only the tip of the iceberg; therefore considering only the pain and mood assessment could not be satisfactory for a comprehensive evaluation of the patient.

Aging may affect the progression of WMC concurrently with a cognitive decline and subsequently it could further affect the connections in the descending modulatory system of pain, aggravating pain perception. Therefore, clinicians should consider these findings supporting a multidisciplinary assessment that may include the cognitive tests and MRI of the brain in patients with BMS at the first consultation and during the follow-up.

We recommend an individualized previous intervention in patients with BMS considering the person as a whole and therefore not to focus only on improving the pain and the psychological profile of patients with proper drugs, but also on reducing vascular risk factors, promoting correct lifestyle behaviors, and encouraging patients to keep cognitively, physically, and socially active.

These actions could have important implications in the management of BMS, improving the quality of life and delaying aging and dementia in affected patients.

Despite the limitations of the study, these results furtherly reinforce that novel multimodal drugs such as vortioxetine (Adamo et al., 2019, 2021) recently considered in the treatment of BMS could have a role not only in pain modulation and mood improvement but also in reversing brain alterations such as WMCs and enhancing a cognitive decline in patients.

Further research, on a large scale, is required to confirm our scenario and determine whether the present set of outcomes represents a specific signature of the cognitive performance in patients with BMS.



LIMITATIONS

The study presents some limitations. Firstly, this study is a case-control study, and therefore the results of the study might be considered exploratory and should be interpreted carefully due to the nature of the study design. Secondly, it rather explores the potential associations between BMS and CI, and as a consequence it is not possible to establish a cause–effect relationship between BMS and CI for which prospective studies are needed to follow-up the patients. Thirdly, the contribution of the aging to the CI was not evaluated as the stratification of the sample based on the age was not feasible.

Finally, as this is the first study, which has evaluated CI in this population, a comprehensive set of questionnaires were used to assess all the cognitive skills and subcategories; however, it is not feasible based on this one study to advise on the use of a specific and more targeted set of tools for the clinical assessment of CI in patients with BMS.
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Introduction: Prior evidence suggested Apolipoprotein E (APOE), lipids, and glucose metabolism may act through the same pathways on the pathogenesis of Alzheimer’s disease (AD).

Methods: This prospective study used data from the Chinese Longitudinal Healthy Longevity Study. We tested the associations of APOE genotype (ε2ε2, ε2ε3, ε2ε4, ε3ε3, ε3ε4, and ε4ε4) and cognitive function using generalized estimating equations (GEE). We examined for possible mediation and effect modification by lipids and glucose level in this association.

Results: APOE ε2 showed significant direct protective effect and indirect harmful effect through TC on cognitive function. Abnormal lipids or glucose levels were not consistently associated with cognitive dysfunction in our study. We did not detect significant indirect effects through lipids for APOE ε4 or any indirect effects through glucose.

Discussion: These findings suggested complicated relationships among APOE, lipids, glucose, and cognitive function. Further study can make validations in other populations.

Keywords: APOE, lipids, glucose, cognitive function, mediation analysis


INTRODUCTION

Apolipoprotein E (APOE) gene is a well-established susceptibility gene for the development of late-onset Alzheimer’s disease (AD). Apolipoprotein E (ApoE) protein belongs to a family of fat-binding proteins responsible for transporting cholesterol. The APOE gene could affect neurodegeneration through multiple pathways, including neurite remodeling, glutamate receptor function, and synaptic plasticity modulation, and cholesterol redistribution (Huang and Mucke, 2012).

There are three common alleles (ε2, ε3, and ε4) in the APOE gene, resulting in 6 APOE genotypes. A meta-analysis of 141 articles covering European, North American, and East Asian population demonstrated that APOE genotype had a positive association with total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels when ordered as ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3, ε3/ε4 and ε4/ε4 (Bennet et al., 2007). It is also well established that lipids are crucial in the development and functioning of the central nervous system (CNS; de Chaves and Narayanaswami, 2008). A growing body of evidence suggests that glucose hypometabolism may be a key player in dementia pathology (Kuehn, 2019). The effects of APOE polymorphism may also act through some of the same mechanisms as the disruption of homeostasis in lipid and glucose metabolism in the pathogenesis of AD (Shinohara and Sato, 2019).

Most studies have focused on the interactions between APOE polymorphisms and cholesterol on cognitive function, while few reported the possible mediation by cholesterol or glucose for APOE on cognitive function. Some studies reported that increasing cholesterol was associated with AD risk only in ε4 non-carriers, not in ε4 carriers (Evans et al., 2000; Hall et al., 2006). In a Chinese population, low serum high-density lipoprotein cholesterol (HDL-C) levels had a higher risk for cognitive dysfunction only in ε4 carriers, while different types of cholesterol (TC, HDL-C, LDL-C, and triglycerides) were not associated with cognitive function in ε4 non-carriers (Wei et al., 2020). In contrast, some studies reported the effect of cholesterol on cognitive function was independent of APOE (Toro et al., 2014; An et al., 2019), and the high-cholesterol subgroup had a higher cognitive decline rate than the normal-cholesterol subgroups with or without APOE ε4 (Evans et al., 2004). Despite the inconsistent findings, we aim to investigate the interaction and mediation among APOE, cholesterol, glucose level, and how it impacts cognition using a large cohort of elderly Chinese participants.



MATERIALS AND METHODS


Study Population

We used data from the 2012 wave of the Chinese Longitudinal Healthy Longevity Study (CLHLS). The study collected blood samples for biomarker examinations in eight longevity areas (Laizhou City of Shandong Province, Xiayi County of Henan Province, Zhongxiang City of Hubei Province, Mayang County of Hunan Province, Yongfu County of Guangxi Autonomous Area, Sanshui District of Guangdong Province, Chengmai County of Hainan Province and Rudong County of Jiangsu Province). The published cohort profile described the study design and sample method (Lv et al., 2019). A part of samples received genetic sequencing. Two thousand and thirty hundred thirty two participants had the blood sample collected in 2012. Participants who did not have genetic data (n = 321), cholesterol data (n = 42), essential covariates data (n = 279), or younger than 65 (n = 63) were excluded. After exclusions, there were 1627 (70%) participants with 3379 MMSE measurements in the study (shown in Supplementary Figure 1).



APOE Genotyping

The Beijing Genomics Institute (BGI) performed the genomic sequencing using a customized chip based on the previous CLHLS Genome-Wide Association Study (GWAS). Genotyping and quality control procedures were reported previously (Zeng et al., 2016). The chip targeted about 27 k longevity-phenotype related single nucleotide polymorphisms (SNPs). We used rs429358 and rs7412 to code the three common allelic variants of APOE: APOE2 (rs429358: rs7412 = T:T), APOE3 (rs429358: rs7412 = T:C), and APOE4 (rs429358: rs7412 = C:C) and classified our participants into 6 APOE genotypes (ε2ε2, ε2ε3, ε2ε4, ε3ε3, ε3ε4, and ε4ε4). We then categorized the genotypes into ε2 carriers (ε2ε2, ε2ε3), ε2ε4 carriers, ε3ε3 carriers, and ε4 carriers (ε3ε4, ε4ε4).



Biomarker Measurement

The participants provided the blood sample at the same time as the baseline interview. The technician tested blood plasma biomarkers included fasting blood glucose (FBG), glycated serum protein (GSP), total cholesterol (TC), triglyceride (TG), and high-density lipoprotein cholesterol (HDL-C) using an Automatic Biochemistry Analyzer (Hitachi 7180, Japan) with commercially available diagnostic kits (Roche Diagnostic, Mannheim, Germany) at Capital Medical University in Beijing. Low-density lipoprotein cholesterol (LDL-C) was calculated using the formula of Friedewald et al: LDL-C = TC-(HDL-C)-TG/5 (Friedewald et al., 1972). We also calculated the TC/HDL-C ratio and LDL-C/HDL-C ratio. We defined TC ≥ 3.8 mmol/L as high TC, TG ≥ 1.7 mmol/L as high TG, HDL-C < 1 mmol/L as low HDL-C, and LDL-C ≥ 2.6 mmol/L as high LDL-C based on the Chinese and American guidelines for cholesterol control (Joint Committee on Revision of Guidelines for Prevention and Treatment of Dyslipidemia in China, 2016; Grundy et al., 2019). We classified FBG (mmol/L) into four groups based on the Guidelines for the prevention and control of type 2 diabetes in China (2017 Edition): FBG < 3.9 as hypoglycemia, 6.1 > FBG ≥ 3.9 as normal blood glucose, 7 > FBG ≥ 6.1 as high blood glucose, and FBG ≥ 7 as diabetes (Chinese Diabetes Society, 2018).



Cognitive Function

We used an adapted Chinese version of the Mini-Mental State Examination (MMSE) to assess the cognitive function of the participants. They took the first exam at the same time as the blood sample collection in the 2012 interview, and the follow-up examinations were given in 2014 and 2017/2018. The scale is 0–30 points, a higher score indicating better cognitive function. We defined cognitive dysfunction as MMSE < 24 scores.



Covariates

We categorized the ethnicity as Han Chinese or other ethnic minorities in China. We used years in schools as a measure of literacy level. We classified marital status into two categories: currently married and living with the spouse, or not married (widowed/separated/divorced/never married/married but not living with the spouse). We classified city and town as “Urban” and village as “Rural.” We firstly divided the regular exercise, smoking, and alcohol drinking status into three categories: “Current,” “Former,” and “Never.” For example, participants were asked, “do you do exercise regularly at present (planned exercise like walking, playing balls, running and so on)?” and/or “did you do exercise regularly in the past?” We defined the regular exercise status as “Current” for participants who answered “Yes” to the first question, “Former” for who answered “No” to the first question and “Yes” to the second question, and “Never” for who answered “No” to both two questions. Then we further quantified the current smoker based on the number of times smoke (or smoked) per day:<20 times/day and ≥ 20 times/day. We also quantified the current alcohol drinker based on the kind of alcohol and how much drank per day. The unit of alcohol was a Chinese unit of weight called ‘Liang’ (50 gram). The level of alcohol consumption was calculated as drinks of alcohol per day, based on the beverage type and amount, assuming the following alcohol content by volume (v/v) typically seen in China: strong liquor 53%, weak liquor 38%, grape wine 12%, rice wine 15%, and beer 4% (Millwood et al., 2013). A standard drink was equal to 14.0 grams of pure alcohol according to the criterion of the Center for Disease Control and Prevention in the United States and moderate drinking is up to 1 drink per day for women and up to 2 drinks per day for men according to Dietary Guidelines for Americans 2015–2020. Therefore, we defined those drank equal or less than 14 g pure alcohol per day for the female or 28 g per day for the male as light drinker, otherwise heavy drinker. We calculated BMI as body weight divided by the square of the body height (unit: kg/m2). We used the WHO standard of BMI, which defined a BMI of < 18.5 kg/m2 as underweight, a BMI of 18.5 to 25 kg/m2 as normal weight, a BMI of ≥ 25 kg/m2 as overweight/obese. We defined hypertension as systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg, and used the self-reported hospital diagnosed hypertension if the blood pressure measurement was missing.



Statistical Analysis

There were three main analyses in this study. First, we built a series of models to understand the association among the APOE polymorphism, blood cholesterol and cognitive function intuitively as shown in Figure 1. We performed a linear regression to examine the association between APOE genotype and each cholesterol and glucose biomarker (TC, TG, HDL-C, LDL-C, FBG, and GSP) separately (arrow A in Figure 1). We fitted generalized estimating equations (GEE) to test the association between each biomarker and cognitive function (measured as the continuous MMSE scores and cognitive dysfunction) separately (arrow B in Figure 1). We performed GEE of cognitive function on APOE genotype with and without adjustment for each biomarker (adjusted for the mediator: arrow C’ in Figure 1, not-adjusted for the mediator: arrow C in Figure 1). Secondly, we estimated the direct effect and indirect effect through cholesterol/glucose of APOE on the cognitive function using the causal mediation analysis (Vanderweele and Vansteelandt, 2009) based on the linear model using the genotype as the exposure, 2012 baseline biomarker as the mediator, and the mean MMSE score of 2012, 2014 and 2018 as the outcome. Thirdly, to examine the effect modification of biomarker on the association between APOE genotype and cognitive function, we added a product term of APOE genotype and the biomarker to test for interactions and used stratified analysis to estimate if the cholesterol or glucose levels modified the effect of APOE. We considered the same covariates for all the above models, adjusted for age, sex, ethnicity, and education firstly, then additionally adjusted for residence, marriage, exercise, smoking, and drinking alcohol, lastly further adjusted for BMI and hypertension. We used R 4.0.0 to perform all the analyses. We presented the 95% confidence interval for all the estimates.
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FIGURE 1. The diagram of the causal mediation analysis of APOE on cognitive function. A indicated the association between APOE and cholesterol; B indicated the association between lipids/glucose and cognitive function; C’ indicated the association between APOE and cognitive function after adjusted for lipids/glucose; C indicated the association between APOE and cognitive function without adjustment of lipids/glucose.




RESULTS


Population Characteristics

At baseline, we included participants aged from 65 to 110 years old, with a mean age at 84.8 (SD: 12.1). There are more females than males (52.1% vs. 47.9%). Han participants comprised the majority (92.7%). Education was low, at only 2.16 years on average (Median: 0), due to the historical circumstance at the time. The number of participants with cognitive dysfunction at baseline was 479 (29.4%), among which the mean age was 94.7 (SD: 8.2), and most were females (74.3%). APOE ε3ε3 was the most common genotype (68.7%). There were 291 (17.9%) ε2 carriers (ε2ε2, ε2ε3, ε2ε4), among which only 18 participants were ε2 homozygotes (ε2ε2) and 88 (30.2%) participants had cognitive dysfunction at baseline. There were 236 (14.5%) ε4 carriers (ε4ε2, ε4ε3, ε4ε4), among which only three participants were ε4 homozygotes (ε4ε4) and 79 (33.5%) participants had cognitive dysfunction at baseline. Distributions of age, gender, ethnicity, and education year were similar between ε2 carriers and ε2 non-carriers, ε4 carriers, and ε4 non-carriers. The mean (SD) of TC, TG, HDL-C, LDL-C, TC/HDL-C, LDL-C/HDL-C, FBG, GSP, and BMI were 4.30 (1.00) mmol/L, 0.989 (0.655) mmol/L, 1.29 (0.360) mmol/L, 2.56 (0.839) mmol/L, 3.53 (1.18), 2.12 (0.88), 4.66 (2.23) mmol/L, 240 (46.0) μmol/L, and 21.3 (4.46) kg/m2, respectively. The hypertension prevalence was 56.3%. Women had a higher mean age (88 vs. 80), higher baseline cognitive dysfunction prevalence (42% vs. 15.8%), and higher mean cholesterol level (TC: 4.48 vs. 4.11) compared to men (Table 1).


TABLE 1. Population baseline characteristics.
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The Association Between APOE and Lipids/Glucose Level

According to the fully adjusted linear regression model of APOE genotypes and lipids/glucose level (Table 2), ε2 carriers had lower levels of TC (mmol/L), LDL-C (mmol/L), TC/HDL-C, and LDL-C/HDL-C ratio [Mean difference (95% confidence interval CI): −0.418 (−0.542, −0.295), −0.476 (−0.578, −0.374), −0.442 (−0.587, −0.297), and −0.442 (−0.55, −0.334) respectively], and higher HDL-C (mmol/L) [Mean difference (95% CI): 0.040 (−0.006, 0.086)] compared to ε3ε3 carriers. On the contrary, compared with the same reference group ε3ε3 carrier, ε4 carriers had higher levels of TC, LDL-C, TC/HDL-C, and LDL-C/HDL-C [Mean difference (95% CI): 0.083 (−0.052, 0.219), 0.119 (0.007, 0.231), 0.254 (0.095, 0.413), and 0.176 (0.058, 0.295) respectively], and lower HDL-C [Mean difference (95% CI): −0.055 (−0.105, −0.004)]. Increasing age was negatively associated with cholesterol [Mean difference (95% CI): −0.012 (−0.017, −0.007) for TC, −0.01 (−0.013, −0.007) for TG, −0.004 (−0.005, −0.002) for HDL-C, −0.004 (−0.008, 0.0002) for LDL-C] and not significantly associated with FBG or GSP. Female had higher cholesterol level than the male [Mean difference (95% CI): 0.565 (0.448, 0.683) for TC, 0.232 (0.154, 0.309) for TG, 0.079 (0.035, 0.123) for HDL-C, 0.384 (0.286, 0.482) for LDL-C] and there was no significant difference of FBG or GSP between them. We did not find significant interaction between APOE and age/sex on the cholesterol level. FBG, BMI, and hypertension were found not associated with APOE.


TABLE 2. Differences of lipids and glucose level by APOE genotype.
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The Association Between Lipids/Glucose and Cognitive Function

Higher TG, HDL-C, and GSP were associated with higher MMSE score [change in MMSE (95% CI): 0.461 (0.098, 0.825) for TG, 1.146 (0.336, 1.956) for HDL-C, 0.01 (0.003, 0.017) for GSP] (Figure 2 and Table 3). The increase of TC, TG, HDL-C, and GSP were associated with lower odds of cognitive dysfunction [OR (95% CI): 0.857 (0.775, 0.948) for TC, 0.836 (0.711, 0.983) for TG, 0.685 (0.519, 0.905) for HDL-C, 0.996 (0.993, 0.999) for GSP] (Supplementary Table 1). Higher LDL-C/HDL-C was only associated with lower MMSE score before adjusting for BMI, glucose and hypertension [change in MMSE (95% CI): −0.423 (−0.777, −0.069)] (Table 3). Besides, only those with FBG lower than 3.9 mmol/L had higher MMSE score and lower odds of cognitive dysfunction compared to those with normal FBG (3.9−6.1 mmol/L) [change in MMSE score (95% CI): 1.29 (0.674, 1.91), OR for cognitive dysfunction (95% CI): 0.779 (0.619, 0.980)]. There was no significant difference in cognitive function between participants with normal FBG and elevated FBG (≥6.1 mmol/L). Increasing age was associated with lower MMSE score [mean difference (95% CI): −0.35 (−0.383, −0.317)] and higher odds of cognitive dysfunction [OR (95% CI): 1.105 (1.093, 1.117)]. Female had lower MMSE score [mean difference (95% CI): −1.295 (−2.084, −0.505)] and higher odds of cognitive dysfunction compared to the male [OR (95% CI): 1.554 (1.193, 2.023)]. We found some significant interactions between age/sex and biomarkers on MMSE. The association between HDL-C and MMSE was stronger in the female than the male. The association between TC, HDL-C, and GSP and MMSE score all became stronger with the age increasing.
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FIGURE 2. The association between APOE, lipids, glucose, age, sex and cognitive function (MMSE continuous score). The results were from models for APOE, age, sex, and each lipids and glucose biomarkers separately; All models adjusted for age, sex, ethnicity, education, residence, marriage, exercise, smoking, drinking alcohol, BMI, and hypertension; Unit: year for age, mmol/L for TC, TG, HDLC, LDLC, and FBG, μmol/L for GSP.



TABLE 3. The association between lipids, glucose and cognitive function (MMSE continuous score).
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The Association of APOE, Lipids, Glucose, and Cognitive Function

APOE ε2 carriers were associated with higher MMSE score and lower odds of cognitive dysfunction compared with APOE ε3ε3 carriers, and the difference increased after adjusting for TC or GSP [Mean difference in MMSE score (95% CI): 0.812 (−0.043, 1.668) vs. 0.908 (0.05, 1.765) adjusting for TC, 0.865 (0.012, 1.719) adjusting for GSP] (Table 4). APOEε4 carriers had non-significant lower MMSE scores and higher odds of cognitive dysfunction than ε3ε3 carriers in our population. The mean differences of the MMSE score before and after adjusting for the TC were −0.086 (95% CI: −0.969, 0.796) and −0.113 (95% CI: −0.993, 0.766) between APOEε4 carriers and ε3ε3 carriers (Table 4). APOE was not significantly associated with cognitive dysfunction in our study (Supplementary Table 2).


TABLE 4. The association among APOE, lipids, glucose and cognitive function (MMSE continuous score).
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Using the mediation analysis framework, we calculated the natural direct and indirect effect of APOE on cognitive function to explore possible causality. APOEε2 had significantly positive direct effect and negative indirect effect through TC on MMSE score [Natural direct effect (NDE): 1.119 (0.231, 2.007), Natural indirect effect (NIE): −0.174 (−0.336, −0.012)]. There were no significant indirect effects through TG, LDL-C, HDL-D, TC/HDL-C, LDL-C/HDL-C, FBG, or GSP. There was no significant indirect effect through cholesterol or glucose for APOE ε4 (Table 5).


TABLE 5. The direct and indirect effect through the lipids/glucose of APOE on cognitive function (MMSE continuous score).
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There was a borderline significant interaction of APOE ε4 and LDL-C (coefficient estimate = −0.34, P = 0.055) on cognitive dysfunction (Supplementary Table 3). Compared with APOEε4 non-carriers, the ε4 carriers were at a higher risk for cognitive dysfunction in participants with low LDL-C levels (OR: 1.773, 95%CI: 1.186, 2.648). The difference was not significant in participants with high LDL-C levels. APOE ε2 only showed a significant protective effect in participants with low FBG (OR for cognitive dysfunction: 0.582, 95%CI: 0.342, 0.992) (Supplementary Table 4).

In addition, we tested the association between APOE genotype and age, APOE genotype and sex on MMSE separately. We only found a significant interaction between APOE ε2 and sex, and APOE ε2 carriers had higher MMSE score than APOEε3ε3 carriers only in the female, not in the male. We further found a significant three-way interaction of APOE ε2, sex and TC on cognitive dysfunction. The association between APOE ε2 carriers and cognitive dysfunction in the female increased with the increasing of TC.



DISCUSSION

We found the effect of APOE on cognitive function was mediated by cholesterol, but not by glucose. First, we found that APOE ε2 carriers (protective variant) had lower TC and LDL-C, and higher HDL-C compared to ε3ε3 carriers; ε4 carriers (risk variant) showed opposite associations. This supported the most recent evidence on our understanding of the role of APOE proteins and cholesterol. A meta-analysis in 2007 pooling 72,150 participants from 22 studies demonstrated an obvious increase trend of TC and LDL-C in the order of APOE ε2ε2, ε2ε3, ε3ε3, ε3ε4, and ε4ε4 (Bennet et al., 2007). In the Chinese population, studies also found APOE ε2 carriers had lower TC and LDL-C than APOE ε2 non-carriers (Kang et al., 2016), and APOE ε4 carriers had higher serum TC, TG, and LDL levels and lower HDL levels than APOE ε4 non-carriers (Wei et al., 2020). In addition, age was also negatively associated with TC. The difference of TC between APOE ε2 carriers and ε3ε3 carriers was equivalent to the increasing of 35 years in age (TC change: −0.418 vs. −0.012).

Second, when investigating the role of lipids, we found higher TC, TG, HDL-C, and LDL-C were all associated with lower risks of cognitive dysfunction among all participants. This association persisted in participants aged 75 and older but disappeared in participants aged from 65 to 74 (data not shown). However, not all prior evidence concurs with our findings, as a recent meta-analysis found that LDL-C cholesterol levels increase the risk for AD, whereas HDL-C, TC, and TG levels were not sensitive hallmarks of AD (Sáiz-Vazquez et al., 2020). Prior reviews have established an age-dependent association between cholesterol and cognitive function: high cholesterol levels were associated with an increased risk of cognitive decline in midlife (age 40–59) while showing no association with or decreased risk of cognitive function in late-life (age 60 and older) (Anstey et al., 2008; Van Vliet, 2012). Crichton et al. speculated that persons over 60 are survivors and thus less likely to show cognitive deficit with TC, LDL-C, and TG (Crichton et al., 2014). Another explanation was that cholesterol decreases with aging, which could be the result of underlying diseases like cognitive decline (Van Vliet, 2012).

We found a protective effect of APOE ε2 on cognitive function, which was mediated by TC and LDL-C in a suppressive way (Conger, 1974). The natural direct effect of APOE ε2 on MMSE score has the equivalent magnitude of about 3-year reduction in age (MMSE score difference of ε2 carriers vs. ε2 non-carriers: 1.119; each year increase of age: −0.350). APOE ε2 was a protective isoform for cognitive dysfunction, but it could also lower the TC and LDL-C level and led to a higher risk for cognitive dysfunction in late-life. One previous mediation study found the effect of APOE ε4 on cognition was mediated by cardiovascular biomarkers such as MRI markers in the same direction of the direct effect (Sajeev, 2016). However, we did not see a significant mediation effect from the cholesterol for the APOE ε4 but found a borderline significant interaction of APOE ε4 and LDL-C. APOE ε4 showed a harmful effect on cognitive function only in those with low LDL-C levels. This implied that the protective effect of high LDL-C in the elderly might counteract the harmful effect of APOE ε4. Another explanation could be the bias due to the lost follow-up of ε4 carriers due to CVD diseases in the high LDL-C group. Five among seven studies in a review detected no interaction between APOE ε4 and TC (Anstey et al., 2008), while some studies found the effect of cholesterol varied in APOE ε4 carriers and non-carriers (Hall et al., 2006; Wei et al., 2020). Possible explanations for the inconsistent results may be the differences in sample size, ethnicity, age, and other population characteristics. Our findings suggest that we need to consider the APOE polymorphism and cholesterol level simultaneously for the risk assessment and treatment of the cognitive dysfunction among the old Chinese population.

We found normal glucose group had lower MMSE score than the hypoglycemia group. But we did not found a significant difference between the abnormal high glucose group and the normal glucose group. In addition, we found APOE was not associated with FBG level and FBG may modify the effect of APOE ε2. These findings have been unable to demonstrate either the association between APOE and FBG or the positive association between diabetes and cognitive dysfunction found in previous studies (Shinohara and Sato, 2019). Prior studies also indicated coexistence of elevated blood glucose and APOE ε4 increased risk of cognitive dysfunction (Peila et al., 2002; Matsuzaki et al., 2010). APOE isoforms were found to differentially modulate brain insulin/insulin-like growth factor signaling and downstream glucose uptake and metabolism in the female brain (Keeney et al., 2015). It should be of note that only 7.4% of the people were considered to have diabetes in our study. The FBG level may also not be as sensitive as the glucose metabolism indicators in the brain for cognitive function.

Strengths of our study include the use of an elderly population cohort with an emphasis on the oldest old. The cohort has a comprehensive list of demographic characteristics, lifestyle, gene, and biomarkers information, covering a broad geographical area in China. The study population includes a higher proportion of the oldest-old population than other studies, with extended longitudinal follow-up for changes in cognitive function. Our study provides new quantitative evidence regarding the role of lipids and glucose in the association between APOE and cognitive function in an elderly population. Our study also has some limitations. First, we did not consider measures of changing lipids or glucose level over time, or information regarding drug treatment for dyslipidemia or dysglycemia for study participants. Failure to adjust for the medication could have led to confounding bias. Second, we did not have measures of brain lipids or brain glucose, which could more accurately reflect CNS and may be more biologically active than blood biomarkers. Third, the majority of our participants were elderly Han Chinese with little or no formal education due to the historical period of third childhood, and may have lasting social impacts on health. Lastly, this select group of individuals may have limited generalizability to elderly populations elsewhere in the world. Nevertheless, these findings are particularly pertinent in light of China’s demographic changes toward an increasingly elderly population. An understanding of gene-environment mediation and interaction among lipids, glucose and genetic pre-dispositions for cognitive dysfunction could inform prevention efforts.



CONCLUSION

In conclusion, we found evidence suggesting that TC could mediate the effect of APOE ε2 on cognitive function negatively and that the effect of APOE ε4 could be modified by LDL-C level in an elderly Chinese population. We did not see abnormally high FBG increased the risk of cognitive dysfunction or mediated the effect of APOE, unlike prior research findings. These findings contribute to growing evidence of the genetic effects of APOE subtypes on cognitive function, and suggest the role of lipid and glucose metabolism in AD prevention. Further research is needed to characterize the causal pathways between APOE genotype, lipids, glucose and cognitive function and extend the generalizability of our findings.
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Objectives: Patients with subcortical ischemic vascular disease (SIVD) often have prominent frontal dysfunction. However, it remains unclear how SIVD affects prospective memory (PM), which strongly relies on the frontoparietal network. The present study aimed to investigate PM performance in patients with early stage SIVD as compared to those with Alzheimer's disease (AD) and to older adults with normal cognition, and to explore the neural correlates of PM deficits.

Method: Patients with very-mild to mild dementia due to SIVD or AD and normal controls (NC) aged above 60 years were recruited. Seventy-three participants (20 SIVD, 22 AD, and 31 NC) underwent structural magnetic resonance imaging (MRI), cognitive screening tests, and a computerized PM test. Sixty-five of these participants (19 SIVD, 20 AD, and 26 NC) also received resting-state functional MRI.

Results: The group with SIVD had significantly fewer PM hits than the control group on both time-based and non-focal event-based PM tasks. Among patients in the very early stage, only those with SIVD but not AD performed significantly worse than the controls. Correlational analyses showed that non-focal event-based PM in SIVD was positively correlated with regional homogeneity in bilateral superior and middle frontal gyri, while time-based PM was not significantly associated with regional homogeneity in any of the regions of interest within the dorsal frontoparietal regions.

Conclusions: The findings of this study highlight the vulnerability of non-focal event-based PM to the disruption of regional functional connectivity in bilateral superior and middle frontal gyri in patients with SIVD.

Keywords: subcortical ischemic vascular disease, small vessel disease, vascular cognitive impairment, prospective memory, neuropsychological function, functional connectivity, regional homogeneity


INTRODUCTION

Subcortical ischemic vascular disease accounts for a sizable proportion of patients hospitalized for cerebrovascular disease (CVD) (Chui, 2000). Unlike the typical abrupt onset of stroke, accumulating occult vascular insults, including lacunar infarction, white matter lesions, and enlarged perivascular spaces (Wardlaw et al., 2013) in subcortical ischemic vascular disease (SIVD), often result in an insidious and slowly progressive course that resembles Alzheimer's disease (AD) (O'Brien et al., 2003). As the evolving concept of vascular cognitive impairment (VCI) highlights the modifiable components of cognitive disorders (Roh and Lee, 2014), identifying the presence of vascular pathology is an important issue.

Executive dysfunction is the most commonly reported cognitive domain in SIVD, probably due to a vascular burden within the basal ganglia and white matter that interrupts the prefrontal-subcortical loop (Roman et al., 2002). Neuropsychological tests have been proven useful for assisting the differential diagnosis between vascular and AD pathology (Kertesz and Clydesdale, 1994; Graham et al., 2004), even in the very early stage (Ingles et al., 2007; Hsu et al., 2015). However, it remains unclear how SIVD pathology may affect a functionally important cognitive function termed prospective memory (PM), which also imposes a heavy load on frontal executive function (Martin et al., 2003; Burgess et al., 2011).


Prospective Memory

Prospective memory is the remembering of an intended action to be performed under certain circumstances in the future (Kvavilashvili, 1998; McDaniel and Einstein, 2000), and it has been shown to have prominent functional relevance in normal aging and patient groups (Woods et al., 2012; Zogg et al., 2012). The unique prospective component of PM (i.e., the remembering to remember, rather than the content of the memory) (Dobbs and Rule, 1987), strongly relies on rostral prefrontal function (Cockburn, 1995; Burgess et al., 2003; Simons et al., 2006; Okuda et al., 2007). The executive component of PM varies according to the type of task. A focal event-based PM (EBPM) task, in which the ongoing task directs focal attention to the PM action cue, stimulates reliance on spontaneous retrieval processes. In contrast, a non-focal EBPM task, where the ongoing task does not direct attention to process the designated action cue, requires attention-demanding, strategic monitoring for successful performance (Einstein et al., 2005; Brewer et al., 2010; Scullin et al., 2010). In addition, another type of PM in which intention retrieval is triggered by a specific time (time-based prospective memory, TBPM) has been shown to require an intermediate amount of cognitive resources between that of focal and non-focal EBPM tasks, as it activates only transient monitoring (Oksanen et al., 2014). McBride and Flaherty (2020) also reported higher resource requirements as reflected by performance cost in non-focal EBPM tasks compared with the other two types of PM tasks.



Prospective Memory in CVD

Few studies have examined PM in patients with CVD, and their findings have been inconclusive. A scoping review (Hogan et al., 2016) reported that previous studies of PM in patients who suffered stroke were limited by single-item measures. In addition, heterogeneity regarding the types of CVD may also have contributed to the inconsistent findings. To date, no previous study has focused on PM performance in patients with SIVD.

An additional research aim of the present study was to investigate whether there were differences in PM function between patients with AD and SIVD. Despite the growing body of PM research in AD and its risk groups (Driscoll et al., 2005; Jones et al., 2006; Costa et al., 2011; Hsu et al., 2015), few studies have compared the pattern of PM performance in patients with AD and SIVD, especially in the early stages. To the best of our knowledge, only the study by Livner et al. (2009) showed that both AD dementia and vascular dementia were impaired on a single-trial naturalistic PM task. As opposed to the signature failure of focal PM tasks in AD (McDaniel et al., 2011), we hypothesized that SIVD would have a greater effect on non-focal EBPM, followed by TBPM due to their disproportionate pathological loads on the frontosubcortical circuits.



Neural Correlates of PM

Convergent evidence from neuroimaging studies has shown the importance of anterior frontal areas in PM (Burgess et al., 2001, 2003; Lamichhane et al., 2018). For example, Brodmann Area 10 (BA10) has been shown to be the central gateway to directing attention to either stimulus-oriented or stimulus-independent thoughts (Burgess et al., 2007). However, structural and functional connectivity has also been demonstrated to be critical to PM function in various disease entities (Hsu et al., 2019; Zhang et al., 2019; Zhu et al., 2019). A recent meta-analysis (Cona et al., 2015) further indicated that PM may rely on the frontoparietal network, which has also been implicated in executive control (Cole et al., 2014), attention function (Scolari et al., 2015), and even language processing (Fedorenko and Thompson-Schill, 2014). The anterior prefrontal cortex, dorsal frontal cortex, and dorsal parietal cortex within the dorsal frontoparietal network were considered to be particularly relevant to strategic monitoring processes, which are more highly required in non-focal EBPM tasks as compared with focal EBPM tasks. White matter lesions over the subcortical regions and downstream cortical dysfunction in SIVD may interrupt the links between the prefrontal cortex and subcortical nuclei (Roman et al., 2002), thereby compromising PM function. To the best of our knowledge, no previous study has investigated the relationships between PM, white matter burden, and functional connectivity in SIVD.

In this study, we used regional homogeneity (ReHo) from resting-state functional MRI (rs-fMRI) to assess regional functional connectivity by measuring the similarity of the time series of a given voxel to nearby voxels. As ReHo has been proven to be sensitive to neurodegenerative processes such as AD (Liu et al., 2008) and SIVD (Tu et al., 2020), we considered that ReHo may serve as an alternative method to detect regional anomalies that underlie PM failure.

Therefore, the present study aimed to investigate: (1) the clinical presentation of PM in SIVD; (2) differences in the performance of PM between SIVD and AD; and (3) the relationship between PM and cortical functional connectivity in SIVD. We hypothesized that patients in the SIVD group would perform worse than both those with AD and the normal controls (NC) on PM tasks, especially on non-focal EBPM tasks, and that both types of PM deficits would be associated with functional dysconnectivity in the dorsal frontoparietal areas.




MATERIALS AND METHODS

All participants entered the study after signing written informed consent. The study was approved by a local research ethics committee (REC106-48).


Participants

Eligible participants were adults aged between 60 and 95 years who fulfilled the research criteria. A total of 73 participants (20 SIVD, 22 AD, and 31 NC) received a conventional MRI with Fazekas scores rated by the attending neurologist and completed neuropsychological examinations (Supplementary Table 1). Participants, 14 SIVD and 14 AD, with clinical dementia rating (CDR) 0.5 were considered to have very mild (or very early) dementia. Among them, eight participants did not complete the rs-fMRI survey, including two showing intolerance to prolonged scanning time and six showing poor fMRI imaging quality. In total, 65 participants (19 SIVD, 20 AD, and 26 NC) completed additional rs-fMRI examinations with acceptable image quality.

The inclusion criteria for the SIVD group were the following: (1) evidence of SIVD based on the criteria of Erkinjuntti et al. (2000); (2) Hachinski Ischemic Score (HIS) (Hachinski et al., 1975) ≥ 7; and (3) CDR (Morris, 1993) = 0.5–1. The inclusion criteria for the AD group were: (1) the National Institute on Aging-Alzheimer's Association Criteria (McKhann et al., 2011); (2) HIS ≤ 4; and (3) CDR = 0.5–1. The inclusion criteria for the NC group were (1) no evidence of cognitive deficits and (2) normal appearance on conventional MRI. The exclusion criteria were the same as in our previously published study protocol (Tu et al., 2017).



Clinical Variables

Clinical variables, including systemic disease and psychotropic medications, were analyzed, using dummy coding on the basis of their possible impact on cognitive function and/or cerebral functional activity changes as reflected by rs-fMRI metrics. Systemic diseases, including hypertension, diabetes mellitus, hyperlipidemia, and coronary artery disease, were recorded as in our previously published study protocol (Tu et al., 2017). The use of psychotropics in the past 3 months was reviewed through electronic medical records, and was further categorized into acetylcholinesterase inhibitors, memantine, hypnotics, antidepressants, and antipsychotics.



Cognitive Tests

General cognitive ability was measured, using the Taiwanese mini-mental state examination (MMSE) (Folstein et al., 1975; Shyu and Yip, 2001) and cognitive abilities screening instrument (CASI) (Lin et al., 2012). Dementia severity was rated, using the CDR (Morris, 1993), where CDR 1 indicates mild dementia and CDR 0.5 indicates very mild (or very early).

Computerized PM tasks were constructed, using E-Prime software (Schneider et al., 2002). We followed the structure of the McDaniel–Einstein paradigm (Einstein and McDaniel, 1990) and adapted the task instructions from McDaniel et al. (2013) and Gonneaud et al. (2014). The task consisted of three blocks: an ongoing-only (OG) block, a non-focal EBPM block, and a TBPM block. The order of the blocks was counterbalanced across the participants. Practice trials were conducted with a different set of stimuli before the formal testing phase. The formal test started when the participants showed that they fully understood the task instructions. Figure 1 shows the schema of the PM task format. The instructions for each block are shown in Supplementary Material 2.


[image: Figure 1]
FIGURE 1. Schema of the computerized prospective memory task. (A) The OG-only block. The participants were instructed to decide if an exemplar presented on the bottom right corner of the screen belonged to the semantic category indicated on the left upper corner of the screen. (B) The EBPM block. The participants were instructed to perform an additional PM task while performing the ongoing task, in which they had to press a designated key when spotting a character that was perceptually enclosed. (C) The TBPM block. The participants were instructed to press a designated key at a 30 s interval from the beginning of the ongoing task.


The ongoing task of the PM test was a semantic categorization task. In each trial, a word indicating a semantic category (e.g., “transportation”) was shown on the left upper corner of the screen, with another word indicating an exemplar (e.g., “car”) presented on the bottom right corner. The participant was instructed to press the “J” key (labeled as “Yes”) when the exemplar was judged to belong to the semantic category, or the “D” key (labeled as “No”) if not. Three lists of 78 pairings were used and counterbalanced across task blocks. Half of the pairings yielded a correct “yes” answer, and the other half yielded a correct “no” answer. The items were presented in random order. Each pair of stimuli appeared for 2 s, followed by masking for another 2 s. A correct response within these 4 s was recorded as a hit. The stimuli were relatively high-frequency words based on the Word List with Accumulated Word Frequency in Sinica Corpus (https://elearning.ling.sinica.edu.tw/eng_teaching.html). The percentage of correct responses (%) and reaction time (RT) in milliseconds (ms) were recorded.

In the EBPM block, the participants were asked to perform an additional PM task while performing the semantic categorization task. They had to press the “I” key (labeled in blue) when they detected a Chinese character that was perceptually enclosed, such as “團” or “困.” In this case, detection of the PM target demanded processing a perceptual feature that was different from the semantic processing during the ongoing task, constituting a non-focal EBPM task. Thirteen PM trials were randomly embedded in the ongoing task in this block. An EBPM hit was recorded if the participant pressed the blue key within 4 s after the EBPM target stimulus appeared. The RT in the EBPM block was measured by averaging the RT during the ongoing task trials that did not contain a PM target or an incorrect categorization response.

In the TBPM block, the participants were instructed to remember to press the “I” key (labeled in blue) at a 30 s interval from the beginning of the ongoing task. The experimenter placed an analog clock on the right front side of the participant to minimize the confounding of individual differences in time perception. The participants were told that if they forgot to press the target key, they could do so as soon as they remembered. There were a total of 13 potential hits for the time frame of this block. A PM hit was recorded if the participants pressed the blue key within a 2.5-s time frame before or after the correct timing. In our final analysis, we adjusted this time interval to between 2.5 and 5 s, and the results showed that a 2.5-s interval generated the most sensitive outcome variable. The RT in the TBPM block was measured by averaging the RT during ongoing task trials that did not contain a PM target or an incorrect categorization response.

In addition to the written instructions on the screen, a verbal explanation was given to ensure that the participants fully understood the task instructions. The participants were asked to summarize the task to the experimenter. The three response keys, “J,” “D,” and “I” were labeled as “Yes,” “No,” and in blue to facilitate comprehension of the task. The computerized PM task required about 20 min to complete. The outcome variables of this computerized task included correct response (hit rate, %) and RT (ms) in the OG, EBPM, and TBPM blocks.



Neuroimaging Examinations

Magnetic resonance experiments were performed on a 3T MRI system (Discovery MR750; GE Medical System, Milwaukee, WI, USA) with an eight-channel phased-array head coil. Similar to the study by Tu et al. (2020), the imaging sequences included three-dimensional T1-weighted imaging (3D-T1), T2 fluid-attenuated inversion recovery imaging (T2-FLAIR), and rs-fMRI. For 3D-T1, the sequence parameters were an inversion time (TI) of 450 ms, flip angle of 12°, field-of-view of 240 mm, matrix size of 240 × 240, slice thickness (SL) of 1 mm, and 160 slices. For T2-FLAIR, the sequence parameters were repetition time of 12,000 ms, echo time of 120 ms, TI of 2,200 ms, FOV of 220 mm, matrix size of 384 × 224, slice thickness of 5 mm, and 21 slices. For rs-fMRI, the echo planar imaging (EPI) sequence parameters were a repetition time of 2,500 ms, echo time of 30 ms, flip angle of 90°, field-of-view of 200 mm, matrix size of 64 × 64, slice thickness of 3 mm, and 47 slices. The participants were asked to rest but not fall asleep during the examination. The magnetic resonance protocols took approximately 40 min to complete.

Periventricular and deep white matter hyperintensities (WMHs) from the T2-FLAIR sequences were rated, using the Fazekas Scale (Fazekas et al., 1993).

The resting state-fMRI data preprocessing procedures included realignment, slice timing adjustment by using windowed Fourier interpolation, co-registration between echo planar imaging, T1-weighted images, and spatial normalization of T1-weighted images to the Montreal Neurological Institute space (ICBM512 template), using Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) (Ashburner, 2007). Framewise displacement was corrected, using the realign function of the Data Processing Assistant for Resting-State fMRI (DPARSF) software package (Yan and Zang, 2010), which involves realigning each image frame to the first frame, using the rigid body transformation. In addition, nuisance covariate regression was performed to reduce the confounding effects of spurious signals and head motion. The nuisance covariates include white matter signals, cerebrospinal fluid signals, and 24 head motion parameters (Friston et al., 1996). A band-pass filter was applied to the preprocessed time series, which removed the high-frequency noise (including signal spikes and physiological signals) and slow signal drifts. The pass band was set to 0.01–0.1 Hz based on the findings of the previous study (Biswal et al., 1995). A total of 144 time points were acquired for rs-fMRI. For fMRI data processing, the first 10 time points were discarded and not used for the following analysis (Yan and Zang, 2010). In the present study, the preprocessing step included image co-registration and normalization to the template, yielding a subtle intersubject difference of head size (or brain size) or white matter volume for those normalized T1 images (and co-registered functional images), which we then used to calculate the ReHo in the regions of interest (ROIs). Therefore, we did not include head size (or brain size) or white matter volume as the controlling factors in the statistical analysis. Image quality was examined by two of the authors (MCT and SYL). The exclusion of datasets with unacceptable image quality was determined by a panel discussion (MCT, LWK, and SYL).

Regional homogeneity was used as the index representative of cerebral functional connectivity. ReHo values were calculated according to a previous study (Zang et al., 2004). For each voxel, we used the neighboring 26 voxels to calculate its ReHo value. Subsequently, an isotropic Gaussian smoothing kernel (full width at half maximum = 4 mm) was applied to the estimated ReHo map in order to mitigate the effect of registration errors and intersubject variability (Mikl et al., 2008). All preprocessing procedures were performed using DPARSF toolbox (Yan and Zang, 2010). The ReHo measurements were initially analyzed at a voxel-wise level and then calculated within selected ROIs based on a previous study (Cona et al., 2015). The nomenclature of the ROIs in the current study was defined according to the automated anatomical labeling template (AAL; Tzourio-Mazoyer et al., 2002), including bilateral (i) superior frontal gyrus, medial portion (Frontal_Sup_Medial), (ii) superior frontal gyrus, dorsolateral portion, (Frontal_Sup), (iii) middle frontal gyrus (Frontal_Mid), and (iv) superior parietal gyrus (Parietal_Sup).



Statistical Analysis

Statistical analyses were performed, using IBM SPSS Statistics 25 (Armonk, NY, USA). Between-group comparisons of demographic and clinical variables were performed, using the Chi-square tests or analysis of variance (ANOVA), followed by Scheffé or Dunnett's T3 post-hoc tests, where appropriate. Performance on the computerized PM test was compared between groups, using analysis of covariance (ANCOVA), controlling for potential covariates. Post-hoc tests were conducted with Bonferroni correction. Since we aimed to explore brain areas that were vulnerable to neurodegenerative processes in the early stage, we also conducted the same group mean comparison procedures among patients with only very early dementia (CDR = 0.5).

In order to examine the neural correlates of PM and the underlying cause of PM failure in SIVD, correlational analyses were performed to examine the relationship between PM hits and Fazekas scores, where partial correlation coefficients were used to account for potential confounding factors. The relationship between PM hits and ReHo parameters in the ROIs was then examined. A false discovery rate (FDR) was calculated for the correlational analysis between each type of PM and multiple ReHo values in each group.




RESULTS

There were significant group differences in age (F = 5.01, p = 0.009) and education (F = 3.61, p = 0.032) among all the participants (n = 73), and the NC group was younger and more educated (p < 0.05) (Table 1). All the participants were right-handed, and there was no significant difference in sex (χ2 = 0.42, p = 0.809). There were significant differences between groups in HIS (F = 211.85, p < 0.001) and Fazekas total scores (F = 73.67, p < 0.001), and the SIVD group had higher scores than the AD and NC groups (both p < 0.05). Regarding general cognitive function, there were significant group differences in MMSE (F = 27.08, p < 0.001) and CASI (F = 36.12, p < 0.001) scores. Post-hoc analyses showed that the two patient groups performed significantly worse than the NC group (both p < 0.05), but there was no significant difference between the SIVD and AD groups. Regarding comorbid systemic diseases, there were significant differences between groups in the frequency of CVD (p < 0.001), hypertension (p = 0.001), and coronary artery disease (p = 0.001). There were also significant differences in the use of the following medications: antiplatelets (p = 0.001), antihypertensives (p = < 0.001), statins (p = 0.016), oral antidiabetic drugs (p = 0.020), acetylcholinesterase inhibitors (p < 0.001), memantine (p = 0.007), and hypnotics (p = 0.022).


Table 1. Basic information of the participants.

[image: Table 1]

In comparisons of patients in the very early stage (CDR 0.5) with those in the NC group, there was a significant difference in age (F = 3.58, p = 0.034) but not in education (F = 1.88, p = 0.162) or sex (χ2 = 2.35, p = 0.309). The AD group was significantly older than the NC group (p < 0.05). There were also significant group differences in HIS (F = 162.54, p < 0.001) and Fazekas total scores (F = 47.58, p < 0.001), and the SIVD group had higher scores than the AD and NC groups (p < 0.05). Furthermore, group differences were found in CASI (F = 30.59, p < 0.001) and MMSE (F = 18.81, p < 0.001) scores, and the NC group performed significantly better than the AD and SIVD groups (p < 0.05).


PM Performance

Regarding PM performance in all the participants (Table 2), age and education were chosen as covariates to adjust for the differences between groups (Table 1). There were significant between-groups differences in both EBPM (F = 9.60, p < 0.001, ηp2 = 0.22) and TBPM (F = 8.82, p < 0.001, ηp2 = 0.21) hit rates after controlling for age and education. Post-hoc analyses showed that both the SIVD (EBPM: p = 0.003; TBPM: p = 0.001) and AD (EBPM: p = 0.001; TBPM: p = 0.005) groups performed significantly worse than the NC group; however, there was no significant difference between the SIVD and AD groups. There was no significant group difference in RT in either the EBPM or TBPM blocks. In the OG block, there were significant between-groups differences in both correct response (F = 10.00, p < 0.001; ηp2 = 0.23) and RT (F = 4.36, p = 0.017, ηp2 = 0.11). Post-hoc analyses showed that both the SIVD (p < 0.001) and AD (p = 0.012) groups performed significantly worse than the NC group in the OG correct rate, and that the AD group had a significantly longer RT than the NC group (p = 0.017).


Table 2. Computerized PM task performance.
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When inspecting only patients in the very early stage (CDR = 0.5; Table 2), there were group differences in the PM hit rate in both EBPM (F = 4.60, p = 0.014, ηp2 = 0.14) and TBPM (F = 6.62, p = 0.003, ηp2 = 0.19) blocks. Post-hoc analyses showed that there were only significant differences between the SIVD and NC groups (EBPM: p = 0.027; TBPM: p = 0.002). In addition, there was a significant group difference in RT in the EBPM block (F = 3.95, p = 0.025, ηp2 = 0.13), implying a significantly larger performance cost with the additional EBPM intention in the SIVD group than in the other groups (p = 0.02).



Correlations Between PM and Fazekas Scores

In order to examine the neural correlates of PM deficit, correlational analyses were first performed to examine the relationship between PM hits and Fazekas scores in each group. We preliminarily examined the relationship between PM and Fazekas scores with potential confounding factors in each group, including demographic variables (i.e., age, education, and sex), vascular risk factors (e.g., hypertension, diabetes mellitus, hyperlipidemia, and coronary artery disease), and medication (e.g., antiplatelet, anticoagulant, antihypertensives, statins, oral antidiabetic drug, insulin, acetylcholinesterase inhibitors, memantine, hypnotics, antidepressants, and antipsychotics), using Pearson or point-biserial correlation coefficients, where appropriate. The relationships between the PM hit rate and Fazekas scores were then examined after accounting for the effects of the identified confounding factors.

In the SIVD group, age was correlated with Fazekas total scores (r = 0.539, p = 0.017), the EBPM hit rate (r = −0.56, p = 0.014) and the TBPM hit rate (r = −0.57, p = 0.011). Thus, partial correlation coefficients between Fazekas scores and PM performance were calculated, accounting for the effect of age. The results showed that there were no significant correlations between EBPM and Fazekas scores (periventricular: r = −0.30, p = 0.223; deep white matter: r = −0.04, p = 0.891; total score: r = −0.19, p = 0.452) or between TBPM and Fazekas scores (periventricular: r = −0.12, p = 0.632; deep white matter: r = 0.10, p = 0.694; total score: r = −0.009, p = 0.971) within the SIVD group.

There were also no significant relationships between Fazekas scores and the PM hit rate in either the AD (p = 0.160–0.896) or the NC group (p = 0.259–0.735). Post-hoc analyses among all the participants showed that there were significant correlations between the TBPM hit rate and Fazekas scores in the periventricular white matter (r = −0.40, p = 0.001), deep white matter (r = −0.24, p = 0.05) and total scores (r = −0.33, p = 0.005) and between the EBPM hit rate and Fazekas scores in periventricular areas (r = −0.27, p = 0.02).



Correlations Between PM and ReHo

Regarding the association between ReHo and PM performance, we first examined the relationships between these two variables with potential confounding factors in each group, including demographic variables (i.e., age, education, and sex), vascular risk factors (e.g., hypertension, diabetes mellitus, hyperlipidemia, and coronary artery disease), and medication (e.g., antiplatelets, anticoagulants, antihypertensives, statins, oral antidiabetic drugs, insulin, acetylcholinesterase inhibitors, memantine, hypnotics, antidepressants, and antipsychotics), using Pearson or point-biserial correlation coefficients, where appropriate. The relationships between the PM hit rate and ReHo parameters were then examined after accounting for the effects of the identified confounding factors.

In the SIVD group, age was correlated with the EBPM hit rate (r = −0.56, p = 0.014) and the TBPM hit rate (r = −0.57, p = 0.011), while the use of antihypertensives was related to ReHo (observed in the Frontal_Mid_R, r = 0.47, p = 0.041). Therefore, these two factors were used as covariates in the subsequent analysis. Fazekas scores were not entered into the equation due to considerations of multicollinearity as they were already correlated with age. A partial correlation analysis controlling for age and the use of antihypertensives (Table 3 and Figure 2) showed that there were significant correlations between the EBPM hit rate and ReHo in the Frontal_Sup_L (r = 0.65, p = 0.005), Frontal_Sup_R (r = 0.59, p = 0.013), Frontal_Mid_L (r = 0.55, p = 0.023), and Frontal_Mid_R (r = 0.63, p = 0.007). However, there were no significant relationships between the TBPM hit rate and ReHo in any of the ROIs. The aforementioned correlation results in the SIVD group remained significant after adjustment by FDR. An analysis of patients with very early dementia (CDR 0.5) showed a similar pattern of correlations, as can be seen in Supplementary Table 2.


Table 3. Partial correlation between PM performance and ReHo in ROIs controlling for confounding variables.
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FIGURE 2. Partial correlation analysis, showing the relationship of event-based prospective memory (EBPM) hit with regional homogeneity (ReHo) in the (A) left superior frontal gyri, dorsolateral portion (Frontal_Sup_L), (B) right superior frontal gyri, dorsolateral portion (Frontal_Sup_R), (C) left middle frontal gyrus (Frontal_Mid_L), and (D) right middle frontal gyrus (Frontal_Mid_R) after controlling for age and antihypertensives use in the subcortical ischemic vascular disease group.


In the AD group, significant correlations were found between ReHo values and Fazekas scores in the deep white matter, and the use of antiplatelets, statins, and hypnotics (p < 0.05). After controlling for these variables, a significant relationship was found between the EBPM hit rate and ReHo in Frontal_Sup_Medial_R (r = −0.50, p = 0.046), but not between the TBPM hit rate and any ReHo parameters (p = 0.136–0.816). The aforementioned correlation result in the AD group was not significant after being adjusted by FDR.

In the NC group, significant correlations were found between the EBPM hit rate and age (r = −0.40, p = 0.042) and education (r = 0.59, p = 0.002), and between ReHo (observed in Frontal_Mid_R) and the use of antidepressants (r = 0.53, p = 0.005). After controlling for these three factors, no significant relationships were found between any ReHo values and the EBPM hit rate (p = 0.454–0.998) or the TBPM hit rate (p = 0.221–0.921).




DISCUSSION

The aim of this study was to examine PM performance in patients with SIVD and explore neural substrates relevant to PM failure. The results showed that the patients with SIVD performed worse on PM tasks than the healthy aging controls, in particular during the very early stage compared with the patients with AD. Although EBPM failure was associated with subcortical WMHs when considering all the participants, PM deficits were only related to changes in functional connectivity within the bilateral superior and middle frontal gyri in the SIVD group. Using ReHo metrics, cortical dysfunction involving regions far beyond the WMHs on structural MRI was identified.


PM Performances

Performance deficits were observed in both non-focal EBPM and TBPM in the patients with SIVD, which is consistent with the findings reported by Man, Chan, and Yip (Man et al., 2015) and partially in line with those reported by Kim et al. (2009). However, our findings are different from the study by Brooks et al. (2004), who reported only EBPM impairment but not TBPM impairment. This discrepancy may be due to differences in the time interval used in the two studies, with 30 s in our study and 5 min in that of Brooks et al. Albeit understudied, there are preliminary results showing that TBPM with different time intervals may be associated with disparate underlying cognitive processes (Nigro et al., 2002). Our findings indicated that a shorter time interval may be more sensitive to PM deficits, at least in patients with SIVD.

We also observed an additional performance cost in the very early SIVD group during the EBPM task compared with the NC group, as reflected by the prolonged RT during the ongoing trials. Performance cost has been reported to indicate the additional cognitive resources needed to hold a PM intention in mind. This phenomenon has been found to be more prominent in healthy older adults than in healthy young adults, indicating either an increased need of attention resources for strategic monitoring (Smith, 2003) or a more conservative attention allocation policy (Heathcote et al., 2015). The resource-consuming monitoring process is considered to be related to frontal executive processes (McDaniel et al., 2011, 2013) and more likely to be observed in non-focal EBPM tasks (Scullin et al., 2010), as can be seen in the present study.

In this study, we also attempted to examine the potential use of PM tests in differentiating patients with SIVD from those with AD. Although there was no significant performance difference between the SIVD and AD groups, we found that PM deficits were only observed in the SIVD group but not the AD group in the very early stage (CDR = 0.5). This is in line with our hypothesis that SIVD patients are prone to exhibit non-focal EBPM and TBPM failure, together with other frontal executive deficits.

Theoretically, successful PM performance requires functional integrity in the rostral prefrontal cortex (Burgess et al., 2007). However, PM is also a complex psychological process that requires the synergistic operation of multiple brain areas/neural circuits (Cona et al., 2015). This is likely the reason why there was a lack of significant difference in PM performance between the SIVD and AD groups, since they both suffered from spreading pathological changes in the brain as the disease progressed. In addition to the frontosubcortical dysregulation that is well-recognized in small vessel diseases (Roman et al., 2002; Roh and Lee, 2014), previous studies have shown that amyloidosis and tauopathy in AD can induce myelin breakdown and lead to disconnection in not only medial temporal limbic connections (Kantarci et al., 2017) but also in fibers connecting the frontal lobes (Allen et al., 2007). Therefore, the lack of differential value of PM tests may be because PM relies on a widespread neural network, and because there are overlapping brain areas, which are interrupted by both AD and SIVD pathologies.



Neural Correlates of PM

In this study, we also aimed to investigate the neural basis of PM deficits in SIVD. Previous studies have indicated a negative effect of WMHs on cognitive function, especially in the attention and executive function domains (Bolandzadeh et al., 2012; Kloppenborg et al., 2014). Some studies have further reported a dose-dependent, causal link in the associations between large confluent WMHs and cognitive impairment (Prins and Scheltens, 2015). Whether WMHs in different brain regions exert disparate effects on different cognitive domains remains a thriving research topic (Bolandzadeh et al., 2012). To date, little is known about the impact of spatial WMH distribution on PM. Our findings showed that PM deficits were associated with both periventricular and deep WMHs in all the participants, while the relationship was not significant when inspecting only the SIVD or AD groups. This finding is partially consistent with the results of Holz et al. (2017), in which a trend of correlation was only found between PM and WMHs in a group of people with MCI and mild AD (p = 0.052). Therefore, the impact of WMHs on PM may be threshold-sensitive.

In the present study, we also identified cerebral functional connectivity related to PM in SIVD. Correlations between non-focal EBPM hits and ReHo were observed among the patients with SIVD in the bilateral middle frontal gyri and the dorsolateral part of the superior frontal gyri. Despite the lack of a significant association with the superior medial frontal gyrus, the correlation pattern remained consistent with our hypothesis that the disruption of neural substrates responsible for strategic monitoring in SIVD would compromise the performance on non-focal EBPM and TBPM. The dorsal prefrontal cortex is considered to be essential to the top-down control of maintaining task goals (Cona et al., 2015). According to the gateway hypothesis (Burgess et al., 2003, 2007), the processing in the anterior prefrontal cortex regarding PM concerns suppressing and maintaining spontaneous thoughts. The lateral but not medial portion of the prefrontal cortex is particularly important for maintaining this internally generated cognition, and it was found to be associated with PM performance in our patients with SIVD.

On the other hand, we did not find any associations between TBPM with either WMHs or ReHo in SIVD. Previous studies on neural correlates of PM have concentrated mostly on EBPM rather than TBPM. Some studies have indicated that TBPM may share neural substrates with EBPM in frontoparietal areas (Gonneaud et al., 2014; Oksanen et al., 2014). However, we failed to confirm this finding. Although TBPM is generally considered to require more self-initiation and resource-consuming processes, it is likely that our task design, which required the participants to press a key within a set time interval, led to a relatively habitual action. Further studies are needed to examine the relationship between TBPM and the ventral frontoparietal network that supports spontaneous retrieval processes.

Unlike the positive correlation observed in the SIVD group, the results revealed a marginal negative correlation between the EBPM hit and ReHo in the right superior medial frontal gyrus in the AD group. A similar spatial pattern was observed in a previous study where patients with SIVD showed reduced ReHo in the right middle frontal gyrus and left anterior cingulate gyrus, while patients with AD had higher ReHo in the right orbital frontal areas (Tu et al., 2020). The reason for this opposite direction of correlations is unknown. Given that neuronal correlates responsible for PM were found to vary across each PM stage (Cona et al., 2015), inter-ROIs interactions during the PM processes could potentially contribute to the disparate correlation patterns observed in SIVD and AD. From a viewpoint that incorporates both neuroimaging and psychological perspectives, an association between cognitive impairment and the disconnection process has been evidenced in cerebral small vessel disease (Schulz et al., 2021). On the other hand, increased ReHo in several brain areas has been found in AD (Wang et al., 2007), which was considered to reflect a compensatory mechanism when additional cognitive resources were recruited to fulfill task demands.



Limitations

There are several limitations to the present study. First, the sample size was relatively small and the control group was demographically unmatched. Nevertheless, potential confounders were controlled through statistical procedures, and the effect size was provided for reference. Second, the PM tasks required literacy, which restricted the number of eligible participants in our setting. Third, we did not conduct amyloid scanning to exclude the possibility of mixed etiologies in our SIVD groups. Moreover, despite the evident close relationship between Fazekas scores and WMH volume assessments (Valdés Hernández Mdel et al., 2013), Fazekas scores may be suboptimal in providing detailed region-specific information. Future studies are recommended with more advanced techniques to quantify WMHs. In addition, the AAL template was built based on anatomical information (Tzourio-Mazoyer et al., 2002). Although the parcellations of AAL are not functionally distinct, the AAL template has been widely used in functional connectivity analysis, and it has been shown to be useful for identifying several kinds of neurological diseases, including Alzheimer's disease, mild cognitive impairment, and Parkinson's disease (Wee et al., 2012; Khazaee et al., 2015; Liu et al., 2019). Nevertheless, brain atlases built based on resting-state functional connectivity may be beneficial in further investigations (Power et al., 2011; Gordon et al., 2016; Schaefer et al., 2018). Lastly, the main findings were based on correlations of PM performances with ReHo over selected ROIs in the SIVD group, but not on group differences in ROIs.

In conclusion, in favor of a priori knowledge of structural and functional changes in SIVD, the present study is the first to identify an association between PM and frontal dysconnectivity, using ReHo, and indicates the possibility that cerebral disconnection processes are responsible for PM deficits in SIVD.
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Background and Objectives: Cognitive reserve (CR) is meant to account for the mismatch between brain damage and cognitive decline or dementia. Generally, CR has been operationalized using proxy variables indicating exposure to enriching activities (activity-based CR). An alternative approach defines CR as residual variance in cognition, not explained by the brain status (residual-based CR). The aim of this study is to compare activity-based and residual-based CR measures in their association with cognitive trajectories and dementia. Furthermore, we seek to examine if the two measures modify the impact of brain integrity on cognitive trajectories and if they predict dementia incidence independent of brain status.

Methods: We used data on 430 older adults aged 60+ from the Swedish National Study on Aging and Care in Kungsholmen, followed for 12 years. Residual-based reserve was computed from a regression predicting episodic memory with a brain-integrity index incorporating six structural neuroimaging markers (white-matter hyperintensities volume, whole-brain gray matter volume, hippocampal volume, lateral ventricular volume, lacunes, and perivascular spaces), age, and sex. Activity-based reserve incorporated education, work complexity, social network, and leisure activities. Cognition was assessed with a composite of perceptual speed, semantic memory, letter-, and category fluency. Dementia was clinically diagnosed in accordance with DSM-IV criteria. Linear mixed models were used for cognitive change analyses. Interactions tested if reserve measures modified the association between brain-integrity and cognitive change. Cox proportional hazard models, adjusted for brain-integrity index, assessed dementia risk.

Results: Both reserve measures were associated with cognitive trajectories [β × time (top tertile, ref.: bottom tertile) = 0.013; 95% CI: –0.126, –0.004 (residual-based) and 0.011; 95% CI: –0.001, 0.024, (activity-based)]. Residual-based, but not activity-based reserve mitigated the impact of brain integrity on cognitive decline [β (top tertile × time × brain integrity) = –0.021; 95% CI: –0.043, 0.001] and predicted 12-year dementia incidence, after accounting for the brain-integrity status [HR (top tertile) = 0.23; 95% CI: 0.09, 0.58].

Interpretation: The operationalization of reserve based on residual cognitive performance may represent a more direct measure of CR than an activity-based approach. Ultimately, the two models of CR serve largely different aims. Accounting for brain integrity is essential in any model of reserve.

Keywords: cognitive reserve, dementia, cognitive change, life course, residual-based cognitive reserve, population-based cohort, structural MRI


INTRODUCTION

Aging is associated with gray- and white-matter lesions, atrophy, and functional disruptions that affect most areas of the brain (Walhovd et al., 2011). These changes have been linked to decline in several cognitive functions, as well as an increased risk of dementia (Frisoni et al., 2010; Kalpouzos and Nyberg, 2012; Lindenberger, 2014). However, a remarkable degree of inter-individual variability has been observed in the trajectories of cognitive decline and in the timing of dementia onset that cannot be accounted for by the brain parameters alone (Cosentino and Stern, 2019). Indeed, structural shrinkage, synaptic loss, and white matter degradation, are thought to be counteracted by the mechanisms that involve preservation, repair, or replenishment of neural resources (Cabeza et al., 2018).

A widely adopted model of resilience in cognitive aging and dementia (Nyberg et al., 2012) is that of cognitive reserve (Barulli and Stern, 2013; Stern et al., 2020) (CR). It assumes that some individuals are capable of coping with cognitive demands better than others in the face of brain-integrity loss (Stern, 2009). CR is presumed to act through two mechanisms: neural reserve, the efficiency or capacity of pre-existing functional brain networks; and neural compensation, the ability to use alternative cognitive strategies or neural pathways to circumvent deterioration (Steffener et al., 2011). Although the premise of CR has been generally accepted, operationalizing the construct has proven to be a challenge (Pettigrew and Soldan, 2019). The most commonly adopted approach to date has been to use prior stimulating experiences (most often education) as a proxy of reserve (Janse, 2012). Recently, this approach has been advanced in a life-course framework whereby, in addition to education, occupational complexity, social network, and engagement in leisure activities have been combined into a life-long indicator of CR (Wang et al., 2017; Dekhtyar et al., 2019). In line with this work, a scale for assessing cognitive reserve that incorporates many suspected contributors from different life stages has been developed (Nucci et al., 2012), validated (León et al., 2014), and adapted to several contexts (Maiovis et al., 2016; Altieri et al., 2018).

However, relying on recollected historical accounts of prior stimulating activities, which are at best an indirect proxy of reserve, may also introduce the risk of reverse causation and recall bias. Therefore, a more direct measure of CR that is also not dependent on self-reported information is highly warranted. An alternative approach has been suggested in which reserve is defined as the discrepancy between expected cognitive performance, given the level of brain integrity, and actual performance (Reed et al., 2010). Characterized as residual variance in cognitive performance, not explained by individual neuropathology and demographics, this operationalization has been suggested by some to offer a more precise measurement of reserve (Bocancea et al., 2021). The residual-based measure of CR, initially developed in a clinical sample of AD patients, has rarely been utilized in population-based aging cohorts. Importantly, it remains to be compared with a conventional operationalization of CR based on lifelong experiences, in its capacity to predict cognitive trajectories, as well as incident dementia.

In this study we aim to (1) compare residual-based and activity-based measures of CR in their association with cognitive trajectories, (2) assess the two measures of reserve in their ability to modulate the association between brain integrity and cognitive change trajectories, and (3) investigate if residual-based and activity-based CR are associated with dementia incidence after accounting for the levels of brain integrity.



MATERIALS AND METHODS


Participants

Participants in this population-based cohort study were from the Swedish National Study on Aging and Care in Kungsholmen (SNAC-K), a community-based, longitudinal cohort study of adults aged 60+ years, living at home or in an institution in the Kungsholmen district of Stockholm (Lagergren et al., 2004). SNAC-K participants were randomly selected from 11 age cohorts (60, 66, 72, 78, 81, 84, 87, 90, 93, 96, and 99+ years). The younger age cohorts (60–72 years) were re-examined every 6 years, whereas the older cohorts (78+ years) were followed up every 3 years. At baseline (March 2001–August 2004), 3,363 of the 4,590 eligible individuals (73.3%) underwent examination. The SNAC-K magnetic resonance imaging (MRI) subsample (n = 555) included participants who were non-institutionalized and free from dementia and disability, recruited between September 2001 and October 2003 (Ferencz et al., 2013). Of the 555 participants, 125 were excluded due to incompleteness or suboptimal quality of MRI data (n = 43), presence of neurological or psychiatric diseases (n = 64), questionable dementia (n = 5), or missing cognition data (n = 13) at baseline, resulting in 430 subjects eligible for inclusion (see Supplementary Figure 1 for flowchart). In this study, we used follow-up data on cognition and dementia from four waves after the baseline assessment, resulting in a mean follow-up of 12 years. SNAC-K was approved by the Regional Ethical Review Board in Stockholm and written informed consent was obtained from participants or their next of kin.



Cognitive Assessment

At baseline and at each follow-up wave, participants were administered a cognitive test battery according to a standardized procedure (Laukka et al., 2020). From the cognitive battery, five domains were available: perceptual speed [digit cancellation (Zazzo, 1974) and pattern comparison (Salthouse and Babcock, 1991)], episodic memory [word recall and word recognition (Laukka et al., 2013)], semantic memory (Dureman, 1960; Nilsson et al., 1997), letter fluency (A and F), and category fluency (animals and professions). For a more detailed description of the cognitive battery, see Laukka et al. (2013). In the analysis of cognitive trajectories, we used a composite index of cognitive performance computed as the average of z-scores for the domains of perceptual speed, semantic memory, letter fluency, and category fluency. A composite score of episodic memory was used in the operationalization of residual-based CR (see below).

In addition to a cognitive test battery, we also extracted information on Mini-Mental State Examination (MMSE), which was available at baseline and across all follow-up examinations. MMSE is a widely used, easy-to-administer, 30-item screening questionnaire, assessing various aspects of cognitive functioning, including temporal and spatial awareness, memory, language, and arithmetic (Folstein et al., 1975).



Dementia Diagnosis

Dementia was clinically diagnosed according to DSM-IV criteria. A three-step procedure was employed, where two physicians working independently made a preliminary diagnosis and a third opinion was sought from the senior neurologist in the event of discordant assessments (Fratiglioni et al., 1997). For participants who died prior to follow-up assessment and did not receive a clinical diagnosis, dementia was ascertained through hospital records, hospital discharge registers, and death certificates.



Neuroimaging Measures

Images were acquired with a Philips Intera 1.5T MRI scanner. The MRI protocol included an axial 3D T1-weighted fast-field-echo sequence (time of repetition (TR) 15 ms, time to echo (TE) 7 ms, flip angle (FA) 15°, field of view (FOV) 20, matrix 256 × 256), a fluid-attenuated inversion recovery (FLAIR) sequence (TR 6,000 ms, TE 100 ms, inversion time 1,900 ms, FA 90°, echo train length 21, FOV 184 × 230, matrix 204 × 256), and a proton density/T2-weighted fast-spin-echo sequence (TR 4,000 ms, TE 18/90 ms, FA 90°, echo train length 6, FOV 187.5 × 250, matrix 192 × 256, 5 mm slices, without the use of gap and angulation). Global white matter hyperintensities (WMH) volumes were manually drawn on FLAIR images and further interpolated on the corresponding T1-weighted images, to compensate for between-slices gap in FLAIR (intra-rater reliability assessed with Dice coefficient: 0.76, see Köhncke et al. (2016) for details). T1-weighted images were segmented into gray matter, white matter, and cerebrospinal fluid (CSF) using SPM12 in MATLAB R2012b (Statistical Parametric Mapping1), and subsequently visually inspected to check the quality of segmented images. Hippocampal volume (HCV) was extracted via an automated segmentation of the T1-weighted images (Fischl et al., 2002; Marseglia et al., 2019) using the Freesurfer 5.1 image analysis suite,2 and the lateral ventricular volume (LVV) was estimated via an automated segmentation performed with the ALVIN toolbox (Kempton et al., 2011). Number of lacunes, defined as round or ovoid fluid-filled cavities, 3–15 mm in diameter, consistent with a previous acute small deep brain infarct or hemorrhage in the territory of one perforating arteriole (Wardlaw et al., 2013), was assessed visually. The number and size of perivascular spaces (PVS) were also evaluated with a visual rating scale, and combined to derive a PVS score, as reported elsewhere (Laveskog et al., 2018). An index of brain integrity was computed using a structural equation model (SEM) by combining WMH volume, whole-brain gray matter volume (GMV), HCV, LVV, number of lacunes, and the PVS score (more estimation details in the secion “Statistical Analysis”).



Cognitive Reserve Measures


Residual-Based Cognitive Reserve

Residual-based CR was defined as the discrepancy between observed and predicted levels of cognitive functioning, given the extent of observed brain integrity, and further accounting for age and sex. Consistent with previous work on residual-based CR (Reed et al., 2010; Zahodne et al., 2013), we used episodic memory as the index domain from which to derive reserve, as it is markedly impaired in aging. We fitted a linear regression model in which episodic memory performance was the dependent variable, whereas the observed level of brain integrity, based on the latent index derived from SEM (see section “Statistical Analysis”), was the independent variable; age and sex were included as covariates. From this linear model, we computed the residuals, the difference between observed and predicted levels of cognitive performance for each individual, which constituted our measure of residual-based CR.



Activity-Based Lifelong Cognitive Reserve

Activity-based CR incorporated four life experiences, hypothesized to contribute to the development of CR: Early-life education, midlife substantive work complexity, late-life leisure activities, and late-life social network. Information on life experiences was obtained from a nurse interview and accompanying questionnaires at the SNAC-K baseline assessment (Dekhtyar et al., 2019).



Statistical Analysis


Deriving Cognitive Reserve Measures

We first used SEM to compute a latent brain-integrity index from six neuroimaging measures: WMH volume, whole-brain GMV, HCV, LVV, PVS score, and number of lacunes; age and sex were included as covariates. All volumetric measurements were corrected by the total intracranial volume (ICV) (Jack et al., 1989). Maximum likelihood with missing values (MLMV) estimation was used to estimate the model. Model fit was assessed using conventional criteria. Omitted paths were explored using modification indices and predicted values of the latent brain-integrity index were extracted. Next, we fitted a linear regression model with episodic memory score as the dependent variable and the latent brain-integrity index, sex, and age as independent variables. From this model, we calculated the residuals, which constituted the individual measure of residual-based CR. In the analyses, we used residual-based CR (mean: 0, range: –2.65, 2.23) both as continuous and categorical variable (tertile operationalization: low, moderate, and high reserve).

Activity-based CR measure was obtained using SEM that extracted a common latent factor from four stimulating life experiences: early life education, midlife substantive work complexity, late life leisure activities, and late life social network. A value of the latent variable was predicted for each individual, and the resulting continuous variable, activity-based CR, was approximately normally distributed with a mean of 0 (range: –3.28, 2.91). For the analyses, activity-based CR was considered continuously and categorically as tertiles.



Predicting Longitudinal Trajectories of Cognition

Next, we tested whether the two CR measures were associated with cognitive change over 12 years of follow-up. Cognitive trajectories were assessed using separate linear mixed-effects models with maximum-likelihood estimation, including the following factors as fixed effects: age, sex, follow-up time, brain-integrity index, CR indicator (residual-based or activity-based), alongside an interaction term for CR and time. Random effects for individual intercepts and slopes over time were also included. Predicted margins of cognitive trajectories were computed from the model using a tertile operationalization of CR.



Assessing CR as a Modulator of the Impact of Brain Integrity on Cognition

We investigated the role of the CR measures in modulating the relationship between the brain-integrity index and cognitive trajectories over time, by fitting two linear mixed-effects regression models (one for residual-based CR, the other for activity-based CR) with the composite cognitive score as the dependent variable. Independent variables included main effects of age, sex, follow-up time, brain-integrity index, and corresponding CR indicator, as well as the three-way interaction among brain-integrity index, the corresponding CR measure, and time.



Investigating Dementia Incidence in Relation to Two CR Measures

Cox proportional hazard models were used to assess the relative risk of dementia over 12 years in relation to the two CR measures. Separate models were estimated for activity-based and residual-based CR, and both included controls for age, sex, and brain-integrity index. Proportionality assumption was tested using Schoenfeld residuals. Follow-up time was computed as time since baseline until dementia diagnosis, death, or the last examination.



Sensitivity Analyses

In addition to cognitive test score trajectories, we also examined MMSE change over time. The reason for this analysis was to mitigate potential circularity bias, whereby residual-based CR was derived from a cognitive domain (episodic memory) and was subsequently related to a set of cognitive domains, which themselves may be correlated with the one used in the derivation of CR. Notably, the correlation between episodic memory at baseline and the composite score of four cognitive domains was only 0.35 when averaged over the follow-up (correlation between baseline episodic memory and mean MMSE over the follow-up was 0.31). Using MMSE also increased statistical power, as it had better coverage over the follow-up than cognitive assessment. In another sensitivity analysis, we derived residual CR using performance in all five cognitive domains, rather than just episodic memory, and related this index with MMSE change and dementia incidence over time. This ensured that a full spectrum of cognitive performance was considered both in the derivation of CR and in the outcome analysis, while circularity was mitigated by using different families of tests and outcomes.



Data Availability

Data are from the Swedish National Study on Aging and Care in Kungsholmen (SNAC-K3). Applications for data use can be submitted at https://www.snac-k.se/application/registration.php. For more information, contact Maria Wahlberg (Maria.Wahlberg@ki.se) at the Aging Research Center, Karolinska Institute.



RESULTS

Baseline characteristics of the study population are presented in Table 1. Individuals with higher scores on residual-based CR were on average more educated, had higher work complexity, larger social network, and more intact cognitive functioning (measured with MMSE).


TABLE 1. Baseline characteristics of the study population according to residual-based CR tertile.
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Deriving Cognitive Reserve Measures

To derive residual-based CR, we first constructed a latent index of brain integrity. The best-fitting SEM for the brain-integrity index is presented in Figure 1. The model fit the data well (CFI = 0.964; TLI = 0.939; RMSEA = 0.07). The factor loadings were highest for GMV and HCV, followed by WMH and LVV, and lowest for lacunes and PVS score. A value of the latent brain-integrity index was predicted for each individual. The resulting continuous variable was used as independent variable in the regression in which episodic memory was the dependent variable, and age and sex were included as covariates. The brain-integrity index was positively related to episodic memory performance (p < 0.01) and the residuals extracted from this model constituted the measure of residual-based CR. The correlation between the residual-based CR and the activity-based CR indicators was positive and statistically significant (r = 0.14; p = 0.004; see Supplementary Figure 2 for the SEM model used to derive activity-based CR).


[image: image]

FIGURE 1. Standardized estimates from the best-fitting structural equation model (SEM) for the brain-integrity index.




Predicting Longitudinal Trajectories of Cognition

A continuous operationalization of residual-based CR did not yield an association with cognitive change trajectories (Table 2). Using a categorical operationalization of residual-based CR (tertile split) revealed that, relative to individuals in the lowest tertile of residual-based CR, those in the highest tertile exhibited slower cognitive decline over time (β for interaction with time: 0.013; p < 0.05). Predicted margins for cognitive trajectories according to tertiles of residual-based CR are presented in Figure 2A.


TABLE 2. Estimates from the linear mixed models predicting composite cognitive performance over time based on residual- and activity-based CR (continuous and in tertiles).
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FIGURE 2. Predicted margins of cognitive change, measured using composite cognitive score, estimated separately for tertiles of residual-based (panel A) and activity-based (panel B) reserve. Predicted margins estimated from fully adjusted models presented in Table 2.


Activity-based CR exhibited a largely similar pattern of association with composite cognitive trajectories as did residual-based reserve. One difference was that, for activity-based CR, we also found a statistically significant association between a continuous operationalization and cognitive change (although the point estimate was identical to that of residual-based CR: β for interaction with time: 0.005, Table 2). Furthermore, relative to the bottom tertile, the top tertile of activity-based CR was only marginally associated with rate of cognitive decline (p = 0.08), although the point estimate (0.11) was quite similar to that of residual-based CR (0.13). Predicted margins for cognitive trajectories according to tertiles of activity-based CR are presented in Figure 2B.



Examining CR as Modulator in the Brain Integrity-Cognitive Change Association

Finally, we tested three-way interactions: CR (separately for activity- and residual-based) × brain-integrity index × time, to assess if CR modulated the impact of brain parameters on cognitive trajectories (Table 3). We found a statistically significant interaction among continuous residual-based CR and brain-integrity index over time (β = –0.011; p < 0.05), as well as a marginally statistically significant interaction among the top tertile of residual-based CR, brain-integrity index, and time (β = –0.021; p = 0.059; reference: low reserve × brain integrity × time). The margins plot of interaction (Figure 3) revealed that cognitive decline in response to impaired brain integrity was less pronounced in those with high residual-based CR than in those with low residual-based CR. In contrast, neither continuous nor categorical operationalizations of activity-based CR modulated the impact of brain integrity on composite cognitive trajectories.


TABLE 3. Estimates from linear mixed models investigating three-way interactions among CR [estimated separately for residual- and activity-based CR (continuous and in tertiles)], brain-integrity index, and time.

[image: Table 3]

[image: image]

FIGURE 3. Predicted margins of cognitive change, based on composite cognitive score, in response to different levels of brain-integrity index, computed according to tertiles of residual-based CR. Predicted margins estimated from fully adjusted models presented in Table 3. Levels of brain-integrity index were defined as the 10th (low), 50th (moderate), and 90th (high) percentile.




Investigating Dementia Incidence in Relation to Two CR Measures

After a median of 11.5 years of follow-up (range: 0.76–15.7 years) of 419 participants (4218 person-years), 43 dementia cases were ascertained (incidence rate: 10.2 cases per 1000 person-years, 95% CI: 7.6–13.7). A continuous operationalization of residual-based CR was associated with a reduced hazard of dementia even after adjusting for the brain-integrity index (HR: 0.46; 95% CI: 0.33–0.66; Table 4). A model employing a tertile operationalization indicated that risk reduction was especially pronounced at the top third of residual-based CR (HR: 0.23; 95% CI: 0.09–0.58; reference: bottom tertile of residual-based CR, brain-integrity-adjusted model). The magnitude of risk reduction was less pronounced for activity-based CR and was no longer statistically significant upon further adjustment for the brain-integrity index. Proportionality assumption was not violated in any of the models.


TABLE 4. Hazard ratios for dementia incidence over 12 years according to residual- and activity-based CR (continuous and in tertiles).
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Sensitivity Analyses

Replacing composite cognitive performance with MMSE did not affect principal findings. Residual-based CR was associated with a slower decline in MMSE score over the follow-up (both continuously and categorically: top tertile vs. bottom). A similar pattern was observed for activity-based CR, although the middle tertile of activity-based CR also exhibited an association with MMSE change, relative to the lowest tertile (Supplementary Table 1 and Supplementary Figure 3).

In the modulation analysis using MMSE as outcome (Supplementary Table 2 and Supplementary Figure 4), a three-way interaction residual-based CR × brain-integrity-index × time was statistically significant using continuous operationalization (p < 0.05), and marginally significant using categorical operationalization (p = 0.06 for the middle tertile and p = 0.09 for the top tertile). Consistent with the original findings, no such modulation was observed when considering activity-based CR (either continuous or categorical).

Re-estimating MMSE trajectories and dementia incidence using residual performance in all cognitive domains, rather than just episodic memory, did not alter the main findings. This alternative composite-based residual CR exhibited a statistically significant association with MMSE change in both continuous and categorical operationalizations (Supplementary Table 3 and Supplementary Figure 5). Composite-based residual CR measure also modified the impact of brain integrity on MMSE trajectories: a three-way interaction CR × brain-integrity-index × time (p < 0.05) emerged for both continuous and categorical operationalizations (Supplementary Table 4 and Supplementary Figure 6). Finally, consistent with the original findings, dementia risk was reduced in those with higher scores on composite-based residual CR, even in models adjusted for the brain-integrity index (Supplementary Table 5).



DISCUSSION

In this longitudinal population-based study of older adults, we found that a measure of cognitive reserve based on residual cognitive performance, unaccounted for brain integrity and sociodemographics, was associated with cognitive trajectories over a 12-year follow-up period. Furthermore, residual-based CR moderated the association between brain integrity and cognitive trajectories, such that in those with higher residual-based CR, the association between impaired brain integrity and cognitive decline was weakened compared to those with lower residual-based CR. Importantly, higher scores on residual-based CR were associated with 12-year hazard of dementia, even after accounting for brain-integrity levels. Conversely, although higher levels of activity-based CR were also associated with slower cognitive decline, this operationalization of CR neither modified the impact of brain integrity on the rate of cognitive change, nor was it associated with dementia occurrence net of the brain-integrity status.

Residual-based CR has been linked to cognitive trajectories in a handful of studies (Reed et al., 2010; Zahodne et al., 2013, 2015; Hohman et al., 2016; Habeck et al., 2017; Bettcher et al., 2019), and our findings are generally consistent with these earlier reports. The investigations with the most similar designs to the one reported here are Reed et al. (2010) and Zahodne et al. (2013). In a study of 305 adults varying in cognitive status, episodic-memory-based residual CR was linked to 3-year trajectories in executive function (Reed et al., 2010), whereas a study on 703 older adults, free from dementia at baseline, found differences in 3-year language ability trajectories according to residual-based CR (also derived using episodic memory) (Zahodne et al., 2013). Our study extends this literature in several important ways: (1) we examined cognitive trajectories over a prolonged follow-up period (12 years) in a population-based setting; (2) we were able to relate residual-based CR to a composite index of cognition based on measures of perceptual speed, verbal fluency, and semantic memory, as opposed to just executive function or language ability as used previously; (3) we extended the set of brain-integrity measures in deriving our residual-based measure of CR, incorporating WMH volume, whole-brain GMV, HCV, LVV, PVS, and lacunes; and (4) we examined 12-year dementia incidence in relation to residual-based CR. Incorporating MMSE trajectories and computing an alternative CR indicator based on residual performance in composite cognition, provided an important sensitivity test for the operationalization of residual-based CR adopted in this study.

A residual-based approach has been utilized in other studies, although they differ from ours in several important respects. One was based on cross-sectional data and derived residual-based CR from brain-integrity measures, without taking age into account (Habeck et al., 2017). Two other studies (Zahodne et al., 2015; Bettcher et al., 2019) examined changes in residual-based CR in relation to changes in cognition and brain atrophy. Finally, one study derived residual-based CR using cerebrospinal fluid markers of brain integrity (Hohman et al., 2016), although these findings were likely affected by circularity bias, as executive function and memory performance featured both in the derivation of CR measure and in the outcome analysis. Circularity might be a concern for our findings too, even though we excluded episodic memory from the outcome analysis. We aimed to further mitigate circularity through sensitivity analyses in which MMSE was used in place of cognition, as well as by analyzing dementia incidence. Notably, the correlation between episodic memory and composite cognitive performance over the follow-up was 0.35 (r = 0.31 for MMSE over time), suggesting that the bias due to circularity is unlikely to be considerable. Collectively, the present findings along with those from prior work discussed above highlight the utility of the residual-based approach in measuring cognitive reserve.

We made a further contribution by contrasting residual- and activity-based CR in the same study. Whereas both measures were associated with cognitive trajectories, only residual-based CR modified the brain integrity-cognitive change association and predicted dementia incidence after accounting for the brain-integrity levels. An apparent superior performance of residual-based CR is consistent with the findings of a recent meta-analysis that provided pooled estimates on MCI or dementia conversion across studies utilizing different reserve operationalizations (Nelson et al., 2021). The fact that activity-based CR did not yield modulatory or risk-reducing influences in our study could be due to the lack of precision in identifying reserve from diverse activities that may have differential contribution to the underlying construct. For instance, education or work complexity may affect cognitive outcomes through socioeconomic influences on health behaviors or access to material resources. These may in turn promote resistance to primary vascular pathologies, but ultimately play a lesser role in the resilience of cognitive function (Arenaza-Urquijo and Vemuri, 2018). Using a SEM-derived measure of activity-based reserve that focuses on common variance across all contributors while eliminating the variance that is unique to each one, has likely concealed their distinct influences. Specifically designed CR scales and questionnaires represent an alternative to SEM-based methods worthy of consideration in future studies (Nucci et al., 2012). We opted for a SEM-based measure here in order to (1) ensure comparability with our own and others’ prior work that also used SEM-based indexes of CR (Dekhtyar et al., 2019; Xu et al., 2019); (2) attenuate measurement error in observable factors contributing to CR, and (3) to integrate the impact of contributors not readily assessed in existing scales (e.g., social support).

Notably, the correlation between the two measures of reserve was weak (0.14), which compares to a correlation between residual-based CR and education of just 0.09 from a previous study (van Loenhoud et al., 2017). This suggests that the two CR measures likely incorporate distinct compensatory influences, and future studies ought to explore their unique neural bases. With respect to the seemingly limited relevance of activity-based reserve, the role of stimulating activities, particularly education, in age-related cognitive decline has been questioned in several studies (Berggren et al., 2018; Seblova et al., 2020). A recent comprehensive review concluded that cognitive stimulation likely relates to late-life cognition by affecting peak cognitive levels early in life, rather than the differential rates of decline during adulthood and aging (Lövdén et al., 2020). Although we documented an association between activity-based CR and cognitive trajectories and dementia in minimally adjusted models, the fact that it exhibited no mitigating effects against brain-integrity deterioration and lost its predictivity of dementia after brain integrity was accounted for, is in line with these recent appraisals of the role of stimulating activities.

Our findings provide input for the advancement of the CR theory, which continues to undergo considerable debate (Jones et al., 2011; Cabeza et al., 2018, 2019; Stern et al., 2019). On the one hand, we underscore the value of a residual-based approach which arguably offers a measure of reserve directly linked to its operational definition: the discrepancy between observed and expected cognitive performance, for a given level of brain integrity. However, residual-based CR can also be criticized for being dependent on the extent and quality of input parameters in the predictive model of cognition. In our study, it likely incorporated variance associated with unmeasured pathology that may affect episodic memory (notably: amyloid, tau, and TDP43), as well as the variance due to all other unobserved correlates of test performance. Thus, the association between this indicator and cognitive outcomes may not truly reflect reserve pathways, although it should be noted that a recent meta-analysis found residual-based CR to be associated with reduced progression to MCI or dementia, even in studies accounting for AD biomarkers (Nelson et al., 2021). Ultimately, residual- and activity-based operationalizations represent complementary approaches that can serve different aims. The former can be helpful for the prediction of future accelerated decline and dementia by identifying those with unexplained excessive cognitive deficits; information that can be especially useful for clinicians. The latter may give insight into how CR is formed in the first place, rather than providing its instantaneous measure. However, for either of these approaches to be consistent with the model of cognitive reserve, they must incorporate brain status in their operational definition; CR mechanisms should not be proposed when brain-integrity measures are not available at all, or are limited to a just a handful of markers that are insufficient to measure brain-integrity status (Habeck et al., 2017; Stern et al., 2020).

A strength of the present study is the longitudinal population-based design with long-term follow-up for cognition and dementia. The inclusion of a wide range of neuroimaging, cognitive, clinical, and life-experience measures is a further strength. Limitations include potential selectivity of healthier participants in the SNAC-K MRI subsample, which likely led to an underestimation of reported associations. Higher resolution MRI scans (as opposed to the 1.5T images used here) could have yielded a more detailed assessment of brain-integrity status, improving the specificity of our findings. By focusing on composite assessments, we strived for a holistic view of both brain integrity and cognition, which may have obscured important fine-grain detail, that ought to be explored further. For instance, the differential factor loadings of HCV (high), WMH (moderate), and PVS (low) to the brain-integrity index reported here, deserve attention in future studies looking to derive more specific measures of reserve. The absence of assessments of leisure participation and social network from before late life could also be a limitation. Finally, we used a more conventional regression-based technique to derive residual-based CR as opposed to SEM (Reed et al., 2010), and our residual estimate likely contain more measurement error. A linear regression approach, however, has been shown to be a reliable alternative to a latent-variable operationalization in a previous study (Zahodne et al., 2015).



CONCLUSION

In conclusion, we showed that residual-based CR derived in a population-based study of older adults was (1) associated with cognitive trajectories over 12 years of follow-up, (2) mitigated the impact of impaired brain integrity on cognitive decline, and (3) predicted dementia incidence even after accounting for brain-integrity status. In contrast, an activity-based measure derived from stimulating life experiences neither mitigated the brain integrity-cognitive change association, nor did it emerge as a predictor of dementia independent of brain integrity. Our findings provide insight into future applications of CR models of cognitive change and dementia. Both approaches possess unique advantages that can be tailored to address different aims. Ultimately, any model of CR needs to consider brain integrity, and the term reserve should be used when the measure in question modifies the link between brain integrity and cognitive outcomes or predicts dementia independent of brain integrity. In our study, only a residual-based measure of reserve fulfilled this requirement.
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Background: Heart rate fragmentation (HRF), a new non-invasive metric quantifying cardiac neuroautonomic function, is associated with increasing age and cardiovascular disease. Since these are risk factors for cognitive decline and dementia, in the Multi-Ethnic Study of Atherosclerosis (MESA), we investigated whether disrupted cardiac neuroautonomic function, evidenced by increased HRF, would be associated with worse cognitive function assessed concurrently and at a later examination, and with greater cognitive decline.

Methods: HRF was derived from the ECG channel of the polysomnographic recordings obtained in an ancillary study (n = 1,897) conducted in conjunction with MESA exam 5 (2010–2012). Cognitive function was assessed at exam 5 and 6.4 ± 0.5 years later at exam 6 (2016–2018) with tests of global cognitive performance (the Cognitive Abilities Screening Instrument, CASI), processing speed (Digit Symbol Coding, DSC) and working memory (Digit Span). Multivariable regression models were used to quantify the associations between HRF indices and cognitive scores.

Results: The participants’ mean age was 68 ± 9 years (54% female). Higher HRF at baseline was independently associated with lower cognitive scores at both exams 5 and 6. Specifically, in cross-sectional analyses, a one-standard deviation (SD) (13.7%) increase in HRF was associated with a 0.51 (95% CI: 0.17–0.86) points reduction in CASI and a 1.12 (0.34–1.90) points reduction in DSC. Quantitatively similar effects were obtained in longitudinal analyses. A one-SD increase in HRF was associated with a 0.44 (0.03–0.86) and a 1.04 (0.28–1.81) points reduction in CASI and DSC from exams 5 to 6, respectively. HRF added predictive value to the Cardiovascular Risk Factors, Aging, and Incidence of Dementia (CAIDE-APOE-ε4) risk score and to models adjusted for serum concentration of NT-proBNP, an analyte associated with cognitive impairment and dementia.

Conclusion: Increased HRF assessed during sleep was independently associated with diminished cognitive performance (concurrent and future) and with greater cognitive decline. These findings lend support to the links between cardiac neuroautonomic regulation and cognitive function. As a non-invasive, repeatable and inexpensive probe, HRF technology may be useful in monitoring cognitive status, predicting risk of dementia and assessing therapeutic interventions.

Keywords: aging, autonomic nervous system, cognitive status, dementia, heart rate fragmentation and heart rate variability


INTRODUCTION

Risk assessment of cognitive impairment is a major public health priority, especially given the increasing prevalence of dementia syndromes in the aging population. A key barrier to progress is the lack of reliable, quantitative and non-invasive methods that complement expensive brain imaging technologies, semi-quantitative functional tests of cognitive status as well as emerging biochemical and “omics” probes. Important insights into the pathophysiology of cognitive impairment syndromes derive from increasing evidence linking central nervous system dysfunction with perturbations in autonomic function (Collins et al., 2012; Fanciulli et al., 2013; Meel-van den Abeelen et al., 2013; Tahsili-Fahadan and Geocadin, 2017; Ahmed et al., 2018). The major probes of such interactions have been heart rate variability (HRV) measures. A PubMed search for “(heart rate variability) AND (cognitive function)” yields over 1,000 citations. Despite this large body of work, traditional HRV measures have failed to gain traction in clinical practice as reliable predictors of mild cognitive impairment or of major adverse cardiovascular events (CVEs), which are strong correlates of cognitive decline and dementia syndromes (Zlokovic et al., 2020).

The failure of traditional HRV indices to fulfill their promise as translational, non-invasive probes of cardiac neuroautonomic function is ascribable to its fundamental assumption, one that equates the amplitude of variations in sinus normal-to-normal (NN) intervals with the degree of vagal tone modulation (HRV, 1996). With aging and organic heart disease, physiologic vagal activity almost invariably decreases. In these contexts, a consistent reduction in short-term HRV values would be expected. However, multiple studies (Reardon and Malik, 1996; Bruyne et al., 1999; Stein et al., 2005; Huikuri and Stein, 2012; Drawz et al., 2013; Raman et al., 2017) have reported a counterintuitive increase in the amounts of short-term/high-frequency (0.15–0.4 Hz) variability in high-risk individuals. We (Costa et al., 2017a) have referred to the occurrence of high HRV in settings where highly diminished vagal tone modulation is anticipated as the “HRV paradox.”

Recently, we (Costa et al., 2017a,b) delineated a property of heart rate (HR) dynamics, termed heart rate fragmentation (HRF), which helps resolve this paradox. Heart rate fragmentation metrics quantify variations in NN intervals due to non-respiratory sinus arrhythmia and other anomalous dynamical variants. We previously reported that: (i) HRF monotonically increases with cross-sectional age both in healthy subjects and in those with coronary artery disease (Costa et al., 2017a,b); (ii) increased HRF is associated with both incident major adverse CVEs (Costa et al., 2018) and incident atrial fibrillation (AF) (Costa et al., 2021) in the Multi-Ethnic Study of Atherosclerosis (MESA), and (iii) HRF metrics add significant predictive value to cardiac risk indices such as Framingham (D’Agostino et al., 2008; Costa et al., 2018) and CHARGE-AF1 (Alonso et al., 2013; Costa et al., 2021), in MESA. These findings motivated the present investigation. Our working hypotheses were that disrupted cardiac neuroautonomic function at a baseline time, evidenced by increased degree of HRF, would be independently associated with (1) lower cognitive performance, measured concurrently and at a future time, and (2) greater longitudinal cognitive decline in a cohort of participants in MESA. Secondarily, we hypothesized that HRF metrics would be inversely associated with cognitive test scores in models with serum concentration of NH2-terminal prohormone B-type natriuretic peptide (NT-proBNP), a major cardiovascular (CV) risk factor also reported to be associated with dementia (Ostovaneh et al., 2020), cognitive performance (Ferguson et al., 2018; Ostovaneh et al., 2020) and brain structure and function by MRI (Zonneveld et al., 2017; Ferguson et al., 2018).

We included widely-used HRV metrics in this study to contrast their performances with those of the HRF indices. Within the canonical HRV interpretative framework, in which increased amount of high-frequency variability is a reflection of increased parasympathetic activity, positive cross-sectional and longitudinal relationships would be expected between the HRV indices and the cognitive scores. However, we did not anticipate finding consistent associations due to the fact that MESA is a study of middle-age to older participants, which increases the probability that the observed variability is due to HRF rather than vagal tone modulation.



MATERIALS AND METHODS


Study Population and Data Collection

The MESA study has been previously described in detail (Bild et al., 2002). Briefly, in 2000–2002, 6,814 persons between the ages of 45 and 84 without clinically evident CV disease were recruited at six U.S. field centers. Institutional review boards approved the conduct of the study. Written informed consent was obtained from all participants. MESA fifth examination, conducted in 2010–2012, included 4,656 participants. MESA sixth examination, conducted in 2016–2018, included 3,303 participants, 95% (3,153) of whom had also participated in exam 5.

The HR dynamical indices used here (HRF and HRV) were obtained from an ancillary sleep study conducted in 2010–2013 in conjunction with MESA’s fifth examination. The study included 2,237 (out of 4,656) participants, who underwent in-home overnight polysomnography (PSG) following a standardized protocol (Chen et al., 2015). Two thousand and fifty seven participants had a valid PSG study. Hereafter, we refer to this group as the MESA-Sleep cohort. Compared with the participants who did not undergo the sleep examination, those who did and had a valid study were relatively younger (mean, 68 vs. 71 yr), less likely to be hypertensive (58 vs. 62%), and more likely to be Hispanic (23.5% vs. 19.1%). They had lower coronary artery calcification (CAC) scores (median [interquartile range]: 30 [0–215] vs. 57 [0–338]) and lower blood concentration of NT-proBNP (71 [35–139] vs. 83 [43–181] pg/ml). There were no differences in sex, body mass index, smoking status, diabetes and prevalent CV disease. Similarly, there were no differences in the prevalence of self-report doctor-diagnosed sleep apnea.

The PSG data were scored at a centralized sleep reading center in accordance with published guidelines (Redline et al., 1998, 2007). The electrocardiographic (ECG) channel, sampled at 256 Hz, was processed using Compumedics Somte software (Compumedics LTd., Abbottsville, Australia) for detection and classification of the QRS complexes as normal sinus (N), premature ventricular complexes or premature supraventricular complexes. The automated annotations were reviewed and corrected when necessary by a trained technician. One hundred and sixty participants were excluded due to: poor signal quality (n = 33), electronic pacemaker (n = 14), missing annotations for sleep stage or QRS complexes (n = 14), <2 h of combined sleep periods scored as rapid eye movement (REM) or non-REM (n = 14), in AF at the time of the PSG (n = 22), prevalent dementia as defined below (n = 23), missing information on dementia status (n = 29) and those for whom (n = 11) the last recorded follow-up for AF events was prior to the PSG study. Overall, HR dynamical measures were calculated for 1,897 participants.



Clinical Follow-Up and Event Classification

In addition to clinical exams, MESA participants were contacted by telephone every nine to twelve months to obtain information about hospital admissions and medical events. For those over age 65 and enrolled in fee-for-service Medicare, claims data were also used to identify diagnosis and procedure codes. Trained personnel abstracted any hospital records suggesting possible CVEs, which were then adjudicated by the MESA Morbidity and Mortality Committee. Non-fatal endpoints in MESA include congestive heart failure, angina, myocardial infarction, percutaneous coronary intervention, coronary bypass grafting or other revascularization procedure, resuscitated cardiac arrest, peripheral arterial disease, stroke (non-hemorrhagic) and transient ischemic attack. Cardiovascular deaths, as adjudicated by committee review, included fatalities directly related to stroke or coronary heart disease. The definition and adjudication of these events have been previously described (Bild et al., 2002; Bluemke et al., 2008; Yeboah et al., 2012). The identification of prevalent AF (Heckbert et al., 2017), including fibrillation and flutter, was based on diagnostic codes from hospital admissions, inpatient and outpatient Medicare claims (for those enrolled in fee-for-service Medicare) and study 12-lead ECGs. Dementia diagnosis was based on death certificates and hospital discharge ICD codes (Fujiyoshi et al., 2017) in addition to usage of acetylcholinesterase inhibitor and other medications used specifically for the treatment of Alzheimer’s disease and related dementias.



Assessment of Cognitive Performance

In MESA (Fitzpatrick et al., 2015), three different standardized and validated tests were used to quantify cognitive performance: the Cognitive Abilities Screening Instrument (CASI, version 2) (Teng et al., 1994), the digit symbol coding (DSC) (Wechsler, 1997), and the digit span (DS) (Wechsler, 1997). The CASI is a test of global cognitive function that contains 25 items representing nine cognitive domains, including short- and long-term memory, attention, concentration, orientation, language, verbal fluency, visual construction, and abstraction/judgment. Scores from individual items on the CASI were summed to obtain an overall cognitive function score (range 0–100). The DSC (range 0–133) is a subtest of the Wechsler Adult Intelligence Scale III (WAIS-III). Participants are given a random sequence of digits (1–9) and asked to write the correct symbol (e.g., +, >) for each digit based on a legend of digit–symbol pairs. The score is the number of correct symbols written in 120 seconds. The DSC score quantifies processing speed (how quickly simple perceptual or mental operations can be performed). The DS, also a subtest of WAIS-III, consists of two tasks. In one, participants are asked to repeat forward and in the other backward, increasingly longer spans of randomly ordered digits read to them. The scores are based on the total number of correct answers (DS forward: range 0–16; DS backward: range, 0–14). The DS forward and backward measure related but slightly different aspects of memory (Ramsay and Reynolds, 1995; Cullum, 1998; Izawa et al., 2009). The DS forward is assumed to assess mainly attention and short-term auditory memory. The DS backward is assumed to measure working memory subsuming short-term memory and elements of executive control required to manipulate verbal information. Higher CASI, DSC and DS scores are indicative of better cognitive performance.

We excluded participants with missing or invalid cognitive scores due to physical (hearing, vision, motor) impairments that interfere with performance, language barriers, and circumstantial reasons, such as answering a cell phone call during a test. In the case of CASI, tests with a score <20 (n = 12) and those missing responses to more than three questions (n = 9) were also considered invalid. Overall, analyses with exam 5 CASI, DS forward, DS backward and DSC scores included 1,823 (96%), 1,881 (99%), 1,884 (99%) and 1,715 (90%) of the 1,897 participants for whom HR dynamical indices were calculated. Participants in the MESA-Sleep cohort with missing or invalid vs. valid DSC scores were on average two years older, had significantly higher systolic blood pressure (BP) and body mass index (BMI) values. A higher percentage had had a CVE (12.5 vs. 8.6%). Their degree of HRF was significantly higher (PNNSS: 68.3 vs. 65.6%).

Approximately 62% (2,051 out of 3,303) of participants in MESA exam 6 underwent cognitive evaluation. The number of participants with a PSG study and valid cognitive scores at exams 5 and 6 was 971, 1016 and 845 for the CASI, DS and DSC tests, respectively.



Assessment of Baseline Covariates at MESA Fifth Examination (2010–2012)

Age, sex, race/ethnicity (White, Chinese-American, African-American and Hispanic) smoking status, and medication use were self-reported. Systolic and diastolic BPs were measured three times after the participant rested for five minutes; the means of the last two measurements were used here. Diabetes was defined by a fasting blood glucose ≥126 mg/dL or self-reported use of antidiabetic medication. Antihypertensive medication included beta-blockers, calcium channel blockers, angiotensin converting enzyme inhibitors or receptor blockers, vasodilators and diuretics. Depression was defined as a score of more than 15 points in the Center of Epidemiological Studies Depression scale. Antidepressant medication included tricyclic and non-tricyclic (other than monoamine oxidase inhibitors) medications accompanied or not by antipsychotic medications. Alcohol use (a binary variable: yes/no) was defined as consuming ≥ 1 glass of wine or the equivalent per week. Physical activity, defined as the number of metabolic equivalent minutes per week of intentional moderate and vigorous activity, was quantified using the MESA Typical Week Physical Activity Survey, adapted from the Cross-Cultural Activity Participation Study (Bertoni et al., 2009). APOE isoforms were estimated from single nucleotide polymorphisms rs429358 and rs7412 (Fitzpatrick et al., 2015). Gross family income was dichotomized as below and above $75,000 (top quartile). Sleep maintenance efficiency was defined as the percentage of sleep time asleep after sleep onset. Two measures of sleep structure included in this study were the percentage of time in sleep stages N3 (slow wave sleep [SWS]) and the percentage of time in REM. Sleep disordered breathing was assessed by the apnea hypopnea index (AHI), defined as the average number per hour of sleep of all apneas and hypopneas associated with ≥3% oxygen desaturation or arousal, and two measures of overnight hypoxemia: the percentage of sleep time with pulse oximeter oxygen saturation <90% (% time SpO2 < 90%), and the oxygen desaturation index (ODI), defined as the number of oxygen desaturations ≥ 3% per hour of sleep. The CAC scores, derived from computed tomography imaging using the Agatston method (Agatston et al., 1990), was available for 1,464 (out of 1,897; 77%) participants at exam 5 (Carr et al., 2005). There were no significant differences in demographic (age, sex, race) and CV risk factors (diabetes, pack-years of smoking, hypertensive status, BMI, CV and AF disease prevalence) between those with and without CAC scores. Serum concentration of NT-proBNP measured at exam 5 was available for all but 39 participants in our study.



Data Analyses

The ECG channels of the PSG recordings obtained at MESA exam 5 were analyzed for detection and classification of each QRS complex as normal (N) sinus, premature supraventricular or premature ventricular complexes. The sequence of normal-to-normal (NN) intervals between sleep onset and sleep termination were extracted for computation of HRF and traditional HRV indices.


Heart Rate Fragmentation Metrics

Heart rate fragmentation was quantified by an ensemble of statistical metrics derived from the analysis of NN interval time series, as described in Costa et al. (2017a, 2018). These metrics are based on counts of HR acceleration, deceleration and no-change intervals. Let ti represent the time of occurrence of a given QRS complex and NNi the time interval (ti – ti–1) between consecutive QRS complexes. Heart rate acceleration, deceleration and no-change intervals (in seconds) are defined as ΔNNi ≤ –n/SF, ΔNNi ≥ n/SF and –n/SF < ΔNNi < n/SF, respectively, where ΔNNi = NNi – NNi–1, n is a positive integer (in this case, n = 1) and SF is the sampling frequency (in Hz) of the ECG signal. (Note that HR and ΔNNi values are inversely related.) Sequences of negative (positive) ΔNN intervals are termed accelerative (decelerative) segments. The length of a segment is the number of ΔNN intervals it contains.

We computed three inter-related indices of overall degree of fragmentation (PIP, PNNLS, PNNSS). Briefly, PIP, the percentage of “inflection points,” is defined as the combined percentage of transitions from HR acceleration to HR deceleration and vice-versa (“hard” inflection points), and from HR acceleration/deceleration to no-change in HR and vice-versa (“soft” inflection points). Mathematically, a given NNi interval is an inflection point if ΔNNi+1 ×ΔNNi ≤ 0 and ΔNNi+1 ≠ΔNNi. The overall percentage of ΔNN intervals in long segments, PNNLS, is the number of ΔNN intervals in accelerative/decelerative segments with ≥3 ΔNN intervals over the total number of ΔNN intervals. The percentage of ΔNN intervals in short segments, PNNSS, is the number of ΔNN intervals in accelerative/decelerative segments with <3 ΔNN intervals over the number of ΔNN intervals in accelerative/decelerative segments of any length. More fragmented time series have higher PIP and PNNSS values, and lower PNNLS values.



Traditional HRV Indices

Traditional time domain HRV indices (HRV, 1996) were calculated from NN interval time series between sleep onset and sleep termination using a 5-min sliding window (without overlap). Windows with <150 beats and/or >75% NN intervals were excluded. The following time domain measures were computed: (1) the average of all NN intervals (AVNN), (2) the mean of the standard deviations (SDs) of NN intervals in all qualified, 5-min window (SDNN), and (3) the root mean square of successive NN interval differences (rMSSD). On the frequency domain, we calculated the metric high-frequency (HF) power defined as the total spectral power of NN intervals between 0.15 and 0.4 Hz. Power spectrum estimates were obtained using the Lomb periodogram method. For each subject, the values from the different windows were averaged. Of note, mean HR is not a measure of variability of the fluctuations in HR. However, AVNN, which is inversely related to mean HR, is generally included in the set of indices that became known as traditional HRV measures. Here, we use the term HRV to refer to the method of time series analysis and HR variability to refer to the amplitude of the fluctuations (variability) in HR. (Mean HR is an HRV measure but not a measure of HR variability.) The source codes for HRV computations are available at www.physionet.org (Goldberger et al., 2000).



Specific Hypotheses

Participants with higher HRF, i.e., higher PIP and PNNSS values and lower PNNLS values, at baseline (exam 5) were hypothesized to have (1) lower cognitive scores both at baseline and at exam 6, and (2) larger decreases in cognitive scores from exams 5 to 6.



Statistical Analyses

This presentation includes both cross-sectional and longitudinal analyses. The former used MESA-Sleep (exam 5) data. The latter used MESA-Sleep data, our baseline, and MESA exam 6 data obtained 6.4 ± 0.5 (mean ± SD) years later. (In the longitudinal studies only participants with both cognitive testing at exams 5 and 6 were included.) Continuous variables are summarized as median and interquartile range, unless otherwise indicated. Categorical variables are presented as numbers and percentages. Differences in baseline characteristics between those with and without cognitive testing at exam 6 were evaluated using the χ2 and Mann-Whitney tests for categorical and continuous variables, respectively. Differences in baseline characteristics across quartiles of PNNSS were assessed using the χ2 and the ANOVA tests for categorical and continuous variables, respectively. Variables with skewed distributions (rMSSD, SDNN, HF, weekly amount of moderate and vigorous physical activity, serum concentration of NT-proBNP, pack-years of cigarette smoking, % time SpO2 < 90%, ODI, and CAC score) were transformed using the natural logarithm. In the case of the last three measures, we added 1 to the variables’ values before the logarithmic transformation due to the occurrence of 0 values.

We used multivariable linear regression models to quantify the associations between cognitive test scores and HR dynamical indices. In the text of the manuscript, we show the results for five models. Model 1 was unadjusted. Model 2 was adjusted for the Cardiovascular Risk Factors, Aging, and Incidence of Dementia (CAIDE) Risk Score with APOE-ε4 (CAIDE–APOE-ε4), a validated tool to predict late-life dementia risk (20 years later) (Kivipelto et al., 2006; Exalto et al., 2014). Model 3 was adjusted for age, race/ethnicity, sex, and education level. Model 4, hereafter referred to as “fully adjusted,” included the variables of Model 3 in addition to APOE-ε4, CV risk factors (usage of anti-hypertensive and lipid lowering medications, systolic BP, diabetes mellitus status, total cholesterol, high-density lipoprotein cholesterol, pack-years of cigarette smoking), alcohol consumption, weekly amounts of moderate and vigorous physical activity, depression, usage of antidepressant medications, total gross family income ≥ $75,000, mean HR and prevalent CV and AF events. Model 5, was further adjusted for NT-proBNP (Zonneveld et al., 2017; Ferguson et al., 2018; Nagata et al., 2019; Ostovaneh et al., 2020). Finally, we considered models that included the variables in Model 4 and one of the following variables previously reported to be associated with overall or specific domains of cognitive function: CAC scores (Bos et al., 2015; Deckers et al., 2017), % SWS (Wunderlin et al., 2020) and % REM (Djonlagic et al., 2021), % time SpO2 < 90% (Yaffe et al., 2011; Johnson et al., 2017) and ODI (Johnson et al., 2017).

Continuous independent variables were standardized. Thus, the regression coefficients presented in Tables 3–6 indicate the expected difference in cognitive scores per one-SD increment in the independent variable. Multivariable linear regression models were also used to quantify the associations between the baseline HRF indices and the changes in cognitive test scores from baseline to exam 6 (Δ = exam 6 – exam 5). These analyses were adjusted for the covariates detailed above in addition to baseline cognitive test scores. Of note, the regression of ΔY = Y2– Y1 on both Y1 and X is equivalent to the regression of Y2 on Y1 and X (Werts and Linn, 1970). Standardized regression coefficients (where only the independent variables were standardized) are presented.

The likelihood ratio test was used to evaluate the difference in performance between two nested models. The larger model contained an HRF index in addition to the variables in the base model. A statistically significant result for the likelihood ratio test indicates that the addition of the HRF index to the base model significantly increased its fit, i.e., its predictive value. Statistical significance was set at a p-value <0.05. All p-values reported were two-sided. A p-value <0.1 was considered borderline significant. All analyses were performed using STATA software (version12.0 for Linux).



RESULTS


Baseline Characteristics of the MESA Participants

Participants in the MESA-Sleep cohort compared to those enrolled in exam 5 who did not undergo the sleep examination were relatively younger (mean, 68 vs. 71 years), less likely to be hypertensive (58% vs. 62%), and more likely to be Hispanic (23.5% vs. 19.1%) [19]. They had lower CAC scores (median [inter-quartile range]: 30 [0–215] vs. 57 [0–338]) and higher DSC scores (52 [39–65] vs. 50 [37–62]). There were no differences in sex, BMI, smoking status, diabetes, number of participants with prevalent CV disease, and in the results of the two other cognitive tests, CASI and the DS.

Approximately 50% of the participants in the MESA-Sleep cohort underwent cognitive testing at exam 6. Table 1 summarizes demographic, clinical and HR dynamical characteristics of participants in the MESA-Sleep cohort, and in the subgroups of those with (subgroup A) and without (subgroup B) cognitive testing at exam 6. Participants in subgroup A had higher cognitive test scores at exam 5. They were approximately three years younger and healthier overall.


TABLE 1. Values at exam 5 of demographic, clinical and other characteristics of participants in the study cohort and in the subgroups of those with and without cognitive tests at exam 6.

[image: Table 1]Table 2 summarizes demographic, clinical and HR dynamical characteristics of the MESA-Sleep cohort per quartiles of the HRF index, PNNSS. Those in the bottom quartiles (less fragmented) were younger, more active and, overall, healthier. Accordingly, they were less likely to be diabetic, to have had a CVE prior to the PSG study or history of AF. A smaller percentage used anti-hypertensive, beta-blocker and/or lipid lowering medications. A higher percentage had attained higher levels of education and belonged to households with higher gross income. Additionally, those with lower HRF had lower NT-proBNP serum concentration, longer sleep duration, higher sleep maintenance efficiency and lower % time SpO2 < 90%. However, they did not differ in terms of sleep structure, AHI and ODI. Participants with lower HRF, had higher CASI, DSC and DS backward scores both at exams 5 and 6.


TABLE 2. Demographic and clinical characteristics of MESA-Sleep study cohort per quartile of the HRF index PNNSS.
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Graphs of the Associations of HRF and HRV Indices With Cross-Sectional Age

Figure 1 shows the relationships of two HRF indices, PIP (A) and PNNSS (B), and of two HRV indices, rMSSD (C) and SDNN (D) with cross-sectional age. As expected, HRF indices monotonically increased with cross-sectional age. The measure whose values increase as fragmentation decreases, PNNLS, monotonically decreased with age (not shown). In contrast, the measures of HR variability, rMSSD and SDNN, exhibited a parabolic relationship with cross-sectional age. Variability was higher both for younger and older participants. A similar relationship was observed for HF power (not shown).


[image: image]

FIGURE 1. Changes in HRF and HRV with cross-sectional age. The solid and dotted lines are the quadratic fit and 95% confidence intervals obtained from the regressions of the dependent variables (A) PIP, (B) PNNSS, (C) ln rMSSD and (D) ln SDNN on age and age2.




Association of HRF and HRV Indices With Baseline Cognitive Scores


Heart Rate Fragmentation

In all models, the three HRF indices were strongly associated with the CASI and the DSC scores (Table 3). The associations were negative for PIP and PNNSS, whose values are higher for more fragmented time series, and positive for PNNLS, whose values are higher for less fragmented (more fluent) time series. Specifically, a one-SD increase in PNNSS (13.7%) was associated with −0.51 (95% CI: −0.86 to −0.17) and −1.12 (−1.90 to −0.34) points decrease in the CASI and DSC scores, respectively, in analyses of Model 4. Heart rate fragmentation indices were more strongly associated with the DS backward than the DS forward scores. The associations of HRF indices with DS backward scores were significant in Models 1–3 and borderline significant in the two most adjusted models. The associations between HRF indices and DS forward scores were only significant in unadjusted analyses and those adjusted for the CAIDE–APOE-ε4 risk index. Further adjusting the previous analyses for NT-proBNP did not qualitatively change any of our results.


TABLE 3. Multivariable linear regression analyses of the associations between the HRF indices (PIP, PNNSS and PNNLS) and the cognitive scores (CASI, DSC and DS) measured at exam 5.

[image: Table 3]
The CAIDE–APOE-ε4 risk index attenuated the associations between HRF indices and the cognitive test scores only slightly. In contrast, age, sex, race and education reduced the strength of these associations between 40% and 70%. Additional adjustments had only a relatively small effect. Consistent with these observations is the finding that the adjusted R2 values of Models 4 (0.325) and 5 (0.326) were only 2% higher than that of Model 3 (0.307). Of note, despite including information on the strongest predictors of cognitive performance, namely age, sex and education, the model with the CAIDE–APOE-ε4 risk index had an adjusted R2 of only 0.072 (75% lower than that of Model 3).



Heart Rate Variability

In fully adjusted models, AVNN (inversely related to mean HR) was positively associated with CASI (p < 0.10) and the DSC (p < 0.05) scores (Appendix Table 1). None of the variability measures (rMSSD, SDNN and HF) was associated with any of the cognitive scores in the fully adjusted models. There were some significant or borderline significant associations in Models 1–3. However, for both rMSSD and HF power, these associations were negative, i.e., higher variability was associated with lower cognitive scores. Higher SDNN was associated with higher CASI scores solely in analyses adjusted for CAIDE–APOE-ε4.



Prospective Association of Baseline HRF and HRV Indices With Exam 6 Cognitive Scores


Heart Rate Fragmentation

Heart rate fragmentation indices were associated (Table 4) with the CASI (p < 0.05), DSC (p < 0.05), DS forward (p < 0.1) and DS backward (p < 0.05) scores obtained at exam 6, 6.4 ± 0.5 (mean ± SD) years after exam 5. In fully adjusted analyses, a one-SD increase in PNNSS (13.7%) was associated with −0.61 (95% CI: −1.07 to −0.14), −1.54 (−2.54 to −0.54), −0.14 (−0.31 to 0.02) and −0.17 (−0.31 to −0.04) points decrease in the CASI, DSC, DS forward and DS backward scores, respectively.


TABLE 4. Multivariable linear regression analyses of the associations between the HRF indices (PIP, PNNSS and PNNLS) and the cognitive scores (CASI, DSC, DS forward and DS backward) measured at exam 6.

[image: Table 4]


Heart Rate Variability

There were relatively few (13 out of 80) significant or borderline significant associations between the HRV indices and the cognitive scores (Appendix Table 2). Notably, in the most adjusted models, there was only one significant association. Slower HR (higher AVNN) was associated with higher DS backward scores.



Association of Baseline HRF and HRV Indices With Changes (Exam 6–Exam 5) in Cognitive Test Scores


Heart Rate Fragmentation

The HRF indices were strongly associated with the changes in cognitive scores (Table 5). Overall, higher HRF, i.e., higher PIP and PNNSS, was associated with larger decrements in cognitive scores. Similarly, lower HRF (higher degree of HR fluency indicated by higher PNNLS values) was associated with smaller decrements. In fully adjusted analyses, the associations were strongest with the Δ DSC scores and weakest with the Δ DS forward scores.


TABLE 5. Multivariable linear regression analyses of the associations between the HRF indices (PIP, PNNSS and PNNLS) and the changes (exam 6 – exam 5) in cognitive test scores (Δ CASI, Δ DSC, Δ DS forward and Δ DS backward).

[image: Table 5]In fully adjusted models, a one-SD increase in PNNSS was associated with a decrease of −0.44 (95% CI: −0.86 to −0.03), −1.04 (−1.81 to −0.28), −0.13 (−0.27 to 0.01) and −0.14 (−0.25 to −0.03) points in the CASI, DSC, DS forward and DS backward scores, respectively. Figure 2 depicts the predicted changes in DS backward scores derived from fully adjusted analyses as a function of the participants’ age (left) and baseline PNNSS (right). The representative graphs show that cognitive decline accelerated with the participants’ age as well as with baseline degree of HRF. In the time period between exams 5 and 6, cognitive performance decreased more for older than younger participants. Similarly, in the same time period, cognitive performance decreased more for participants with higher degrees of HRF. Of note, the associations between HRF and the changes in cognitive scores were not dependent on the participants’ age (the p-value for the interaction term of HRF and age was not significant in any model).
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FIGURE 2. Predicted changes in DS backward scores from exams 5 to 6 as a function of age (A) and of PNNSS values (B) derived from fully adjusted models (Model 4). Solid and dotted lines are the predicted and 95% confidence interval values, respectively.




Heart Rate Variability

There were few (5 out of 80) significant or borderline associations between HRV indices and the longitudinal changes in cognitive scores (Appendix Table 3). In fully adjusted analyses, there was only one significant result. Namely, slower HR was associated with smaller decreases in the DS backward scores.

Figure 3 presents a graphical summary of the results of two sets of analyses described above, one adjusted for age, sex, race and education (Model 3, open symbols), and the other “fully” adjusted (Model 4, solid symbols). Specifically, the figure shows the standardized ß coefficients for the associations of PNNSS (blue symbols) and rMSSD (red symbols) with cognitive scores at exams 5 and 6 and the changes in cognitive scores.
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FIGURE 3. Associations of HR dynamical indices (HRF: PNNSS and HRV: rMSSD) with cognitive test scores at exams 5 and 6, and with their longitudinal changes (Δ = exam 6 – exam 5). The graphs show the standardized ß coefficients for the associations of CASI (A), DSC (B), DS forward (C) and DS backward (D) with PNNSS (blue symbols) and rMSSD (red symbols). The open symbols are the standardized ß coefficients from models adjusted for age, sex, race and education. The solid symbols are the standardized ß coefficients from fully adjusted models (Model 4). The error bars are the 95% CIs. CASI, the Cognitive Abilities Screening Instrument score; DSC, digit symbol coding; DS, digit span; CI, confidence interval; HR, heart rate; HRF, heart rate fragmentation; HRV, heart rate variability; PNNSS, percentage of NN intervals in short (<3) accelerative/decelerative segments; rMSSD, root mean square of successive NN interval differences.


Table 6 shows the regression coefficients for all the variables included in the fully adjusted models. Higher PNNSS was consistently associated (p < 0.05 or p < 0.1) with the lower cognitive scores at exams 5 and 6 and with larger decrements in scores from exams 5 to 6. (The only exception was the cross-sectional association with DS forward.)


TABLE 6. Multivariable linear regression models of CASI, DSC, DS forward and backward scores at exams 5 and 6 and of their changes from exams 5 to 6.
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Of note, further adjusting the cross-sectional and longitudinal analyses described above (Model 4) for CAC, measures of sleep structure (the percentage of time in REM and the percentage time in SWS), a measure of sleep disorder breathing (AHI), and measures of hypoxemia (ODI and the % of time SpO2 < 90%) did not qualitatively change our results (not shown). Finally, we note that no interactions by sex or race were detected in any of the cross-sectional or the longitudinal analyses previously described.



DISCUSSION

The present investigation was designed to evaluate cross-sectional and prospective associations between HRF, a newly identified property of cardiac neuroautonomic dynamics, and cognitive function in the large MESA cohort of those who underwent a PSG study. The degree of HRF was assessed at exam 5 (our baseline) using previously described metrics (Costa et al., 2017a,b). Cognitive performance was assessed at this baseline and 6.4 ± 0.5 years later at exam 6, using the CASI, DSC and DS forward and backward tests, which are designed to assess overall cognitive performance, processing speed, short-term memory and working memory, respectively.

Our key findings were: (1) in cross-sectional analyses, HRF was inversely associated with all cognitive scores other than the DS forward scores (higher HRF, lower scores); (2) in prospective analyses, HRF was inversely associated with all cognitive scores; (3) HRF was associated with the changes in all cognitive scores (higher baseline HRF, larger decrement in scores); (4) HRF metrics added predictive value to the CAIDE–APOE-ε4 risk index and to models with a combination of risk factors for cognitive impairment including NT-proBNP serum concentration; (5) slower HR was cross-sectionally associated with the CASI and DSC scores, and prospectively associated with the DS backward scores; and (5) the HRV indices rMSSD, SDNN and HF power were not cross-sectionally or longitudinally associated with cognitive scores.

Overall, our results indicate that an increased degree of HRF was associated with both worse concurrent and future cognitive function. Our analyses also showed that increased baseline HRF was associated with steeper future cognitive decline. For example, in fully adjusted analyses (Figure 2), participants whose HRF at baseline (PNNSS) was 80% vs. 60% lost twice the number of points in the DS backward test from exams 5 to 6 [0.44 (0.27–0.60) vs. 0.23 (0.12–0.35) points]. Similarly, we found that older age was associated with greater cognitive decline – the older the participants the larger the longitudinal decrease in cognitive scores. For example, in fully adjusted analyses (Figure 2), the decrease in DS backward scores from exams 5 to 6 for participants aged 75 vs. 65 was approximately twice as high [0.51 (0.35–0.68) vs. 0.23 (0.11–0.34) points]. The results are consistent with the acceleration of cognitive decline with aging as well as with baseline degree of HRF.

In both cross-sectional and longitudinal analyses, HRF added predictive value to the CAIDE–APOE-ε4 dementia risk index (Kivipelto et al., 2006; Exalto et al., 2014; Rundek et al., 2020). This index was developed to identify individuals at increased risk for dementia. It was validated in a multiethnic population in the United States (Exalto et al., 2014). The risk index is based on age, sex, BMI, systolic BP, total cholesterol, physical activity, educational level and APOE-ε4 status. Notably, the strength of the associations between cognitive scores and HRF indices were minimally attenuated by the inclusion in the models of this widely used risk index for dementia. This finding highlights the independence (“orthogonality”) of the two quantities, HRF from CAIDE-APOE-ε4.

We found that HRF was significantly associated with cognitive performance (higher HRF, worse cognitive performance) independent of a combination of widely acknowledged risk factors of cognitive impairment including demographic (age, sex), socioeconomic (level of education, gross family income), genomic (APOE-ε4 allele), behavioral (smoking, alcohol consumption, degree of physical activity), mental health (depression) variables, and CV risk factors (hypertension, hyperlipidemia, diabetes and CAC). Moreover, HRF added predictive value to models that in addition to the variables mentioned above also included serum concentration of NT-proBNP. This analyte has been reported to be associated with incident dementia in MESA (Ostovaneh et al., 2020) and other studies (Nagata et al., 2019), with MRI measures of cognitive function and structure (Zonneveld et al., 2017; Ferguson et al., 2018), as well as, with overall or some domains of cognitive impairment (Kerola et al., 2010; Ferguson et al., 2018; Gallo et al., 2020).

Our findings are consistent with proposed links between cardiac neuroautonomic regulation and cognitive function (Collins et al., 2012). Although epidemiologic studies such as the present one cannot resolve the complex and likely multifactorial underpinnings of this relationship, the findings are supportive of a number of mechanistic considerations. First, there is evidence that central nervous system dysfunction is closely linked to both clinical atherosclerotic disease and multiple CV risk factors (Newman et al., 2005; Gorelick et al., 2011). Our previous studies (Costa et al., 2018, 2021) in MESA also supported this link. We found that high HRF was predictive of major adverse CVEs and AF, which are themselves associated with advanced cognitive impairment and dementia (Deckers et al., 2017). We adjusted the analyses for common CV risk factors in addition to other potential confounders such as CAC (a marker of sustained, end-stage inflammation and severe vascular disease). Of note, to the extent that CV disease processes are only partially captured by the variables above, the possibility remains that preclinical or clinical CV disease markers still partially mediate the associations between HRF and cognitive performance.

A second and related possibility is that cardiac neuroautonomic impairment affects cognitive performance via its contribution to arterial BP dysregulation, encompassing but not limited to degraded baroreflex sensitivity (Meel-van den Abeelen et al., 2013). The resulting hemodynamic instability may manifest as increased BP fluctuations leading to suboptimal cerebral perfusion (Collins et al., 2012; Wolters et al., 2016; Schaich et al., 2020). Dysregulation of BP has been linked to cerebrovascular disease and related brain pathology (e.g., white matter lesions and lacunar infarctions) (Gómez-Angelats et al., 2004), factors that may further degrade cardiac neuroautonomic control. The result of these interconnected processes may be a vicious cycle whereby impaired cerebral autoregulation begets further cognitive impairments.

A third putative link between cardiac autonomic dysfunction and cognitive impairment is via pathologic alterations in neuro-immunomodulation. The role of the vagus in regulating systemic inflammatory response and tissue damage at multiple anatomic sites has emerged as a major area of investigation (Sartori et al., 2012; Pavlov and Tracey, 2017). The salutary and likely complex effects of vagal activation in suppressing excessive cytokine activation and other mediators of inflammation have been ascribed to a “cholinergic anti-inflammatory” network (Pavlov and Tracey, 2005, 2017; Bonaz et al., 2016). Conversely, abnormally decreased vagal activity, of which increased HRF is a marker, may mediate proinflammatory diatheses affecting the central nervous system. In the most severe cases, these inflammatory processes may contribute to the pathogenesis of Alzheimer’s disease and related dementias (Jessen et al., 2010).

Of further note, evidence that parasympathetic disruption may be initiated and perpetuated by peripheral and central neurodegenerative changes seen with aging, CV disease, as well as subclinical Alzheimer’s disease, suggests that HRF may have additional value as a predictor of incident dementias.

For comparison of performance and translational value, we included traditional HRV metrics in our study. Traditional indices of HR variability and measures of HRF assess different mathematical properties of HR dynamics. The former measures the amplitude of beat-to-beat fluctuations in HR. The latter quantifies the frequency of reversals in acceleration, i.e., of the changes from HR acceleration (when the difference between consecutive NN intervals contracts) to deceleration (expands) and vice-versa. In this study, we found that the amplitude of HR fluctuations, as quantified by traditional HRV metrics, was not consistently associated with cognitive performance. Other large epidemiologic studies have also investigated the associations between HRV indices, as putative measures of neuroautonomic function, and cognitive test scores. The results are difficult to reconcile. Some report positive associations (Britton et al., 2008; Frewen et al., 2013; Mahinrad et al., 2016; Schaich et al., 2020) between selected HRV metrics and specific cognitive test scores; others, like ours, find no consistent associations (Kim et al., 2006; Collins et al., 2012).

These discrepancies are likely due to the limitations of traditional HRV metrics themselves (Costa et al., 2017a; Hayano and Yuda, 2019; Hayano et al., 2020), namely the fact that fragmentation of HR dynamics instead of physiologic vagal tone modulation may inflate the value of HRV metrics. This concern is especially pertinent in populations of middle age to older individuals, such as the MESA cohort. Additionally, differences in study populations, cognitive tests and methods of assessing HRV, which can be based on different metrics and may be derived from short (typically 10 s) or long (typically multiple hours) ECG recordings, may also contribute to the differences in findings.

As discussed in detail in references (Costa et al., 2017a, 2018, 2021; Costa and Goldberger, 2019) the two major sources of short-term cardiac interbeat interval variability, namely parasympathetic activity (vagal tone modulation) and HRF, are not distinguishable using traditional HRV measures. This limitation undermines the reliability and translational value of these metrics (Hayano and Yuda, 2019). The graphs of the cross-sectional relationships of rMSSD and SDNN with participants’ age (Figure 1) illustrate this major limitation. Vagal tone modulation is known to decrease with aging. If the amplitude of HR fluctuation quantified by rMSSD and SDNN were reliable measures of vagal tone modulation, they should also decrease with cross-sectional age. Instead, we found non-monotonic (U-shaped) relationships of rMSSD and SDNN with age (Figure 1). Similar results were obtained for HF power (not shown). The U-shaped relationships between HRV metrics and age have been noted by others (Almeida-Santos et al., 2016; Hayano et al., 2020). In contrast, the HFR metrics, PIP and PNNSS, increased monotonically (and linearly) with cross-sectional age (Figure 1). (The PNNLS index [whose values decrease as fragmentation increases] monotonically decreased with cross-sectional age [not shown].) Consistent with a previous MESA study (Schaich et al., 2020), we found that slower HR, a global marker of relative parasympathetic predominance, was associated with higher cognitive performance.

In an era of ECG wearables technology, a dynamical risk marker such as HRF may be especially attractive given the fact that it is computationally inexpensive and it can be continuously updated. In this context, HRF may also have important applications in monitoring and prediction of the safety and efficacy of therapeutic interventions: those that increase HRF will potentially be of concern. The results presented here in conjunction with those reported elsewhere (showing that increased HRF was a precursor of incident major adverse CV (Costa et al., 2018) and AF (Costa et al., 2021) events), suggest that HRF may help define populations that would benefit from early initiation of therapeutic interventions aimed at delaying/reversing cognitive decline and/or preventing adverse CVEs, themselves associated with worse cognition.



LIMITATIONS OF THE STUDY

In MESA, assessment of cognitive function is limited to three standard tests, CASI, DSC and DS, which only probe selected cognitive domains. Another limitation is the fact that despite adjusting our analyses for demographic, socioeconomic and behavioral variables, in addition to socioeconomic status, traditional CV risk factors and APOE-ε4 allele carriage, the possibility of residual confounding could not be excluded. However, we did try to minimize such possibility by further adjusting the models for CAC, NT-proBNP, sleep structure and hypoxemia variables, which have themselves been associated with incident CV and AF events and/or cognitive decline. We note that the participants who underwent cognitive testing at exam 6 (only 53% of those in our MESA-Sleep study cohort) were on average three years younger and overall healthier than those who did not. Furthermore, at exam 5, participants who would be re-tested at exam 6 performed significantly better in all cognitive tests. Despite this selection bias and the lower statistical power for the longitudinal analyses compared to the cross-sectional ones, our results were still significant. Our findings will need to be validated in other populations.



CONCLUSION

In MESA, higher degree of HRF, a marker of cardiac neuroautonomic impairment, was cross-sectionally and prospectively associated with worse cognitive performance. Furthermore, cognitive decline; accelerated with age as well as baseline degree of HRF (the higher HRF at baseline, the greater the loss of cognitive performance during follow-up). The potential translational utility of these findings is enhanced by the observation that HRF added predictive value to well-known risk factors of cognitive decline, such as age and subclinical CV risk markers.



DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following licenses/restrictions: MESA data can be accessed after submitting a manuscript proposal to MESA Publications & Presentations Committee and obtaining its approval to conduct the research work. Requests to access these datasets should be directed to Karen Hansen, hansenk3@u.washington.edu.



ETHICS STATEMENT

Institutional review boards approved the conduct of the study. Written informed consent was obtained from all participants.



AUTHOR CONTRIBUTIONS

MC, SH, and AG: conception and research design. SR (PSG), SH, and TH (cognitive scores): data acquisition. MC: data analysis and preparation of tables and figures. MC and AG: manuscript drafting. All authors: interpretation of results and manuscript editing.



FUNDING

The MESA study was supported by contracts HHSN26820150 0003I, N01-HC-95159, N01-HC-95160, N01-HC-95161, N01-HC-95162, N01-HC-95163, N01-HC-95164, N01-HC-95165, N01-HC-95166, N01-HC-95167, N01-HC-95168, N01-HC-95169, 75N92020D00001, 75N92020D00002, 75N92020D00003, 75N92020D00005, 75N92020D00006, and 75N92020D00007, from the National Heart, Lung, and Blood Institute, by grants UL1-TR-000040, UL1-TR-001079, and UL1-TR-001420 from the National Center for Advancing Translational Sciences (NCATS). The MESA Sleep ancillary study was supported through R01HL098433. The MESA Atrial Fibrillation ancillary study was supported through R01HL127659. Coronary calcification data were obtained in part under STAR research assistance agreements, No. RD831697 (MESA Air) and RD83830001 (MESA Air Next Stage), awarded by the U.S Environmental Protection Agency. The authors gratefully acknowledge support from NIH grants R35HL135818 (SR). R01HL144510 (SH, MC, and AG), R01EB030362 and R01EB030362–14S1 (AG and MC).



ACKNOWLEDGMENTS

The authors thank the other investigators, the staff, and the participants of the MESA study for their valuable contributions. A full list of participating MESA investigators and institutions can be found at http://www.mesa-nhlbi.org.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.708130/full#supplementary-material

Supplementary Table 1 | Multivariable linear regression analyses of the associations between the HRV indices (AVNN, rMSSD, SDNN and HF power) and the cognitive scores (CASI, DSC and DS) measured at exam 5.

Supplementary Table 2 | Multivariable linear regression analyses of the associations between the HRV indices (AVNN, rMSSD, SDNN and HF power) and the cognitive scores (CASI, DSC and DS) measured at exam 6.
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ABBREVIATIONS

AF, atrial fibrillation; AVNN, average of all NN intervals; BMI, body mass index; BP, blood pressure; CAC, coronary artery calcification; CAIDE, Cardiovascular Risk Factors, Aging, and Incidence of Dementia; CASI, Cognitive Abilities Screening Instrument; CHARGE, Cohorts for Heart and Aging Research in Genomic Epidemiology; CV, cardiovascular; CVE, cardiovascular event; DS, digit span; DSC, digit symbol coding; ECG, electrocardiogram/electrocardiographic; HF, high-frequency power, the total spectral power of all NN intervals between 0.15 and 0.40 Hz; HR, heart rate; HRF, heart rate fragmentation metric, the percentage of Δ NN that belong to long (≥ 3 Δ NN) accelerative and decelerative segments; HRV, heart rate variability; MESA, Multi-Ethnic Study of Atherosclerosis; N, normal sinus beat; NN, normal-to-normal sinus interbeat interval; NT-proBNP, N-terminal prohormone B-type natriuretic peptide; ODI, oxygen desaturation index; PIP, percentage of inflection points; PNNLS, percentage of Δ NN (≥ 3) intervals in long accelerative/decelerative segments; PNNSS, percentage of Δ NN intervals in short (< 3) accelerative/decelerative segments; PSG, polysomnographic study; REM, rapid eye movement; rMSSD, the root mean square of successive NN interval differences; SD, standard deviation; SDNN, mean of the SDs of NN intervals in all 5-min segments; SpO2, pulse oximeter oxygen saturation; SWS, slow wave sleep; WAIS-III, Wechsler Adult Intelligence Scale III.



FOOTNOTES

1 CHARGE-AF, Cohorts for Heart and Aging Research in Genomic Epidemiology-Atrial Fibrillation.
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Alzheimer’s disease (AD), the predominant cause of late-life dementia, has a multifactorial etiology. Since there are few therapeutic options for symptomatic AD, research is increasingly focused on the identification of pre-symptomatic biomarkers. Recently, evaluation of neuron-derived exosomal markers has emerged as a promising novel approach for determining neuronal dysfunction. We aimed to identify novel neuron-derived exosomal markers that signify a transition from normal aging to Mild Cognitive Impairment (MCI) and then to clinically established AD, a sequence we refer to as AD progression. By using a Tandem Mass Tag-based quantitative proteomic approach, we identified a total of 360 neuron-derived exosomal proteins. Subsequent fuzzy c-means clustering revealed two clusters of proteins displaying trends of gradually increasing/decreasing expression over the period of AD progression (normal to MCI to AD), both of which were mainly involved in immune response-associated pathways, proteins within these clusters were defined as bridge proteins. Several differentially expressed proteins (DEPs) were identified in the progression of AD. The intersections of bridge proteins and DEPs were defined as key proteins, including C7 (Complement component 7), FERMT3 (Fermitin Family Member 3), CAP1 (Adenylyl cyclase-associated protein 1), ENO1 (Enolase 1), and ZYX (Zyxin), among which the expression patterns of C7 and ZYX were almost consistent with the proteomic results. Collectively, we propose that C7 and ZYX might be two novel neuron-derived exosomal protein markers, expression of which might be used to evaluate cognitive decline before a clinical diagnosis of AD is warranted.

Keywords: Alzheimer’s disease, mild cognitive impairment, proteomics, neuron-derived exosomal markers, bioinfomatics analysis


INTRODUCTION

Dementia manifests via progressive cognitive impairment leading to patient dependency or even death (Duong et al., 2017). According to an analysis of dementia prevalence in 2015, there were some 47 million dementia patients around the world, and this number was predicted to reach 131 million by the mid-21st century (Arvanitakis et al., 2019). Alzheimer’s disease (AD), a major component of age-related dementia, results from progressive neurodegeneration (Lane et al., 2018) characterized by β-amyloid (Aβ) plaques and intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein (Lane et al., 2018).

AD is thought to result from the interplay of genetic susceptibility and unknown environmental factors (Bird et al., 1989; Devi and Scheltens, 2018; Dunn et al., 2019). The insidious and progressive nature of AD makes it difficult to diagnose (Swallow, 2017), and confirmation of AD is based on post-mortem evaluation of cerebral tissues (Weller and Budson, 2018). The lack of effective therapeutic options for AD has shifted research focus toward preclinical AD prediction (Imtiaz et al., 2014; Swallow, 2017). Although evaluation of biomarkers in cerebrospinal fluid was shown to be reliable for predicting AD (Paterson et al., 2018), it requires lumbar puncture and thus is highly invasive (Khan and Alkon, 2015). Therefore, it is imperative to find an alternative diagnostic approach that not only causes less harm to patients but also provides early warning signals of impending AD. Mild cognitive impairment (MCI) is considered an intermediate stage between normal aging and AD (Geda, 2012) that confers a 10–15% annual risk of converting to probable AD (Risacher et al., 2009).

Peripheral biomarker (blood) testing offers advantages over traditional AD screening procedures in terms of cost and invasiveness (Sabbagh and Blennow, 2019). Previous studies have placed emphasis on evaluating known AD biomarkers, such as Aβ or tau isoforms in various peripheral body fluids, such as saliva (Sabbagh et al., 2018) or serum (Li and Mielke, 2019). A longitudinal blood transcriptomic study identified a consistent downregulation of TOMM40 (translocase of outer mitochondrial membrane 40 homolog) in AD patients and upregulation of several leukocyte-specific genes among those with rapidly vs. slowly advancing disease, including KIR2DL5A (killer cell immunoglobulin-like receptor, two domains, long cytoplasmic tail, 5A), SLC2A8 (solute carrier family 2, facilitated glucose transporter, member 2), and PLOD1 (procollagen-lysine 2 o-oxoglutarate 5-dioxygenase 1; Chong et al., 2013).

Since mRNA alterations have an unknown impact at the protein level, we designed a proteomic study that sought novel exosome-associated proteins that might serve as peripheral blood biomarkers for MCI/AD progression. Exosomes are a group of endocytosis-related membrane vesicles that act as intercellular messengers by carrying various cargo biomolecules from donor cells to recipient cells (Sancho-Albero et al., 2020). Due to their pivotal regulatory roles, these nanometer-sized particles are ubiquitously distributed throughout the body and can be detected in a variety of easily accessible biospecimens, including blood, urine, or saliva (Yang et al., 2020). Moreover, given their stability, exosomal biomarkers match or outperform their counterparts in conventional specimens, such as serum or urine, in terms of specificity and sensitivity (Lin et al., 2015). Since exosomes can be released by neurons (Sharma et al., 2019), the diagnostic potential of neuron-derived exosomal biomarkers has drawn interest. Notably, exosomes have been proposed to promote the propagation of AD-associated substances across the brain (Bellingham et al., 2012). Several candidates for AD diagnosis were recently unearthed, such as synapse proteins (including synaptophysin, synaptopodin, and synaptotagmins), down-regulation of which might signal neuronal dysfunction (Goetzl et al., 2016), as well as NPTX2 (neuronal pentraxin 2), which maintains neuronal homeostasis (Goetzl et al., 2018; Watson et al., 2019).

Endeavor has been made to identify blood-derived prognostic markers that change as the AD progresses in its early stage. In a previous study, Chong et al. found a lack of TOMM40 (translocase of outer mitochondrial membrane 40 homolog) at the transcriptomic level in fast- or slow-AD progressors (AD patients with changes in Clinical Dementia Rating-Sum of Boxes score of ≥2 points or <2 points), along with several leukocytes-specific genes, including KIR2DL5A (killer cell immunoglobulin-like receptor, two domains, long cytoplasmic tail, 5A), SLC2A8 (solute carrier family 2, facilitated glucose transporter, member 2), and PLOD1 (procollagen-lysine 2 o-oxoglutarate 5-dioxygenase 1) that were specifically elevated in fast-AD progressors (Chong et al., 2013). However, such alterations at the mRNA level are not representative of the biological impact at the protein level; in addition, the mere focus on biomarkers of early-stage AD does not reflect the progressive nature of AD. Therefore, the present study employs quantitative proteomic and bioinformatic tools to compare and contrast neuron-derived exosomes in peripheral blood collected from Chinese patients undergoing normal aging and from individuals with diagnoses of MCI and AD.



MATERIALS AND METHODS


Reagents

The ExoQuick ULTRA exosome isolation kit was purchased from SBI System Bioscience (Palo Alto, CA, USA). Anti-L1CAM biotinylated antibody was purchased from R&D Systems (Minneapolis, MN, USA). The human CD81 (Cluster of Differentiation 81) antigen ELISA kit was purchased from CUSABIO (Wuhan, China). ELISA kits for C7 (Complement component 7), FERMT3 (Fermitin Family Member 3), CAP1 (Adenylyl cyclase-associated protein 1), ENO1 (Enolase 1), and ZYX (Zyxin) were purchased from CLOUD-CLONE (Wuhan, China). Albumin/IgG removal kits were purchased from Merk (Shanghai, China). TMT 6-plex labeling kit, MicroBCA protein quantification kit, Streptavidin Plus UltraLink™ Resin, M-PER Mammalian Protein Extraction Reagent, 1M TEAB, and 50% Hydroxylamine were purchased from Thermo Scientific (Rockford, IL, USA). Sequence grade trypsin was purchased from Promega (Madison, WI, USA). Dithiothreitol and indole-3-acetic acid were purchased from GE Healthcare (Shanghai, China).



Subject Selection and Serum Collection

The overall study design is shown in Supplementary Figure 1. The study was reviewed and approved by the Ethics Committee of Shenzhen Center for Disease Control and Prevention, and all participating subjects provided written informed consent. Subjects were selected from the elderly (60+ years) population in a hospital in Shenzhen. Cognitive status was measured by Mini-cog and MMSE (Mini-Mental State Exam) assessment.

Subjects with Mini-cog score less than 5 and MMSE score ≤21 (for subjects with an education level of primary school or below) or MMSE score ≤24 (for subjects with an education level of secondary school and above) were considered to have MCI (Katzman et al., 1988). Patients were diagnosed with AD by experienced neurologists in accordance with criteria adopted by the U.S. National Institute of Neurological and Communicative Disorders and Stroke Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA). A total of five subjects with AD, five with MCI, and five normal age-matched controls participated in this study. Venous blood samples (5 ml) were collected from each subject, and the serum was separated by centrifugation (3,000 rpm for 10 min at 4°C).



Isolation of Neuron-Derived Exosomes

Total exosomes were separated from 250 μl serum samples and cleaned up by ExoQuick ULTRA kit following the manufacturer’s instruction. One microgram anti-L1CAM biotinylated antibody was linked to 20 μl streptavidin resin by incubation at room temperature for 1 h. Antibody-linked resins were washed in Hank’s balanced salt solution (HBSS), incubated overnight at 4°C with 350 μl cleaned serum exosome solution (pH 8.0), and washed again with HBSS buffer. Finally, the neuron-derived exosomes were eluted with Tris-HCl (pH 3.0).



Identification of Neuron-Derived Exosomes

Exosome suspension (20 μl) was dropped onto a 400-mesh copper grid and air-dried for 30 min, following which the samples were stained with 20 μl 1% uranium acetate solution for 1 min. The remaining liquid was removed from the copper grid, which was then loaded into a JEM F200 (JEOL, Tokyo, Japan) transmission electron microscope. Ultrastructural images were captured with a resolution of ~100 nm. NTA (Nanoparticle Tracking Analysis) measurements were performed by injecting the samples into a NanoSight LM20 (NanoSight, Amesbury, UK) equipped with a 640-nm laser, and a Viton fluoroelastomer O-ring. Particle size was evaluated with NTA 2.3 software.



Proteomic Analysis

Neuron-derived exosomal proteins were extracted with Mammalian Protein Extraction Reagent (M-PER). Total protein levels were quantified using a bicinchoninic quantification assay kit; the protein suspension was subsequently filtered by 3 kDa filtration devices (Millipore, CA, USA). Protein reduction and alkylation employed 400 μl DTT solution (100 mM TEAB with 10 mM DTT) and incubation with 400 μl IAA solution (100 mM TEAB with 20 mM IAA), respectively. Next, the proteins were digested with trypsin at 37°C for 15 h; the digestion products were labeled with TMT (6-plex) labeling reagent and samples from different groups were pooled. Peptides were separated by a Dionex™ nano liquid chromatography system (3 μm, 100 Å, 75 μm i.d. ×15 cm, Acclaim PepMap100, C18) and analyzed by high-resolution Orbitrap mass spectrometry (Q-Exactive System, Thermo Scientific, MA, USA). Data were processed and searched against the Uniprot human protein database (a total of 71,434 entries) with Proteome Discoverer 2.1. All groups of reporter ion intensities were log2 transformed to form an expression matrix for bioinformatics analyses. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (Deutsch et al., 2020) via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD027561.



Soft Clustering of AD Progression-Related Proteins

To investigate overall protein expression patterns, a soft clustering method called fuzzy c-means clustering (Kumar and Futschik, 2007) was performed using the R package Mfuzz (version 2.48.0). Briefly, the mean protein expression value per stage (normal/MCI/AD) was first computed and fed to the fuzzy c-means algorithm; this resulted in six neuron-derived exosomal protein clusters, each with distinct expression pattern. Protein clusters that showed AD-progression-dependent increase/decrease (defined as bridge clusters) were visualized by heatmap using R package ComplexHeatmap (version 2.4.3) and chosen for further analyses. Proteins in bridge clusters were defined as bridge proteins.



Function Enrichment Analysis

To illuminate the biological impacts caused by altered protein expression across various stages of AD development, the exosomal proteins in 6 clusters were subjected to function enrichment analysis. By searching against the GO/KEGG database (2021, February 11th) using the R package clusterprofiler (version 3.16.1), the joint effect of proteins in different clusters was interpreted. The top five enriched GO terms (under Biological process, BP; Molecular function, MF or Cellular component, CC branches) and KEGG pathways with the smallest q-value (p-value adjusted by Benjamini–Hochberg procedure) were extracted and displayed in bubble plots using R package ggplot2 (version 3.3.3). The size of the intersection between/among different clusters was displayed in an upset plot using R package ComplexHeatmap, where GO terms/KEGG pathways co-regulated by ≥3 clusters (defined as core pathways) were intuitively visualized. Next, the co-regulatory relationship between core pathways and 6 clusters was visualized in a Sankey diagram using the R package ggalluvial (version 0.12.3). Finally, a chord diagram showing the co-regulated pathways shared by bridge clusters was generated using R package circlize (version 0.4.12).



Differential Expression Analysis

Differential expression analysis was performed using a t-test approach; the DEPs were shown in volcano plots using R package ggplot2. The log2-fold-change of a protein between two groups of samples was calculated based on the arithmetic mean of log2-transformed protein expression, which was expressed using the formula:
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where G1i and G2j represent the expression of the protein in the ith sample of group 1 and the jth sample of group 2, respectively. m and n correspond to the total number of samples within group 1 and group 2, respectively. This is equivalent to the log2-transformed ratio of geometric means of the protein expression (original scale) between two groups:
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Proteins that satisfied p-values <0.05 and log2-fold-change greater than or equal to 0.5 were considered DEPs. The intersection between DEPs and bridge proteins was defined as key proteins and used in experimental validation by ELISA.



ELISA Assay

After extraction of neuron-derived exosomal protein, the CD81 levels in peripheral blood samples were assayed using the Human CD81 antigen ELISA kit. The best-fit curve of optical density vs. concentration was drawn using Curve Expert software (version 1.3), enabling the calculation of the peripheral blood CD81 concentration. After the bioinformatics analyses, the expression levels of key proteins (C7, FERMT3, CAP1, ENO1, and ZYX) were validated in an independent set of samples using corresponding ELISA kits. The relative protein expression of key proteins (normalized to the levels of CD81) was shown in box plots using the R package ggpubr (version 0.4.0), and the p-value and statistical significance were displayed by the R package rstatix (version 0.6.0).



Protein-Protein Interaction (PPI) Network Analysis

The PPI network of bridge proteins was established by STRING online database (string-db.org, version 11.0) and analyzed locally with a Cytoscape (version 3.8.1) plug-in called “NetworkAnalyzer” (version 4.4.6). Two topological parameters, namely, the degree of centrality (how many edges are linked to the node) and the betweenness centrality (how frequent the node serves as a bridge in the shortest path between two other nodes) were used to visualize the PPI network.




RESULTS


Neuron-Derived Exosomes Were Successfully Isolated From the Peripheral Blood

Transmission electron microscopy revealed ~100 nm exosome particles with double membranes (Figure 1). Nanoparticle tracking analysis suggested that the average size and mean intensity of the particle were 56.19 nm and 66.3%, respectively (Supplementary Figure 2A). The standard curve of CD81 concentration vs. optical density (Supplementary Figure 2B) was later used to calculate the concentration of CD81. As shown in Table 1, a certain concentration of CD81 was detected in peripheral blood samples, indicating the successful isolation of exosomes.


[image: image]

FIGURE 1. Identification of neuron-derived exosomes. Image showing the double-layer membrane structure of exosomes, with a scale bar of 50 nm.



TABLE 1. Evaluation of exosome specific marker CD81 in the peripheral blood sample.
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Two Protein Expression Patterns Are Associated With AD Progression

We identified 360 neuron-derived exosomal proteins by tandem mass tag (TMT) quantitative proteomics. The longitudinal evolution of the mean expression of exosomal proteins along the three steps of cognitive decline was assessed by fuzzy c-means algorithm. As shown in Figure 2, the expression patterns of several protein clusters were represented by colored trendlines, and Cluster 4 and Cluster 5 displayed a trend of gradually increasing/decreasing protein expression over the period of AD progression (these clusters were defined as bridge clusters). The proteins in these clusters were named bridge proteins and subjected to subsequent investigations. A list of identified proteins was provided in Supplementary Table 1. The phenotypic information of the subjects used for proteomic analysis is provided in Supplementary Table 2. All results of fuzzy c-means clustering are provided in Supplementary Table 3.


[image: image]

FIGURE 2. Soft clustering of exosomal protein expression patterns. The membership values of each cluster protein are color-encoded in the plots. Yellow- or green-colored trend lines correspond to bridge proteins with relatively low membership value, whereas their red-colored counterparts represent bridge proteins with higher value of membership. Three characters “N,” “M,” and “A” on the horizontal axis represent normal, mild cognitive impairment (MCI) and Alzheimer’s disease (AD). The six soft clusters exhibit distinct expression patterns of neuron-derived exosomal proteins across the different stages of AD progression, among which Cluster 4/Cluster 5 display a consistently increasing/decreasing trend.





Function Enrichment Analyses Revealed Several Core Pathways

To gain insight into their biological functions, proteins in all six clusters were used as queries to search GO/KEGG databases. The top enriched pathways/GO terms in each cluster are shown in bubble plots (Figure 3) and further integrated into an upset plot (Figure 4A), wherein the right histograms marked in red correspond to pathways/GO terms co-regulated by ≥3 clusters (core pathways). As shown in Figure 4B, the co-regulatory relationship between core pathways and the 6 clusters were visualized in a Sankey diagram, the most representative core pathways (co-regulated by ≥5 clusters, defined as pivotal pathways) and the corresponding ontologies were “blood microparticle” (GO-CC), “antigen binding” (GO-MF), “complement activation” (GO-BP), and “humoral immune response” (GO-BP).
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FIGURE 3. Bubble plots showing the involvement of six protein clusters in different biological processes. The top five enriched KEGG pathways/GO terms for each cluster displayed in bubble plots. The dot size represents the number of proteins involved in each KEGG pathway/GO term, and the color gradient corresponds to the q-value-based statistical significance.
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FIGURE 4. Discovery of core pathways for cognitive decline. The top histogram of the upset plot (A) shows the set size of each cluster (five top enriched KEGG pathways plus 5*3 top enriched GO terms under BP, CC, or MF branches, a total of 20 pathways/GO terms). The right histogram represents the size of intersection between two, or among more than two clusters. Specifically, right histograms correspond to the pathways/GO terms co-regulated by the majority (≥3) of clusters were marked in red. Details within these histograms are further depicted in a Sankey diagram (B). Each flow is colored to represent a specific KEGG pathway/GO term. The information flow starts from blocks representing different clusters (source node), passes through the second column of blocks representing the biological processes, and finally converges on one of the four (BP, CC, MF, KEGG) ontologies (sink node).





Two Bridge Protein Clusters Jointly Regulate Several Biological Pathways

To investigate the interaction of Cluster 4 and Cluster 5, a chord diagram was used to visualize the involvement of bridge proteins in the top enriched GO terms/KEGG pathways (Figure 5), Cluster 4/Cluster 5 bridge proteins jointly regulate the following biological processes: “complement activation,” “humoral immune response,” “regulation of complement activation,” “antigen binding,” “immunoglobulin receptor binding,” “blood microparticle,” and “secretory granule lumen.” In addition, various pathways are exclusively regulated by Cluster 4 (such as “phagocytosis” and “receptor-mediated endocytosis”) and Cluster 5 (such as “complement activation, classical pathway,” and “humoral immune response mediated by circulating immunoglobulin”).


[image: image]

FIGURE 5. Enriched biological processes of bridge proteins. The participation of bridge proteins in the top five enriched GO terms/KEGG pathways are shown in a chord diagram. The sectors correspond to the top five enriched GO-BP/GO-CC/GO-MF terms and KEGG pathways with the lowest p-value. The spill-over from “Cluster 4” or “Cluster 5” sector to other sectors indicates the number of bridge proteins involved in different GO terms/KEGG pathways. Notably, the intersection between pathways regulated by Cluster 4/Cluster 5 bridge proteins are: “complement activation,” “humoral immune response,” “regulation of complement activation,” “antigen binding,” “immunoglobulin receptor binding,” “blood microparticle,” and “secretory granule lumen.”





K-Means Clustering Based on Expression Profiles of Bridge Proteins Distinguishes the Majority of AD Patients From Their Normal Aging Counterparts

There were 55/59 bridge proteins in Cluster 4/Cluster 5, expression of which increased/decreased as cognitive function declined (i.e., from normal to MCI to AD), as shown in the corresponding expression heatmaps (Figures 6A,B). The top dendrogram shows that the K-means clustering was performed based on the expression profile of 55 Cluster 4 bridge proteins/59 Cluster 5 bridge proteins, whereby samples were split into three clusters that distinguish the majority of AD patients from normal controls.
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FIGURE 6. Heatmap of normalized expression matrix of two clusters. The expression matrixes of bridge proteins in Cluster 4 (A) and Cluster 5 (B) visualized as a heatmap. The dendrogram at the top of the heatmap was generated by K-means clustering based on the expression profile of 55 Cluster 4 bridge proteins/59 Cluster 5 bridge proteins, whereby samples were divided into 3 clusters. The bridge proteins were sorted in descending order according to the corresponding cluster membership; therefore, the membership value decreases from top to bottom of the row annotation (as represented by a color gradient from green to yellow).





Several Differentially Expressed Proteins Were Identified by t-test

Next, we used a t-test approach to determine neuron-derived exosomal proteins with statistically significant changes between each possible combination of the groups. As shown in Figure 7, volcano plots demonstrated the results of pairwise comparison between MCI and normal, AD and normal, and AD and MCI. The DEPs between MCI and N were NCL (Nucleolin), HSP90AB1 (Heat Shock Protein 90 Alpha Family Class B Member 1), F11 (coagulation factor XI), CFP (Cyan Fluorescent Protein), PRG4 (Proteoglycan 4), C4BPB (Complement Component 4 Binding Protein Beta) and C4BPA (Complement Component 4 Binding Protein Alpha; Figure 7A); the DEPs between AD and normal were FCN3 (Ficolin 3), FERMT3, ENO1, ZYX, YWHAZ (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta), and CAP1 (Figure 7B); the DEPs between AD and MCI were C4BPA (Complement Component 4 Binding Protein Alpha), F12 (Coagulation Factor XII), APOA2 (apolipoprotein A-II), and C7 (Figure 7C). To improve the robustness of the proteomic results, intersections between bridge proteins in Cluster 4/Cluster 5 and DEPs between two groups of samples were defined as key proteins (Figure 8), including C7 (in Cluster 4, showing a consistent upward trend across the progressive steps of cognitive decline), FERMT3, CAP1, ENO1, and ZYX (in Cluster 5, showing a consistent downward trend across the progressive steps of cognitive decline). Results of t-tests were provided in Supplementary Table 4.
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FIGURE 7. Volcano plot of differential expression analysis. Each dot in the Volcano plot represents a neuron-derived exosomal protein. Difference in expression between two groups and p-values are reported as log2 fold changes and –log10 values, respectively. The cut-off limits are set at p < 0.05 and log2 fold change ≥0.5, with red/blue dots signifying the up-/down-regulated DEPs calculated by t-test of MCI vs. normal group (A); AD vs. MCI group (B) and AD vs. normal group (C), respectively. The representative proteins are labeled in the plots.
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FIGURE 8. Identification of key proteins in AD progression. The Venn diagram of Cluster 4 (yellow)/Cluster 5 (purple) bridge proteins and DEPs obtained through differential expression analysis between each pair of groups: AD vs. MCI (AVsM, blue)/AD vs. normal (AVsN, green). There is no intersection between Cluster 4/Cluster 5 and DEPs obtained through differential expression analysis of MCI vs. normal. The intersection between Cluster 4 and AVsM was C7, while the intersection between Cluster 5 and AvsN was FERMT3, CAP1, ENO1, and ZYX.





Expression Patterns of C7 and ZYX Were Validated by ELISA Analyses

The expression of key proteins was validated in an independent set of samples (containing 32 AD patients, 34 MCI sufferers, and 52 normal aging controls) using ELISA assay, among which the expression of CAP1 and ENO1 was below the detection limits. Hence, only expression of C7, FERMT3, and ZYX was used to generate box and whisker plots (Figure 9A) Statistically significant expression changes of C7 and ZYX were found between different group pairs (except for ZYX expression between MCI and AD), which was almost consistent with the proteomic analysis results. The phenotypic information of the subjects in the independent cohort is provided in Supplementary Table 5.
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FIGURE 9. ELISA validation of key proteins and construction of protein-protein interaction (PPI) network. Box and Whisker plot (A) demonstrate the median expression (middle line), minimum/maximum expression (whiskers) of key proteins (C7, FERMT3, and ZYX) validated in an independent set of samples using ELISA assay; the outliers are shown as colored dots. The statistical significance of t-tests between any two groups of samples is indicated by p-values and asterisks (*p < 0.05, **p < 0.01, ****p < 0.0001). The PPI network (B) is constructed based on Cluster 4/Cluster 5 bridge proteins (denoted by diamond/oval-shaped nodes). The node size is proportional to the degree centrality of a node, whereas the color gradient represents the betweenness centrality of a node. The width of edges corresponds to the strength of the evidence supporting the connection between two nodes; the red-highlighted edges indicate a potential C7-VTN-SRC-ZYX cascade in the progression of AD. ns, non-significant.





PPI Network of Bridge Proteins Reveals a Potential Regulatory Axis

Finally, in the PPI network obtained from the STRING database (Figure 9B), we found that C7 and ZYX might be connected by a path containing VTN (Vitronectin) and SRC (Proto-oncogene tyrosine-protein kinase Src). Although VTN and SRC were not identified as differential enrichment proteins, based on their relatively high betweenness centrality, we speculated that VTN and SRC might exert important anti-AD roles (as they belong to Cluster 5) by regulating several bridge proteins, and most importantly, they might constitute a regulatory axis together with the preceding two key proteins (C7 and ZYX).




DISCUSSION

We used a TMT-based quantitative proteomic approach to identify and compare neuron-derived blood exosomal markers in participants with AD, MCI, and age-matched healthy controls with the goal of identifying a stepwise progression from normality to AD. First, several expression behaviors of neuron-derived exosomal proteins were identified by fuzzy c-means clustering, whereas the trend lines of Cluster 1 and Cluster 3 exhibited a concaved shape, with minimum expression changes at the MCI stage, in distinct contrast to the expression patterns of bridge proteins in Cluster 2 and Cluster 6 (demonstrated by convex-shaped trend lines). The aforementioned clusters might exert a dual role in the progression of AD (vide infra, Liu et al., 2014). By comparison, more consistent trends of elevation/reduction of protein expression were observed in Cluster 4 and Cluster 5.

Despite the divergence among these clusters, we used function enrichment analyses to describe their respective roles in the pathogenesis of AD. The results were visualized using bubble plots, among which the core pathways (GO terms/KEGG pathways co-regulated by ≥3 clusters) were identified and marked red in an upset plot; the corresponding detailed information was further visualized by a Sankey diagram, the most representative core pathways (GO terms/KEGG pathways co-regulated by ≥5 clusters, defined as pivotal pathways) were “blood microparticle,” “antigen binding,” “complement activation,” and “humoral immune response.” Aside from the enrichment in the “blood microparticle” that might be attributed to the source of the samples analyzed (peripheral blood), enrichment of protein clusters in the three remaining pivotal pathways was consistent with evidence that neuroinflammation contributes to the pathogenesis of AD (Heneka et al., 2015). Antigen binding is a fundamental process for the initiation of various immune effector functions, including phagocytosis and neutralization of receptors (Heesters et al., 2016). Complement activation is a crucial innate immune process for timely recognition and clearance of exogenous pathogens and endogenous misfolded proteins (Ricklin and Lambris, 2013). In the context of AD, the complement system could compensate for the insufficient clearance of Aβ and trigger relevant adaptive immune responses (Tenner, 2020). The B cell-mediated humoral immune response, which was initiated by antigen binding to clonally distributed B-cell receptors (Liu et al., 2010), was thought to bear anti-AD potential: as early as 1993, four AD patient-derived B cell lines were found to secret antibodies that target Aβ peptide in a specific manner (Gaskin et al., 1993), an in-depth animal study demonstrated that the formation of amyloid plaques was abolished by Aβ immunization (Schenk et al., 1999), further corroborating the therapeutic potential of the humoral immune response in Alzheimer disease. Although we found several pivotal pathways that might be co-regulated by different protein clusters, our purpose was to identify proteins accountable for AD-progression; therefore, we focused on Cluster 4 and Cluster 5 that display a consistently increasing/decreasing trend, as these clusters might promote or impede the development of AD. Thus, the combined action of Clusters 4 and 5 was further investigated.

The chord diagram indicated that several enriched GO terms/KEGG pathways were co-regulated by bridge proteins in Cluster 4 and Cluster 5. Both clusters were highly implicated in immune-associated pathways including “complement activation,” “antigen binding,” “immunoglobulin receptor binding,” “immunoglobulin complex,” and “humoral immune response.” Since “antigen binding,” “complement activation,” and “humoral immune response” were previously defined as pivotal pathways, this suggests that clusters other than Clusters 4 and 5 might also participate in these pathways. However, “immunoglobulin receptor binding” and “immunoglobulin complex” might be more specifically regulated by Cluster 4/Cluster 5. Immunoglobulin is important in AD pathology, as illustrated by the significantly lower serum IgG autoantibody level relative to healthy controls (Acharya et al., 2013) although, on the other hand, an inverse correlation was proposed between cerebral Aβ burden and IgM in a mouse model of AD (Wang et al., 2017). Taken together, the findings underscore the role of the immune system (especially immunoglobulin-associated immune processes) in the evolution of AD. In our subsequent heatmap analysis, the expression profiles of bridge proteins in Cluster 4/Cluster 5 were used for K-means clustering, which distinguished most AD subjects from their normal aging counterparts. These results highlight the biological significance of the bridge proteins.

Next, we performed differential protein expression analysis, in addition to time-course analysis, to ensure the statistical rigor of this study. We defined several key proteins based on the intersections between bridge proteins and differential enrichment proteins (DEPs). The biological roles of representative identified DEPs included two major constituents of C4BP (complement component 4 binding proteins), namely, C4BPA and C4BPB, that were differentially expressed between the MCI (elevated) and the normal aging group. However, the elevated expression in MCI samples was not totally consistent with the cerebral-protective roles of C4BP, such as reducing excessive complement activation mediated by extracellular Aβ accumulation (Trouw et al., 2008). Nevertheless, we hypothesized that this phenomenon might be an innate resistance, although perhaps not sufficient in magnitude, to counteract AD progression. Second, we have ENO1, which is a crucial glycolytic enzyme (Butterfield and Lange, 2009) differentially expressed between AD (reduced) and the normal aging group. In a previous report, proteomic results suggested that ENO1 was prone to oxidation in the cerebral tissue of both 3×Tg-AD mice and AD patients (Shen et al., 2015); such modification might result in the altered metabolic processing of glucose and degradation of Aβ (Butterfield and Lange, 2009). Finally, APOA2 was differentially expressed between the AD (elevated) and MCI group, and is the second major apolipoprotein of the high-density lipoprotein cholesterol (HDL-C). This protein inhibits cholesterol efflux by regulating the activity of several enzymes associated with HDL-C remodeling (Bandarian et al., 2016). Importantly, a reduced plasma APOA2 protein level was previously found to be related to cognitive decline in normal aging subjects during a 2-year follow-up period (Song et al., 2012); this suggests that the relatively low APOA2 expression in the MCI group were predisposed to further decline in their cognitive function.

Among five key proteins, ELISA validation of C7 and ZYX was almost consistent with the proteomic results. By utilizing whole-exome sequencing (WES) technology, C7 was previously identified as a risk gene for AD in the Han Chinese population (Zhang et al., 2019): first, an exome-wide missense variant rs3792646 was identified in the C7 gene, the corresponding risk allele rs3792646-C might exert potential influence over the working memory performance, as well as the cerebral structure of the carriers (e.g., reduced volume of the right hippocampus); second, at the transcriptomic level, C7 was the only elevated component of the terminal complement complex in brain tissues of AD patients; such transcriptional change was concordant with the ELISA-validated expression pattern of C7 in this study, and we hypothesized that the neuron-derived exosomes might be responsible for the dissemination of C7 protein from the brain to the peripheral vascular system. ZYX is predominantly expressed during brain development (Fujita et al., 2009); its subcellular localization is decisive for whether it promotes (Hervy et al., 2010) or prevents (Kato et al., 2005) apoptosis. ZYX contributes to the stability of HIPK2 (homeodomain interacting protein kinase 2); HIPK2 promotes apoptosis in the DNA damage response process by forming a complex with p53 and inducing phosphorylation at serine 46, thereby triggering the expression of multiple pro-apoptotic regulators (Crone et al., 2011). In the context of AD, Lanni et al. (2013) found that two Aβ peptides could suppress the expression of ZYX, thereby inhibiting the activity of HIPK2, and indirectly modulating apoptosis by inducing the unfolded conformation of p53 that impedes the normal apoptotic process in the presence of stimulation. Such observation (Aβ induced ZYX degradation) might explain the gradually decreasing expression of neuron-derived ZYX over the period of AD progression in this study.

Although significant results were found, it should be noted that there are some limitations to this study. First, we did not perform phosphoproteomics, therefore, phosphorylation of tau (e.g., pT181 and pS396) was not identified. Second, this study was designed to explore novel AD markers, which led to the neglect of known AD markers (such as the level of Aβ). The lack of evidence on tau phosphorylation and Aβ level makes it difficult to associate the current findings with the empirical knowledge about AD, which may potentially impact the interpretation of our current results. Third, APOA2 was found to be a DEP in this study, which might signal co-isolation of lipoproteins. In addition, only one extracellular vesicles marker (membrane protein CD81) was used to determine the successful isolation of the exosomes. Finally, given the relatively small sample size for proteomic analysis (5 normal aging controls, 5 MCI sufferers, and 5 AD patients) and ELISA assay (52 normal aging controls, 34 MCI, and 32 AD patients), validation of the present findings is needed by longitudinal studies of a larger number of subjects progressing from MCI to AD.

In summary, transcriptomic expression of the C7 gene was previously identified as a risk factor for AD (Song et al., 2012), whereas ZYX was known to be degraded by Aβ peptides in the neuroblastoma cell model (Lanni et al., 2013). Hence, in the current study, for the first time, we demonstrate that C7 (at protein level) and ZYX (in human sample) might be novel neuron-derived protein markers for cognitive decline.
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Research on cognitive aging has established that word-finding ability declines progressively in late adulthood, whereas semantic mechanism in the language system is relatively stable. The aim of the present study was to investigate the associations of word-finding ability and language-related components with brain aging status, which was quantified by using the brain age paradigm. A total of 616 healthy participants aged 18–88 years from the Cambridge Centre for Ageing and Neuroscience databank were recruited. The picture-naming task was used to test the participants’ language-related word retrieval ability through word-finding and word-generation processes. The naming response time (RT) and accuracy were measured under a baseline condition and two priming conditions, namely phonological and semantic priming. To estimate brain age, we established a brain age prediction model based on white matter (WM) features and estimated the modality-specific predicted age difference (PAD). Mass partial correlation analyses were performed to test the associations of WM-PAD with the cognitive performance measures under the baseline and two priming conditions. We observed that the domain-specific language WM-PAD and domain-general WM-PAD were significantly correlated with general word-finding ability. The phonological mechanism, not the semantic mechanism, in word-finding ability was significantly correlated with the domain-specific WM-PAD. In contrast, all behavioral measures of the conditions in the picture priming task were significantly associated with chronological age. The results suggest that chronological aging and WM aging have differential effects on language-related word retrieval functions, and support that cognitive alterations in word-finding functions involve not only the domain-specific processing within the frontotemporal language network but also the domain-general processing of executive functions in the fronto-parieto-occipital (or multi-demand) network. The findings further indicate that the phonological aspect of word retrieval ability declines as cerebral WM ages, whereas the semantic aspect is relatively resilient or unrelated to WM aging.

Keywords: brain age prediction, white matter, diffusion MRI, word-finding ability, domain-specific language mechanisms


HIGHLIGHTS


-   Differential associations of white matter (WM) brain age with word-finding ability were observed.

-   Domain-specific language system in the phonological component, but not the semantic component, was correlated with WM brain age.

-   Word finding functions involve not only the domain-specific processing but also the domain-general processing of executive functions.

-   WM brain age is a potential indicator of cognitive decline in language-related word-finding ability.





INTRODUCTION

Older adults experience problems in daily word-finding tasks such as recalling precise names of people or objects (Labarge, 1986; Sunderland et al., 1986; Schmitter-Edgecombe et al., 2000). Such performance impairment manifests as slow efficiency, increased pauses during speech production, or being unable to remember phonology when intending to express a known word (Obler and Albert, 1981; Nicholas et al., 1985; Kemper et al., 1990; Cheung and Kemper, 1992; Orange and Purves, 1996). The increased word-finding difficulties constitute a major complaint among older adults.

Two potential cognitive mechanisms underlying these impairments in word retrieval and generation ability have been identified. The first posits that normal aging leads to a decreased ability in language-related ability such as the stored conceptual representations and lexical knowledge; the second posits that normal aging causes a general decline in the executive functions involved in retrieval mechanisms. Working memory and executive functions required for the word retrieval processes involve inhibitory control, lexical selection, and competition monitoring. Earlier studies on cognitive aging found that unlike other cognitive functions that are sensitive to aging, such as working memory and executive functions (Daniels et al., 2006; Dennis and Cabeza, 2008; Collette et al., 2009; Higby et al., 2019), language abilities (e.g., lexical knowledge and semantic representation) remain stable and even improve with age (Kave et al., 2009; Salthouse, 2009; Meyer and Federmeier, 2010; Verhaegen and Poncelet, 2013).

However, some researchers explained the causes of word retrieval failure from other aspects of language processes such as phonological processes (Taylor and Burke, 2002; Ouyang et al., 2020), an age-related decrease of connectivity in the language system (Burke et al., 1991) and stronger lexical competition (Lagrone and Spieler, 2006). Two potential theories have been developed to provide possible interpretations for the age-related decline in language processes. One which is called the inhibition deficit theory (IDT) suggests that the elderly show decreased control of the information processing and become more distracted in both semantic and phonological related mechanisms (Hasher et al., 1991). The other, called the transmission deficit hypothesis (TDH), states that the phonological mechanism weakens with age and results in word retrieval failure, but the semantic mechanism is preserved (Mackay and Burke, 1990).

When linking behavioral performance with neural activities, neuroimaging studies have supported the frontotemporal system as the neural substrate of language function (Van Der Lely and Pinker, 2014; Chang et al., 2015; and Lopez-Barroso and De Diego-Balaguer, 2017; Campbell and Tyler, 2018). Other studies have extended the domain-specific language network (LN) to a domain-general system or multi-demand network including the frontoparietal connections (Duncan, 1995; Unsworth et al., 2014; Cole et al., 2015; Duncan et al., 2017) and observed an association between the age-related decline of the domain-general system or multi-demand network and that of executive functions such as inhibition, attention, and working memory (Duncan et al., 2017; Chen P.-Y. et al., 2020).

Multiple neuroimaging studies have demonstrated that cognitive decline is related to the deterioration of brain structure and function (Archer et al., 2018; Fletcher et al., 2018). Previous studies examined the biological relationships of language and memory abilities with white matter (WM) tracts across adulthoods using diffusion magnetic resonance imaging (MRI) techniques (Ziegler et al., 2010; Stamatakis et al., 2011; Sexton et al., 2014; Feng et al., 2016; Houston et al., 2019). For example, the fronto-temporal link of the inferior fronto-occipital fasciculus (IFOF) might be involved in the figure-recall ability (Voineskos et al., 2012). The IFOF might also play a role in language function according to the investigation of intraoperative electrostimulation to this pathway (Duffau et al., 2005). It has been reported that the posterior projections of the corpus callosum might contribute to the domains in memory and executive function (Voineskos et al., 2012). These findings of varying relationships of different WM tracts with language and memory functions support that the integrity of structural connectivity may contribute to the performance of language and memory functions.

To our knowledge, the performance of word retrieval ability might alter along the dimension of chronological age, but it is unclear whether such ability is related to the biological age of brain structures. The growing body of neuroimaging studies has developed brain age prediction models that involve machine learning techniques to evaluate and quantify an individual’s status of brain aging (Cole and Franke, 2017; Franke and Gaser, 2019). The assumption underlying this approach is that the biological aging process of the brain in a cognitively normal population is chronological, so brain age prediction models are created by estimating the regression pattern between neuroimaging features and chronological age in a normative population. The established models are then applied to the cohort of interest to predict individuals’ brain age. The inference of brain age prediction models can be used to quantify the status of brain aging by calculating the discrepancy between the chronological and biological age of the brain (Smith et al., 2019). The difference between predicted age and chronological age is defined as the predicted age difference (PAD) of the brain, which represents the degree of deviation from the chronological patterns of brain aging in a normative population. The PAD can be regarded as a non-chronological age variable and has been employed to predict the integrity of brain structures, the increased risks of dementia, and the degree of domain-specific cognitive decline (Gaser et al., 2013; Boyle et al., 2020; Cole, 2020). Also, the PAD of WM (WM-PAD) could be used to detect aberrant brain aging in neurodegenerative diseases and psychiatric disorders (Chen et al., 2019, 2020c), and reflect the biological associations with several cognitive functions (Chen et al., 2020a). Employing the brain age paradigm, we aimed to test the hypothesis of word retrieval ability was associated with the biological age of WM.

In the current study, we investigated whether the retrieval ability is a domain-specific language process or requires domain-general mechanisms incorporation, further we examined the association of semantic and phonological components in the language system involved in word-finding ability with the brain aging of WM. We employed the picture-naming task to evaluate word retrieval ability and the semantic and phonological mechanisms involved in a population-based lifespan adult cohort, and the brain age paradigm was used to assess the degree of WM aging. Figure 1 illustrates the experimental design of the present study. Compared to the relationship between cognitive decline and chronological age reported in previous studies (Stevens et al., 2008; Ward et al., 2013; Baciu et al., 2016), we hypothesized that the WM-PAD can differentiate whether the retrieval ability is a domain-specific language process or requires domain-general mechanisms incorporation and further manifest different associations patterns with semantic and phonological mechanisms of language system involved in word-finding ability. Our findings could advance the understanding of the biological aging effect of WM in the word-finding ability.


[image: image]

FIGURE 1. Flowchart of experiment design. The brain scans (structural and diffusion MRI data) and behavioral data (scores of the picture-naming task in baseline and priming conditions) were acquired from the participants in the Cam-CAN Repository. (A) The diffusion MRI data went through the tract-based analysis. (B) The processed data were used to create and test the brain age prediction model in the training and test sets, respectively. (C) Eventually, the established brain age model was applied to the target set to predict the value of the predicted age difference (PAD). The statistical analysis was further conducted to estimate the association of behavioral scores with chronological age and predicted age difference in the target set.





MATERIALS AND METHODS


Participants

The participants were recruited from the Cambridge Center for Ageing and Neuroscience (Cam-CAN) project1. A detailed description of the recruitment process has been reported in the studies by Shafto et al. (2014) and Taylor et al. (2017). The East of England–Cambridge Central Research Ethics Committee approved the study protocol. After providing written informed consent, all participants underwent a diverse set of neuropsychological tests, cognitive tasks, and MRI scanning. Participants with a Mini-Mental State Examination score of 24 or lower, those with a poor fluency in English, those with poor vision or hearing, those with self-reported substance abuse, and those who were currently experiencing serious health problems were excluded. Participants who did not meet the safety and health-related criteria for MRI were also excluded.

A total of 616 participants aged 18–88 years were recruited. The participants were assigned to one of three groups, namely the training, test, and target groups. These three groups were used to create brain age prediction models, test model performance, and estimate brain age measures for statistical analyses of the experiments, respectively. Specifically, participants who had complete cognitive measurements were preferentially assigned to the target group. The remaining participants were split into the training and test groups through a conditional random approach to guarantee statistically identical age and sex distributions between the groups. Table 1 lists the demographic information of the participants in the three groups.

TABLE 1. Demographics and cognitive performance of the picture-naming task from healthy adults in the Cam-CAN cohort.
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Behavioral Task

The picture-naming task was used to test language-related explicit and implicit effects involving word finding and word generation. The task measured the naming response time (RT) and accuracy (ACC) under the baseline condition and two priming conditions (i.e., phonological and semantic priming). The participants were asked to name every picture as quickly and accurately as possible. The baseline condition required an individual to consciously recall language-related cognitive ability (explicit effect). It included 200 pictures of common objects presented in a pseudorandom order. The baseline experiment procedure consisted of a fixation point displayed for 500 ms, followed by the target picture displayed for 750 ms, and finally, a blank screen displayed for 1,000 ms. The priming condition probed an individual’s unconscious language-related ability (implicit effect), activated by specific cues. The priming condition consisted of one baseline picture preceded by a prime picture, which was unrelated, phonologically related, or semantically related to the baseline pictures. Each trial consisted of 500 ms fixation, followed by 750 ms of the prime picture and 1,000 ms blank screen, and proceeded by 750 ms of the target picture and 2,500 ms of a blank screen.

Phonologically related priming pairs included overlapping phonology (first two phonemes in English; e.g., glass–glove or first phonemes in English; e.g., ring–ruler). Semantically related priming pairs included semantic relationships (e.g., tiger–cat or cabinet–box). Unrelated pairs were neither semantically nor phonologically related. Table 1 provides the demographic information and cognitive performance on the picture-naming task of the healthy participants in the study. The paired t-tests of ACC and RT between primed and unrelated conditions were conducted with the estimation of the Cohen’s d for the effect size to evaluate the priming effects (Table 2). To evaluate the cognitive performance in the target group (N = 142), the correlation matrix approach adjusting chronological age and education was employed to examine the associations between the cognitive scores (i.e., ACC and RT) under each condition of tasks (Table 3). Cognitive performance on the picture-naming task was assessed for its correlation with the chronological age variable (Table 4).

TABLE 2. Results of paired t-test of ACC and RT between primed and unrelated conditions with Cohen’s d for effect size.
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TABLE 3. The correlation matrix between ACC/RT under each conditions of the tasks.
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TABLE 4. Partial correlations (r) between cognitive performances (ACC and RT) of the picture naming task with chronological age and brain age.
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Image Acquisition

All participants were scanned using a 3-Tesla MRI scanner (TIM–Trio, Siemens, Erlangen, Germany) at the Medical Research Council Cognition Brain and Sciences Unit, Cambridge, United Kingdom. High-resolution structural MR images were acquired using a three-dimensional rapid acquisition gradient-echo sequence with preparation pulses for T1-weighted contrast. The following imaging parameters were used: TR/TE = 2,250/2.99 ms, inversion time = 900 ms, flip angle = 9°, field of view(FOV) = 256 × 240 × 192 mm3, resolution = 1 mm isotropic, and acquisition time of approximately 4.5 min. Diffusion-weighted images were acquired using a spin-echo sequence with two refocusing pulses to minimize distortion induced by eddy currents. The acquisition scheme entailed 30 diffusion gradient directions for each of the two diffusion sensitivity values (b-value) of 1,000 and 2,000 s/mm2 and three images with a b-value of 0 s/mm2. The imaging parameters were as follows: TR/TE = 9100/104 ms, FOV = 192 × 192 mm2, voxel size = 2 mm isotropic, 66 axial slices, number of averages = 1, and acquisition time = approximately 10 min.



Quality Assurance of Diffusion-Weighted Images

All diffusion data sets underwent quality assurance procedures, including examinations of the signal-to-noise ratio (SNR), the degree of alignment between T1-weighted images and the GFA map, and the detection of abrupt head motion. SNR was evaluated through the calculation of the mean signal of an object divided by the SD of the background noise. In practice, the signal was determined using a central square of an image for each slice, and the noise from four corner regions was averaged. Diffusion data sets were included in the study if they had an SNR higher than the mean SNR minus 2.5 SDs of all participants. The degree of within-participant alignment between T1-weighted images and the GFA map was evaluated through the calculation of the spatial correlation between the WM tissue probability map derived from T1-weighted images and the GFA map. Data sets with correlation coefficients higher than the mean spatial correlation minus 2.5 SDs were included in the study. Instances of abrupt head motion or other visible artifacts were manually identified and removed. The correction algorithm for motion and eddy currents was used to detect and replace slices affected by signal loss due to bulk motion during acquisition (Andersson and Sotiropoulos, 2016). Of the initial 636 images, 616 (96.9%) underwent the quality assurance procedures and qualified for subsequent analyses.



Diffusion Index Estimation Using Regularized Mean Apparent Propagator Algorithm

We used regularized mean apparent propagator (ReMAP) MRI algorithm to reconstruct the diffusion propagator from the diffusion MRI signal (Ozarslan et al., 2013; Hsu and Tseng, 2018). ReMAP MRI fits the diffusion MRI signal with a linear combination of Hermite functions so that the diffusion propagator can be represented by a few coefficients, serving as an efficient dimension reduction method. The coefficients of the diffusion propagator, orientation distribution function (ODF), and diffusion tensor were determined, from which various diffusion indices could be calculated. In this study, we calculated generalized fractional anisotropy (GFA) and mean diffusivity (MD) to represent the microstructural integrity of WM tracts. The GFA value was the standard deviation (SD) of the ODF in all radial directions divided by the norm of the ODF (Tuch, 2004). The value of MD was the mean of the first, second, and third eigenvalues of the diffusion tensor. GFA changes in response to the strength of anisotropic diffusion in the microstructure. MD is the diffusion index that is the most sensitive to age, and it has been considered useful for the prediction of brain age (Cox et al., 2016; Chen et al., 2020b).



Tract-Based Analysis for Diffusion-Weighted Images

We used an in-house analytic method, tract-based automatic analysis (TBAA; Chen et al., 2015), to sample the diffusion index values along the tracts across major WM regions. Figure 2A illustrates the entire process of diffusion index computation and tract-based analysis. In brief, TBAA was used to register diffusion-weighted images of all study participants to a standard template (Hsu et al., 2015), in which tractograms of 76 major WM tracts were developed using deterministic tractography. After registration was complete, the position coordinates of 76 tracts were transformed from the template space to the native space of each participant. Diffusion index values of GFA and MD were sampled along with the coordinates of each tract and averaged to obtain the mean GFA and MD indices for each WM tract. Subsequently, 76 GFA and 76 MD values were obtained from each participant as features for brain age estimation.
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FIGURE 2. Analytic pipeline of diffusion MRI reconstruction and the corresponding brain age modeling for white matter features. (A) The pipeline depicts the pipeline of TBAA. (B) The pipeline displays the brain age modeling for WM. Abbreviation: dMRI, diffusion magnetic resonance imaging; MD, mean diffusivity; GFA, generalized fractional anisotropy; QA, quality assurance; Cas, cascade; ReMAP, regularized mean apparent propagator reconstruction.





Brain Age Prediction Based on WM Features Using Machine Learning

To estimate the brain age index of the participants, we established brain age prediction models based on the WM features from the training set. To differentiate biological underpinnings of language-related cognitive ability, we created three types of brain age models: models derived from features of the whole brain (WB), language network (LN), and non-language regions (NLR). The WB brain age model provided brain age metrics based on entire WM features (i.e., 76 GFA and 76 MD values). The LN brain age model was built based on the features defined in the language network (Van Der Lely and Pinker, 2014; Chang et al., 2015; Lopez-Barroso and De Diego-Balaguer, 2017); there were 14 tract bundles on language network by our definition, so the LN brain age metrics were estimated using 14 GFA and 14 MD values. Table 5 provides the constitution of the language network in WM. The NLR brain age model was created using the features which were not defined in the language network (i.e., 62 GFA and 62 MD values). Also, all three brain age models contained sex variables as another predictor. In practice, the brain age models were designed to have a 12-layer feedforward cascade neural network, and the related information of model design can be found in our previous study (Chen et al., 2020b). A 10-fold cross-validation procedure was performed to estimate the performance of the brain age model in the training phase. Next, an independent test set was used to evaluate the generalizability of the models. The modeling procedures were implemented using MATLAB R2019a (MathWorks Inc., Natick, MA, USA) with an NVIDIA GeForce RTX 2080Ti (NVIDIA Inc., Santa Clara, CA, USA) graphics processing unit for accelerated computing. The technical details of brain age prediction are provided in the Supplementary Material. The model performance was evaluated according to the Pearson correlation coefficient (Rho) and mean absolute error (MAE) between the predicted age and chronological age. Figure 2B displays the brain age modeling for WM.

TABLE 5. Fiber tract bundles of interest in the language network.
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Partial Correlation Analysis of Brain Age Measures With Behavioral Task Performance

Partial correlation analysis was employed to address the relationship between age measures (i.e., chronological age and brain age) and language-related cognitive abilities in the target group (N = 142). To quantify the extent of an individual’s brain aging, the PAD was calculated by subtracting chronological age from predicted age (i.e., predicted age − chronological age) to represent the biological age of the brain. In this experiment, we estimated three PAD measures, namely PAD-WM, PAD-LN, and PAD-NLR. Notably, the PAD was correlated with chronological age in the training phase, which represents a statistical bias in regression estimation (Smith et al., 2019). To minimize this bias, the partial correlation approach adjusting chronological age and education was employed to examine the associations of the PADs with the cognitive scores (i.e., ACC and RT) under each condition of tasks. In contrast, the partial correlation analysis only adjusted the education factor when estimating the correlation of cognitive scores with chronological age (Table 4). The Bonferroni correction was used to address multiple comparison problems.




RESULTS


Brain Age Prediction Model

The prediction models estimated participants’ brain age with acceptable performance in the training, test, and target groups. For the WB model, the model performance was Rho = 0.951 and MAE = 4.53 years in the training group (N = 364), Rho = 0.907 and MAE = 6.61 years in the test group (N = 110), and Rho = 0.910 and MAE = 6.11 years in the target group (N = 142). For the LN model, the model performance was Rho = 0.905 and MAE = 6.13 years in the training group, Rho = 0.802 and MAE = 8.68 years in the test group, and Rho = 0.831 and MAE = 7.74 years in the target group. For the NLR model, the model performance was Rho = 0.955 and MAE = 4.33 years in the training group, Rho = 0.904 and MAE = 6.72 years in the test group, and Rho = 0.903 and MAE = 6.57 years in the target group. Besides the WB model, we observed that the NLR model provided better prediction than the LN model. This might result from the number of features employed by the NLR brain age model. The age-related bias in the brain age estimation was minimized by adjusting chronological age in the statistical analyses.



Cognitive Performance and Its Priming Effect

Before conducting correlation analysis, additional paired t-tests were used to examine if the primed condition was faster than the unrelated condition in the target group (N = 142; Table 2). Cohen’s d was also reported as the strength of the priming effect. Under the primed condition, the RTs were 789.1 (96.2) ms and 790.0 (92.4) ms in the phonological and semantic conditions, respectively. These RTs were significantly shorter (p = 0.004 and 0.001, respectively) than those in the unrelated condition, which was 808.8 (97.8) ms. In addition, the same statistical tests were applied to the measures of accuracy. We found that the accuracy at the phonological condition [(mean: 0.907, SD: (0.078)] was significantly better (p < 0.001) than that at the unrelated condition [0.876 (0.094)]; however, the accuracy at the semantic condition [0.886 (0.083)] was comparable to (p = 0.170) that at the unrelated condition.

To evaluate the cognitive performance in the target group (N = 142), the correlation matrix approach adjusting chronological age and education was employed to examine the associations between the cognitive scores (i.e., ACC and RT) under each condition of tasks (Table 3). All p-values were lower than 0.001. Both ACC and RT showed significant positive correlations across the task conditions but baseline ACC showed stronger linear relationships with all the tasks than baseline RT. Unrelated RT showed stronger linear relationships with all the tasks than unrelated ACC. For the correlation matrix examining the associations between the priming effects, each pair across ACC and RT represented similar linear relationships.



Correlation Between Behavioral Task Performance on the Picture-Naming and Chronological Age

The performance (measured according to ACC and RT) of participants in the target group (N = 142) under the baseline and priming conditions in the picture-naming task was significantly correlated with their chronological age (Table 4). ACC showed significant negative correlations (p < 0.001) with chronological age under the baseline and priming conditions, whereas RT exhibited significant positive correlations (p < 0.001). Therefore, the chronological age variable was a strong factor influencing participants’ performance on the picture-naming task.



Partial Correlations Between the WM PAD and Behavioral Task Performance on the Picture-Naming Task

Table 4 presents the partial correlations (r) between the cognitive indices (ACC and RT) in the picture-naming tasks and PAD measures of the target group (N = 142), and Figures 3–5 provide the results. The PAD-WB was significantly correlated with ACC under the baseline condition (r = −0.236, p = 0.005) but not with RT (r = 0.019, p = 0.827). Under the phonological-related priming condition, the PAD-WB was marginally associated with ACC (r = −0.200, p = 0.018; the Bonferroni-corrected threshold α = 0.0125) but not with RT (r = 0.009, p = 0.915). Similarly, the PAD-LN was significantly correlated with ACC under the baseline condition (r = −0.285, p = 0.001) but not with RT (r = 0.020, p = 0.818). Under the phonological-related priming condition, the PAD-LN was also marginally associated with ACC (r = −0.178, p = 0.035; the Bonferroni-corrected threshold α = 0.0125) but not with RT (r = 0.099, p = 0.242). However, the PAD-NLR was only marginally associated with ACC at the baseline condition (r = −0.203, p = 0.016). Under either the semantic-related priming or unrelated condition, all PAD measures (i.e., WB, LN, and NLR) did not exhibit significant associations with ACC or RT (Table 4).
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FIGURE 3. Partial correlation of cognitive indices (ACC and RT) at the baseline condition with age measures (chronological age and brain age). The brain age measures were significantly correlated with ACC under the baseline condition (A) but not with RT. (B) The lines of PAD (NLR, LN, and WB) were almost overlapped. Abbreviation: ACC, accuracy; RT, response time; PAD, predicted age difference; NLR, non-language regions; LN, language network; WB, whole brain.
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FIGURE 4. Partial correlation of the cognitive indices (ACC and RT) at the phonological-priming condition with age measures (chronological age and brain age). Under the phonological-related priming condition, chronological age was significantly correlated with ACC (A), and the PAD-WB and PAD-LN were marginally associated with ACC. (B–C) However, the PAD-NLR was not associated with ACC. (D) On the other hand, only chronological age was significantly correlated with RT (E), whereas all brain age measures were not correlated with RT (F–H). Abbreviation: ACC, accuracy; RT, response time; PAD, predicted age difference; NLR, non-language regions; LN, language network; WB, whole brain.
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FIGURE 5. Partial correlation of the cognitive indices (ACC and RT) at the semantic-priming condition with age measures (chronological age and brain age). Under the semantic-related priming condition, chronological age was significantly correlated with ACC (A), but no brain age measures were associated with ACC. (B–D) Likewise, only chronological age was significantly correlated with RT (E), whereas all brain age measures were not correlated with RT (F–H). Abbreviation: ACC, accuracy; RT, response time; PAD, predicted age difference; NLR, non-language regions; LN, language network; WB, whole brain.






DISCUSSION

To clarify the role of biological age of WM in word-finding ability, we investigated the associations of word-finding ability including semantic and phonological priming in language system with WM brain age; we tested the partial correlation between the performance indices (ACC and RT) in the picture-priming task and the language network, non-language network and whole brain of WM-PAD while adjusting for chronological age and education. Our results revealed two major findings: First, all WM-PADs in the language-network, non-language network, and over the whole-brain, which represented whole cerebral WM features instead of being confined to the frontotemporal language network, exhibited statistical associations with ACC in word retrieval functions while controlling the effect of chronological age. Such findings imply that cognitive alterations in word-finding functions involve not only the domain-specific language processing within the frontotemporal language network but also the domain-general processing of executive functions in the fronto-parieto-occipital (or multi-demand) network (Diachek et al., 2020). Second, the phonological priming ACC in the picture-naming task was associated with the language-network WM-PAD, whereas the semantic priming ACC in the picture-naming task exhibited no significant correlations. Chronological age was significantly associated with all conditions in the picture-priming task. The results suggest that for word-finding ability, the semantic mechanism in the language system might be more preserved than the phonological-related mechanism in the language system for the biological aging of WM. The findings further indicate that the phonological aspect of language slightly declines with increases in WM brain age, whereas the semantic aspect is relatively resistant or unrelated to WM aging.


Brain Age Vs. Chronological Age in Word-Finding Ability

Multiple studies on cognitive aging have evaluated the association between cognitive functions and chronological age (Mackay and Burke, 1990; Hasher et al., 1991; Burke and Shafto, 2004; Lagrone and Spieler, 2006). Research on cognitive aging has established that the ability to successfully retrieve proper words from stored knowledge and concepts in long–term memory progressively declines in late adulthood (Christensen et al., 1997; Davis et al., 2001; Fleischman et al., 2004). The impaired word-generation ability in older individuals may attribute to the decline in retrieval mechanism of executive functions instead of impaired semantic representation (Fisk and Sharp, 2004; Waters and Caplan, 2005; Daniels et al., 2006; Dennis and Cabeza, 2008; Collette et al., 2009; Baciu et al., 2016; Higby et al., 2019). In our results, the ACC in baseline condition in the picture-priming task was significantly negative-correlated with the WM-PAD across the language network, non-language network, and whole-brain (Table 4). The findings show that the general word-finding ability reflected by the baseline condition of the picture-priming task not only requires support from the domain-specific language network but the broad domain-general system as well. The finding supports the previous research that the word retrieval mechanism involves language-related processes such as searching for linguistic information that would help assess the target, it also interacts among attention and executive functions of the domain-general system such as monitoring and inhibition to suppress competing representations and enhance the efficient retrieval from the long–term memory (Nozari et al., 2016; Nozari and Novick, 2017; Higby et al., 2019).



WM Brain Age and Language-Related Mechanisms in Word-Finding Ability

In this study, ACC for phonological priming conditions showed a negative correlation with both the language-network WM-PAD and whole-brain WM-PAD but no significant relationship with non-language network WM-PAD (Table 4), meaning that the decline of ACC for phonological priming was associated with a higher WM-PAD and the phonological priming focuses on domain-specific language system. Older adults experience difficulties in retrieving and producing proper words because of weakening processes related to the phonological aspects of language ability (Taylor and Burke, 2002; Ossher et al., 2013; Rizio et al., 2017). Our results support those of earlier studies and further demonstrate that the biological relationship of WM brain age with the phonological mechanism in the language system occurs under conditions of phonological priming. The results imply that phonological priming might be affected by the biological aging of WM.

Contrary to the phonological component in the language system, the semantic component exhibited no significant linear relationships with WM-PAD. Previous behavioral studies have revealed that semantic processes, conceptual knowledge, and information are preserved during normal aging (Waters and Caplan, 2005; Kave et al., 2009; Salthouse, 2009; Meyer and Federmeier, 2010; Verhaegen and Poncelet, 2013). Multiple studies on cognitive aging have reported that language abilities such as lexical knowledge and semantic representation remain stable and even improve with age (Kave et al., 2009; Salthouse, 2009; Meyer and Federmeier, 2010; Verhaegen and Poncelet, 2013). The discrepancy between phonological and semantic components might implicate that, in the normal aging process, the biological effect of WM affects the retrieval ability of executive functions and word production speed more than the loss of conceptual or lexical knowledge (semantic component). The current finding supports the transmission deficit hypothesis (TDH) stating the phonological mechanism weakens with age and results in word retrieval failure, but the semantic mechanism is preserved (Mackay and Burke, 1990). TDH assumed that the semantic function requires multiple connections between the lexical component of a word and its semantic representation. and the multiplicity of connections may make it resistant to word-finding failure. In contrast, the phonological representation shows one-to-one mapping to the lexical component of a word, so it becomes vulnerable to aging (Burke and Shafto, 2004).

Previous studies have reported a chronological age-related decline in word-finding ability reflected by reduced retrieval speed (RT) or ACC (Stevens et al., 2008; Rizio et al., 2017). Consistently, we found that both ACC and RT were significantly correlated with chronological age. However, by using the WM brain age instead, our results showed that the WM-PAD was significantly associated with the cognitive measures in ACC but not in RT. This implicates that ACC and RT might reflect distinct dimensions of word-finding capacity; the ACC index reflected an individual’s retrieval precision, and the RT index manifested an individual’s retrieval efficiency. This discrepancy in the current study implies that the WM-PAD may not fully explain the word retrieval efficiency measured by RT in the picture-priming task.

In contrast to the effect of chronological age, neuroimaging-based brain age measures can reflect the differential trajectory against chronological age that might attribute to individual variations in domain-specific cognitions (Cole et al., 2018) and represent the status along the dimension of biological aging. Our study investigated the domain-specific association between language-related mechanisms in word retrieval processes and WM aging (i.e., WM-PAD), and the results showed that the language components that participated in word-finding ability were correlated with the biological age of WM, suggesting that the effect of WM aging might selectively contribute to the changes in word-finding ability. These findings provided the genuine associations of WM aging with language-related mechanisms in word retrieval processes and could advance our understanding of differentiating the effects between chronological aging and biological aging in WM on general word-finding ability and further the language-related mechanisms in word retrieval processes.




LIMITATIONS

This study has some limitations. First, the picture-naming task adopted to assess word-finding ability in the current study is one of many cognitive tasks. Various tasks are used to assess cognitive functions, and a single task cannot fully assess the performance of complex cognitive functions such as language and memory. The picture-naming task, including the baseline and priming conditions, focuses on testing the abilities of conceptual recognition and word generation. The design of the picture priming task in our study did not include an encoding phase and the design of the priming conditions did not meet the conventional design of repetition priming which includes the encoding and the testing phase. Nevertheless, the present findings represent only a limited representation of cognitive aging involving language-related priming and word retrieval mechanism. Exploration of the associations of brain age with other cognitive tasks would provide a more complete picture of the brain–cognition relationships in cognitive aging. Second, the brain age models that we developed might not be optimal. For WM brain age, we used GFA and MD only on 76 major fiber tracts as our features of machine learning. We did not explore the whole spectrum of diffusion indices such as axial diffusivity, radial diffusivity, kurtosis, or neurite density, each of which represents distinct characteristics of WM microstructure. Adding some of the indices to brain age modeling might improve its association with cognitive aging. In this study, we built the brain age model using WM features over the entire brain. The null results for WM brain age might be attributed to the fact that the 76 major fiber tracts do not include the small fibers or U fibers in the brain because of limitations of the diffusion MRI technology used in this study. Therefore, the WM features in the present study do not capture the full scope of WM changes. Further studies are required to develop various brain age models to clarify the relationship between brain aging and cognitive aging.



CONCLUSION

By investigating the associations between the PAD and task indices of memory functions, we revealed the genuine effect of WM aging on word-finding ability and its language-related mechanisms regardless of the chronological age effect. All behavioral measures of picture priming tasks were associated with chronological age, whereas only general word retrieval ability and the phonological-related word-finding ability were correlated with WM brain age. The results suggest that chronological aging and brain aging have differential effects on word retrieval functions; additionally, a new paradigm is introduced to investigate brain correlates of cognitive aging using brain age modeling.
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Background: Dance interventions are considered beneficial for older patients with mild cognitive impairment in many aspects. We conducted a comprehensive systematic review and meta-analysis to assess the effects of dance on different aspects (cognitive function, emotions, physical function, and quality of life) of this population.

Methods: A systematic search of PubMed, Web of Science, the Cochrane Central Register of Controlled Trials, Embase, American Psychological Association PsycInfo, ProQuest, Scopus, Cumulative Index to Nursing and Allied Health Literature, the Chinese BioMedical Literature Database, the VIP Database for Chinese Technical Periodicals, China National Knowledge Infrastructure, and Wanfang Data database was performed. Two reviewers independently assessed the study quality.

Results: Fourteen studies were retrieved from the databases for analysis. The pooled results showed that dance interventions significantly improved global cognition (standardized mean difference [SMD] = 0.73, 95% confidence interval [CI]: 0.47 to 0.99, P < 0.00001), rote memory (mean difference [MD] = −2.12, 95% CI: −4.02 to −0.21, P = 0.03), immediate recall (SMD = 0.54, 95% CI: 0.30 to 0.78, P < 0.0001), delayed recall (SMD = 0.56, 95% CI: 0.26 to 0.86, P = 0.0002) and attention (SMD = 0.38, 95% CI: 0.13 to 0.64, P = 0.003). No significant improvement was found in executive function, language, depression, anxiety, dementia-related behavioral symptoms, motor function, and quality of life.

Conclusion: Dance interventions benefit most aspects of cognitive functions. The evidence for the effects of dance on psycho-behavioral symptoms, motor function and quality of life remains unclear. More trials with rigorous study designs are necessary to provide this evidence.

Keywords: mild cognitive impairment, dance, elderly, system review, meta-analysis


INTRODUCTION

The current concept of mild cognitive impairment (MCI) was first proposed by Reisberg et al. (1988), to describe a transitional phase from the cognitive changes occurring in normal aging to those typically found in dementia. The Lancet reported that approximately one-fifth of the older population, aged over 65 years, experience MCI (Livingston et al., 2017). Patients with MCI have a higher risk of dementia than those without MCI. The rate of dementia in MCI patients is 10–15% per year, whereas in healthy controls it is only 1–2% per year (Li et al., 2016). For patients with MCI, there is a high risk of degeneration of physical functions (Ehsani et al., 2020) and an upsurge in negative emotions, such as depression (Ma, 2020). They also experience irreversible physical and psychological complications and the gradual loss of social attributes and personality. The family caregivers of patients with MCI face financial hardship, a considerable burden of care, and an emotionally traumatic experience with social isolation—watching their relatives become “familiar strangers.” MCI is the golden period of dementia prevention. Early intervention should be performed at this stage to slow down the development of dementia and to bring about cognitive reversal (Zou et al., 2019).

The intervention methods for MCI can be pharmaceutical or non-pharmaceutical. Current reviews have found that acetylcholinesterase inhibitors (such as donepezil and galantamine) used to treat Alzheimer's disease (AD) have proven ineffective in the MCI treatment group (Bachurin et al., 2018). However, drug interventions cause significant side effects. In contrast, non-pharmaceutical interventions, including cognitive intervention, psychotherapy, and physical activity have attracted significant attention owing to the lack of drug-induced side effects. Physical activity has particularly shown good applicability in patients with MCI (Langa and Levine, 2014), and is a preventive and possible protective factor for dementia (Livingston et al., 2017). It can improve cognition by improving blood perfusion, increasing endorphin and serotonin levels, and improving neuroplasticity (Kropacova et al., 2019). The activities with the most potential benefits are multi-component exercises (Cai and Abrahamson, 2016). Multi-component exercises can improve overall cognition and executive function and positively affect memory and brain activation (Lam et al., 2018), especially dance movements involving the body, combined with recognition knowledge and social stimulation (Burzynska et al., 2017).

Due to its inherent expressiveness, creativity, and aesthetics, dance is often used as a popular MCI physical activity intervention method. Furthermore, a literature review has shown that dance intervention had a positive effect on the population's cognition, physical functions (such as sensorimotor ability, gait posture, balance, and endurance), lifestyle, emotions, and social functions, thereby improving the quality of life (QOL) of the research subjects (Kattenstroth et al., 2013). A study involving “social” exercise protocols—a period of 6 months (60 min/1 time/week) of dance intervention—has found significant improvement in global cognition, attention, memory, visual-spatial ability, and language ability of the elderly. Studies have shown that dance intervention, as a cognitive stimulus, can stimulate different neural structures to improve various cognitive domains. Subjects can simultaneously learn and memorize new movement patterns, pay attention to follow instructions, execute complex movement patterns, and express emotions and social interactions to stimulate the neural structures that rely on various cognitive functions and improve their neuroplasticity (Hewston et al., 2021). However, another dance intervention study for patients with MCI has found that after 3 months of moderate-intensity aerobic dance, the patients' executive function did not improve significantly (Zhu et al., 2018).

A meta-analysis has shown that compared with other forms of exercise intervention, dance intervention has a specific positive effect on improving physical functions, such as muscle strength, balance, and flexibility (Fong et al., 2020). It also has a specific effect on improving participants' cardiovascular function. Dance can be used as a safe and effective alternative to exercise, reducing the physical health risks and outcomes associated with sedentary and inactive behaviors. Moreover, existing evidence proves that dance intervention can reduce the risk of falls to a certain extent (Liu et al., 2021; Witkoś and Hartman-Petrycka, 2021). Thus, it has a particularly positive effect on improving physical functions, such as muscle strength, balance, flexibility, and it also has a particular effect on improving the cardiovascular function of participants. Nevertheless, Qi et al. have found that after 3 months of moderate-intensity aerobic dance intervention, the balance score of the intervention group was not significantly higher than that of the control group (Qi et al., 2019).

The progression of the dance intervention requires the two brain hemispheres to operate simultaneously while stimulating motor awareness, logic, music, and emotional processes (Douka et al., 2019). The European Association for Dance Movement Therapy believes that creative expression and communication are core components of dance sports therapy. Creative art therapy can positively affect mental health through the mechanisms of body and mind, communication, and emotional expression (Liu et al., 2021). Additionally, dance is usually performed in a social, pleasant environment, improving patient mood, reducing loneliness, and showing psychological benefits (Carapellotti et al., 2020). Group dance is a form of social activity rooted in human culture (Witkoś and Hartman-Petrycka, 2021). People can achieve social satisfaction by better recognizing themselves in groups with similar interests and goals, reducing social isolation, improving patient social function, and realizing social satisfaction.

The influence of dance intervention on patients with MCI is mainly manifested in the following aspects: cognition, psycho-behavioral symptoms, motor functions, and QOL. Systematic reviews have been published on the effect of dance intervention on patients with MCI; current systematic reviews have reached a consensus on the positive effect of dance intervention on global cognition (Chan et al., 2020; Meng et al., 2020; Zhu et al., 2020; Hewston et al., 2021; Muiños and Ballesteros, 2021). Chan et al. have found (Chan et al., 2020) that dance can improve the memory function of the older patients with MCI; the study by Zhu et al. confirmed this (Zhu et al., 2020). Two reviews, including but not limited to dance interventions for MCI populations, have contrasting opinions on executive function. Meng et al. reported that dance intervention has no meaning for the executive function of the elderly (including patients with MCI) (Meng et al., 2020), whereas another study on middle-aged and older adults has suggested that dance can improve executive function (Muiños and Ballesteros, 2021), consistent with that of Zhu et al.'s study (Zhu et al., 2020). Only one systematic review has found that dance intervention can improve the attention of patients with MCI (Chan et al., 2020). Existing reviews mainly focus on the effect of dance intervention on the cognitive functions of patients with MCI, and there are significant differences. Outcomes, such as physical function, mood, and QOL, are rarely included in the analysis. It is noteworthy that Chinese scholars have made specific achievements in this field in recent years, but their work has not been included in the published systematic review analyses.

This systematic review aimed to summarize and critically evaluate dance intervention studies in patients with MCI aged over 60 years; to explore the effects of dance on the elderly with MCI based on four aspects (cognitive function, emotion, physical function, and QOL); to establish a general summary of the existing literature; and to provide a basis for follow-up studies in this field.



METHODS

This work adhered to the Preferred Reporting Items for Systematic reviews and Meta-Analyses guidelines and was prospectively registered with the International Prospective Register of Systematic Reviews (CRD42021230159).


Search Strategy

We searched the following electronic bibliographic databases: PubMed (PubMed, RRID:SCR_004846), Web of Science, the Cochrane Central Register of Controlled Trials (Cochrane Central Register of Controlled Trials, RRID:SCR_006576), Embase (EMBASE, RRID:SCR_001650), American Psychological Association PsycInfo (PsycINFO, RRID:SCR_014799), ProQuest (ProQuest, RRID:SCR_006093), Scopus, Cumulative Index to Nursing and Allied Health Literature, the Chinese BioMedical Literature Database, the VIP Database for Chinese Technical Periodicals, China National Knowledge Infrastructure, and Wanfang Data. To ensure the comprehensiveness of the included studies, we used combinations of Medical Subject Headings (MeSH, RRID:SCR_004750) and free text words without language restrictions from inception to November 12, 2020. We also retrieved the reference lists of all eligible studies and other relevant studies using alternative approaches (e.g., Google Scholar [Google Scholar, RRID:SCR_008878]). The complete search strategy is provided in Supplementary Material.



Selection Criteria

Studies were included in the review only if they met the following criteria:


Participants

Diagnosed with MCI by any definite, precise, and concrete diagnostic criteria; aged 60 years or older; and able to dance or exercise independently.



Interventions

Dance as an intervention that is not limited to any particular type (e.g., aerobic dance, Latin, ballroom dance, Chinese square dance, and Yangko); dance not limited to the frequency or duration of the intervention; dance performed under the guidance and supervision of trained professionals or by the participants themselves.

We defined dance intervention by the following principles: systemic movements of the body that are needed to be observed and imitated, are focused on physical flexibility and expression of emotion, and are accompanied with music.



Comparisons

Including but not limited to drug treatment, regular therapy, and educational programs.



Outcomes

At least one measure of cognitive function (e.g., memory function and attention), motor function (e.g., balance and functional mobility), psycho-behavioral symptoms (e.g., depression and anxiety), and QOL.


Cognition Evaluation

Studies that included the following tests were included in the review: Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) to assess the global cognition level; Trail Making Test Parts A (TMT-A) mainly to evaluate rote memory of patients; Trail Making Test Parts B (TMT-B) primarily to assess executive function; Logical Memory I (LM-1) and Rivermead Behavioral Memory Test (RBMT) to measure immediate recall; Logical Memory II (LM-2) to assess delayed memory; the Symbol Digit Modalities Test (SDMT) or Test of Everyday Attention (TEA) to assess attention; the Boston Naming Test (BNT) to assess the language function in patients with cognitive impairment.



Psycho-Behavioral Symptom Evaluation

Studies that included the following tests were included in the review: Psycho-behavioral symptoms evaluated using Neuropsychiatric Inventory (NPI) to assess the 12 behavioral disorders occurring in patients with dementia such as delusions, hallucinations, agitation, dysphoria, anxiety, apathy, irritability, euphoria, disinhibition, aberrant motor behavior, night-time behavior disturbances, and appetite and eating abnormalities; degree of anxiety mainly measured by the Hospital Anxiety and Depression Scale (HADS); the Geriatric Depression Scale (GDS-15, GDS-30) and HADS to test depression.



Motor Function Evaluation

Studies that included the following tests were included in the review: Berg Balance Scale (BBS) to evaluate balance; the Timed Up and Go (TUG) test to test functional mobility.



Quality of Life Evaluation

Studies that used the following two scales for QOL evaluation were included in the review: Quality of Life in Alzheimer's Disease (QOL-AD) and the 36-item Short Form Health Survey (SF-36).




Design

Studies that were randomized controlled trials (RCTs) or quasi-experimental trials were included in this review.




Study Selection and Data Extraction

Two reviewers (LC, SMY) worked independently to identify studies that met the inclusion criteria briefly by screening the abstracts. If the abstract did not provide sufficient information, the full text was obtained to determine the study's eligibility for inclusion in this review. Any disagreements were resolved after discussions with a third reviewer (JYC). We excluded studies for which complete information could not be obtained despite our best attempts.

For each eligible study, information about the first author's name, country, number of participants, age, male to female ratio, control group intervention, intervention characteristics (including frequency, intensity, duration, and type of intervention), and outcome measures were extracted using a self-designed standardized form (Table 1). Two review authors (LC, JYC) extracted data independently using reference management software such as EndNote (EndNote, RRID:SCR_014001) and NoteExpress.


Table 1. Characteristics of included studies.
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Assessment of Risk of Bias of the Included Studies

Two reviewers (LC, SMY) independently assessed the study quality according to the Cochrane Handbook for Systematic Reviews of Interventions (Higgins et al., 2011). This assessment scale addresses six domains: sequence generation, allocation concealment, blinding, incomplete outcome data, selective reporting, and other issues. For each domain, reviewers performed the assessments independently and resolved differences by discussion or by appealing to a third reviewer (JYC). Each item was evaluated as “low,” “unclear,” and “high.” If the study fully met the above standards, the article quality was evaluated as A; if it partially satisfied the standards, as B; and if it was completely inconsistent with the standards, as C. The results of this assessment were summarized in both a “risk of bias” graph and a “risk of bias” summary.



Data Analysis

We employed Review Manager 5.3 software (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark) to perform the meta-analysis. Since all data were continuous, we selected the mean difference (MD) with 95% confidence intervals (CIs). When different scales were applied to measure the same outcome, we used the standardized mean difference (SMD). Heterogeneity in the included studies was tested by the Cochrane Q statistic and quantified by the I2 statistic. When I2 was > 50% and the P-values were <0.10, the study was considered to show high heterogeneity. We used the sensitivity analysis to analyze the source of the heterogeneity by excluding studies of poor quality or those whose control interventions may have exerted potential treatment effects. A subgroup analysis was also performed to explore any differential effects.




RESULTS


Study Selection

Using the search strategy, 1,534 articles were identified from 12 databases (Figure 1). After eliminating duplicates through the reference management software and manual inspection, 854 articles remained. These 854 articles were then evaluated by screening their titles and abstracts; from them, 465 were not related to the research topic, 234 did not meet the participant criteria, 53 did not meet the intervention criteria, and 59 did not meet the criteria for the study type. Thus, based on the inclusion criteria, 43 studies were retained. After screening the full texts of these 43 articles, 13 were retained. One additional study was identified by evaluating the reference lists of the selected articles. These 14 studies were then included in the systematic review and meta-analysis.


[image: Figure 1]
FIGURE 1. PRISMA flowchart of study selection.




Characteristics of the Included Studies

The characteristics are presented in Table 1. A total of 980 participants were covered in these studies, of which 486 were allocated to the intervention groups and 494 to the control groups. These studies were published in English or Chinese and originated from various countries worldwide: China (n = 7) (Yi, 2015; Junmei, 2016; Xinjian, 2017; Zhu et al., 2018; Qi et al., 2019; Yu, 2019; Wang et al., 2020), USA (n = 2) (Barnes et al., 2013; Aguiñaga, 2016), Malaysia (n = 1) (Adam et al., 2016), Spain (n = 1) (Bisbe et al., 2020), Japan (n = 1) (Doi et al., 2017), Philippines (n = 1) (Dominguez et al., 2018), and Greece (n = 1) (Lazarou et al., 2017). Ten studies were RCTs (Barnes et al., 2013; Yi, 2015; Aguiñaga, 2016; Junmei, 2016; Doi et al., 2017; Lazarou et al., 2017; Zhu et al., 2018; Qi et al., 2019; Bisbe et al., 2020; Wang et al., 2020), and four studies (Adam et al., 2016; Xinjian, 2017; Dominguez et al., 2018; Yu, 2019) were quasi-experimental trials. Five studies compared a dance intervention to regular drug treatment or therapy (Barnes et al., 2013; Yi, 2015; Junmei, 2016; Xinjian, 2017; Dominguez et al., 2018); five compared dance interventions to educational programs (Doi et al., 2017; Zhu et al., 2018; Qi et al., 2019; Yu, 2019; Wang et al., 2020); two used randomized cross-over designs (Aguiñaga, 2016; Lazarou et al., 2017); one compared dance to physical therapy (Bisbe et al., 2020); and one compared dance to relaxation exercises (Adam et al., 2016). In the intervention group, the intervention time ranged from 6 to 48 weeks, and the intensity of dance was low to moderate, excluding four studies that did not provide data for the intensity (Adam et al., 2016; Doi et al., 2017; Lazarou et al., 2017; Dominguez et al., 2018). The intervention was performed 1 to 7 times each week, and the duration of the intervention ranged from 25 to 60 min.

Although the included studies were all based on aerobic dance forms, the dance style varied across studies; only two studies employed aerobic dance, three studies adopted ballroom dance as an intervention, three studies employed Chinese square dancing, two trials used unique dance forms (Dance Rug and Yangke), and other studies described their dance interventions as choreography, poco-poco dance, and standard dance-based aerobics format. The poco-poco dance course was guided by experienced professionals who gradually increased the difficulty and intensity of the dance both for acceptance and safety. BAILAMOS© program was professionally guided based on the BAILAMOS© guidebook. The researchers constantly adjusted the dance content in conjunction with the difficulty of the steps and safe limit of each of the participants. The dance used props (Velcro bracelets of different colors) to help participants remember their movements. Chinese square dancing, which originated in China, involves a variety of dance forms, but is also easy to learn. Dance rug is a modern aerobics game that is simple and easy to operate, allowing participants to learn at home without outside guidance. Yangko is a traditional Chinese folk-dance form. This dance mainly involves the twisting of various parts of the body; this unique form of exercise has particular advantages.



Risk of Bias in the Included Studies

The data for the risk of bias in the included studies is provided in Figure 2. Overall, the methodological quality of the trials was unsatisfactory, with all trials rated as having B quality. According to the Cochrane Handbook for Systematic Reviews of Interventions, all quasi-experimental trials were reported to show a high risk of bias. Only eight RCTs described the specific method of randomization, and only three of them reported allocation concealment. Five studies showed a high risk of bias since the participants and personnel were not blinded to the dance intervention. All studies demonstrated a high risk of detection bias because none of them provided information for the outcome assessment. Four studies had a high reporting bias, three of which did not provide a complete outcome statistic (Lazarou et al., 2017; Qi et al., 2019; Bisbe et al., 2020). Four studies had high reporting bias. The methodological quality of the trials was generally unsatisfactory (Lazarou et al., 2017; Qi et al., 2019; Bisbe et al., 2020; Wang et al., 2020).


[image: Figure 2]
FIGURE 2. Results of Cochrane risk of bias tool.




Effects of the Interventions
 
Primary Outcome: Cognitive Function
 
Global Cognition

Twelve studies examined the effects of dance interventions on global cognition. Analysis of global cognition at the end of the intervention demonstrated a significantly higher post-intervention global cognition level in the dance group than in the control group. The pooled SMD showed a statistically significant increase in global cognition (SMD = 0.73, 95% CI: 0.47 to 0.99, P < 0.00001; Figure 3).


[image: Figure 3]
FIGURE 3. Forest plot of global cognition results of dance group vs. control group.


To analyze the source of the high heterogeneity (I2 = 69%, χ2 = 35.4, P = 0.0002), we performed a sensitivity analysis. When we excluded the four quasi-experimental trials (Adam et al., 2016; Xinjian, 2017; Dominguez et al., 2018; Yu, 2019), the I2 decreased from 69% to 0% without influencing the overall pooled effect (Figure 4).


[image: Figure 4]
FIGURE 4. Forest plot of global cognition results of dance group vs. control group (sensitive analysis).




Rote Memory

Six studies evaluated rote memory using the TMT-A. These studies were pooled for TMT-A results, and the results showed a statistically significant effect with no heterogeneity between studies (MD = −2.12, 95% CI: −4.02 to −0.21, P = 0.03, I2 = 0%; Figure 5).


[image: Figure 5]
FIGURE 5. Forest plot of rote memory results of dance group vs. control group.




Executive Function

The effect of dance interventions in improving executive function was examined in six studies (Barnes et al., 2013; Aguiñaga, 2016; Doi et al., 2017; Zhu et al., 2018; Qi et al., 2019; Bisbe et al., 2020). These studies were pooled for TMT-B scores, but they showed no significant changes (MD = −3.16, 95% CI: −7.16 to −0.85, P = 0.12; Figure 6).


[image: Figure 6]
FIGURE 6. Forest plot of executive function results of dance group vs. control group.




Immediate Recall

Five studies used LM-1 and RBMT 1 to measure immediate recall, and the dance intervention group showed significantly improved immediate recall compared to the control group (SMD = 0.54, 95% CI: 0.30 to 0.78, P < 0.0001; I2 = 0%, χ2 = 2.40, P = 0.66; Figure 7).


[image: Figure 7]
FIGURE 7. Forest plot of immediate recall results of dance group vs. control group.




Delayed Recall

Three studies investigated the effects of the dance intervention on delayed recall by obtaining LM-2 scores. The results indicated that dance intervention induced an improvement in delayed recall in comparison with the control group (SMD = 0.56, 95% CI: 0.26 to 0.86, P = 0.0002; Figure 8).


[image: Figure 8]
FIGURE 8. Forest plot of delayed recall results of dance group vs. control group.




Attention

Four studies discussed the effect of dance interventions on attention using the SDMT or TEA. The dance intervention group showed significantly improved attention compared to the control group (SMD = 0.38, 95% CI: 0.13 to 0.64, P = 0.003; Figure 9).


[image: Figure 9]
FIGURE 9. Forest plot of attention results of dance group vs. control group.




Language

Two studies were pooled for the BNT results. One study illustrated that a structured modular ballroom dance intervention can improve language among older people with MCI (BNT score after treatment: dance group, 13.2 ± 1.3; control group, 12.6 ± 2.2; P < 0.05). Another study (Bisbe et al., 2020) found that greater language benefits were achieved with dance intervention than with physical therapy (BNT score after treatment: dance group, 45.71 ± 6.58; control group, 43.57 ± 5.96; P < 0.05).




Secondary Outcomes
 
Psycho-Behavioral Symptoms

 Depression Eight studies assessed patients' depression. Because the pooled results exhibited high heterogeneity, subgroup analyses—according to the number of participants included and the scales used—were performed to search for sources of heterogeneity (I 2= 79%, χ2 = 33.77, P < 0.0001; Figure 10). Therefore, our study only qualitatively described this outcome.


[image: Figure 10]
FIGURE 10. Forest plot of depression results of dance group vs. control group.


Eight studies compared the dance intervention group with non-dancing controls to evaluate the effectiveness of dance intervention on depression in 577 older adults. Two trials (Adam et al., 2016; Bisbe et al., 2020) used HADS to assess depression. One study (Adam et al., 2016) demonstrated that dance was more beneficial to treat depression than relaxation interventions alone (HADS score after treatment: dance group, 3.7 ± 2.7; control group, 8.4 ± 3.4; P < 0.01). However, another trial (Bisbe et al., 2020) reported no significant difference between the dance and control groups (HADS score after treatment: dance group, 6.0 ± 3.4; control group, 5.4 ± 3.5; P > 0.05). Four studies (Aguiñaga, 2016; Lazarou et al., 2017; Zhu et al., 2018; Wang et al., 2020) reported significant improvements in depression for the dance intervention (P < 0.05). One study (Yu, 2019) used GDS-30 and found an improvement in depression in the dance group (GDS-30 score after treatment: dance group, 10.2 ± 7.0; control group, 11.2 ± 6.0; P < 0.05). Another study (Dominguez et al., 2018), which only described the use of GDS to measure depression, found that dance intervention may help improve depression (GDS score after treatment: dance group, 2.4 ± 2.0; control group, 3.9 ± 2.6; P < 0.05).



Anxiety

Two studies (Adam et al., 2016; Bisbe et al., 2020) provided information on the effect of dance interventions on anxiety, as measured by the HADS. One study (Adam et al., 2016) demonstrated that dance was more beneficial for treatment of anxiety than relaxation interventions alone (HADS score after treatment: dance group, 4.4 ± 2.7; control group, 7.6 ± 3.1; P < 0.001). In contrast, another RCT (Aguiñaga, 2016) demonstrated that people in the dance group obtained higher HADS scores than those in the control group but without statistical difference (HADS score after treatment: dance group, 8.82 ± 3.25; control group, 5.43 ± 2.98; P > 0.05).



Dementia-Related Behavioral Symptoms

Two (Lazarou et al., 2017; Dominguez et al., 2018) of the 14 studies evaluated the effect of dance interventions on dementia-related behavioral symptoms as measured by the NPI. One trial found that international ballroom dancing had a positive effect in older adult patients with MCI (NPI score after treatment: dance group, 1.78 ± 2.28; control group, 3.76 ± 4.48; P > 0.05). Another study indicated that a 48-week ballroom dance program could improve these symptoms in older people with MCI (NPI score after treatment: dance group, 5 ± 9.3; control group, 5.4 ± 9.4; P > 0.05). However, both studies demonstrated no significant differences in dementia-rated behavioral symptoms between the two groups.



Motor Functions

Balance Three studies evaluated the effects on balance using the BBS, but found no significant differences (MD = 1.34, 95% CI: −0.14 to 2.81, P = 0.08; Figure 11). We did not perform a sensitivity analysis or subgroup analysis because of the limited number of studies.


[image: Figure 11]
FIGURE 11. Forest plot of balance results of dance group vs. control group.




Functional Mobility

Two studies (Aguiñaga, 2016; Bisbe et al., 2020) reported the findings for functional mobility, assessed by the TUG test. One RCT (Aguiñaga, 2016) demonstrated that people in the dance group obtained higher TUG scores than those in the control group (TUG score after treatment: dance group, 12.65 ± 3.01; control group, 11.99 ± 2.5; P < 0.05). Another RCT (Bisbe et al., 2020) demonstrated that dance was less beneficial for anxiety than treatment with physical therapy (TUG score after treatment: dance group, 8.15±1.37; control group, 9.01±1.75; P > 0.05).



Quality of Life

QOL scores were available for 136 participants from three trials. Two trials (Adam et al., 2016; Aguiñaga, 2016) reported QOL scores using QOL-AD assessments, and one trial (Bisbe et al., 2020) used the SF-36 physical functioning and mental functioning scores. One study that used QOL-AD (Adam et al., 2016) demonstrated that dance was more beneficial for QOL than treatment with a relaxation intervention alone (QOL-AD score after treatment: dance group, 36.4 ± 4.1; control group, 28.8 ± 4.4; P < 0.001). However, one RCT (Aguiñaga, 2016) used QOL-AD and showed that there was no significant difference between the dance and control groups (QOL-AD score after treatment: dance group, 38.82 ± 5.81; control group, 37.64 ± 5.7; P > 0.05). One study (Bisbe et al., 2020) uniquely measured QOL by determining the SF-36 score and reported no significant difference between the dance and control groups (SF-36 score after treatment: dance group, 99.76 ± 6.77; control group, 102.29 ± 4.41; P > 0.05).






DISCUSSION


Summary of Findings

This systematic review evaluated the effects of dance interventions on cognitive functions, mental state, motor functions, and QOL in older adult patients with MCI. Fourteen studies were included, and the quality of the studies was graded as B. In general, the results of this meta-analysis revealed that dance interventions had a positive influence on older adult patients with MCI. The results of this data analysis strongly suggested that dance interventions, as a convenient intervention method, can effectively improve the global cognition, memory, attention and rote memory. Due to the different numbers of the literature included in each outcome index, the credibility of each outcome is different. For outcomes with fewer than three articles included, we performed descriptive analysis instead of meta-analysis (such as language, anxiety, behavioral symptoms related to dementia, functional mobility). Furthermore, we performed a descriptive analysis (such as depression, QOL) for those results of the meta-analysis with more significant heterogeneity (>50%).

The aggregate results of MMSE and MoCA evaluations showed that the dance intervention group was better than the control group in terms of overall cognition, and the results were durable and stable when sensitivity analysis was performed. Dance intervention as an aerobic exercise maintains the integrity of cerebral vessels by providing blood, oxygen, and nutrients and influences cognition by increasing brain-derived neurotrophic factor levels and synapses, promoting the growth and survival of neurons (Morais et al., 2018). The heterogeneity of the 12 included studies was significant. The sensitivity analysis showed that the type of study may be a source of heterogeneity, which reduced the credibility of these findings. Therefore, in addition to discussing the effects of overall cognitive improvement, we also discussed the effects of each cognitive field.

Immediate recall and delayed recall are used to quantify the memory function of patients with MCI and are the most common targets of cognitive impairment in MCI. Two published reviews have shown that dance interventions can promote immediate recall and delayed recall (Chan et al., 2020; Zhu et al., 2020), and our analysis showed similar results. Our study showed that the implementation of dance as an intervention often requires participants to first memorize the dance routine and then perform the corresponding dance movements with different types of music; this can be regarded as a type of memory training and may be the reason why dance interventions had a positive effect on memory function.

Dance interventions can also play a positive role in improving attention. The improvement in attention can be attributed to the consideration and integration of multiple senses (Ward et al., 2020). In dance activities, patients can improve attention through tactile stimulation provided by assistive devices in dancing, through auditory stimulation provided by music, and through visual stimulation provided by follow-up exercises. In the Oxford Dictionary, “dance” is defined as, “moving rhythmically to music, usually in a series of steps.” Rhythm perception is an essential ability to identify words and encode and decode language (Richter and Ostovar, 2016). Therefore, we considered that dance interventions can improve the language ability of patients by enhancing the sense of rhythm.

Zhu et al. (2020) used the verbal fluency test, TAT-A, and TMT-B to represent executive function, but the ability of the verbal fluency test to measure executive function remains uncertain (Whiteside et al., 2016), and there are subtle differences between TMT-A and TMT-B in their specific measurement purposes. Therefore, our study will discuss the measurement results of TMT-A and TMT-B separately.

TMT-A mainly measures rote memory (Llinàs-Reglà et al., 2017). Rote memory is a cognitive function that achieves memory effect through repeated learning related to external cues (Stevens and Bernier, 2013). Our comprehensive analysis showed that the improvement effect on rote memory in the dance group was better than that in the control group. This may be because music nodes and auxiliary bracelets were influential external cues in the dance intervention.

TMT-B mainly measures executive function (Llinàs-Reglà et al., 2017). Compared with TMT-A, it is more difficult for some patients to complete TMT-B. In the included studies, TMT-B was mainly used to evaluate the executive function of patients with MCI, which was quite tricky. Dance intervention cannot significantly improve the thinking flexibility of patients with MCI within a short time. In addition, executive function is closely related to the age and daily living ability of patients. The included participants of our study were elderly with MCI that had characteristics such as older age (≥60 years old), poor thinking flexibility, poor daily living ability, etc., and poor executive function is compared with the rest of the population, that was difficult to improve. Our aggregate results showed that dance intervention has no significant effect on executive function. In comparison with previous studies, the results of the meta-analysis of four RCT studies by Chan showed that dance intervention had no significant effect on the mental flexibility measured by TMT-B, which is consistent with the findings of our study. However, Zhu et al. (2020), who analyzed three RCTs, showed that dance interventions had a positive influence on the results of TMT-B assessments and the overall executive function, in contrast with our study. The main reason for these discrepancies may be the differences in inclusion criteria. Zhu's study defined Tai Chi as a dance form, which is debatable. Tai Chi focuses on the stability of exercise, not flexibility. At the same time, Tai Chi emphasizes the internalization of emotions, not the expression of emotions. Therefore, Tai Chi is not in line with our definition of dance intervention. In contrast, Zhu only included published RCTs but not quasi-experimental studies.

Depression, anxiety, and mental symptoms are fundamental reasons for the poor prognosis of older patients with MCI. Patients with MCI are reluctant to admit their illness for various reasons after diagnosis (Xanthopoulou and McCabe, 2019). The sense of shame and social loss of disease tends to increase depression and anxiety in patients with MCI. Simultaneously, the psychological state is closely related to cognitive function. An excellent psychological state can improve the cognitive function of patients (Li and Li, 2018).

Due to the high heterogeneity of the summary results, we conducted a qualitative analysis of the eight included studies. According to our result from the qualitative analysis, seven of eight studies were reported that dance intervention can improve depression in MCI patients better than the control intervention. But one study (Bisbe et al., 2020) showed the opposite result, and it might be related to the study's controlled intervention as physiotherapy. Based on these two conflicting results, we cannot yet assume that dance activity can improve the depression status of older patients with MCI. More original research is needed in the future to prove this result.

Although previous studies have shown that dance exercise can improve anxiety (Koch et al., 2019), the results of our study were not in concordance with this finding. Among the two included studies, one (Adam et al., 2016) was a quasi-experimental trial, and its results showed that in comparison with simple relaxation training, the combination of dance and relaxation was more helpful in improving the anxiety level of patients. Nevertheless, the anxiety level of patients was shown to not improve after a 12 week choreographed exercise intervention in another study (Bisbe et al., 2020). This may be because the control group in this study underwent physical therapy, which can also affect anxiety. Therefore, a summary of the existing studies could not clarify whether dance exercise effectively relieves anxiety, and more original studies are required to address this question.

After analyzing the results of two studies, we found that though the behavioral symptoms of the dance group improved compared to the control group, there was no significant difference in effect sizes across the dance group and the control group. Behavioral symptoms related to dementia include wandering, eating/toilet problems, delusions/hallucinations, aggressive/abusive speech, day and night reversal, excitement/tingling, apathy, depression/anxiety, violence, and high irritability (Tsunoda et al., 2020). The most common abnormal behavioral symptoms are depression/anxiety, which can significantly increase the incidence of dementia (Matsuoka et al., 2019). Although behavioral symptoms are not included in the diagnostic criteria of MCI, behavioral symptoms caused by anxiety, depression, and other emotions often impose great burdens on nurses and caregivers (Van der Mussele et al., 2013). It is unfortunate that the previous review did not discuss behavioral outcomes.

Falls are the leading cause of accidental injury and death in the older population (World Health Organization and Unit, 2008). Falls result from complex interactions between internal and external factors (Franco et al., 2020). Among internal factors, balance and mobility are core risk factors and preventive factors that can be altered (Giménez-Llort and Castillo-Mariqueo, 2020). Considering that the balance function of people with cognitive impairment is worse than that of healthy older adults, older people with MCI tend to have higher fall rates (Fuentes-Abolafio et al., 2021). Previous studies have found that dance involves visual control and the somatosensory and vestibular system to maintain balance (Filar-Mierzwa et al., 2020); thus, it can effectively improve the balance ability of older adults and reduce the incidence of falls (Shanahan et al., 2016; Filar-Mierzwa et al., 2017; Liu et al., 2021). However, a comprehensive analysis of the BBS score in our study showed that the balance ability of the dance group was not better than that in the control group. From the perspective of the measurement metric, the use of BBS as an indicator is more suited to evaluate the static balance ability, but existing literature finds that dance intervention affects the dynamic balance significantly more. Major dynamic balance measurements include the Tinetti Performance Oriented Mobility Assessment and TUG test (Tariq et al., 2006; Abreu and Hartley, 2013). Additionally, the National Institute for Clinical Evidence Research guidelines also advocate the use of the TUG test to assess gait and balance when preventing falls in older people (National Institute for Health Care Excellence, 2013). In the literature incorporated in our systematic review, the outcome of the TUG test measurements is described as functional mobility—a formulation of combining balance, gait, and mobility. Several studies have shown that although dance intervention improves the TUG score, it is not significant and is closely related to the duration of the intervention (Kaewjoho et al., 2020). The TUG test results in this study also showed that dance intervention was not significant for functional mobility improvement. However, from an intervention perspective, these findings may be related to significant differences between dance interventions. The effect of each dance style may vary by its rhythm and intensity, and the intervention time is usually short, which may also lead to inaccurate research results. Furthermore, differences in patient proficiency and dance experience may be another reason for changes in dance outcomes.

In a study of the nursing outcome preferences of patients with MCI, patients' QOL was shown to be the most significant result (Smith et al., 2018). QOL is a broad concept and includes subjective well-being and daily living conditions (Koch et al., 2019). QOL refers to one or some specific external characteristics and expresses the existing state of individuals. Therefore, its evaluation should focus on the subjective feelings of patients (Douka et al., 2019). Although the two scales are self-reported, they are primarily quantitative. At the same time, the implementation of dance intervention is progressive, and the improvement of participants' function is also from the shallow to the deep. Through the gradual advancement of their physical, mental, social, and spiritual aspects, the quality of life can be finally improved. The effects of dance intervention on the depression, anxiety and physical function of the elderly with MCI were unclear in the study we included. Moreover, there were significant differences in the typical values and explanations of different scales used to assess the QOL. These differences in measurements and the resultant heterogeneity in studies may make our evidence controversial.



Strengths and Limitations

Our systematic review comprehensively explored the effects of dance intervention as a treatment on patients with MCI. All trials in this review have been conducted and published in the last 5 years, reflecting the importance of exploring the effects of dance intervention on patients with MCI in recent years. Considering the rapid development of dance intervention studies in China, our study has incorporated more of Chinese literature compared to previous studies. Although there are currently systematic reviews and meta-analyses of the effects of dance intervention on cognitive function in patients with MCI, our systematic review and meta-analysis may be the first to explore the effects of dance intervention on motor function, psycho-behavioral symptoms, and QOL of older people with MCI.

However, there are several limitations to this review. First, since dance intervention is a new non-drug intervention, there have been few intervention studies so far, and the studies we have included were medium quality, affecting the credibility of our review. A substantial number of literature reports did not include certain results, so we could not perform a meta-analysis on them and the final results need to be treated with caution. Furthermore, due to the heterogeneity of the measurement tools for the type of dance intervention, the setting of the intervention, and the partial outcome indicator, we were unable to perform a meta-analysis in its entirety. Finally, the review includes only the literature written in both Chinese and English; thus, some studies reported in other languages may have been missed.



Implications for Practice and Research

Overall, this review supports previous findings that older people with MCI can benefit from various dance interventions. At this point, the evidence strongly supports the management of dance in global cognition, rote memory, immediate memory, delayed memory and attention. More studies are needed to determine the effects of dance on other cognitive functions, psycho-behavioral symptoms, motor functions and QOL. The quality of the studies that we included was medium, which indicates that there is still room for methodological progress in existing dance intervention studies. Future studies should specify recruitment methods and recruit participants more systematically to enhance sample representation, take appropriate controls to improve the internal effectiveness of the findings, clearly describe the number and reasons for withdrawals and exits, and adopt creative approaches to improve compliance. In addition, we found that existing studies had fewer long-term follow-up studies and that future studies could extend follow-up time to observe the long-term effects of dance interventions in the population and the population's dependence on dance interventions.

There is no uniform standard for dance intervention in the current study, nor is there any recommended frequency, intensity, time, type, and other intervention characteristics. Future studies can be conducted from two aspects: first, we can compare the characteristics of different levels of intervention and conduct RCTs in the population to arrive at better recommendations for intervention levels. Second, because there are a variety of dances, patient-centered dance intervention programs can be formulated according to the patient's actual situation, personal preferences, and physical and mental conditions.

Finally, in terms of outcome indicators, future studies should first standardize the measurement methods of different endings and ensure the measurement methods' authentic measurement results and significance. At the same time, because dance experience has a significant subjective component, future studies can include more qualitative methods to establish a more comprehensive assessment of the effects of dance.




CONCLUSION

In conclusion, our meta-analysis showed that dance interventions may positively affect cognitive function, rote memory, immediate recall, delayed recall and attention in patients with MCI. However, the included study does not indicate that dance intervention had positive results on the improvement in executive function and balance in patients with MCI. Moreover, with the fewer studies included or high study heterogeneity, the effect of dance intervention on language, dementia-related behavioral symptoms, depression, anxiety, functional mobility, and QOL in patients with MCI needs to be further verified. Current studies have evaluated various types of dance interventions. However, the foundation of the intervention methods is weak, and the possibility of randomization bias is high. Nevertheless, there are a few high-quality studies on this topic. These encouraging results need to be carried forward with strictly controlled study designs to continue to verify and expand the comprehensive application effect of dance intervention on patients with MCI.
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Background: Sleep duration is linked to cognitive function, but whether short or prolonged sleep duration results from impaired cognition or vice versa has been controversial in previous studies. We aimed to investigate the bidirectional association between sleep duration and cognitive function in older Chinese participants.

Methods: Data were obtained from a nationally representative study conducted in China. A total of 7984 participants aged 45 years or older were assessed at baseline between June 2011 and March 2012 (Wave 1), 2013 (Wave 2), 2015 (Wave 3), and 2018 (Wave 4). Nocturnal sleep duration was evaluated using interviews. Cognitive function was examined via assessments of global cognition, including episodic memory, visuospatial construction, calculation, orientation and attention capacity. Latent growth models and cross-lagged models were used to assess the bidirectional association between sleep duration and cognitive function.

Results: Among the 7,984 participants who were followed in the four waves of the study, the baseline mean (SD) age was 64.7 (8.4) years, 3862 (48.4%) were male, and 6453 (80.7%) lived in rural areas. Latent growth models showed that both sleep duration and global cognition worsened over time. Cross-lagged models indicated that short or long sleep duration in the previous wave was associated with lower global cognition in the subsequent wave (standardized β = −0.066; 95% CI: −0.073, −0.059; P < 0.001; Wave 1 to 2) and that lower global cognition in the previous wave was associated with short or long sleep duration in the subsequent wave (standardized β = −0.106; 95% CI: −0.116, −0.096; P < 0.001; Wave 1 to 2).

Conclusion: There was a bidirectional association between sleep duration and cognitive function, with lower cognitive function having a stronger association with long or short sleep duration than the reverse relationship. Global cognition was likely the major driver in these reciprocal associations.

Keywords: sleep duration, sleep, cognitive function, cognition, dementia, cross-lagged models, cohort study, aging


INTRODUCTION

One fourth of the global population was 45 years or older in 2015 (United Nations Department of Economic and Social Affairs Population Division, 2020). As people continue to age worldwide, the number of middle-aged and older adults with cognitive impairment and dementia is increasing rapidly (Report, 2020). Dementia is a neurodegenerative disorder that is characterized by cognitive decline (McKhann et al., 2011). Even in the general population, declined cognitive function is associated with poorer health and quality of life, impairments in functional abilities, increased medical costs, and development of dementia (Plassman et al., 2010; Jekel et al., 2015). Promoting successful cognitive aging is of great importance for global health. Exploring the relationships between modifiable risk factors and cognitive function is essential for developing intervention strategies aimed at maintaining brain health into older age (Corley et al., 2018).

Aging also leads to changes in sleep patterns, such as shorter sleep duration and longer sleep latency. Short and long sleep durations are associated with various diseases and conditions, such as metabolic syndromes and stroke (Itani et al., 2017; Jike et al., 2018; Hua et al., 2021), all of which impair quality of life. Moreover, sleep plays an important role in cognitive function, with solid evidence suggesting an inverted “U-shaped” association between sleep duration and cognitive scores; that is, both short and long sleep durations are correlated with lower cognitive function. This theory was suggested by cross-sectional studies, longitudinal studies, and a Mendelian randomization study (Henry et al., 2019). Our previous study linked changes in sleep duration from the optimal sleep pattern to lower cognition (Hua et al., 2020b). Sleep restrictions in laboratories and shift-work jobs are also detrimental to cognition in the short term (Machi et al., 2012). One mechanism that has been proposed to explain these phenomena relies on the triggering of Alzheimer’s disease (AD)-related pathologies, which leads to cognitive decline (Cox et al., 2019).

Numerous studies have reported the effects of sleep on cognition. Recent evidence showed that AD biomarkers in subjects with decreased cognitive function could trigger sleep dysregulation (Zhang et al., 2019; Liguori et al., 2020). Epidemiological studies have reported that sleep disorders occurred in patients with AD-related mild cognitive impairment (MCI) and that their frequency increased with disease progression (Guarnieri et al., 2012; Baillon et al., 2019). Sleep disorders included sleep-disordered breathing, insomnia, and rapid eye movement (REM) behavior disorder. People with self-reported cognitive decline had lower sleep efficiency and increased wakefulness (Lauriola et al., 2017). Individuals at different stages of dementia demonstrated different sleep architectures, such as less REM sleep, more stage 1 non-REM sleep, and less stage 3 non-REM sleep (Vitiello et al., 1990; Liguori et al., 2020). However, the samples of the previous studies were small. Moreover, some of these studies did not consider nocturnal sleep duration as an outcome variable, and most of them were based on a cross-sectional design, which provided only a snapshot of the association at a certain time point and introduced a more substantial bias.

To the best of our knowledge, no population-based studies have examined cognitive function as a predictor of nocturnal sleep duration. Furthermore, no studies have explored the bidirectional associations between sleep duration and cognitive function. It is far from clear whether sleep duration is a risk factor for lower cognition or whether sleep duration is a marker of cognitive decline.

To address the current gap, we used the China Health and Retirement Longitudinal Study (CHARLS), a nationally representative cohort, to investigate sleep duration not only as a predictor but also as a consequence of cognitive function. The aims of our study were to (1) evaluate whether a bidirectional association existed between short or long sleep duration and lower cognitive function; (2) determine how the two factors were associated with each other over time; and (3) identify the driving factor.



MATERIALS AND METHODS


Study Population

China Health and Retirement Longitudinal Study is a community-based and nationally representative cohort study in China and a sister study of the Health and Retirement Study (HRS) in United States (Zhao et al., 2014). Wave 1 (baseline) of the CHARLS occurred in 2011 and included approximately 18,000 randomly selected Chinese residents who were enrolled via multistage probability sampling. Follow-up surveys were performed every 2 years. The present study used CHARLS data from Wave 1 (2011), Wave 2 (2013), Wave 3 (2015), and Wave 4 (2018).

Figure 1 shows the flow chart of the sample selection and exclusion criteria. Data on complete cognitive function tests and sleep duration in Wave 1 were available for 15,700 individuals. At baseline, 344 individuals aged less than 45 years and 375 individuals who reported brain damage or intellectual disability were excluded, as were individuals with missing data on sleep duration or cognitive function in the follow-up waves. Among the 14,981 participants with complete baseline data, 11,768 (78.6%) had complete data on sleep duration and cognitive function in Wave 2, 10,192 (68.1%) in Wave 3, and 7984 (50.1%) in Wave 4.
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FIGURE 1. Flowchart of participant selection.




Ethics Approval

Each respondent who agreed to participate in the survey was asked to sign two copies of the informed consent form. The details are shown in Supplementary Text 1.



Sleep Duration

The sleep duration measured for this study was nocturnal sleep duration. It was assessed by asking the participants the following question in all four waves: “During the last month, how many hours of actual sleep did you get at night on average”? Participants reported sleep duration to the nearest 0.5 h.



Cognitive Assessment

Cognitive assessment was performed in all four waves and included three domains: episodic memory; visuospatial construction, as measured using the figure drawing test; and orientation, attention and calculation, as measured using the CHARLS version telephone interview of cognitive status (TICS) (Meng et al., 2019). The participant’s cognitive function was represented by the score of global cognition, which resulted from the sum of these three scores. The global cognition score ranged from 0 to 21. The components of global cognition are presented in the Supplementary Text 2.



Covariates

The following covariates were included: baseline age (in years); sex; and baseline living area (urban or rural) (Zheng et al., 2018). None of our participants had missing covariate data on age, sex, or living area.



Statistical Analysis

In the main analysis, the sleep duration value for subjects who slept less than 4 h or longer than 10 h was defined as “1.” The sleep duration value of subjects who slept between 4 and 10 h was defined as “0.” The selection of the cut-off point was based on the following evidence. First, our previous CHARLS study reported a cross-sectional “inverted-U”-shaped association between sleep duration and cognition. The optimal sleep duration for cognitive function was approximately 7 h (Hua et al., 2020b). Second, a previous article on CHARLS reported that less than 4 h or more than 10 h of sleep accelerated cognitive decline during a follow-up of 4 years compared with a 7 h of sleep (Ma et al., 2020). Other cut-off points (<5 h, <6 h, >8 h, or >9 h) did not accelerate cognitive decline. The sensitivity analysis examined two other cut-off points, namely, 5–9 h and 6–8 h. Third, few people had a long sleep duration. This small sample size might reduce the statistical power. In sensitivity analysis, short sleep duration and long sleep duration were examined separately.

Our previous study defined people with “excessive change” as subjects who slept for a short duration in the previous wave and a long duration in the next wave, or vice versa. “Excessive change” was strongly associated with lower cognitive function (Supplementary Figure 1; Hua et al., 2020b). Because we defined both short and long sleep durations as “1” in this study, “excessive change” could not be observed. Fortunately, none of the 7,984 participants exhibited “excessive change” in the dataset for the main analysis. In other sensitivity analysis subgroups, individuals with “excessive change” were excluded.

In the main text, two models were used to explore the associations. First, the separate latent growth models showed the trajectories of each variable. The combined latent growth models were used to investigate whether a bidirectional association existed between sleep duration and global cognition. Second, the cross-lagged models determined the effect of a variable in the previous wave on another variable in the subsequent wave. Our main conclusions were drawn from the cross-lagged models.

The latent growth models consisted of two stages. In the first stage, the separate latent growth models examined the trends of the two variables separately. Since both global cognition and sleep duration may decline due to aging, they were hypothesized to follow a pattern of change, which can be described by intercept (baseline) and slope (change). The linear latent growth models were used. Supplementary Table 2 provides a description of the intraindividual/within-person mean for the repeated measure (intercept/baseline), interindividual/between-person variance in the intercept (intercept variance), intraindividual mean change (slope), and interindividual difference in intraindividual mean change (slope variance). We also considered quadratic latent growth models. The addition of the quadratic factors improved models fit. However, either the quadratic slope variance of global cognition or the quadratic slope of sleep duration value was not statistically significant (Supplementary Table 3). Thus, we elected to use the linear models. For the combined models, the conclusions remained similar after the addition of quadratic terms. The second stage combined the above two models into one model, and this combined model examined correlations between the sleep duration intercept, sleep duration slope, global cognition intercept, and global cognition slope (McArdle, 2009; Zheng et al., 2018). The standardized correlation value is the correlation of the variables’ z scores. Equations in the combined model were estimated simultaneously while controlling for covariates. The construction of the combined latent growth model is shown in Figure 2.
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FIGURE 2. Combined latent growth models of sleep duration and global cognition. Sleep duration intercept, sleep duration slope, global cognition intercept, and global cognition slope were regressed on the covariates simultaneously.


Cross-lagged models studied the effect of one variable in the previous wave on the other variable in the subsequent wave (Figure 3). Sleep duration at each time point was regressed on sleep duration and global cognition at the prior time point. Similarly, global cognition at each time point was regressed on sleep duration and global cognition of the prior time point. Sleep duration and global cognition measured in the same wave were correlated. All equations were estimated simultaneously while controlling for covariates. The standardized coefficients are provided as a common metric of standard deviation (SD) units. To achieve a more parsimonious model, we constrained the cross paths to equality across waves. We used a weighted least squares estimator (WLSMV) that employed regression for categorical outcomes (Kamin and Lang, 2020).
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FIGURE 3. Cross-lagged models of sleep duration and global cognition. Sleep duration and global cognition in all four waves were regressed on the covariates simultaneously. Paths that were constrained equal were marked with the same letter.


The latent growth models and cross-lagged models were examined using model fit statistics, including the comparative fit index (CFI), Tucker-Lewis index (TLI), and root mean squared error of approximation (RMSEA). A CFI/TLI value over 0.90 indicates a good fit, and values above 0.95 indicate an excellent fit. We used a sandwich estimator for the standard errors, which is robust for non-normality (Ke-Hai Yuan, 2000).

Statistical analyses were 2-sided, with α = 0.05 being the threshold for statistical significance. Structural equation modeling was performed using Mplus 8.3 (Muthén and Muthén) (Muthén, 2016; Kamin and Lang, 2020). Other analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, United States). The pooled effects in the sensitivity analysis were calculated using Stata 15.1 (Stata Corp., College Station, TX, United States).



Sensitivity Analysis

Two widely used and rigorous analyses were performed to corroborate the findings from the latent growth models. Cox regression was used to assess the associations between baseline global cognition and follow-up sleep duration. All 7,984 participants were divided into quantiles based on their global cognition scores at baseline. Endpoints in Cox models were defined as a sleep duration of 4 or 10 h. Kaplan–Meier curves, the log-rank test, the Wilcoxon test and the −2 log test were used to compare the cumulative risk of events over quantiles of baseline global cognition. Multivariate Cox proportional hazards regression was used to estimate hazard ratios and 95% confidence intervals. The generalized estimating equation (GEE) approach was used to analyze the associations between baseline sleep duration and follow-up global cognition score. The interaction of the time variable with sleep duration was used to examine whether rates of cognitive decline varied by baseline sleep duration.

We were able to achieve better model fitness when including only Wave 1 and Wave 3 in cross-lagged models for the following reasons. First, global cognition scores in Wave 1 and Wave 3 had similar standard deviations, which were more homogeneous (Table 1). Second, the time interval between Wave 1 and Wave 3 was longer, during which time more cognitive decline could be observed. Therefore, we performed a cross-lagged model for Wave 1 and Wave 3 as a sensitivity analysis. Sleep duration and global cognition in Wave 1 and Wave 3 were controlled for age, sex, and living area simultaneously (Supplementary Tables 8, 9 and Figure 4).


TABLE 1. Characteristics of the study population at each wave*.
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FIGURE 4. Forest plot based on different cut-off points and models. Individuals who exhibited “excessive change” are excluded. All models are adjusted for age, sex, and living area. The red bars show the effect of sleep duration in the previous wave on global cognition in the next wave. The blue bars show the effect of global cognition in the previous wave on sleep duration in the next wave. The “total” group represent the pooled effect. Error bars show the standardized beta coefficient (points) and 95% CIs (whiskers).


The cross-lagged models including Wave 1 and Wave 3 indicated an excellent fit even after controlling for more demographic and health covariates. The covariates were assessed at baseline (Wave 1) by interview and included age, sex, living area, educational level, marital status, current smoking, current drinking, hypertension, dyslipidaemia, diabetes, cancer, lung diseases, heart problems, depression (with a Center for Epidemiological Survey-Depression Scale score not less than 12 points), and the number of instrumental activities of daily living (IADLs). Sleep duration and global cognition in Wave 1 and Wave 3 were controlled for the covariates simultaneously. Three individuals with missing data on covariates were excluded from this analysis.

In the forest plot (Figure 4), we chose three cut-off points, namely, “4–10 h,” “5–9 h,” and “6–8 h”, for moderate sleep duration and assessed cross-lagged models including all four waves and cross-lagged models including only Wave 1 and Wave 3. We estimated the pooled beta coefficient and 95% CI using random-effect models.

As a sensitivity analysis, we examined the bidirectional relationship between short sleep duration and global cognition and between long sleep duration and global cognition. Individuals with a long sleep duration were excluded from the analysis of short sleep duration, and those with a short sleep duration were excluded from the analysis of long sleep duration. Then, none of them had an “excessive change.” In another sensitivity analysis, we excluded 96 participants with the self-reported memory-related problems at baseline. The cross-lagged models across the four waves were used to study the above associations. All three cut-off points were examined.



RESULTS

At baseline, the mean age was 59.4 ± 9.7 years, 47.9% of the participants were male, and 76.3% of the participants were living in a rural area (Table 1). The mean global cognition score of all participants at baseline was 10.4 ± 4.4. The sleep duration of most of the participants was between 4 and 10 h: 8.0% of the individuals slept less than 4 h, and 0.7% slept more than 10 h. During follow-up, more people slept less than 4 h or more than 10 h. The mean global cognition score decreased over time. Supplementary Table 1 provides further data on loss to follow-up. People who were lost to follow-up were more likely to be older and live in urban areas. There was no significant difference in sex.


Latent Growth Models

In the first stage, we separately calculated the mean baseline value (intercept) and the rate of change (slope) for sleep duration and global cognition using the separate latent growth models. For sleep duration, the intercept was 0.071 (95% CI: 0.048, 0.094; P < 0.001), and the average worsening per year (slope) was 0.006 (95% CI: 0.006, 0.006; P < 0.001). This model exhibited an excellent fit (CFI = 0.989, TLI = 0.987, RMSEA = 0.018). For global cognition, the intercept was 11.362 (95% CI: 11.321, 11.403; P < 0.001), and the change rate per year (slope) was −0.201 (95% CI: −0.207, −0.195; P < 0.001). This model also showed an excellent fit (CFI = 0.982, TLI = 0.978, RMSEA = 0.084). The variances of all variables were statistically significant, which indicated individual differences in the intercept and slope for sleep duration and global cognition. Hence, the sleep duration value and global cognition score worsened over time (Supplementary Table 2).

In the second stage, the intercept and slope of sleep duration and global cognition were considered together using a simultaneous equation (Figure 2 and Table 2). In Figure 2, the significant and non-significant paths are drawn as solid and dotted lines, respectively. The overall model fit was excellent (CFI = 0.985, TLI = 0.974, RMSEA = 0.034). A worse baseline sleep duration value was significantly associated with a lower baseline global cognition score (unstandardized r = −0.120; 95% CI: −0.129, −0.111; P < 0.001). A higher baseline global cognition score was associated with a slower decline rate in global cognition (unstandardized r = 0.267; 95% CI: 0.239, 0.295; P < 0.001). We also observed a trend that a faster worsening rate of sleep duration value was associated with a deeper decline rate of global cognition (unstandardized r = −0.001; 95% CI: −0.001, −0.001; P = 0.059; standardized r = −0.216; 95% CI: −0.336, −0.096; P = 0.072). However, the association was not statistically significant. The results for confounders are shown in Supplementary Table 4.


TABLE 2. Correlations between the trajectories using the combined latent growth models.
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Cross-Lagged Models

The combined latent growth models reflected only the existence and direction of the bidirectional association and did not determine whether the changes in global cognition were due to sleep duration, or vice versa. Therefore, we evaluated cross-lagged models to explore the extent to which sleep duration and global cognition predicted one another over time (Figure 3; paths constrained to be equal are marked with the same letter). Autoregressive paths (c and d, Figure 3) accounted for the stability of the measures, and the cross-lagged paths (a and b) indicated the effect of one variable in the previous wave on the other variable in the subsequent wave.

The cross-lagged models including all four waves fit well (CFI = 0.962, TLI = 0.906, RMSEA = 0.059). Sleep duration in one wave was associated with sleep duration in the subsequent wave (unstandardized β = 0.737; 95% CI: 0.718, 0.756; P < 0.001), and global cognition in one wave was associated with global cognition in the next wave (unstandardized β = 0.602; 95% CI: 0.593, 0.611; P < 0.001; Table 3).


TABLE 3. Cross-lagged models across all four waves*.

[image: Table 3]
Short or long sleep duration in the previous wave was associated with lower global cognition in the ensuing wave (unstandardized β = −0.249; 95% CI: −0.275, −0.223; P < 0.001), and lower global cognition in the previous wave was associated with worse (short or long) sleep duration in the subsequent wave (unstandardized β = −0.034; 95% CI: −0.037, −0.031; P < 0.001). The results for confounders are shown in Supplementary Table 5.

Comparisons of standardized beta coefficients were comparable and revealed that the effect of global cognition on sleep duration (standardized β = −0.106; 95% CI: −0.116, −0.096; P < 0.001; Wave 1 to 2) was larger than the effect of sleep duration on global cognition (standardized β = −0.066; 95% CI: −0.073, −0.059; P < 0.001; Wave 1 to 2). Therefore, global cognition appeared to be the main driver in this reciprocal association.



Sensitivity Analysis

The two unidirectional associations were examined separately by Cox regression and the GEE approach. Cox regression analysis showed that individuals with lower global cognition scores at baseline were more likely to sleep <4 h or >10 h in the follow-up waves (Supplementary Table 6 and Supplementary Figure 2). In the GEE analysis, short or long baseline sleep duration was cross-sectionally associated with lower baseline global cognition. However, baseline sleep duration did not significantly accelerate the decline rate of global cognition during the four waves (Supplementary Table 7).

A forest plot was generated to compare the standardized beta coefficients of the two effects (sleep duration on global cognition and vice versa). The subgroups were based on three different cut-off points for moderate sleep duration. The midpoints of the blue bars were always on the left of those of the red bars, which indicated that the negative effect of global cognition on sleep duration was stronger than the reverse relationship (Figure 4).

The results were materially unchanged in cross-lagged models that included only Wave 1 and Wave 3. Overall, sleep duration and global cognition in the two waves were reciprocally associated with each other, and the effect of global cognition on sleep duration was stronger than the reverse effect (Figure 4 and Supplementary Tables 8, 9). We later excluded three individuals with missing data on baseline demographic and health covariates. After adjustments were made for 16 covariates, the effect size decreased. The negative effect of global cognition on sleep duration remained stronger than the reverse effect in all subgroups (Supplementary Table 10).

The results of the evaluations of the bidirectional relationship between short sleep duration and global cognition and between long sleep duration and global cognition were similar. After individuals with long sleep duration in any of the four waves were excluded, lower global cognition in one wave was associated with short sleep duration in the next wave. The effect of global cognition on short sleep duration was stronger than that of short sleep duration on global cognition (Supplementary Table 11). Additionally, the effect of global cognition on long sleep duration was stronger than that of long sleep duration on global cognition (Supplementary Table 12). Among the 7,984 participants followed up in the four waves, 96 reported a memory-related problems at baseline. The results were similar after exclusion of the 96 participants (Supplementary Table 13).



DISCUSSION

Using data from a population-based and cognitively healthy sample, we explored the bidirectional association between sleep duration and cognitive function. Our study demonstrated that short or long sleep duration was associated with lower cognition cross-sectionally and longitudinally. Worse sleep duration was associated with lower cognitive function in the next wave, and lower cognition in the previous wave was associated with worse sleep duration in the subsequent wave. Overall, the effect of cognitive function had a greater influence on subsequent sleep duration than the reverse.

Our bidirectional association included the effect of cognition on sleep duration. Previous studies on the effect of cognition on sleep duration are rare, and most of these studies are not population-based. Two studies reported the effect of the cognitive decrement z score over 15 years on later sleep disturbance (Yaffe et al., 2007; West et al., 2021). The significant outcomes included sleep efficiency, sleep fragmentation, sleep latency, and time awake after sleep onset. However, no association was found for sleep duration. Our studies differed in terms of their sample sizes, follow-up durations, and statistical methods used, which would underlie the conflicting results. They also did not view sleep duration as a categorical variable. Several studies have examined the sleep architecture of people at different stages of dementia. Individuals with AD or MCI tend to have excessive daytime sleepiness, insomnia, and sleep-disordered breathing (Guarnieri et al., 2012). Whether sleep duration is a precursor to cognitive decline remains controversial (Leng and Yaffe, 2020; Ma et al., 2020). Using latent growth models and GEE, we found that only short or long sleep duration was cross-sectionally associated with lower cognition at baseline. Baseline sleep duration did not significantly accelerate cognitive decline during a 7-year follow-up. Ma et al. (2020) also examined the association between baseline sleep duration and 4-year cognition in the CHARLS cohort. After controlling for confounders, they found that <4 h and >10 h of sleep at baseline was associated with a faster decline in cognition, while other sleep duration categories would not accelerate cognitive decline (Xie et al., 2019). However, their P-value was relatively high (approximately 0.03). Based on the characteristics of our study sample and the separate latent growth models, the proportion of people with a “too long” or “too short” sleep duration, over 90% of whom were short sleepers, tended to increase over time. This shift was due to the average sleep duration of the population declining during aging. In the separate model, the cognitive score also declined over time, which was consistent with the common situation. In the combined latent growth models, we found trends between the slope of the sleep duration value and other trajectories. In other words, a higher worsening rate of sleep duration was associated with a steeper decline in cognitive function. Both the combined latent growth models and Cox regression showed that people with lower cognition at baseline tended to develop worse cognition in the follow-up wave. However, the combined latent growth models were only marginally significant. The effect sizes of the above associations were small due to the small value of the slope of the sleep duration. Moreover, sleep duration and cognitive function were significantly associated with each other by the “intercept.” They were associated with each other at least at baseline and correlated with each other cross-sectionally in other waves, which was widely recognized and reported in our previous study using the CHARLS cohort (Hua et al., 2020a). In conclusion, the combined latent growth models showed a bidirectional association between sleep duration and cognitive function. Our main conclusions were derived from the cross-lagged models. When comparing the effect of sleep duration at one wave on cognitive function at the next wave versus the reverse, the standardized regression coefficient of the global-cognition-to-sleep-duration value was larger. Sensitivity analysis based on different models, cut-off points, and subgroups, showed similar results.

Several mechanisms may explain the impact of sleep duration on cognition. Short sleep duration correlates with many pathologies that lead to lower cognition, such as impaired β-amyloid (Aβ) clearance, pathological tau, impaired synaptic plasticity, atrophy of the cortex, and circadian rhythm disturbances (Yaffe et al., 2014; Malkani and Zee, 2018; Xu et al., 2020). Long sleep duration is also associated with sleep fragmentation and chronic inflammation, which are linked to lower cognition (Lin et al., 2018; Wilcox et al., 2020). A deviation from a 7-h optimal sleep duration was longitudinally associated with cortical atrophy (Spira et al., 2016).

Three AD pathological hallmarks, including Aβ and tau protein accumulation and neurodegeneration, could explain our bidirectional relationship (Van Egroo et al., 2019). Numerous studies have reported that these three markers increase after sleep deprivation or circadian rhythm disruption and lead to cognitive decline, the progression from MCI to AD, and the risk of dementia. These markers also affect sleep structures, including sleep duration. Aβ and tau protein accumulation may start before detectable dementia or at the beginning of cognitive decline. These markers are deposited in areas of the brain that impede sleep-wake regulation. Mice with more Aβ had a 25% shorter sleep duration in the morning (when mice sleep most) (Chemelli et al., 1999). In a transgenic amyloid precursor protein (APP) mouse model, changes in the sleep-wake cycle followed the emergence of Aβ plaques. And the elimination of Aβ deposits by active immunization could normalize the sleep-wake cycle (Roh et al., 2012). However, whether reducing the Aβ burden would improve sleep is not known. A human study found that a higher level of tau in cerebrospinal fluid was associated with lower sleep quality, as reflected by the Pittsburg Sleep Quality Index (PSQI), after 3 years (Fjell et al., 2018). However, there was an interaction between Aβ and tau. A tau knock-in mouse model also showed decreased sleep duration and impaired sleep (Jyoti et al., 2015). Neurodegeneration causes neuronal and synaptic loss in brain regions and networks involved in the control of sleep (Holth et al., 2017). Decreasing cholinergic neurons in sleep-regulating centers, such as the basal forebrain and lateral hypothalamus, alters the sleep-wake cycle (Wilson et al., 2013). Increased or decreased sleep duration and lower cognitive function may also be the result of neurodegeneration.

The foremost strength of our study is its extension of the current understanding from unidirectional to bidirectional and from cross-sectional to longitudinal. Using cross-lagged models, we first investigated associations between two factors simultaneously and found that cognitive function might be the dominant factor. Other advantages include its up-to-date data, a large number of participants, and nationally representative cohort.

Our study also had several limitations. First, the harmonized cognitive test in CHARLS is not a test that is used worldwide, such as the mini-mental status examination (MMSE). Some cognitive domains in the MMSE were not measured, including naming and complex commands. Thus, our cognitive tests might not reflect the real capacity of cognitive performance. We were also unable to find a cut-off point for dementia. Nevertheless, our test is widely used and has a high correlation with the MMSE (Meng et al., 2019). Many articles have demonstrated its reliability and validity (Li et al., 2018; Hua et al., 2020a). Certain cognitive abilities, such as episodic memory, visuospatial abilities, executive function, and processing speed, decline with age. While some abilities, such as recognition memory, language, and crystallized intelligence, can remain stable with age (Harada et al., 2013). The majority of cognitive domains in our study would decrease with age. And, the slope of cognitive ability was significantly negative in our sample, suggesting that our test was sensitive to at least some degree of cognitive aging. Future studies could assess cognitive ability by multiple tests and model this construct as a latent variable. Second, the CHARLS recorded sleep duration using subjective, rather than objective, measurements (such as polysomnography). We could not determine the specific type of sleep disturbance or sleep architecture participating in the bidirectional association. However, the difference between self-reported sleep duration and the objective is smaller in Chinese individuals (49 min, 95% CI: 37–61 min) than in individuals from other ethnicities (Jackson et al., 2018). Subjective sleep duration is more utilized and applicable in epidemiologic studies. Third, people with sleep durations that were too short or too long were classified into one category. As approximately 90% of the subjects were short sleepers, the effect of long sleep duration might be hidden. Fourth, those subjects who remained in the longitudinal study were healthier than those excluded. Exclusion of less healthy participants could result in an underrepresentation of individuals with poorer cognitive ability or sleep function. And thus, it potentially ceased to represent the original study group and resulted in an underestimate of the associations between the variables.



CONCLUSION

Our findings support a bidirectional relationship between sleep duration and cognitive function. We hypothesize that short or long sleep duration is not only a lifestyle risk factor but also a marker of cognition-related neurodegenerative progression. The cognitive function might have already declined in people with short or long sleep durations. More attention should be given to the cognitive function of these individuals. The interlinkage of cognitive function and subsequent sleep duration is noteworthy and may have public health implications, raising the possibility that initiatives of cognitive screening and cognitive training among older people with short or long sleep duration may prevent deterioration in sleep duration and cognitive function in later life.



DATA AVAILABILITY STATEMENT

The data analyzed in this study was obtained from the China Health and Retirement Longitudinal Study (CHARLS). Restrictions apply: researchers should contact the CHARLS office to get the access to use it (http://charls.pku.edu.cn/zh-CN). Requests to access these data can also be directed to Hongpeng Sun (hpsun@suda.edu.cn).



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Board at Peking University. The IRB approval number for the main household survey, including anthropometrics, is IRB00001052-11015; the IRB approval number for biomarker collection is IRB00001052-11014. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JH contributed to the conception and design of the study. JH and YS organized the database. JH and HS performed the statistical analysis. JH and SZ wrote the first draft of the manuscript. QF and XT reviewed the manuscript. All authors approved the final version of the manuscript.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (82071300), Health Expert Training Program of Suzhou-Gusu District (GSWS2020002), Medical Team Introduction Program of Soochow (SZYJTD201802), National Natural Science Foundation of China (No. 82001125, XT), and Natural Science Foundation of Jiangsu Province (No. BK20180201, XT).



ACKNOWLEDGMENTS

We thank the China Center for Economic Research and National School of Development of Peking University for providing the data.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.727763/full#supplementary-material



REFERENCES

Baillon, S., Gasper, A., Wilson-Morkeh, F., Pritchard, M., Jesu, A., and Velayudhan, L. (2019). Prevalence and severity of neuropsychiatric symptoms in early- versus late-onset alzheimer’s disease. Am. J. Alzheimers Dis. Other Demen. 34, 433–438. doi: 10.1177/1533317519841191

Chemelli, R. M., Willie, J. T., Sinton, C. M., Elmquist, J. K., Scammell, T., Lee, C., et al. (1999). Narcolepsy in orexin knockout mice: molecular genetics of sleep regulation. Cell 98, 437–451. doi: 10.1016/s0092-8674(00)81973-x

Corley, J., Cox, S. R., and Deary, I. J. (2018). Healthy cognitive ageing in the Lothian Birth Cohort studies: marginal gains not magic bullet. Psychol. Med. 48, 187–207. doi: 10.1017/S0033291717001489

Cox, S. R., Ritchie, S. J., Allerhand, M., Hagenaars, S. P., Radakovic, R., Breen, D. P., et al. (2019). Sleep and cognitive aging in the eighth decade of life. Sleep 42:19. doi: 10.1093/sleep/zsz019

Fjell, A. M., Idland, A. V., Sala-Llonch, R., Watne, L. O., Borza, T., Braekhus, A., et al. (2018). Neuroinflammation and tau interact with amyloid in predicting sleep problems in aging independently of atrophy. Cereb. Cortex. 28, 2775–2785. doi: 10.1093/cercor/bhx157

Guarnieri, B., Adorni, F., Musicco, M., Appollonio, I., Bonanni, E., Caffarra, P., et al. (2012). Prevalence of sleep disturbances in mild cognitive impairment and dementing disorders: a multicenter Italian clinical cross-sectional study on 431 patients. Dement. Geriatr. Cogn. Disord. 33, 50–58. doi: 10.1159/000335363

Harada, C. N., Natelson Love, M. C., and Triebel, K. L. (2013). Normal cognitive aging. Clin. Geriatr. Med. 29, 737–752. doi: 10.1016/j.cger.2013.07.002

Henry, A., Katsoulis, M., Masi, S., Fatemifar, G., Denaxas, S., Acosta, D., et al. (2019). The relationship between sleep duration, cognition and dementia: a Mendelian randomization study. Int. J. Epidemiol. 48, 849–860. doi: 10.1093/ije/dyz071

Holth, J., Patel, T., and Holtzman, D. M. (2017). Sleep in Alzheimer’s Disease - beyond amyloid. Neurobiol. Sleep Circadian Rhy. 2, 4–14. doi: 10.1016/j.nbscr.2016.08.002

Hua, J., Jiang, H., Wang, H., and Fang, Q. (2021). Sleep duration and the risk of metabolic syndrome in adults: a systematic review and meta-analysis. Front. Neurol. 12:635564. doi: 10.3389/fneur.2021.635564

Hua, J., Sun, H., and Shen, Y. (2020b). Improvement in sleep duration was associated with higher cognitive function: a new association. Aging 12:103948. doi: 10.18632/aging.103948

Hua, J., Qiao, Y., Ke, C., and Shen, Y. (2020a). Higher visit-to-visit total cholesterol variability is associated with lower cognitive function among middle-aged and elderly Chinese men. Sci. Rep. 10:15555. doi: 10.1038/s41598-020-72601-7

Itani, O., Jike, M., Watanabe, N., and Kaneita, Y. (2017). Short sleep duration and health outcomes: a systematic review, meta-analysis, and meta-regression. Sleep Med. 32, 246–256. doi: 10.1016/j.sleep.2016.08.006

Jackson, C. L., Patel, S. R., Jackson, W. B., Lutsey, P. L., and Redline, S. (2018). Agreement between self-reported and objectively measured sleep duration among white, black, Hispanic, and Chinese adults in the United States: multi-ethnic study of atherosclerosis. Sleep 41:zsy057. doi: 10.1093/sleep/zsy057

Jekel, K., Damian, M., Wattmo, C., Hausner, L., Bullock, R., Connelly, P. J., et al. (2015). Mild cognitive impairment and deficits in instrumental activities of daily living: a systematic review. Alzheimers Res. Ther. 7:17. doi: 10.1186/s13195-015-0099-0

Jike, M., Itani, O., Watanabe, N., Buysse, D. J., and Kaneita, Y. (2018). Long sleep duration and health outcomes: a systematic review, meta-analysis and meta-regression. Sleep Med. Rev. 39, 25–36. doi: 10.1016/j.smrv.2017.06.011

Jyoti, A., Plano, A., Riedel, G., and Platt, B. (2015). Progressive age-related changes in sleep and EEG profiles in the PLB1Triple mouse model of Alzheimer’s disease. Neurobiol. Aging 36, 2768–2784. doi: 10.1016/j.neurobiolaging.2015.07.001

Kamin, S. T., and Lang, F. R. (2020). Internet use and cognitive functioning in late adulthood: longitudinal findings from the survey of health, ageing and retirement in europe (SHARE). J. Gerontol. B Psychol. Sci. Soc. Sci. 75, 534–539. doi: 10.1093/geronb/gby123

Ke-Hai Yuan, P. M. B. (2000). Three likelihood-based methods for mean and covariance structure analysis with nonnormal missing data. Soc. Methodol. 30, 165–200. doi: 10.1111/0081-1750.00078

Lauriola, M., Esposito, R., Delli Pizzi, S., de Zambotti, M., Londrillo, F., Kramer, J. H., et al. (2017). Sleep changes without medial temporal lobe or brain cortical changes in community-dwelling individuals with subjective cognitive decline. Alzheimers Dement. 13, 783–791. doi: 10.1016/j.jalz.2016.11.006

Leng, Y., and Yaffe, K. (2020). Sleep duration and cognitive aging-beyond a U-Shaped association. JAMA Netw. Open 3:e2014008. doi: 10.1001/jamanetworkopen.2020.14008

Li, J., Chang, Y. P., Riegel, B., Keenan, B. T., Varrasse, M., Pack, A. I., et al. (2018). Intermediate, but not extended, afternoon naps may preserve cognition in chinese older adults. J. Gerontol. A Biol. Sci. Med. Sci. 73, 360–366. doi: 10.1093/gerona/glx069

Liguori, C., Placidi, F., Izzi, F., Spanetta, M., Mercuri, N. B., and Di Pucchio, A. (2020). Sleep dysregulation, memory impairment, and CSF biomarkers during different levels of neurocognitive functioning in Alzheimer’s disease course. Alzheimers Res. Ther. 12:5. doi: 10.1186/s13195-019-0571-3

Lin, T., Liu, G. A., Perez, E., Rainer, R. D., Febo, M., Cruz-Almeida, Y., et al. (2018). Systemic inflammation mediates age-related cognitive deficits. Front. Aging Neurosci. 10:236. doi: 10.3389/fnagi.2018.00236

Ma, Y., Liang, L., Zheng, F., Shi, L., Zhong, B., and Xie, W. (2020). Association between sleep duration and cognitive decline. JAMA Netw. Open 3:e2013573. doi: 10.1001/jamanetworkopen.2020.13573

Machi, M. S., Staum, M., Callaway, C. W., Moore, C., Jeong, K., Suyama, J., et al. (2012). The relationship between shift work, sleep, and cognition in career emergency physicians. Acad. Emerg. Med. 19, 85–91. doi: 10.1111/j.1553-2712.2011.01254.x

Malkani, R. G., and Zee, P. C. (2018). Sleeping well and staying in rhythm to stave off dementia. Sleep Med. Rev. 40, 1–3. doi: 10.1016/j.smrv.2018.01.007

McArdle, J. J. (2009). Latent variable modeling of differences and changes with longitudinal data. Annu. Rev. Psychol. 60, 577–605. doi: 10.1146/annurev.psych.60.110707.163612

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R. Jr., Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Meng, Q., Wang, H., Strauss, J., Langa, K. M., Chen, X., Wang, M., et al. (2019). Validation of neuropsychological tests for the china health and retirement longitudinal study harmonized cognitive assessment protocol. Int. Psychogeriatr. 31, 1709–1719. doi: 10.1017/S1041610219000693

Muthén, L. K. (2016). Growth Modeling With Latent Variables Using Mplus. Los Angeles, CA: Muthén & Muthén.

Plassman, B. L., Williams, J. W. Jr., Burke, J. R., Holsinger, T., and Benjamin, S. (2010). Systematic review: factors associated with risk for and possible prevention of cognitive decline in later life. Ann. Intern. Med. 153, 182–193. doi: 10.7326/0003-4819-153-3-201008030-00258

Report, A. S. A. (2020). 2020 Alzheimer’s disease facts and figures. Alzheimers Dement. 2020:12068. doi: 10.1002/alz.12068

Roh, J. H., Huang, Y., Bero, A. W., Kasten, T., Stewart, F. R., Bateman, R. J., et al. (2012). Disruption of the sleep-wake cycle and diurnal fluctuation of beta-amyloid in mice with Alzheimer’s disease pathology. Sci. Transl. Med. 4:4291. doi: 10.1126/scitranslmed.3004291

Spira, A. P., Gonzalez, C. E., Venkatraman, V. K., Wu, M. N., Pacheco, J., Simonsick, E. M., et al. (2016). Sleep duration and subsequent cortical thinning in cognitively normal older adults. Sleep 39, 1121–1128. doi: 10.5665/sleep.5768

United Nations Department of Economic and Social Affairs Population Division. (2020). World Population Prospects: The 2015 Revision: Key Findings and Advance Tables. United Nations Working Paper ESA/P/WP.241. Available online at: https://population.un.org/wpp/Publications/Files/Key_Findings_WPP_2015.pdf.(accessed July 29, 2015)

Van Egroo, M., Narbutas, J., Chylinski, D., Villar Gonzalez, P., Maquet, P., Salmon, E., et al. (2019). Sleep-wake regulation and the hallmarks of the pathogenesis of Alzheimer’s disease. Sleep 42:17. doi: 10.1093/sleep/zsz017

Vitiello, M. V., Prinz, P. N., Williams, D. E., Frommlet, M. S., and Ries, R. K. (1990). Sleep disturbances in patients with mild-stage Alzheimer’s disease. J. Gerontol. 45, M131–M138. doi: 10.1093/geronj/45.4.m131

West, N. A., Johnson, D. A., Lutsey, P. L., Mosley, T. H., and Redline, S. (2021). Cognition and 20-year subsequent sleep disturbances. Sleep Health 2021:8.

Wilcox, M. E., McAndrews, M. P., Van, J., Jackson, J. C., Pinto, R., Black, S. E., et al. (2020). Sleep fragmentation and cognitive trajectories after critical illness. Chest 2020:36. doi: 10.1016/j.chest.2020.07.036

Wilson, R. S., Nag, S., Boyle, P. A., Hizel, L. P., Yu, L., Buchman, A. S., et al. (2013). Neural reserve, neuronal density in the locus ceruleus, and cognitive decline. Neurology 80, 1202–1208. doi: 10.1212/WNL.0b013e3182897103

Xie, W., Zheng, F., Yan, L., and Zhong, B. (2019). Cognitive decline before and after incident coronary events. J. Am. Coll. Cardiol. 73, 3041–3050. doi: 10.1016/j.jacc.2019.04.019

Xu, W., Tan, L., Su, B. J., Yu, H., Bi, Y. L., Yue, X. F., et al. (2020). Sleep characteristics and cerebrospinal fluid biomarkers of Alzheimer’s disease pathology in cognitively intact older adults: The CABLE study. Alzheimers Dement. 16, 1146–1152. doi: 10.1002/alz.12117

Yaffe, K., Blackwell, T., Barnes, D. E., Ancoli-Israel, S., Stone, K. L., and Study of Osteoporotic Fractures, G. (2007). Preclinical cognitive decline and subsequent sleep disturbance in older women. Neurology 69, 237–242. doi: 10.1212/01.wnl.0000265814.69163.da

Yaffe, K., Falvey, C. M., and Hoang, T. (2014). Connections between sleep and cognition in older adults. Lancet Neurol. 13, 1017–1028. doi: 10.1016/s1474-4422(14)70172-3

Zhang, F., Zhong, R., Li, S., Fu, Z., Wang, R., Wang, T., et al. (2019). Alteration in sleep architecture and electroencephalogram as an early sign of Alzheimer’s disease preceding the disease pathology and cognitive decline. Alzheimers Dement. 15, 590–597. doi: 10.1016/j.jalz.2018.12.004

Zhao, Y., Hu, Y., Smith, J. P., Strauss, J., and Yang, G. (2014). Cohort profile: the china health and retirement longitudinal study (CHARLS). Int. J. Epidemiol. 43, 61–68. doi: 10.1093/ije/dys203

Zheng, D. D., Swenor, B. K., Christ, S. L., West, S. K., Lam, B. L., and Lee, D. J. (2018). Longitudinal associations between visual impairment and cognitive functioning: the salisbury eye evaluation study. JAMA Ophthalmol. 136, 989–995. doi: 10.1001/jamaophthalmol.2018.2493


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.

Copyright © 2021 Hua, Zhuang, Shen, Tang, Sun and Fang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 06 October 2021
doi: 10.3389/fnagi.2021.723243





[image: image2]

Comparison Between the Effects of Continuous and Intermittent Light-Intensity Aerobic Dance Exercise on Mood and Executive Functions in Older Adults

Kazuki Hyodo1*, Kazuya Suwabe2,3, Daisuke Yamaguchi1, Hideaki Soya3,4 and Takashi Arao1


1Physical Fitness Research Institute, Meiji Yasuda Life Foundation of Health and Welfare, Tokyo, Japan

2Faculty of Health and Sport Sciences, Ryutsu Keizai University, Ibaraki, Japan

3Sport Neuroscience Division, Advanced Research Initiative for Human High Performance (ARIHHP), Faculty of Health and Sport Sciences, University of Tsukuba, Ibaraki, Japan

4Laboratory of Exercise Biochemistry and Neuroendocrinology, Faculty of Health and Sport Sciences, University of Tsukuba, Ibaraki, Japan

Edited by:
Sara Palermo, Carlo Besta Neurological Institute (IRCCS), Italy

Reviewed by:
Dalila Burin, Tohoku University School of Medicine, Japan
Shinji Takahashi, Tohoku Gakuin University, Japan

* Correspondence: Kazuki Hyodo, k-hyodo@my-zaidan.or.jp

Received: 10 June 2021
 Accepted: 07 September 2021
 Published: 06 October 2021

Citation: Hyodo K, Suwabe K, Yamaguchi D, Soya H and Arao T (2021) Comparison Between the Effects of Continuous and Intermittent Light-intensity Aerobic Dance Exercise on Mood and Executive Functions in Older Adults. Front. Aging Neurosci. 13:723243. doi: 10.3389/fnagi.2021.723243



There is a growing body of evidence suggesting that one bout of moderate-intensity exercise enhances executive functions in older adults. However, in terms of safety, feasibility, and continuity, older individuals prefer light, easy, and fun exercises to moderate and stressful exercises for improving executive functions. Therefore, light-intensity aerobic dance exercise (LADE) could be suitable if it produces potential benefits related to executive functions. As for continuous vs. intermittent exercise, intermittent exercise has received a lot of attention, as it results in greater effects on mood and executive functions than continuous exercise; however, its effects in older adults remain uncertain. Thus, in this study, we aimed to examine the acute effects of intermittent LADE (I-LADE) in comparison with those of continuous LADE (C-LADE) on mood and executive functions. Fifteen healthy older adults participated in 10-min I-LADE and C-LADE conditions on separate days. Perceived enjoyment following exercise was assessed using the Physical Activity Enjoyment Scale (PACES). The pleasantness of the mood during exercise and pleasure and arousal levels after exercise were assessed using the Feeling Scale and Two-Dimensional Mood Scale, respectively. Executive function was assessed using the Stroop task before and after exercise. As a result, pleasantness of the mood during exercise and exercise enjoyment levels were greater in I-LADE than in C-LADE. Arousal and pleasure levels and Stroop task performance increased after both LADEs and did not differ between the two exercise conditions. These findings suggest that although enhancement of mood and executive functions after exercise did not differ between C-LADE and I-LADE, I-LADE could be more enjoyable and fun than C-LADE. This study will help in the development of exercise conditions that can enable the elderly to enhance their executive functions in a fun way.

Keywords: aging, aerobic dance exercise, low intensity, interval exercise, exercise enjoyment, affective response, emotion, Stroop


INTRODUCTION

Previous studies have reported on the beneficial effects of physical activity or exercise in preventing age-related cognitive decline (Kramer et al., 1999; Hillman et al., 2008). In addition to the beneficial effect of chronic exercise (long-term regular exercise), several studies have reported that acute exercise, defined as a single bout of exercise, produces a positive effect on cognitive function in older adults. Many of these studies have focused on the effects of exercise on executive functions, a higher-order cognitive process compassing working memory, inhibitory control, planning to control goal-directed behavior (Miyake et al., 2000), and found that moderate-to-high intensity exercises, such as running and cycling (Kamijo et al., 2009; Hyodo et al., 2012; Johnson et al., 2016; Chang et al., 2019), resistance exercise (Johnson et al., 2016), and a combination of these exercises (Nouchi et al., 2020) enhanced these executive functions. However, it is difficult for older adults, who are anxious about their physical functions or whose level of motivation to exercise is low, to perform moderate-to-high intensity exercise and to continue regularly (Schutzer and Graves, 2004). Here, mood change during and after exercise is an important factor from the perspective of exercise motivation and effects on executive function. This is because exercise-related mood changes (positive affective response during exercise and exercise enjoyment) lead to the next exercise (Rhodes and Kates, 2015), and that exercise-induced mood changes (e.g., arousal or pleasure level) are associated with improved cognitive function (Byun et al., 2014; Nouchi et al., 2020; Suwabe et al., 2021). Therefore, it is necessary to clarify the most suitable characteristics of an exercise that is easy and fun for older adults to perform and that is effective for mood and executive functions.

In terms of the safety, feasibility, and enjoyment levels associated with an exercise for older adults, exercise characteristics, such as intensity, type, and mode, are important factors that should be examined carefully. Regarding the intensity of an exercise, light-intensity exercise is less stressful and easier for older adults to perform, which makes it safe and feasible to practice. As for the effect on mood, light-intensity exercise could induce a more pleasant mood during exercise than moderate-intensity exercise (Ekkekakis et al., 2011). With respect to the effect on executive functions, it is still under debate whether acute light-intensity exercise is effective for improving executive functions in older adults. For example, our previous study reported that 10 min of light-intensity cycling exercise enhanced executive functions in young adults, as assessed by the Stroop task (Byun et al., 2014). Dawe and Moore-Orr (1995), and Stones and Dawe (1993) reported that 15 min of light-intensity physical exercise (e.g., walking, whole body slow rhythmic movement while sitting) enhanced word fluency performance in older adults. In addition to aerobic exercise, recent studies have revealed the beneficial effect of yoga and virtual-reality training on executive functions (Wu et al., 2019; Burin et al., 2020; Burin and Kawashima, 2021). In contrast, Kamijo et al. (2009) reported that acute light-intensity cycling exercise did not improve executive functions assessed using the Flanker task.

As a type of exercise, dance appears to be suitable for older adults because of the familiarity with the older adults and the beneficial effect on mood and cognitive function. Based on data from the National Health and Nutrition Examination Surveys (NHANES), Fan et al. (2013) reported that the participation rate in dance as a leisure time physical activity was ranked second following walking among older American women. Moreover, as dance is cognitively and physically demanding (Brown et al., 2006), it is attracting attention as a type of exercise to enhance cognitive function effectively (Hewston et al., 2021). Kimura and Hozumi (2012) reported that acute light-intensity (40% [image: image]) aerobic dance exercise (LADE) could enhance spatial working memory performance in older adults. Moreover, our recent study revealed that acute LADE improved vitality and pleasure levels as well as executive functions as evaluated by Stroop task performance (Hyodo et al., 2019). Moreover, in a systematic review, Predovan et al. (2019) reported that as an intervention, dance could help improve or maintain cognition in the elderly. Regarding the effect on mood, previous studies have revealed that participation in an ADE class instantly improves mood by, for example, increasing vigor and decreasing anger and depression (Maroulakis and Zervas, 1993; McInman and Berger, 1993; Pierce and Pate, 1994; Lane et al., 2003).

Whether an exercise is practiced continuously or intermittently could be another important characteristic that influences its effects. Continuous aerobic exercise (exercise in one continuous bout) has been widely reported to have positive effects on mood and executive functions in young and older adults (Yanagisawa et al., 2010; Hyodo et al., 2012; Hogan et al., 2013). In recent years, intermittent exercise (exercise in multiple short bouts with interval) has attracted a lot of attention for its time-efficient nature and beneficial effects not only on physical functions (Gibala et al., 2012; Tjønna et al., 2013) but also on mood and cognitive functions in young adults (Bartlett et al., 2011; Tsukamoto et al., 2016; Kujach et al., 2018; Ai et al., 2021). Several studies revealed intermittent exercise had a more positive effect on enjoyment and executive functions than continuous exercise probably via increased sense of achievement (Hoekstra et al., 2017), neural efficiency (Kao et al., 2017), or prefrontal activation (Lambrick et al., 2016). Most of the aforementioned studies, however, used intermittent high–intensity exercise, and to the best of our knowledge, no study has examined the effects of intermittent light-intensity exercise on mood and cognitive functions in older adults.

Based on the available evidence, we hypothesized that intermittent LADE (I-LADE) would be safe and fun for older adults to practice and would also be effective for maintaining and improving their mood and cognitive function. As the first step in examining this hypothesis, we aimed to examine the acute effects of I-LADE in comparison with those of continuous LADE (C-LADE) on mood and executive functions in older adults.



MATERIALS AND METHODS


Participants

Fifteen older adults (aged 65–74 years) were recruited through advertisements in local magazines. The inclusion criteria for participation in this study were right-handedness; normal or corrected-to-normal vision; no history of any neuropsychiatric, neurological, or cardiovascular diseases; healthy cognitive abilities [Mini-Mental State Examination (MMSE) score > 28]; and the absence of depression [Geriatric Depression Scale (GDS) score <7]. All participants were physically active (exercising (e.g., walking, swimming) at least 2 days a week). Baseline characteristics are presented in Table 1.

TABLE 1. Demographic characteristics (n = 15).

[image: image]

Written informed consent was obtained from all the participants prior to the study. This study was approved by the Ethics Committee of the Physical Fitness Research Institute of Meiji Yasuda Life Foundation of Health and Welfare (approval number: 28003).



Experimental Procedure

Each participant visited the laboratory three times on separate days. During the first visit, we checked their medical, cognitive, and psychological status using the MMSE and GDS questionnaires. Subsequently, they practiced the Stroop task, a psychological test for measuring executive functions, to familiarize themselves with the Stroop task, which was later used to assess executive functions; the participants performed the task twice. They also practiced an aerobic dance exercise program called “Slow Aerobic Dance Exercise” once.

During the second and third visits, we assessed the acute effects of C-LADE or I-LADE on mood and executive functions using a counterbalanced, within-subjects design. The two exercise conditions were separated by an average of 5 days (2–12 days). The experimental procedure is depicted in Figure 1. First, the participants performed the Stroop task (pre-session) following a short practice (20 trials). Next, their mood was assessed using the Two-Dimensional Mood Scale (TDMS). Subsequently, they performed either I-LADE or C-LADE for 10 min. The Feeling Scale (FS) score and ratings of perceived exertion (RPE) were obtained verbally from each participant before the exercise and at 2, 4, 6, 8, and 10 min after beginning the exercise. Heart rate (HR) was monitored throughout the experimental period using Polar H7 (Polar Electro Oy, Kempele, Finland). Immediately after the exercise, the participant completed the TDMS and the Physical Activity Enjoyment Scale (PACES) questionnaires. Finally, they performed the Stroop task (post-session) 5 min after the end of the exercise. The order of the exercise conditions was counterbalanced across participants.


[image: image]

FIGURE 1. Experimental procedure. HR, heart rate; TDMS, Two-Dimensional Mood Scale; FS, Feeling Scale; RPE, rating of perceived exertion; PACES, Physical Activity Enjoyment Scale.





Exercise Intervention

We used the “Slow Aerobic Dance Exercise” as the LADE intervention in this study (Figure 2). The intervention mainly comprised three dynamic upper-body stretches: (1) twisting the upper body; (2) pulling the elbows back and then clapping the hands while shaking the waist from side to side; and (3) waving the arms like wiping the windows while shaking the waist from side to side. The C-LADE condition comprised of five sets of the three movements, each of which was routinely executed for 40 s. The exercise tempo was set to 90 bpm. In contrast, the I-LADE condition comprised of five sets of the three movements for 90 s with rest intervals of 30 s. The exercise tempo was set to 120 bpm. The number of times each movement was repeated was equal between the two LADE conditions. Each participant conducted each LADE movement alone while watching a tutorial video with the original music (Witek et al., 2014).


[image: image]

FIGURE 2. Three components of the “Slow Aerobic Dance Exercise”.





Exercise Intensity

To verify that the exercises were in light-intensity range, we evaluated objective and subjective exercise intensity using HRR and RPE, respectively. We calculated the heart rate reserve (HRR) for each participant using the following equation:

[image: image]

The age-predicted maximum HR was calculated using the following equation (Tanaka et al., 2001):

[image: image]

For subjective exercise intensity, the mean RPE during exercise was used.



Mood-Related Variables

To assess exercise enjoyment levels, we used the Japanese version of the PACES (Kendzierski and DeCarlo, 1991; Marcus and Forsyth, 2006). The PACES consists of 18 items scored on a 7-point bipolar scale. The minimum total score is 18, and the maximum total score is 126.

To assess the participant’s mood during the exercise, we used the FS comprising of a single item (Hardy and Rejeski, 1989). The item assesses how the participant currently feels (pleasant–unpleasant) about the exercise on an 11-point bipolar scale with scores ranging from -5 (very bad) to + 5 (very good). We calculated the mean FS score during exercise to assess whether the mood was pleasant while exercising.

We used different questionnaires to evaluate the participants’ mood during and after exercise to minimize common-method variance. To assess the mood after the exercise, we used the TDMS (Sakairi et al., 2013), which comprise eight mood-expressing words related to both pleasure and arousal states (i.e., energetic, lively, lethargic, listless, relaxed, calm, irritated, and nervous). Participants scored each item using a 6-point rating scale ranging from 0 (not at all) to 5 (extremely). Pleasure and arousal levels (ranging from -20 to + 20 points) were determined by calculations based on each score.



Executive Functions

We assessed executive functions using a computer-based color-word matching Stroop task (Zysset et al., 2001; Hyodo et al., 2016). Two rows of letters were presented on a computer screen. The participants were required to determine whether the colors of the letters in the top row matched the color names printed in the bottom row and to press the corresponding “yes” or “no” button as quickly and accurately as possible with their forefingers. The task comprised 30 neutral and 30 incongruent trials presented in a random order. For neutral trials, the letter sequence “XXXX” was displayed in the top row in red, green, blue, or yellow, and the word “[image: image]” (red in English), “[image: image]” (green in English), “[image: image]” (blue in English), or “[image: image]” (yellow in English) was displayed in the bottom row in black. For incongruent trials, the top row contained the word “[image: image]” “[image: image]” “[image: image]” or “[image: image]” displayed in an incongruent color (e.g., “[image: image]” in green). All the word stimuli were displayed in Japanese. To achieve sequential visual attention, the top row appeared 350 ms earlier than the bottom row. Each stimulus remained on the screen for 3 s. The protocol contained an equal number of trials with “yes” as the correct answer and “no” as the correct answer. Between trials, fixation cross was presented for 9–12 s (inter stimulus interval) to avoid the prediction of the timing in the subsequent trial. The accuracy and correct reaction time were measured. Stroop interference time (i.e., the difference in the correct reaction time between incongruent and neutral trials) was used as an index of executive functions, similar to in previous studies (Yanagisawa et al., 2010; Hyodo et al., 2012; Byun et al., 2014; Ochi et al., 2018).



Statistical Analyses

The HRR, RPE, and PACES scores were compared between the two exercise conditions using a paired t-test. For the FS scores, TDMS scores, and Stroop interference times, a two-way repeated measures analysis of variance (ANOVA) including exercise condition (C-LADE/I-LADE) and time (pre/post [or during] exercise) was conducted. If a significant interaction was observed, changes in the values (post-pre) were compared between the exercise conditions using an unpaired t-test. In addition, for the variables with significant differences between exercise conditions, Pearson correlation analysis was performed to investigate the relationship between them. All statistical analyses were conducted using R version 3.5.1 (R Core Team, 2018). Statistical significance was set at p < 0.05 for all the analyses.




RESULTS


Exercise Intensity

The average HRR during C-LADE and I-LADE was 19.4 ± 6.50 and 22.4 ± 6.91%, respectively. The average RPE during C-LADE and I-LADE was 10.3 ± 1.69 and 10.6 ± 1.9%, respectively. There were no significant differences in the mean HRR (t(14) = 1.77, p = 0.10, d = 0.46) or RPE (t(14) = 1.01, p = 0.31, d = 0.28) between the two exercise conditions.



Mood-Related Variables

Figure 3 presents the PACES, FS, and TDMS scores. Data of the one participant who had the maximum FS score (5 points) before exercise were excluded from the FS score analysis. The PACES score was significantly higher after I-LADE than after C-LADE (t(14) = 3.10, p < 0.01, d = 0.80; Figure 3A).


[image: image]

FIGURE 3. Results of mood-related variable analysis. Means and standard deviations are shown. The p values in (A) show the results of the paired t-test. The p values in (B), (C), and (D) show the results of the two-way ANOVA with time and exercise condition as factors. PACES, Physical Activity Enjoyment Scale; FS, Feeling Scale; ANOVA, analysis of variance.



The two-way ANOVA for the FS score showed a significant interaction (F(1, 13) = 6.24, p = 0.023, [image: image] = 0.324) and main effect of time (F(1, 13) = 35.24, p < 0.01, [image: image] = 0.732) but no significant main effect of the exercise condition (F(1, 13) = 0.21, p = 0.66, [image: image] = 0.016). The change in the FS score was significantly higher in I-LADE than in C-LADE (t(13) = 2.31, p = 0.049, d = 0.80; Figure 3B).

Regarding the TDMS results, the two-way ANOVA for the pleasure level showed a significant main effect of time (F(1, 14) = 14.42, p < 0.01, [image: image] = 0.507). However, there was no significant interaction (F(1, 14) = 0.03, p = 0.86, [image: image] = 0.002) or main effect of the exercise condition (F(1, 14) = 0.08, p = 0.79, [image: image] = 0.005). In addition to the pleasure level, the arousal level showed a significant main effect of time (F(1, 14) = 15.05, p < 0.01, [image: image] = 0.518) but no significant interaction (F(1, 14) = 0.15, p = 0.7, [image: image] = 0.011) or main effect of the exercise condition (F(1, 14) = 0.35, p = 0.56, [image: image] = 0.024).



Executive Functions

Table 2 presents the accuracy rates and reaction times (RT) in the neutral and incongruent trials before and after the exercises. To examine the acute effect of the exercise on executive functions, Stroop interference time (RT difference between incongruent and neutral trials) was analyzed. The two-way ANOVA revealed a significant main effect of time in the case of Stroop interference time (F(1, 14) = 4.74, p = 0.05, [image: image] = 0.253), which showed that Stroop interference times were significantly shorter during the post-session than during the pre-session (Figure 4). However, we found no significant interactions (F(1, 14) = 0.03, p = 0.86, [image: image] = 0.002) or main effects of the exercise condition (F(1, 14) = 0.47, p = 0.50, [image: image] = 0.033).

TABLE 2. Behavioral data based on the Strooptask.

[image: image]


[image: image]

FIGURE 4. Change in Stroop interference time for each condition. Mean and standard deviation are shown. The p value shows the results of the two-way ANOVA with time and exercise condition as factors.





Correlations Between Significant Variables

We found significant differences in the PACES and FS scores between exercise conditions, Pearson’s correlation analysis was conducted to assess the relationship between the difference in FS score changes (ΔFS in I-LADE − ΔFS in C-LADE) and the difference in PACES score [PACES in I-LADE − PACES in C-LADE]. There was no significant correlation between them (r = 0.097, p = 0.74). This result suggests that different factors are involved in the differences in FS and PACES between exercises.




DISCUSSION

In this study, we aimed to clarify the acute effects of I-LADE on mood and executive function compared with those of C-LADE. We hypothesized that I-LADE would induce greater acute effects of the exercise on psychological arousal and pleasure levels, enjoyment levels, and executive functions compared with C-LADE. This hypothesis was partially confirmed in this study. The results of this study showed that the participants experienced higher pleasure levels during I-LADE than during C-LADE and greater exercise enjoyment in I-LADE than in C-LADE. However, the changes in arousal, pleasure and executive function before and after the exercise did not differ between the exercise conditions. These findings suggest that I-LADE is more fun to perform than C-LADE, but the enhancing effects of the exercise on mood and executive function after exercise are not different between the exercise conditions in older adults.

Regarding the exercise intensity, although it was not significant, a low effect size was observed between exercise conditions. In this regard, HRR in both exercises were within the range of light-intensity, and the difference in the mean of HRR between the two exercises (3%) is considered to be a small difference with little effect on physiological responses (metabolism, respiratory system, etc.; Sanada et al., 2007) and affective responses (Ekkekakis et al., 2004). Moreover, the difference in HRR between the exercises was not correlated with the differences in FS and PACES (r = -0.12, r = -0.18) between the exercises. These results suggest that the different responses in FS and PACES between the exercises could be due to the different exercise modes instead of possible small intensity differences.

The result of the exercise enjoyment in this study was consistent with those of previous studies reporting that intermittent exercise was more enjoyable than continuous exercise in young adults (Bartlett et al., 2011; Martinez et al., 2015; Hoekstra et al., 2017). This result suggests that intermittent exercise may be more enjoyable than continuous exercise in older adults, even at light-intensity. Exercise enjoyment has been related to cognitive appraisal, such as mastery of an exercise or a sense of achievement (Kilpatrick et al., 2015; Hoekstra et al., 2017). Consequently, it is possible that the I-LADE condition involving a larger number of shorter sessions enhanced the sense of accomplishment compared with the C-LADE condition involving only one session, which may have led to more enjoyment.

As for the greater effect on FS during I-LADE, this result would be inconsistent with previous studies using intermittent high–intensity exercise. A meta-analysis examining the difference in the effect on mood between interval exercise and continuous exercise reported that the mood during interval high-intensity exercise is less pleasant than that during continuous moderate-intensity exercise; however, there was no difference in mood when the intensity was high in both cases (Niven et al., 2020). The difference in the results between this study and previous studies could be explained by the dual-mode theory (DMT; Ekkekakis, 2003). According to this theory, the mood during exercise is controlled by the interaction between cognitive parameters, such as self-efficacy and interoceptive cues, such as ventilation and acidosis. For instance, when exercise intensity is below the ventilatory threshold or lactate threshold, cognitive parameters positively influence the mood. However, when exercise intensity is above these thresholds, interoceptive cues negatively influence the mood. Based on the DMT, since exercise intensity could strongly influence the mood during exercise at above moderate intensities, the influence of continuous or intermittent exercise on the mood during exercise could be minimal. In contrast, since both I-LADE and C-LADE in this study were light-intensity conditions, the differences in exercise characteristics (intermittent or continuous) could influence the mood. I-LADE might have a greater effect on self-efficacy or self-esteem during exercise than C-LADE, which could lead to a more pleasant mood during exercise.

Although the mood during I-LADE was more pleasant than that during C-LADE, the pleasure level measured by the TDMS immediately after the exercise was not different between the two exercise conditions. These results indicated that the more pleasant mood during I-LADE than during C-LADE was not maintained after the exercise. This result of no difference in mood after exercise is consistent with previous studies reporting that exercise intensity affected the mood during exercise, but its effect disappeared after exercise (Kilpatrick et al., 2007; Ekkekakis et al., 2011). As the explanation of this result, the previous studies pointed out that the affective response during exercise would be strongly driven by core response directly by bodily sensations, but it disappeared after the exercise (Kilpatrick et al., 2007; Martinez et al., 2015). Applying this explanation to the present study, it is possible that during the exercise, the pleasure was increased in response to more bodily sensations of rhythmic and varied movements in I-LADE compared to C-LADE. However, after the exercise, the stimulation of body movement disappeared, which may lead to the lack of difference between exercise conditions. Although the effect of the exercise mode on the mood might disappear immediately after exercise, a previous study reported that mood changes during exercise are related to future physical activity (Rhodes and Kates, 2015). Therefore, a more pleasant mood during I-LADE might be meaningful in terms of promoting physical activity or exercise in the future.

Regarding the psychological arousal levels, although both LADEs increased the arousal levels, there was no significant difference between these levels. Exercise intensity is strongly associated with psychological and physiological arousal levels (Ekkekakis, 2003). In this study, since there was no significant difference in exercise intensity between the two conditions, no significant difference in the arousal response to the exercise seemed to be observed between them.

As for the executive function, the Stroop interference time shortened after both exercise conditions, and no significant difference in the pattern of change was observed between them. These results suggest that the difference in the exercise mode (intermittent or continuous) does not produce the difference in the exercise-induced changes in executive functions among older adults when the exercise is conditioned for light-intensity and aerobic dance. This result is inconsistent with previous studies that intermittent exercise improved executive task performance such as Stroop task (Lambrick et al., 2016; Tsukamoto et al., 2016) and Flanker task (Kao et al., 2017) compared to continuous exercise. These studies compared high-intensity intermittent exercise and moderate-intensity continuous exercise, but no study has compared the effects within the same range of exercise intensity. Then, within the same range of exercise intensity, the effects of intermittent and continuous exercise on executive functions may not be different. Although the exercise mode and intensity are different from our study, this assumption was supported by a previous study reporting that both aerobic and resistance exercises with moderate intensity improved Stroop task performance to the same degree in older adults (Johnson et al., 2016). In addition, previous studies (Byun et al., 2014; Nouchi et al., 2020; Suwabe et al., 2021) reported that the improved executive function was associated with improved mood (e.g., arousal and vitality). These findings suggest that the lack of LADE-induced differences in the Stroop interference time change in this study might be due to the lack of differences in the mood change such as pleasure and arousal between the two exercises. Lastly, since the exercise intensity of the aerobic dance exercise in this study was light, the improvement effect on executive functions may have been small (Kamijo et al., 2009), resulting in no difference. That is, there was no control condition in this study, we cannot deny the possibility that the shortening in both conditions was due to a learning/habituation effect. In this regard, however, we believe that there was little impact on the learning effect from the following two points: (1) participants became familiar with the Stroop task during the practice day, and there was no difference in Stroop interference time between the first and second practice sessions (Supplementary Table 1); and (2) the results of previous studies in the same condition repeatedly showed that the resting control did not change Stroop interference time (Yanagisawa et al., 2010; Hyodo et al., 2012; Byun et al., 2014; Kujach et al., 2018). To compare the effects of intermittent and continuous aerobic dance exercise on executive functions in more detail, it is necessary to compare the effects of intermittent and continuous exercise with a control condition and at various intensities in the future.

This study has some limitations. First, as mentioned above, there was no resting control condition. The improvement of mood and executive function might not only be due to the exercise effect. Second, because of the small sample size in this study, statistical power might be too low to detect the difference in the effects between the two exercise conditions. This means that a clear conclusion should be avoided for the variables showing no significant difference between the two exercise conditions. Third, the participants in this study were relatively physically active, it is unclear whether the results apply to inactive older adults. Lastly, as we used only the Stroop task to assess executive functions, it is still unknown whether other aspects of executive functions, such as cognitive flexibility and updating, are differently affected by the difference in the mode of dance exercise program.

In conclusion, although performing LADE continuously or intermittently may not affect the enhancement of mood and executive function after exercise in older adults, intermittent exercise could be more enjoyable and fun than continuous exercise. Consequently, intermittent exercise could have the potential to improve mood and executive functions, as well as to promote a higher adherence level to exercise regimens in older adults, even in the case of light-intensity exercises. This study may help to develop exercise programs that can be performed by many older adults to enhance their mood and executive functions. Further studies with a larger sample including inactive people are needed to further clarify the effect of the exercise.
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Impairment of social cognition (SC) skills such as recognition and attribution of intentions and affective states of others (Theory of Mind, ToM) has been evidenced in Alzheimer’s Disease (AD). This study investigated the neuropsychological, neuroanatomical and brain-functional underpinnings of SC processing to obtain an understanding of the social neurophenotype in early probable AD. Forty-six patients with mild cognitive impairment and mild probable AD underwent SC assessment including emotion recognition (Ekman-60-faces task) and cognitive and affective ToM (Reading-the-Mind-in-the-Eyes test and Story-based Empathy task). Linear models tested the association between SC scores and neuropsychological measures, grey matter maps and large-scale functional networks activity. The executive domain had the most predominant association with SC scores in the cognitive profile. Grey matter volume of the anterior cingulate, orbitofrontal, temporoparietal junction (TPJ), superior temporal, and cerebellar cortices were associated with ToM. Social cognition scores were associated with lower connectivity of the default-mode network with the prefrontal cortex. The right fronto-parietal network displayed higher inter-network connectivity in the right TPJ and insula while the salience network showed lower inter-network connectivity with the left TPJ and insula. Connectivity coupling alterations of executive-attentional networks may support default mode social-cognitive-associated decline through the recruitment of frontal executive mechanisms.

Keywords: Alzheimer’s disease, social cognition, theory of mind, fMRI, VBM, mild cognitive impairment


INTRODUCTION

Theory of Mind (ToM) is defined as self-originating inferences about other people’s intentions, beliefs and emotions that guide decision making and modulate behaviour in accordance with established social standards (Baron-Cohen et al., 1985). ToM can be further divided into cognitive ToM (attribution of intentions/beliefs) and affective ToM (emotional states) that are said to be controlled by partly independent neural systems (Kalbe et al., 2010; Abu-Akel and Shamay-Tsoory, 2011). Moreover, a second affective component of ToM, known as “cognitive empathy” (Dvash and Shamay-Tsoory, 2014), introduced as an element of connection between the former two, would be responsible for successful emotion recognition at the basis of affective mental state attributions (Mier et al., 2010; Mitchell and Phillips, 2015).

Impairment of ToM has been evidenced in Alzheimer’s disease (AD) (Freedman et al., 2013; Moreau et al., 2016; Chainay and Gaubert, 2020; Kessels et al., 2021), and may occur early, even at the prodromal stage of disease (Bora and Yener, 2017; Yildirim et al., 2020). However, this deterioration is not as severe as that observed in other neurocognitive domains such as for example in memory (Dodich et al., 2016). Furthermore, AD displays significantly less severe social cognition deficits compared with other forms of neurodegeneration, such as Lewy body dementia (Heitz et al., 2016), or the behavioural variant of fronto-temporal dementia (Bora et al., 2015). Therefore, social cognition abilities have been proposed as useful cognitive markers for discriminating among different forms of dementia (Bertoux et al., 2016; Dodich et al., 2018).

The most prevalent behavioural framework posits that detriments of ToM and social cognition in AD are a by-product of cognitive dysfunction, particularly in the executive domain (Dodich et al., 2016; Ramanan et al., 2017; Christidi et al., 2018; Torres et al., 2019). Based on this outline, social cognition impairment would initially hinder complex functions that rely heavily on attention, reasoning and decision-making (i.e., detection of second-order false beliefs), compromising more basic social functions (i.e., recognition of basic emotions) at later stages (Castelli et al., 2011; García-Rodríguez et al., 2012). Furthermore, the neural substrates sustaining ToM and social cognition in AD are still poorly understood and differ across cognitive or affective social skills (Poletti et al., 2012). Research carried out in the general population has identified a candidate neural network associated with mentalising skills that encompasses the medial prefrontal cortex (mPFC), temporoparietal junction (TPJ), posterior superior temporal sulcus and precuneus (Gallagher and Frith, 2003; Saxe and Wexler, 2005; Frith and Frith, 2006; Schurz et al., 2014). Some of these regions have also been found actively involved in supporting executive functions in the prodromal to mild AD continuum (Habeck et al., 2012). Moreover, most of these regions contribute to a large-scale system known as default-mode network (DMN) (Schilbach et al., 2008; Li et al., 2014). Although the DMN is a “task-negative” network that deactivates during task engagement, its computational hubs also contribute to “task-positive” activation patterns in support of executive control (Wade et al., 2018).

Early dysfunction of the DMN is a distinguishable pathophysiological hallmark of early stage AD, even at the prodromal Mild Cognitive Impairment (MCI) stage (Greicius et al., 2004; Zhang et al., 2012; Badhwar et al., 2017). As a result, additional executive/attentional resources might be required to demonstrate an adequate social cognitive performance in the presence of a down-regulated DMN. Limited neuroimaging studies have investigated the neural substrate of ToM abilities in the prodromal MCI and mild AD clinical phases, and these studies have mainly focussed on cognitive ToM. A first task-based fMRI study found reduced activation of fronto-temporal and subcortical regions in amnestic MCI patients during false belief tasks (Baglio et al., 2012). A second research study explored volumetric indices of brain structure in AD and found a significant association between mentalising skills and volume of hippocampal and cerebellar regions (Synn et al., 2018). A third study focussed on regional metabolic patterns found an association between the left TPJ and ToM false-belief reasoning in mild AD patients (Le Bouc et al., 2012). Lastly, a SPECT perfusion study found an association between ToM (false belief) and blood flow in the posterior cingulate (Takenoshita et al., 2020). Although these studies have provided useful insights on the possible neural underpinnings of ToM deficits in AD, their considerable level of heterogeneity indicates that the overall emerging pattern is still inconclusive.

The present study aimed thus to test the association between ToM and associated social cognition abilities and behavioural, structural and functional outcomes in order to provide an integrative social brain/neurocognitive profile across the prodromal to mild AD continuum and expand the limited data available in the current literature on this population. To our knowledge, this is the first comprehensive study to investigate domain-specific cognitive and affective ToM correlates in early-AD individuals through multi-task social cognition assessment and multi-modality neuroimaging acquisition.

In the context of the above-mentioned findings on normal individuals and AD patients, we hypothesised that ToM abilities in early-AD would be associated with volumetric integrity of fronto-parietal and limbic structures that represent the territory where the DMN is expressed. We also hypothesised that social cognition and complex ToM performance, at a functional level, would be supported by executive and attentional networks (and associated cognitive functions) in the presence of a vulnerable DMN.



MATERIALS AND METHODS


Participants

Forty-six patients were recruited for this study from our outpatient memory clinic neuropsychology services. All participants included in this study met clinical criteria for a diagnosis of MCI (n = 37, MMSE range 24–30) (Petersen, 2004; Albert et al., 2011) or mild stage probable AD dementia (n = 9, MMSE range 21–23), following the National Institute on Ageing criteria (McKhann et al., 2011; Jack et al., 2018). Initial diagnosis was confirmed for all patients through comprehensive longitudinal clinical neurological and neuropsychological assessment with support of structural magnetic resonance imaging (MRI) scans and clinical monitoring occurring over a period of at least four years.

A sample of 34 healthy controls (16 males and 18 females) matched for demographic characteristics and who did not meet any of the exclusion criteria set for the study was also included for comparison of patients’ neuropsychological and neuroimaging profiles. This sample of healthy participants was not involved in the social cognition experiments and was included for the sole purpose of demonstrating that the patterns of cognitive deficits and neuroimaging abnormalities of patients were typical of early AD.

Main exclusion criteria for all study participants were set as follows, and were used to rule out the interfering effects of other types of neurological conditions: presence of cognitive fluctuations or neuropsychiatric symptoms compatible with types of neurodegenerative dementia diagnosis other than Alzheimer’s disease, acute/chronic cerebrovascular disease or history of transient ischaemic attacks, uncontrolled brain seizures or history of epilepsy, peripheral neuropathy disorders, neuropsychiatric or other neural conditions not compatible with our study as detected by MRI, cardiovascular and gastroenterological conditions such as sick-sinus syndrome or peptic ulcer, metabolic disorders such as abnormal levels of B12, folates or thyroid-stimulating hormone, pharmacological interventions such as pre-recruitment treatment with memantine/cholinesterase inhibitors, psychotropic medication, pharmacological components displaying important organic adverse effects or medications used in other research protocols and presence of major disabilities that could impact negatively on cognitive or everyday life functions. All participants undergoing chronic treatment for other severe non-neurological diseases were on stable dosage during data acquisition.

Ethical approval was granted by the Regional Ethics Committee (Protocol number 2014.08). Written informed consent was obtained from all participants.



Social Cognition and Neuropsychological Assessment

The Ekman 60 Faces (Ek-60F) test quantifies the participant’s ability to recognise six basic human emotions from faces: happiness, sadness, anger, disgust, fear and surprise. The assessment consists of 60 black-and-white trials taken from the Picture and Facial Affect series (Ekman and Friesen, 1976). One point is assigned to every correct answer and the global score is calculated by summing up all points for a maximum total of 60. A cut-off value of 37 has been established in a standardised normative sample (Dodich et al., 2014). This test engages recognition of facial expressions that prompts executive-related decision-making processes. These rely on semantic processing of visual cues and verbal descriptions and, in turn, allow labelling and assimilation of others’ affective mental states (Phillips et al., 2010; Circelli et al., 2013).

Secondly, the Reading the Mind in the Eyes Test (RMET) consists of 36 close-up photographs of the eye region (Baron-Cohen et al., 2001). The participant is asked to choose the word that best matches the emotion or thinking process reflected in the eyes’ expression among four alternatives. This test provides a valid measure of mentalising skills, in particular of the affective ToM component of emotional state recognition and processing (Serafin and Surian, 2004; Vellante et al., 2013).

Lastly, the Story-based Empathy Task (SET) consists of non-verbal cartoon-vignettes designed to assess the ability to attribute intentions (Intention Attribution, SET-IA) or emotional states (Emotion Attribution, SET-EA) to others. SET-IA and SET-EA performance sub-scores were used as proxies of cognitive and affective ToM, respectively. A third sub-section of this test serves as a control condition. The task is composed by a total of 18 story trials, 6 for each sub-task, and the instructions are to choose the most suitable epilogue for each story. The global score (SET-GS) is calculated by summing up all sub-scores (Cerami et al., 2014; Dodich et al., 2015).

Additionally, each participant completed a comprehensive neuropsychological testing battery for a detailed portrayal of cognitive performance. The Mini-Mental State Examination (MMSE) served as an overall indicator of cognitive performance. Memory functioning was assessed with the Prose Memory test (immediate and 10-min delayed recall) and with the Rey-Osterrieth Complex Figure (10-min delayed recall) for verbal and visuo-spatial long-term memory, respectively. The Category Fluency test (3 categories, 1-min each) was used as test of semantic memory. The Verbal Paired Associates Learning test was also administered as an additional measure of verbal memory assessing the interplay between episodic and semantic processing. Semantic processing was further explored via the administration of the WAIS-Similarities sub-test, and lexical recall was assessed with the Confrontation Naming test. The Digit Span test (forward and backward) was then administered to assess short-term and working memory, respectively. Executive functions were examined through the Stroop test to assess inhibition and attention, the Letter Fluency test to assess cognitive control in lexical access and the Raven’s Coloured Progressive Matrices to assess abstract reasoning. The copy of the Rey-Osterrieth Complex Figure was used as a measure of visuo-constructive abilities. Finally, the Token test and the Digit Cancellation test were used as measures of language comprehension and visual selective attention, respectively. The selected cognitive battery had been validated in the local memory clinic, showing to be particularly sensitive to the impairment reflective of the early stages of AD (Wakefield et al., 2014).



Magnetic Resonance Imaging Acquisition and Processing

Neuroanatomical T1-weighted Turbo Field Echo images were acquired with a Philips Achieva 1.5 T scanner with the following parameters: Voxel size: 1.1 × 1.1 × 0.6 mm3; repetition time 7.4 ms; echo delay time 3.4 ms; flip angle 8°; field of view 250 mm; matrix size 256 × 256 × 124. Functional resting-state Echo-planar images were acquired with the following parameters: Voxel size: 3.28 × 3.28 × 6.00 mm3; repetition time 2 s; echo delay time 50 ms; flip angle 90°; field of view 230 mm; matrix size 64 × 64. Two hundred and forty volumes were acquired, preceded by 10 dummy scans to allow the scanner to reach equilibrium; each volume consisted of 20 slices acquired axially and contiguously, in ascending order.

Structural voxel-based morphometry (VBM) analysis was carried out with the most updated standard VBM procedures available in Statistical Parametric Mapping (SPM) 12 software (Wellcome Centre for Human Neuroimaging, London, United Kingdom). Firstly, scans were reoriented and segmented into grey matter, white matter and cerebrospinal fluid tissue density maps. Secondly, images were normalised to the Montreal Neurological Institute (MNI) space and modulated. Lastly, images were smoothed with an 8-mm full-width at half maximum Gaussian kernel. Quantification of global tissue map volumes was carried out with the get_totals script1 to calculate total intracranial volumes and thus account for overall head size variability (Peelle et al., 2012). Hippocampal volumes were obtained through the STEPS automated process2 that allows accurate multi-template segmentation of bilateral grey-matter hippocampal contours from the native-space T1-weighted images (Jorge Cardoso et al., 2013).

Resting-state functional scans were pre-processed via a standard pipeline (Postema et al., 2019) that included the following steps: slice timing, to standardise single-subject time-related discrepancies within each volume; spatial realignment to adjust for linear and rotational head motion; spatial normalisation of images to an echo-planar imaging template (during which voxel size was resized to 2 mm3); temporal filtering (0.01 – 0.1 Hz) to reduce artefact-related signal not associated with neural activity; and, finally, a 6-mm Gaussian kernel smoothing to maximise signal-to-noise ratio. Images were then elaborated with an independent component analysis (ICA) to extract functional connectivity patterns reflecting major large-scale brain networks (Beckmann et al., 2005). The GIFT toolbox (v1.3i3) was used for this purpose. The Infomax optimisation algorithm was chosen and the number of components to be extracted was set to 20, as a reliable amount that typically allows the extraction of the fundamental resting-state human connectivity networks (Wang and Li, 2015).

Five networks were selected, namely, the anterior DMN (aDMN), the posterior DMN (pDMN), the left and right fronto-parietal networks and the salience network, due to their established involvement in cognitive functioning (Bressler and Menon, 2010). Component selection was carried out independently (with 100% agreement) by three raters (JMVB, MDM and AV) based on the visual recognition of their topographical features. Sources of variability, such as in-scanner motion parameters, were discarded during the ICA process by separating maps that represent signal dependent neural networks from artefact-related components.



Statistical Analyses

Demographics, social cognition and basic neuropsychological scores were analysed with IBM SPSS Statistics 24 software for Windows (SPSS Inc., Chicago, IL, United States). The Shapiro-Wilk test for normality performed on the residuals of the outcome variables of interest showed non-normal distributions for most of the models. Firstly, Mann-Whitney U statistics was used to compare the neuropsychological profile of our sample and that of the healthy matched control group. A non-parametric correlation model was run to establish the degree of association among the various social sub-scores and quantify inter-test reliability. Subsequently, a non-parametric partial correlation analysis was carried out between social cognition and basic neuropsychological scores. Significance was set at a Bonferroni-corrected p (0.05/15) = 0.003.

An initial structural VBM whole brain t-test analysis was carried out between the scans of the patient sample and those of the sample of healthy matched controls. Voxel-based multiple regression statistical models were then carried out testing the association between social cognition indices and cerebral grey-matter maps. An uncorrected cluster-forming threshold of p < 0.005 was used and clusters surviving a Family Wise Error (FWE) corrected threshold of p < 0.05 were retained as significant. Peak region coordinates were transformed from MNI space to Talairach stereotactic space with the Talairach client software and Lancaster transformation method (Lancaster et al., 1997, 2000). To maximise consistency, all extracted large-scale network maps were modelled independently as a function of the target proxies of social cognition, along the same methodological lines as in the voxel-based morphometry multiple regressions. Only patients were included in the social cognition correlation models.

All inferential imaging models in the present study were controlled for age (Fox and Schott, 2004); years of education, as a proxy of cognitive reserve (Fratiglioni and Wang, 2007); total intracranial volume, to account for head size (Peelle et al., 2012), and normalised hippocampal volumes (Jorge Cardoso et al., 2013), to control for a distinctive marker of regional disease-related degeneration. Neuropsychological partial correlation models were controlled for age, years of education and normalised hippocampal volumes. Details on exact p-values adopted in each set of inferential models are reported at the bottom of each table.




RESULTS

Whole brain comparison of baseline structural scans of all patients with structural scans of age- and education-matched healthy controls (mean age 74.73, SD 6.96, p = 0.73; mean years of education 9.94, SD 3.99, p = 0.60) showed smaller grey matter volumes in bilateral medial temporal cortices, supportive of a probable AD aetiology (Figure 1).


[image: image]

FIGURE 1. Statistical whole-brain grey matter volumetric comparison between the participant sample (n = 46) and a control group (n = 34) showing atrophy in medial temporal lobe structures consistent with a probable AD aetiology.


Similar comparisons of functional brain networks maps showed a profile of functional alterations typical of probable AD (see Supplementary Material, Supplementary Figures 1, 2, and Supplementary Table 1 for a detailed description and graphical representation of these results).


Associations Between Social Cognition and Neuropsychological Scores

Demographic and neuropsychological profile details are summarised in Table 1. Statistical comparisons showed group differences compatible with a cognitive decline of the probable AD type.


TABLE 1. Demographic characteristics and cognitive profile of the patient sample (n = 46) and healthy sample.
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All social cognition scores were correlated among each other (Table 2). Associations between social cognition scores and basic neuropsychological scores are displayed in Table 3. Overall cognitive performance, measured with the MMSE, was positively correlated with the RMET (ρ = 0.518, p = 0.001) and the Ek-60F tests (ρ = 0.554, p = 0.001). The RMET also correlated with performance on the Letter Fluency test (ρ = 0.607, p = 0.001), Category Fluency test (ρ = 0.631, p = 0.001), Digit Cancellation test (ρ = 0.577, p = 0.001), Raven’s Coloured Progressive Matrices (ρ = 0.450, p = 0.002), WAIS Similarities test (ρ = 0.491, p = 0.001), the Digit Span Backward (ρ = 0.447, p = 0.003) and the Confrontation Naming test (ρ = 0.486, p = 0.001). The Ek-60F test was positively correlated with the Letter Fluency test (ρ = 0.442, p = 0.003), Digit Cancellation test (ρ = 0.551, p = 0.001), Digit Span Backward (ρ = 0.439, p = 0.003) and with the Token test (ρ = 0.496, p = 0.001). Finally, none of the SET scores showed significant correlations with scores on neuropsychological tests.


TABLE 2. Non-parametric correlations among social cognition measures.
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TABLE 3. Non-parametric correlations between social cognition and neuropsychological measures.
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Association Between Social Cognition Scores and Grey Matter Volume

A positive association between RMET scores and grey matter volume was found in the left anterior cingulate cortex (ACC), orbitofrontal cortex (OFC) (BA11), middle temporal gyrus, middle occipital gyrus, thalamus, caudate and cerebellum; in the right inferior lateral frontal cortex, inferior and middle temporal gyri, temporoparietal junction (BA39), superior occipital gyrus; and in the bilateral superior temporal sulcus (BA21/22) (Figure 2 and Table 4). While no significant results emerged from the analysis of SET-GS scores, performance on the SET-EA sub-test was positively associated with grey matter in the left cerebellum (Figure 3 and Table 5). No significant volumetric associations were found with the Ek-60F test.
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FIGURE 2. Positive correlations between residual grey matter volume and RMET outcomes.



TABLE 4. Grey matter clusters of significant correlation for the RMET.
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FIGURE 3. Regions that displayed a positive correlation between the SET-EA scores and grey matter volume.



TABLE 5. Grey matter clusters of significant correlation for the SET-EA.
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Associations Between Social Cognition Scores and Resting-State Brain MRI Function

Outcomes from the multiple regression models between large-scale network connectivity maps and social cognition scores are displayed in Figure 4 and Table 6. No significant results were found with the SET-GS or any of its sub-tests.


[image: image]

FIGURE 4. Negative (Ek-60F, green; RMET, blue), and positive (Ek-60F, red) correlations between functional connectivity of the anterior default mode network (aDMN), posterior default mode network (pDMN), salience network (SN), right fronto-parietal network (r-FPN) and social cognition scores.



TABLE 6. Clusters of significant correlation between social cognition scores and functional connectivity of the aDMN, r-FPN and salience network.
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Firstly, the Ek-60F test showed a significant positive association with strength of functional connectivity of the right fronto-parietal network (r-FPN) in the right insula (BA13) and TPJ (BA39/40). In contrast, this test displayed a negative association with connectivity of the salience network in the left TPJ (BA40) and of the pDMN in the left precentral gyrus (BA6) and anterior prefrontal cortex (BA10). Similarly, a negative association was found between the RMET and functional connectivity of the aDMN in the right anterior prefrontal cortex (BA9/10) and of the salience network in the left precentral gyrus (BA6), claustrum and insula (BA13).




DISCUSSION

This study established the neuropsychological, structural and functional connectivity associations of social cognition and ToM abilities in the prodromal to mild stages of probable AD.


Associations Between Social Cognition Skills and Neuropsychological Profiling

Significant positive associations were found between neuropsychological profiles and the Ek-60F and RMET, proxies measures of recognition and processing of affective mental states (Valle et al., 2015). Performance on both tests was associated with overall cognitive levels, working-memory, executive functions and selective attention scores. A link between socio-cognitive abilities and global cognition has been consistently documented in AD (Cuerva et al., 2001; Phillips et al., 2010; Freedman et al., 2013; Torres et al., 2015). Selective attention is central to social cognition, as it supports decision-making, elicited by processing of verbal information that is typical of social interactions and by visual recognition and labelling of facial expressions that are central to activating affective connotations (Phillips et al., 2010; García-Rodríguez et al., 2012; Circelli et al., 2013; Hot et al., 2013). Therefore, selective attention modulates responses arising from mental representations, including those of others (Leslie et al., 2004). Moreover, memory decline in AD may dictate a need for increased supply of attentional and executive resources that would have to be channelled toward independent cognitive processes occurring concomitantly during ToM tasks (García-Rodríguez et al., 2012).

Performance on the Ek-60F was also correlated with verbal comprehension, while the RMET showed associations with proxies of semantic memory, language and executive functions. Semantic memory mechanisms are essential for recognising and attributing mental states in unfamiliar environments (Ciaramelli et al., 2013). The association between social cognition and aspects of language, semantic memory, comprehension and reasoning may reflect the early ontogenesis of mentalising abilities in support of communication during childhood development (Miller, 2006). The inherent and indissoluble link between communication and the social need of human collaboration is of aid to understand the patients’ functional decline (Falk and Bassett, 2017). A deteriorating relation between non-verbal affective processing and verbal communication, in fact, may signpost the onset of social disconnection between patient and carer, and may lead to build-up of burden in the carer (Martinez et al., 2018).

Our data provide support to the premise that executive functions are closely linked to social cognition in AD (Ramanan et al., 2017; Lucena et al., 2020). Firstly, performance on the WAIS-Similarities test, which relies on verbal reasoning but is also supported by executive processes (Woo et al., 2010), was shown to be associated with affective ToM (Miguel et al., 2017). Moreover, verbal reasoning is linked to cognitive ToM scores when AD patients are asked to solve tasks based on false beliefs (Zaitchik et al., 2004; Takenoshita et al., 2018). Secondly, verbal fluency is associated with affective ToM in non-clinical populations (Saltzman et al., 2000; Ahmed and Stephen Miller, 2011), and AD (Laisney et al., 2013; Chainay and Gaubert, 2020; Yildirim et al., 2020). Lastly, abstract reasoning is also considered a proxy of executive functions (Diamond, 2013), and has been associated with ToM in AD (Cuerva et al., 2001). Consolidation of reasoning and attentional functions may contribute to shape the internal thoughts used to create social inferential representations linked to self-awareness (Demetriou et al., 2018).



Associations Between Social Cognition Skills and Brain Structure

The significant findings that emerged from the model of affective ToM scores (RMET) showed consistency with known neuroanatomical ToM core regions (Abu-Akel and Shamay-Tsoory, 2011; Schurz et al., 2014; Van Overwalle et al., 2014).

Emerged as a crucial region associated with performance on the RMET, the left ACC shows higher functional task-based activation during ToM performance in MCI individuals compared to controls (Baglio et al., 2012). Similarly, Sapey-Triomphe et al. (2015) showed positive associations between volumes of the left ACC and right OFC and proxies of affective processing measured through an emotion recognition task. In early-AD, alterations in the left ACC underpin deterioration in self-awareness (Amanzio et al., 2011; Valera-Bermejo et al., 2020), and sustain the creation of complex self-other brain representations (Amodio and Frith, 2006). In addition to the ACC, affective ToM was also associated with the left OFC. Since patients presenting with selective focal damage of this region manifest affective ToM deficits, it has been suggested that this structure might be involved in social-related decision making (Jonker et al., 2017). Lastly, the inferior frontal cortex, detected in our results, has been found to show activation during affective ToM tasks in healthy individuals (Schlaffke et al., 2015).

The right TPJ displayed the largest association with affective ToM in the present study, an area considered essential for ToM abilities (Saxe and Wexler, 2005; Perner et al., 2006; Aichhorn et al., 2009; Schurz et al., 2014; Krall et al., 2015). Integrity of the right TPJ, which in its parietal portion is also a key node of the DMN, has shown to be predictive of ToM thinking in ageing (Hughes et al., 2019). The contralateral portion of the TPJ has also been particularly associated with ToM in AD. Dermody et al. (2016) reported an association between grey matter in the left TPJ and assessment of perspective-taking empathetic processing in AD patients. Likewise, Kumfor et al. (2017) found similar associations when evaluating emotions, including clusters within the left TPJ. Moreover, hypometabolism in the left TPJ is greater in AD patients than in fronto-temporal dementia in relation to ToM performance (Le Bouc et al., 2012).

Prefrontal and parietal areas may contribute, conjointly, to the processes of self-perspective inhibition (for which the frontal cortex may play a major role), and of affective recognition by integrating inferential representations and creating attribution of others’ beliefs (that would be instead sustained by the TPJ) (Saxe and Kanwisher, 2003; Le Bouc et al., 2012). In this context, patients with prefrontal or temporoparietal lesions have been shown to underperform during social cognition and ToM tasks (Rowe et al., 2001; Samson et al., 2004).

Associations with the occipital cortex have been evidenced during ToM performance (Otti et al., 2015), and they may reflect a prerequisite visual attribute processing to initiate affective processing. Lastly, subcortical bilateral volumetric associations between the cerebellum and affective ToM (SET-EA) provide insights on the cumulative research that demonstrates the substantial contribution of cerebellar cortices to social cognition abilities (Schmahmann, 2019), a contribution that seems to be crucial for high level abstraction, mirrored-based motor tasks and executive processing (Van Overwalle et al., 2014). In AD patients, there has been significant evidence of cerebellar implications in ToM functions, possibly as a structure that supports cognitive coordination during switching between one’s own and others’ mental states (Baglio et al., 2012; Dermody et al., 2016; Synn et al., 2018).



Associations Between Social Cognition Skills and Brain Function

Patterns of resting-state connectivity showed associations with affective recognition and processing in the main large-scale networks supportive of cognition: DMN, r-FPN (central executive) and salience network (Bressler and Menon, 2010). In early-AD, selective pathological vulnerability is shown by the DMN (Greicius et al., 2004; Broyd et al., 2009; Eyler et al., 2019), that is the network most tightly associated with ToM performance (Mars et al., 2012; Li et al., 2014).

Firstly, scores of emotion recognition and processing (Ek-60F and RMET) were negatively correlated with strength of functional connectivity of the anterior and posterior DMN in the left and right dorsomedial prefrontal cortex, respectively. In this context, social cognition impairment has been found in patients with mPFC lesions (Bird et al., 2004). In early AD, decreased DMN connectivity within the mPFC might reflect redistribution of cognitive resources to other cognitive networks that support social cognitive functions.

Secondly, functional connectivity within the salience network showed a negative association with emotion recognition and processing (Ek-60F and RMET) in the left TPJ, left precentral gyrus and insula. In this context, previous research has shown that the left TPJ displays less connectivity during processing of salient stimuli (Kucyi et al., 2012). Additionally, impairment in the left TPJ has been associated with reduced mentalising performance in AD (Le Bouc et al., 2012; Dermody et al., 2016; Kumfor et al., 2017). Therefore, the salience network, essential in brain functional organisation of internally/externally directed thought processes (Corbetta et al., 2008) might have a modulatory role by down-regulating inter-network coupling with the left TPJ to foster functional shifting and facilitate increasing of connectivity of other networks harboured within the right TPJ. Networks in charge of modulating self-internal/others-external attentional resources could adapt to sustain social cognition performance (Lieberman, 2007).

Lastly, connectivity strength within the r-FPN showed a positive association with emotion recognition (Ek-60F) in the right TPJ and right insula. Increased bilateral activation of these regions has been linked to affective and facial recognition (Fusar-Poli et al., 2009), in addition to mentalising (Saxe and Wexler, 2005). Our results shed light on the involvement of the TPJ and insular cortex into a network supporting affective recognition and processing during social cognition. This intercommunication between social cognitive and executive networks accentuates the crucial contribution of executive functional resources in support of affective processing. In the context of AD, Chen et al. (2019) found stronger functional coupling between the salience and fronto-parietal network in MCI patients. In addition, hypermodulation of the central executive fronto-parietal network in the context of salience alterations has been found in the MCI population (Chand et al., 2017). Our results showed that lower connectivity of the left insula in the salience network, but higher inter-network connectivity of the right insula with the right fronto-parietal network, were associated with social cognition performance. Stronger inter-network connectivity between the insular hub of the salience network and the executive fronto-parietal network may be explained in the context of a dysfunctional DMN in early-AD. The fronto-parietal network has been proposed to serve as a supplementary system ancillary to the DMN in the regulation of introspection and self-awareness based on executive reasoning of complex social representations (Dixon et al., 2018). These modulations in network dynamics might reflect a combination of adaptive and maladaptive processes at play in support of behavioural response in a system grossly depleted by advancing neurodegeneration.



Limitations

A possible limitation may arise from the choice of combining patients with different disease severity levels. To account for differences in disease severity, a correction factor was included in the analyses to control for the influence of severity of neurodegeneration, i.e., a proxy of hippocampal integrity. A second potential limitation may be our decision to implement three different social cognitive measures that might not rely on shared neural substrates. The presence of variable results across the three instruments, however, may reflect the heterogeneous nature of affective abilities and ToM, whereby the outcome of the assessments is complementary rather than capturing a single construct.




CONCLUSION

In summary, our results support a modular “social cognitive network” that relies on multiple-network intercommunication while engaging in social-cognitive tasks (Chiong et al., 2013). Based on the present cognitive and neuroimaging data, we suggest that patients in the prodromal to mild stages of probable AD rely significantly on executive resources to sustain affective recognition and processing as a possible adaptive effect to support behavioural performance in response to neurodegeneration. This finding could provide insights about the lack of substantial social deficits in early-AD. Brain executive networks, which are expressed in neural territories relatively spared by AD pathology in the early disease phases, may compensate for network dysfunction affecting those systems sustaining mentalisation, i.e., inherent DMN breakdown, providing the necessary attentional/executive support to sustain the attribution of self-other representations.

Differences in brain laterality, evidenced in regions associated with affective social processing (Schurz et al., 2014), demonstrated lower functional connectivity in the left insula and TPJ but stronger connectivity in the right insula and TPJ, establishing, therefore, the essential contribution of right-sided brain resources for optimal socio-affective performance in early-AD patients. We propose that the right insular cortex, an integrative core region of emotion recognition and processing (Kurth et al., 2010), may function as a structure responsible for affective modulation that arbitrates network coupling in the context of a possible compensatory up-regulation of the central executive network during ToM performance, supported by increased connectivity in the right TPJ. The characterisation of a social cognitive profile in early-AD could provide insights on the impact of neurodegeneration over social cognition networks and provide a supportive explanation for the heterogeneity of behavioural, structural and functional social cognition results in AD compared with other neurodegenerative conditions (Poletti et al., 2012; Christidi et al., 2018; Cotter et al., 2018).
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Effects of Cigarette Smoking on Resting-State Functional Connectivity of the Nucleus Basalis of Meynert in Mild Cognitive Impairment
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Background: Mild cognitive impairment (MCI) is the prodromal phase of Alzheimer’s disease (AD) and has a high risk of progression to AD. Cigarette smoking is one of the important modifiable risk factors in AD progression. Cholinergic dysfunction, especially the nucleus basalis of Meynert (NBM), is the converging target connecting smoking and AD. However, how cigarette smoking affects NBM connectivity in MCI remains unclear.

Objective: This study aimed to evaluate the interaction effects of condition (non-smoking vs. smoking) and diagnosis [cognitively normal (CN) vs. MCI] based on the resting-state functional connectivity (rsFC) of the NBM.

Methods: After propensity score matching, we included 86 non-smoking CN, 44 smoking CN, 62 non-smoking MCI, and 32 smoking MCI. All subjects underwent structural and functional magnetic resonance imaging scans and neuropsychological tests. The seed-based rsFC of the NBM with the whole-brain voxel was calculated. Furthermore, the mixed effect analysis was performed to explore the interaction effects between condition and diagnosis on rsFC of the NBM.

Results: The interaction effects of condition × diagnosis on rsFC of the NBM were observed in the bilateral prefrontal cortex (PFC), bilateral supplementary motor area (SMA), and right precuneus/middle occipital gyrus (MOG). Specifically, the smoking CN showed decreased rsFC between left NBM and PFC and increased rsFC between left NBM and SMA compared with non-smoking CN and smoking MCI. The smoking MCI showed reduced rsFC between right NBM and precuneus/MOG compared with non-smoking MCI. Additionally, rsFC between the NBM and SMA showed a significant negative correlation with Wechsler Memory Scale-Logical Memory (WMS-LM) immediate recall in smoking CN (r = −0.321, p = 0.041).

Conclusion: Our findings indicate that chronic nicotine exposure through smoking may lead to functional connectivity disruption between the NBM and precuneus in MCI patients. The distinct alteration patterns on NBM connectivity in CN smokers and MCI smokers suggest that cigarette smoking has different influences on normal and impaired cognition.

Keywords: mild cognitive impairment, smoking, cholinergic dysfunction, nucleus basalis of Meynert, resting-state functional connectivity


INTRODUCTION

Alzheimer’s disease (AD) is the most common type of dementia in the elderly people, accompanied by progressive and irreversible cognitive decline, affecting over 50 million people worldwide (Prince et al., 2015). Mild cognitive impairment (MCI) refers to the symptomatic pre-dementia phase of AD. Numerous longitudinal studies have reported that MCI is associated with a high risk of progression to AD (Larrieu et al., 2002). However, there is currently no effective treatment to reverse the course of AD. Exploring the early cerebral functional changes in patients with MCI could provide objective bases for guiding clinical intervention and treatment.

Human neuropathological studies showed that the degeneration of cholinergic systems is one of the earliest pathophysiological events in AD (Mesulam et al., 2004; Geula et al., 2008). The cholinergic system mediates a wide range of cognitive functions, including memory, learning, attention, and other high-order brain functions (Hampel et al., 2018). As the most important component of the basal forebrain cholinergic system, the nucleus basalis of Meynert (NBM) provides the primary sources of cholinergic innervation to the limbic and neocortical regions (Gratwicke et al., 2013; Liu et al., 2015). Early postmortem studies of AD patients have emphasized a profound loss of cholinergic neurons, particularly the NBM (Whitehouse et al., 1981, 1982). More importantly, cholinergic dysfunction in the NBM is highly associated with the neurofibrillary tangle, which is the hallmark of AD neuropathology (Mesulam et al., 2004; Mesulam, 2013).

Cigarette smoking is one of the important modifiable risk factors in AD progression (Durazzo et al., 2014; Kivipelto et al., 2018; Johnson et al., 2021). Heavy smoking is associated with a greater than 100% increase in the risk of AD after two decades of exposure (Rusanen et al., 2011). Besides the negative effects on the cerebrovascular burden, cigarette smoking also affects cholinergic functions by its action on nicotinic acetylcholine receptors (nAChRs). For example, chronic nicotine exposure could cause the upregulation of nAChRs or the loss of nicotine-sensitive nAChRs functional activity (Mehta et al., 2012). In addition, smoking-related oxidative stress could also facilitate the extracellular fibrillar β-amyloid (Aβ) aggregation and abnormal tau phosphorylation (Ho et al., 2012; Moreno-Gonzalez et al., 2013), which are the neuropathological hallmarks of AD. Furthermore, Aβ accumulation shows strong co-localization at nAChRs, causing the amyloid-mediated degeneration of the cholinergic system (Buckingham et al., 2009). Thus, cigarette smoking might induce cognitive decline by cholinergic systems, and the NBM could be an important target.

Structural and functional magnetic resonance imaging (MRI) could evaluate the atrophy and functional activity alterations of the NBM in vivo. In cognitively healthy individuals, past or current smoking was significantly associated with smaller NBM volume (Teipel et al., 2016). In addition, reduced volume in the NBM was also observed in MCI patients, especially the smokers, and atrophy was more extensive and included the whole basal forebrain in AD patients (Grothe et al., 2012; Kilimann et al., 2014; Brueggen et al., 2015). Numerous functional MRI studies have provided consistent evidence that functional connectivity (FC) disruption precedes structural atrophy and reflect the underlying pathophysiological alterations (Pievani et al., 2011). Based on the resting-state functional MRI (rsfMRI), the NBM showed decreased FC with the posterior cingulate cortex, precuneus, and cuneus in smokers as compared with non-smokers (Zhang et al., 2017). Few studies also found decreased FC of the NBM to insula, precuneus, and lingual gyrus in MCI patients when compared with healthy control (Li et al., 2017; Xu et al., 2021). However, how cigarette smoking affects the FC alterations of the NBM in MCI patients remains unclear.

In this study, we aimed to investigate the smoking effects on the FC alterations of the NBM in patients with MCI. Based on previous work, we hypothesized that the smoking MCI group might have more serious FC disruption of the NBM than the non-smoking MCI group, especially in regions related to nicotine addiction or memory.



MATERIALS AND METHODS


Alzheimer’s Disease Neuroimaging Initiative

The data set used in this study was obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database1. The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies, and non-profit organizations, as a $60 million 5-year public–private partnership. The primary goal of ADNI is to test whether serial MRI, positron emission tomography (PET), other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of MCI and early AD. Determination of sensitive and specific markers of very early AD progression is intended to aid researchers and clinicians in developing new treatments and monitor their effectiveness, as well as lessen the time and cost of clinical trials.



Participants

The Institutional Review Board approved the study of all the participating institutions. Informed written consent was obtained from all participants at each site. Based on the ADNI three databases, we identified 378 right-handed CN subjects and 182 MCI patients with complete neuropsychological evaluations, structural MRI, and rsfMRI scans. We downloaded data from the ADNI database before March 2021. The criteria for MCI in ADNI were: (1) subjective memory complaints, either self-reported, reported by a study partner, or reported by a clinician; (2) objective memory loss defined as scoring below education adjusted cutoff score on delayed recall of the Wechsler Memory Scale-Logical Memory (WMS-LM) test; (3) a global Clinical Dementia Rating (CDR) score of 0.5; (4) a Mini-Mental State Examination (MMSE) score of equal to, or higher than, 24 out of 30; (5) general cognitive and functional performance sufficiently preserved such that a diagnosis of dementia could not be made by the site physician at the time of screening; and (6) no signs of depression (Geriatric Depression Scale, GDS < 6). Criteria for CN were defined as an MMSE score equal to or higher than 24 out of 30, a CDR score of 0, having no report of any cognition complaint, and no signs of depression. Then, we classified MCI and CN subjects into non-smoking and smoking subgroups separately based on self-reported smoking history. Non-smoking subgroup included participants who reported that they never smoked cigarettes during their lifetime, and smoking subgroup included participants who reported any history of smoking (Supplementary Table 1). After screening, 49 participants (including 29 non-smoking CN, 1 smoking CN, and 19 non-smoking MCI) were excluded for excessive head motion (details later). Finally, 304 non-smoking CN, 44 smoking CN, 130 non-smoking MCI, and 33 smoking MCI subjects entered subsequent analyses.



Demographics and Neuropsychological Data

Demographics, including age, sex, education level, hypertension, diabetes mellitus, and hypercholesterolemia, were assessed. Hypertension was defined as systolic blood pressure >140 mm Hg, diastolic blood pressure >90 mm Hg, medical history of hypertension, or treatment with antihypertensive medication. Diabetes mellitus was defined as random blood glucose ≥11 mmol/dL, medical history of diabetes mellitus, or treatment with glucose-lowering medication. Hypercholesterolemia was defined as random blood cholesterol ≥11 mmol/L, medical history of hypercholesterolemia, or treatment with lipid-lowering medication. Neuropsychological tests in different cognitive domains, such as memory (WMS-LM, immediate and delayed recall), attention [trail-making test, Part A (TMT-A)], execution [trail-making test, Part B (TMT-B)], and language [semantic verbal fluency (SVF)], were included. The demographics and neuropsychological performance of all subjects are listed in Supplementary Table 2.



Imaging Acquisition

All subjects were scanned using a 3.0-Tesla Philips MRI scanner. The structural images were acquired using a 3D magnetization prepared rapid gradient echo (MPRAGE) T1-weighted sequence with the following parameters: repetition time (TR) = 2,300 ms; echo time (TE) = 2.98 ms; inversion time (TI) = 900 ms; 170 sagittal slices; within plane FOV = 256 mm × 240 mm; voxel size = 1 mm × 1 mm × 1 mm; flip angle = 9°; bandwidth = 240 Hz/pix. The rsfMRI images were obtained using an echo-planar imaging sequence with the following parameters: 197 time points; TR = 3,000 ms; TE = 30 ms; slice thickness = 3.39 mm; spatial resolution = 3.39 mm × 3.39 mm × 3.39 mm; flip angle = 90°; and matrix = 64 × 64.



Imaging Data Preprocessing

We preprocessed rsfMRI data using the Data Processing & Analysis for Brain Imaging (DPABI2) (Yan et al., 2016) with Statistical Parametric Mapping software (SPM123) on the MATLAB platform (MathWorks, Natick, MA, United States). The first 10 time points of rsfMRI data were discarded due to the instability of the initial MRI signal and the adaptation of subjects to the scanning noise. The remaining 187 images were corrected for timing differences between each slice and head motion (six-parameter rigid body). Subjects with more than 3.0 mm maximum displacement in any of the x, y, or z directions or 3.0° of any angular motion were discarded (including 29 non-smoking CN, 1 smoking CN, and 19 non-smoking MCI). Subsequently, rsfMRI images were spatially normalized to the standard EPI template and resampled into 3 mm × 3 mm × 3 mm. The rsfMRI images were spatially smoothed with a Gaussian kernel of 6 mm × 6 mm × 6 mm full width at half maximum. Finally, linear trends and temporally filter (0.01 Hz < f < 0.08 Hz) were performed. Nuisance covariate regression was performed to minimize physiological noise using the Friston-24 head motion parameters (6 head motion parameters, 6 head motion parameters from the previous time point, and the 12 corresponding squared items), as well as white matter (WM) signal and corticospinal fluid (CSF) signal. In addition, the framewise displacement (FD) Jenkinson value of each subject was calculated to correct for the head motion artifacts.

The T1-weighted images were preprocessed and analyzed using the Computational Anatomy Toolbox (CAT124) and SPM12. The images were bias-corrected, tissue-classified [gray matter (GM), WM, and CSF], and registered using linear (12 parameter affine) and non-linear transformations (warping) within the CAT12 default preprocessing pipeline.



Seed-Based Resting-State Functional Connectivity Analysis

The seed NBM was identified using a probabilistic anatomical map from the SPM Anatomy Toolbox, which was microscopically delineated, 3D reconstructed, and warped to the reference space of the Montreal Neurological Institute (MNI) brain from 10 postmortem human brains (Zaborszky et al., 2008). The NBM, which is the largest of the cholinergic cell clusters constituting the basal forebrain, provides the primary source of cholinergic innervation to the cortex (Gratwicke et al., 2013; Liu et al., 2015). Dynamic brain connectome (DynamicBC) analysis toolbox5 (Liao et al., 2014) was used to create individual subject seed-to-voxel connectivity maps. First, each mask was resampled to the dimension of our normalized functional image with 3 × 3 × 3 voxel size for seed-based resting-state functional connectivity (rsFC) analyses. Next, the rsFC maps were generated by calculating the Pearson’s correlation between the time course of the NBM and whole brain areas. Finally, the resulting rsFC maps were transformed to Z maps using Fisher’s Z transformation.



Propensity Score Matching

Propensity score matching (PSM) implanted in Statistical Product and Service Solutions (SPSS version 26) was performed to balance the differences in demographic features between non-smoking and smoking subgroups in CN and MCI and to reduce the bias due to confounding factors. A propensity score was estimated using multiple logistic regression analysis based on the following covariates: age, sex, and education level. A 1:2 matching was used to pair participants with smoking CN and smoking MCI, respectively. Significant testing and standardized difference (d) were applied to assess the balance of covariates before and after PSM. Through PSM, 86 non-smoking CN, 44 smoking CN, 62 non-smoking MCI, and 32 smoking MCI were selected from the initial population. The distribution of propensity scores was relatively balanced after matching (Supplementary Figure 1). There was no significant difference of the key covariates between the smoking and non-smoking groups in both CN and MCI, and the d values were acceptable (Supplementary Table 3), suggesting balanced demographic features in CN and MCI subgroups.



Magnetic Resonance Imaging Features of Small Vessel Disease

We rated the total MRI burden of small vessel disease (SVD) on an ordinal scale from 0 to 4, by counting the presence of each of the four MRI features of SVD, including white matter hyperintensity (WMH), lacunes, cerebral microbleeds (CMBs), and perivascular spaces (PVS) (Staals et al., 2014). The presence of WMH was defined as either confluent deep WMH (Fazekas score 2 or 3) or irregular periventricular WMH extending into the deep WM (Fazekas score 3) on T2 fluid-attenuated inversion recovery (FLAIR) (1 point if present). The presence of lacunes and CMBs was defined as the presence of one or more lacunes on T2 FLAIR (1 point if present) or any CMB on T2∗-weighted gradient echo images (1 point if present). The presence of PVS was counted if there were moderate to severe (grades 2–4) PVS in the basal ganglia on T1-weighted axial images (1 point if present) (Zhu et al., 2010). The detailed SVD scores are listed in Supplementary Table 4.



Statistical Analysis

The statistical analyses of demographics and neuropsychological data were performed using IBM SPSS 26.0 statistical software. We performed a group-level analysis using a one-way ANOVA for continuous variables. If group-level test results were significant, post hoc pairwise comparisons were performed (Bonferroni’s multiple comparison correction in parametric tests and Dunn’s multiple comparison tests in non-parametric tests). Binary data, such as sex, hypertension, diabetes mellitus, and hypercholesterolemia, were compared between groups using a chi-square test.

The statistical analyses of the rsFC of the NBM were performed using the DPABI toolbox (Yan et al., 2016). Specifically, we performed a 2 × 2 mixed effect analysis to explore the main effects of condition (non-smoking vs. smoking) and diagnosis (CN vs. MCI), as well as the interaction effects of condition × diagnosis. Age, sex, education level, and head motion (FD value) were used as covariates. To control the effect of cortical atrophy on the functional analysis, normalized modulated (with the volumetric information encoded) GM maps were used as covariate images. The threshold was set to the voxel level at p < 0.005 and the cluster level at p < 0.05 after Gaussian random field (GRF) correction. The interaction effects between condition and diagnosis before PSM are listed in Supplementary Table 5 and Figure 2. In addition, we also evaluated the interaction effects after controlling for SVD scores (Supplementary Figure 3). To further understand how condition and diagnosis interacted on the rsFC of the NBM, we extracted the mean rsFC values from the interaction regions and further performed post hoc pairwise comparisons (p < 0.05, Bonferroni’s correction). Finally, partial correlation analysis was performed to investigate the correlation between the mean rsFC values of interaction regions and neuropsychological scores with age, sex, and education level as covariates (p < 0.05).




RESULTS


Demographics and Neuropsychological Data

After PSM, a total of 86 non-smoking CN, 44 smoking CN, 62 non-smoking MCI, and 32 smoking MCI were included. The demographics and neuropsychological performance are summarized in Table 1. There were no significant differences between subgroups in age, sex, education level, hypertension, diabetes mellitus, and hypercholesterolemia (p > 0.05). The MCI subgroups (non-smoking and smoking) showed significantly poor neuropsychological performance on memory, attention, execution, and language compared with CN subgroups (p < 0.05). The smoking subgroups (CN and MCI) showed no significant differences in neuropsychological performance compared with corresponding non-smoking subgroups (p > 0.05).


TABLE 1. The demographics and neuropsychological data.
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Condition × Diagnosis Interaction on Resting-State Functional Connectivity of the Nucleus Basalis of Meynert

The interaction effects of condition (non-smoking vs. smoking) × diagnosis (CN vs. MCI) on rsFC of the NBM after PSM are displayed in Figure 1 and Table 2. Based on the seed of left NBM, the regions with interaction effects were primarily located in the bilateral prefrontal cortex (PFC) and bilateral supplementary motor area (SMA). Based on the seed of the right NBM, the interaction region was located in the right precuneus/middle occipital gyrus (MOG) (p < 0.005). The main effects of the condition or diagnosis were not detected.


[image: image]

FIGURE 1. The interaction regions of condition × diagnosis on rsFC of the NBM. (A) Based on the seed of left NBM, the interaction regions were primarily located in bilateral PFC and SMA. (B) Based on the seed of the right NBM, the interaction region was observed in the right precuneus/MOG. NBM, nucleus basalis of Meynert; PFC, prefrontal cortex; SMA, supplementary motor area; MOG, middle occipital gyrus. The statistical threshold was set at p < 0.005 with a cluster level of p < 0.05 (two-tailed, GRF corrected).



TABLE 2. Condition × diagnosis interaction on rsFC of the NBM after PSM.
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The post hoc test revealed the group differences of rsFC values of interaction regions in four subgroups after PSM (Figure 2). Specifically, the smoking CN showed decreased rsFC between left NBM and PFC, and increased rsFC between left NBM and SMA compared with non-smoking CN and smoking MCI. The smoking MCI showed reduced rsFC between right NBM and precuneus/MOG compared with non-smoking MCI.


[image: image]

FIGURE 2. The post hoc analysis of interaction regions of rsFC of the NBM. (A) The smoking CN (sCN) showed significantly decreased rsFC of left NBM to PFC compared to non-smoking CN (nsCN), non-smoking MCI (nsMCI), and smoking MCI (sMCI). (B) The sCN showed increased rsFC of left NBM to SMA compared to nsCN and sMCI. (C) The sMCI showed decreased rsFC of right NBM to precuneus/MOG compared with nsMCI. NBM, nucleus basalis of Meynert; PFC, prefrontal cortex; SMA, supplementary motor area; MOG, middle occipital gyrus. ∗p < 0.05, ∗∗p < 0.005, ∗∗∗p < 0.001.




Correlation Between Resting-State Functional Connectivity of the Nucleus Basalis of Meynert and Cognition

We studied the relationship between rsFC of the NBM and neuropsychological performance in different domains (Table 3). We only found that rsFC of the NBM to the SMA showed a significant negative correlation with memory (WMS-LM immediate recall) in the smoking CN group (r = −0.321, p = 0.041; Figure 3). After Bonferroni’s correction (p < 0.05/15) for multiple comparisons, there was no significant correlation between rsFC of the NBM and neuropsychological scores.


TABLE 3. Correlations between rsFC values and neuropsychological scores.
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FIGURE 3. Correlation between rsFC of the NBM and neuropsychological scores. The rsFC of left NBM to SMA was negatively correlated with WMS-LM immediate recall in smoking CN (r = –0.321, p = 0.041). NBM, nucleus basalis of Meynert; SMA, supplementary motor area; WMS-LM, Wechsler Memory Scale-Logical Memory.





DISCUSSION

In this study, we mainly investigated the interaction effects between cigarette smoking and cognitive status based on the rsFC of the NBM. The interaction regions were primarily located in the bilateral PFC, bilateral SMA, and right precuneus/MOG. Furthermore, we observed different alteration patterns on rsFC of the NBM in the smoking CN group and the smoking MCI group. To the best of our knowledge, this is the first study to explore the effects of cigarette smoking on the brain function activity of MCI through the cholinergic pathway.

In the smoking CN group, decreased rsFC between the NBM and PFC was observed compared with the non-smoking CN group. The PFC underlies higher cognitive processes, such as decision-making, working memory, and attention (Passetti et al., 2002; Euston et al., 2012), modulated by nAChRs activation with cholinergic inputs (Dehaene and Changeux, 2011; Bloem et al., 2014a). As the largest cholinergic cell clusters constituting the basal forebrain cholinergic system, the NBM cholinergic neurons mainly project to the PFC (Bloem et al., 2014b; Ballinger et al., 2016). Moreover, the PFC is also an important region of the reward circuit, which plays a key role in addiction (Baker et al., 2003). Thus, our result that showed decreased rsFC between the NBM and PFC could potentially reflect the cholinergic dysfunction by cigarette smoking, which might also explain the working memory and attention decline in healthy smokers observed by previous studies (Chamberlain et al., 2012; Zhang et al., 2016). Previous findings in healthy smokers suggested that smoking was associated with reduced brain volumes (Gallinat et al., 2006; Fritz et al., 2014) or MR spectroscopy markers of neuronal viability (Durazzo et al., 2016; Faulkner et al., 2020), particularly in the PFC. In addition, rsfMRI studies (Janes et al., 2012) also demonstrated that PFC network interactions might serve as biomarkers for nicotine dependence severity and treatment efficacy. Combining our results and previous findings, we speculated that the PFC is the key brain area associated with smoking addiction and cholinergic abnormality.

We also found increased rsFC between the NBM and SMA in the smoking CN group compared with the non-smoking CN group, which is consistent with previous work (Zhang et al., 2017). Many studies have proposed that habitual mechanism plays an important role in addiction (Yalachkov et al., 2009; Jasinska et al., 2014). Individuals with greater nicotine dependence severity had increased engagement of motor preparation circuits, suggesting increased reliance on habitual behaviors (Claus et al., 2013). The SMA is the key brain area associated with automatized behavior and motor planning (Desmurget and Sirigu, 2012). Thus, we inferred that increased rsFC between NBM and SMA might suggest more automatized smoking behaviors for smokers. In previous studies on smoking addiction using rsfMRI, the SMA showed widespread brain connections with reward-related regions, such as the anterior cingulate cortex, insula, and precuneus (Ding and Lee, 2013; Shen et al., 2018; Addicott et al., 2019). Moreover, the increased connectivity of SMA with other regions such as the insula and NBM was associated with the severity of nicotine dependence (Claus et al., 2013; Zhang et al., 2017). Taken together, the SMA could be a vital functional region involved in smoking-related habitual addiction and motor planning.

Additionally, the rsFC of the NBM to SMA in smoking CN showed a negative correlation with WMS-LM immediate recall. The role of SMA in cognitive function such as memory has also been reported in previous studies (Canas et al., 2018; Marvel et al., 2019), and the long-term cigarette smoking could cause difficulty in concentration which in turn induced memory decline (Chamberlain et al., 2012; Zhang et al., 2016). Thus, we speculated that the negative correlation between rsFC of the NBM to SMA and memory could be an early compensatory mechanism to underlying attention-related memory impairment. Our result of decreased rsFC of the NBM to SMA in smoking MCI compared with smoking CN further indicated that this compensatory mechanism might be weakened as cognitive decline progressed.

In the smoking MCI group, the NBM showed decreased rsFC with precuneus/MOG compared with the non-smoking MCI group. The precuneus is an important node of the default-mode network (DMN), a system that contributes to episodic memory retrieval (Raichle et al., 2001). Patients with AD and MCI showed disrupted FC of the precuneus/DMN, which is associated with cognitive decline (Dennis and Thompson, 2014; Eyler et al., 2019). Moreover, the precuneus is also one of the earliest brain regions with Aβ deposition (Long and Holtzman, 2019), which is the hallmark of AD pathology. Longitudinal studies have emphasized that Aβ deposition in the precuneus and other cortical regions comprising the DMN in the pre-dementia stage would sequentially induce regional cortical hypometabolism, accumulation of tau pathology, and hippocampal volume loss (Gordon et al., 2016, 2018; Hanseeuw et al., 2019). However, our study lacked evidence of the correlation between rsFC values of precuneus and Aβ deposition because only a few smoking MCI patients had positive biomarker evidence (i.e., Aβ+). Further studies with Aβ+ smoking MCI patients are needed to verify the role of the precuneus in addiction and cognition. In addition, as for smoking addiction, the precuneus is also recognized as an important contributor to cue reactivity in smokers, through its role in attentional bias toward smoking cues (Engelmann et al., 2012; Courtney et al., 2014). The abnormal brain activity of the precuneus/DMN has also been observed in healthy smokers (Weiland et al., 2015; Chen and Mo, 2017; Zhang et al., 2017; Wilcox et al., 2018). It should be noted that cholinergic systems play a vital role in cognitive resilience and brain plasticity (Drever et al., 2011). Preserved cholinergic forebrain integrity could enable adaptation to the structural degeneration of MCI patients (Ray et al., 2015; Berlot et al., 2021), while smoking could be a risk factor that destroyed this balance. Therefore, we deduced that the precuneus could be an important target of cigarette smoking affecting the cognitive function of MCI through the cholinergic pathway.


Limitations

Several limitations need to be addressed for this study. First, due to the limited sample size of the ADNI database, the sample sizes of the smoking CN and smoking MCI groups are relatively small compared with the non-smoking groups. In addition, the biomarkers were not included in this analysis because only a few smoking MCI patients had positive biomarker evidence (i.e., Aβ+). Future studies with a larger sample size and biomarker evidence are needed to verify our work. Second, this cross-sectional study is lacking clinical follow-up to make any possible inference between smoking and AD. Thus, longitudinal studies are needed to determine whether rsFC of the NBM alterations in smokers is related to disease progression. Third, our results of the correlation analysis did not survive after multiple comparison corrections. However, this is an explorative study, and our results could partly reflect the effects of cigarette smoking on different cognitions. Finally, smoking history in the ADNI database is defined by subjective self-report from the medical record, including former and current smokers. Many participants lack detailed records such as the number, duration, and status (former or current) of smoking. Future studies may further explore the effects of different smoking degrees or statuses on cognitive functions in MCI because these factors could affect cerebral functional activity.




CONCLUSION

Our findings indicate that chronic nicotine exposure through smoking may lead to FC disruption between the NBM and precuneus in MCI patients. Moreover, the distinct alteration patterns on NBM connectivity in CN smokers and MCI smokers suggest that cigarette smoking has different influences on normal and impaired cognition.
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Background and Aims: The relationships between blood lipid levels and obesity and cognitive impairment have not been fully determined. Considering that the lipid accumulation product (LAP) is a composite index of blood lipid levels and obesity, we investigated the relationships between LAP levels at baseline and cognitive decline over 4 years.

Methods: A total of 983 subjects (≥40 years) from a longitudinal cohort in a village of Xi’an, China, who completed the baseline survey were followed-up for 4 years. All participants underwent face-to-face interviews and cognitive assessments at baseline and at the 4-year follow-up. The Mini-Mental State Examination (MMSE) was used to assess cognitive function, and an MMSE score dropping ≥ 2 points from baseline was defined as cognitive decline. The relationships between LAP and cognitive decline were analyzed by linear regression models.

Results: During the 4-year follow-up, 172 patients exhibited cognitive decline (17.5%). Univariate analysis showed that the rate of change in MMSE score was significantly different between the low-LAP group and the high-LAP group (t = −2.26, p = 0.024). Multiple linear regression indicated that a high LAP was positively associated with cognitive decline (β = 0.564, p = 0.012). Stratified multivariate analysis showed that LAP was positively associated with cognitive decline in the normal blood pressure female subgroup (β = 1.29, p = 0.002) but not in the high blood pressure group or the male group.

Conclusions: High LAP is associated with cognitive decline in females with normal blood pressure but not in those with high blood pressure or males. This indicates that the relationships between blood lipid levels and obesity and cognitive impairment may be affected by blood pressure and sex.

Keywords: lipid accumulation product, cognitive decline, risk factor, epidemiology, follow-up


INTRODUCTION

Cognitive impairment has received much attention due to alarming increases in its prevalence, making it a major public health concern exerting societal pressure worldwide. Effective interventions for cognitive impairment are limited (Livingston et al., 2020). Thus, identifying and treating risk factors to prevent cognitive impairment is of great importance.

Obesity has become a social problem and a major contributor to the global burden of disease, as it is associated with an increased risk of numerous chronic diseases, including type 2 diabetes, hypertension, cardiovascular disease, hyperlipidemia, and stroke (Williams et al., 2015). Obesity is also a significant risk factor for dementia (Xu et al., 2011; Alford et al., 2018). According to previous reports, abdominal obesity plays an important role in cognitive decline. Some studies support the detrimental effect of abdominal adiposity measured by waist circumference (WC) or waist-hip ratio (WHR) on cognitive decline (Gustafson et al., 2009; Cui et al., 2013; Gardener et al., 2020). A few surveys reported that visceral adiposity measured by medical imaging methods was associated with poor cognitive function (Isaac et al., 2011; Yoon et al., 2012). Recently, a study from Singapore used the bioelectrical impedance method and agreed with the results (Moh et al., 2020). However, a Brazilian autopsy study showed that abdominal visceral fat was inversely associated with cognitive impairment (Nishizawa et al., 2019). In previous studies by our team, we found that triglycerides (TGs) negatively correlated with cognitive impairment in middle-aged male participants (Zhao et al., 2019), and abdominal obesity measured by WC or WHR alone does not appear to be associated with a higher risk of cognitive impairment (Li et al., 2018).

The lipid accumulation product (LAP) is based on a combination of WC and fasting TG (Kahn, 2005). LAP reflects the combined anatomic and physiologic changes associated with lipid overaccumulation in adults and has been used as a marker of visceral obesity (Kahn, 2005; Kwon and Han, 2019). LAP is a better indicator than body mass index (BMI) for identifying adults at risk for cardiovascular disease (Vieira et al., 2019), which is also associated with an increased risk of metabolic syndrome, diabetes mellitus and hypertension (Wakabayashi, 2014; Mazidi et al., 2018; Nita et al., 2018; Huang et al., 2019). One new study has shown that a high LAP is closely related to mild cognitive impairment (MCI) in type 2 diabetes patients (Yu et al., 2020).

Sex differences in obesity and cognitive function have been well demonstrated (Li et al., 2017), and previous studies showed that blood pressure and central obesity seem to be important factors in cognitive function (Peters et al., 2020). However, a few studies have analyzed the relationship between central obesity and cognitive impairment depending on gender and blood pressure. In order to explore the influence of gender and blood pressure on the relationships between central obesity and cognitive impairment, more studies are necessary that include grouped subjects based on gender and blood pressure. We hypothesized that high LAP is associated with cognitive decline, particularly in females and in those with hypertension. We studied the relationships between LAP levels and cognitive decline over 4 years. We explored that if high LAP was correlated with cognitive decline and if the correlation was regulated by both sex and blood pressure.



MATERIALS AND METHODS


Participants and Follow-up

This was a population-based longitudinal cohort study. The cohort was conducted from October 2014 through March 2015. We used a stratified, multistage, cluster-sampling methodology to select the study population in rural Xi’an. All residents living in the selected villages were included in the study. The inclusion criteria were as follows: (1) above 40 years old; (2) living in Qubao Village for more than 3 years; (3) without cognitive impairment at baseline; and (4) willing to participate in the study and provide informed consent.

Exclusion criteria were: (1) had a history of stroke; (2) had suffered from diseases that can cause cognitive impairment including infection, nervous system tumor, inflammation of central nervous system (CNS), epilepsy, brain trauma, Parkinson’s disease, and hypothyroidism; (3) had suffered from severe psychopathy, including schizophrenia, bipolar disorder, severe depression or anxiety; (4) had severe cardiac, pulmonary, hematological, liver or kidney dysfunction; (5) did not complete MMSE score, biomarkers, or covariates at baseline.

Four years later, all participants who completed the baseline survey were followed-up from January 2019 to March 2019 using the same method as in the baseline survey.



Questionnaire Survey

All participants underwent a standardized face-to-face interview for the baseline investigation and follow-up. The interviewers consisted of neurologists and medical students. All interviewers received 1 week of training for the correct use of a unified questionnaire, standardized survey terms, assessment of cognition and community practice, and the consistency between the examiners (kappa: 0.76–1) was evaluated afterward.

Standardized questionnaires were used to collect participant sociodemographic information (sex, age, education, and marital status), lifestyle information (smoking, drinking and physical activity), and medical history (stroke, diabetes, hypertension, coronary heart disease, and dyslipidemia). Additionally, all subjects accepted a general examination, including height, weight, waist circumference, and hip circumference measured in light clothing and with no shoes, by nurses. Blood pressure (BP) was measured on the right arms of patients by nurses using a mercury manometer. BP was measured in the morning before breakfast after a 10-min rest period. The sitting BP was measured twice, and the average of the two measurements was recorded.

The standard of high blood pressure is that SBP is greater than or equal to 140 mmHg and/or DBP is greater than or equal to 90 mmHg. BMI was calculated by dividing weight in kilograms by height in meters squared (kg/m2).



Cognitive Assessment

Global cognitive function was evaluated with the Mini-Mental State Examination (MMSE) in a quiet room by an examiner who accepted uniform training before the study. MMSE scores lower than the cutoff value were used as the criterion for cognitive impairment. The cutoff score of the MMSE was defined as ≤ 17 for illiteracy, ≤ 20 for primary school, and ≤ 24 for junior high school level or above (Katzman et al., 1988).

The change in MMSE score from baseline after 4 years of follow-up was used to measure cognitive decline. Rate of change in MMSE score = (MMSE score at baseline—MMSE score at follow-up)/interval between follow-up visits (years). Dropping points ≥ 2 points was defined as cognitive decline, while dropping points < 2 points was defined as cognitively stable.



Laboratory Evaluation

From each subject, 6 ml of fasting blood was collected in a purple-top EDTA anticoagulation tube and a red-top non-anticoagulation tube. The blood in the red-top tube was promptly subjected biochemical tests, such as high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), triglycerides (TG), total cholesterol (TC), and fasting blood glucose (FBG). The ApoE genotype was assessed by identifying two polymorphic sites at amino acid residues 112 and 158, which define the ApoE genotype, from DNA extracted from frozen EDTA–anticoagulant blood according to the manufacturer’s protocol (Mahley and Rall, 2000). Subjects were classified as having the ApoEε4 genotype (carrier/non-carrier) according to amyloid status.

The LAP index was calculated according to the following equations: LAP = [WC (cm) − 65] × TG (mmol/L) for males and [WC (cm) − 58] × TG (mmol/L) for females (Kahn, 2005).



Statistical Analyses

After testing the distribution of each variable, we reported means ± standard deviations for variables with an approximately normal distribution, medians (25% percentile, 75% percentile) for severely skewed continuous variables, and frequencies and percentages for categorical variables. In univariate analyses, independent-sample t tests were used for approximately normal distribution, Mann–Whitney U tests were used for severely skewed continuous variable distributions, and χ2 tests were used to analyze categorical variables. Based on the median value of the LAP distribution, the total study population was divided into two groups. In multivariate analysis, multiple linear regression was used to investigate statistical significance after adjusting for aforementioned covariates. We built two models because of the collinearity between TC and LDL-c. Model 1 used LDL-c and the other confounding factors mentioned above. Model 2 used TC and other confounding factors.

SPSS 26.0 software was used for statistical analysis. A p value < 0.05 (two-tailed) was considered to be statistically significant.



RESULTS


Characteristics of the Population at Baseline

A total of 1,400 subjects were included at baseline. Four years later, 267 individuals (19.07%) were lost to follow-up. Additionally, 150 participants who refused to participate in the survey, and with new occurrence of comorbidities which might contribute to cognitive impairment were further excluded. Finally, 983 participants were included in the analysis (Figure 1).
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FIGURE 1. Flow chart of participant selection.


The characteristics of the total study population at follow-up were shown in Table 1, there were significant differences in age, sex, smoking, hypertension, diabetes mellitus, hyperlipidemia, hip circumstance, WC, BMI, SBP, DBP, FBG, TG, TC, HDL-C, LDL-C, ApoEε4 carrier status and rate of change in MMSE score between the low-LAP group and the high-LAP group.


TABLE 1. Characteristics of the participants.
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Univariate Analysis of Cognitive Decline in the Total Population

During the 4-year follow-up, 172 patients (17.5%) met the criteria of cognitive decline. As shown in Table 2, the cognitive decline group was older, had a lower education level and had more MMSE score decline than the cognitively stable group. There was no significant difference in other variables.


TABLE 2. Comparison of Cognitive stable and Cognitive decline group in total study population.
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Association Between Lipid Accumulation Product and Cognitive Decline in the Total Population

The prevalence of cognitive decline was higher in the high-LAP group than in the low-LAP group; however, this difference was not statistically significant (19.6 vs. 15.4%, p = 0.09). The MMSE score at baseline was not significantly different between the low-LAP group and the high-LAP group (p = 0.079); however, rate of change in MMSE score was more significant in the high-LAP group than in the low-LAP group (p = 0.024) (Table 1).

To exclude the influence of confounding factors on the relationships between LAP and cognitive decline, multiple linear regression models were used. After adjustment for confounding factors, higher LAP was positively associated with cognitive decline (Model 1, β = 0.565, p = 0.012; Model 2, β = 0.564, p = 0.012) (Table 3).


TABLE 3. Multiple linear regression of LAP levels and rate of change in MMSE score.
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The Effects of Blood Pressure and Sex on Lipid Accumulation Product and Cognitive Decline

Taking into account the significant difference in abdominal obesity by sex, we performed sex-stratified analyses. After stratification by sex, females (n = 587) were younger, showed lower levels of education, smoking, alcohol consumption, physical activity and MMSE scores, and they were more likely to have high pulse rates, WC, LAP, TC, and HDL-C (Table 4). Considering that high blood pressure is an important risk factor for cerebral vascular disease and cognitive impairment, we performed stratified analyses by blood pressure. As shown in Table 5, participants with high blood pressure (n = 404) were older, had lower levels of education and MMSE scores, were more likely to have diabetes mellitus and hyperlipidemia, and had high levels of hip circumference, WC, BMI, LAP, SBP, DBP, FBG, TG, TC, and LDL-c.


TABLE 4. Comparison of Female group and Male group in total study population.
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TABLE 5. Comparison of Normal blood pressure group and High blood pressure group in total study population.
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Association of Lipid Accumulation Product and Cognitive Decline Stratified by Blood Pressure and Sex

To exclude the influence of sex and BP on the relationships between LAP and cognitive decline, a stratified analysis was used. Univariate analysis showed that rate of change in MMSE score was lower in the low-LAP group than in the high-LAP group (t = −3.118, p = 0.002) in the female group but not in the male group. Additionally, rate of change in MMSE score was significantly different between the low-LAP group and the high-LAP group in the normal blood pressure group (t = −2.567, p = 0.011) but not in the high blood pressure group.

Stratified multiple linear regression analysis showed that after controlling for possible confounding factors, LAP positively correlated with cognitive decline in the female group but not in the male group (Table 3). Additionally, LAP was positively related to cognitive decline in the normal blood pressure group but not in the high blood pressure group (Table 3). Multivariate analysis stratified by sex and blood pressure showed that LAP was associated with cognitive decline in the normal blood pressure female subgroup but not in any other subgroup (Table 3).



DISCUSSION

In this community-based longitudinal cohort study, we investigated the relationships between LAP at baseline and cognitive decline over 4 years and found that LAP was positively associated with ΔMMSE scores. However, the association between LAP and cognitive decline was only found in participants who were female and had normal blood pressure and not in those who were male and had high blood pressure. These results indicate that the relationships between LAP and cognitive decline may be confounded by blood pressure and sex.

The relationships between dyslipidemia and cognitive decline have not been clarified. Some studies have reported that dyslipidemia is likely to have important effects on cognitive decline (van den Kommer et al., 2009; Reis et al., 2013), but others have reported conflicting results (Mielke et al., 2005; Benito-Leon et al., 2015). In the same way, the results regarding the relationships between obesity and cognitive impairment are conflicting (Xu et al., 2011; Qizilbash et al., 2015; Alford et al., 2018). However, LAP, as a composite indicator that can reflect the comprehensive situation of blood lipids and obesity, is a relatively stable indicator to reflect lipid overaccumulation rather than blood lipids (Kahn, 2005). In this study, we investigated the relationships between LAP levels and cognitive decline and found that LAP was positively associated with cognitive decline.

However, the relationships between LAP and cognitive decline were only found in normal blood pressure females but not in male and high blood pressure subjects. The reasons for this are not fully understood. Typical sex differences have been found in cognitive performance, and some studies suggest that cognitive decline was faster in females than in males (Li and Singh, 2014; Alzheimer’s, 2015). A possible underlying mechanism is that sex hormone levels drop during the postmenopausal period, which attenuates the beneficial active effects of hormones in the adult brain and then contributes to cognitive decline (Geerlings et al., 2001). Compared to males, central obesity in females is positively associated with inflammation and insulin resistance (Ahonen et al., 2012; Moser and Pike, 2016; Arnold et al., 2018; Maria Teixeira et al., 2020), and all of these factors working together may have contributed to cognitive decline. In addition, sex differences in obesity have been well demonstrated (Li and Singh, 2014).

Hypertension is the most important risk factor for cerebral vascular disease and cognitive impairment. Many studies have found that elevated blood pressure levels at midlife may be related to the development and progression of Alzheimer’s disease later in life (Walker et al., 2017, 2019). According to a recent study, hypertension is associated with an increased Aβ burden in the brain (Langbaum et al., 2012). Our previous studies have found that elevated blood pressure is positively correlated with cognitive impairment in middle-aged individuals (Shang et al., 2016) and associated with increased plasma Aβ1–40 levels in middle-aged individuals and elderly individuals (She et al., 2021). Therefore, we suspect that high blood pressure may overpower the relationships between LAP and cognitive decline. Thus, the relationships between LAP and cognitive decline were found only in normal blood pressure subjects and not in high blood pressure subjects.

The mechanisms of cognitive decline due to abdominal obesity are unclear, and the possible mechanisms are explored here. Excess visceral adipose tissue affects lipid metabolism and the development of chronic inflammation (Blachnio-Zabielska et al., 2018). Adipocytes secrete cytokines in adipose tissue (Galic et al., 2010), such as adiponectin and leptin, which increase insulin sensitivity and change cognitive function directly or indirectly (Kaser et al., 2008; Forny-Germano et al., 2018). The increased macrophages secrete numerous cytokines and chemokines, such as TNF-α, IL-1, and IL-6 (Xu et al., 2003; Glass and Olefsky, 2012), and these cytokines lead to insulin resistance. Moreover, inflammation influences neuronal health via its interactions with oxidative stress (Miller and Spencer, 2014; Radi et al., 2014). These effects contribute to mitochondrial dysfunction (Prakash and Kumar, 2014), neurodegeneration (Uehara et al., 2006), the accumulation of β-amyloid in the brain (Farris et al., 2004), and brain atrophy (Mullins et al., 2017). All of these factors lead to a decline in cognitive performance.

Some limitations of this study should be noted. First, LAP was measured only once at baseline. It did not represent the dynamic changes over 4 years. Long-term follow-up and dynamic monitoring of LAP are necessary. Second, the MMSE was used to assess cognitive changes, and a decline ≥ 2 points from baseline was defined as cognitive decline. However, this does not mean that the subjects met the criteria for dementia or MCI. Additionally, the cognitive declines need to be followed-up. Third, the Montreal Cognitive Assessment (MoCA) has higher sensitivity and ceiling than MMSE, that helps better detecting the early stages of cognitive impairment (Roalf et al., 2017), thus, in the further investigation, we would like to assess cognitive function measured by MMSE and MoCA. What’s more, due to the relatively small sample size, it was difficult to investigate whether the effects of LAP on cognitive decline were dose dependent.



CONCLUSION

In this population-based longitudinal study, we demonstrated that high LAP is associated with cognitive decline, which was only found in normal blood pressure females but not in those with hypertension or males. This indicates that the relationships between blood lipid levels and obesity and cognitive impairment may be affected by hypertension and sex.
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Neurological deficits after stroke are closely related to white matter microstructure damage. However, secondary changes in white matter microstructure after pontine infarction (PI) in the whole brain remain unclear. This study aimed to investigate the correlation of diffusion kurtosis imaging (DKI)-derived diffusion and kurtosis parameters of abnormal white matter tracts with behavioral function in patients with chronic PI. Overall, 60 patients with unilateral chronic PI (33 patients with left PI and 27 patients with right PI) and 30 normal subjects were recruited and underwent DKI scans. Diffusion parameters derived from diffusion tensor imaging (DTI) and DKI and kurtosis parameters derived from DKI were obtained. Between-group differences in multiple parameters were analyzed to assess the changes in abnormal white matter microstructure. Moreover, we also calculated the sensitivities of different diffusion and kurtosis parameters of DTI and DKI for identifying abnormal white matter tracts. Correlations between the DKI-derived parameters in secondary microstructure changes and behavioral scores in the PI were analyzed. Compared with the NC group, both left PI and right PI groups showed more extensive perilesional and remote white matter microstructure changes. The DKI-derived diffusion parameters showed higher sensitivities than did the DTI-derived parameters. Further, DKI-derived diffusion and kurtosis parameters in abnormal white matter regions were correlated with impaired motor and cognitive function in patients with PI. In conclusion, PI could lead to extensive white matter tracts impairment in perilesional and remote regions. Further, the diffusion and kurtosis parameters could be complementary for identifying comprehensive tissue microstructural damage after PI.

Keywords: pontine infarction, white matter tracts, diffusion tensor imaging, diffusion kurtosis imaging, behavioral function


INTRODUCTION

Pons is the most common site of the posterior circulation stroke, and pontine infarction (PI) accounts for approximately 7% of all ischemic strokes (Huang et al., 2019). Some patients with chronic PI exhibit behavioral dysfunctions, such as motor and cognition impairment (Maeshima et al., 2012). However, the underlying mechanism is presently unknown. Previous studies on brain injuries after PI primarily emphasized the pathological alterations of neuronal cells in gray matter and revealed extensive structural and functional changes in gray matter regions, some of which are related to behavioral impairment and recovery (Jiang et al., 2019; Wei et al., 2020a,b). White matter acts as a relay station for the central nervous system and is responsible for the information exchange and communication between different gray matter areas. However, there have been relatively few studies regarding the effects of PI on white matter microstructure.

Diffusion tensor imaging (DTI) has been used to explore secondary white matter tissue changes after PI. Progressive anterograde and retrograde degeneration in pyramidal tracts on DTI is an important neural mechanism underlying impaired motor function after PI (Liang et al., 2008). However, DTI relies on the Gaussian distribution of the movement of water molecules to quantify microstructural changes. This maybe inaccurate because water molecules tend to follow non-Gaussian diffusion due to complex microenvironments, such as cell membranes, intracellular and extracellular spaces in the brain tissue (Choudhri et al., 2013). As an extension of DTI, diffusion kurtosis imaging (DKI) can quantify the non-Gaussian distribution of water molecules and thus provide more valuable information for evaluating white matter microstructure (Jensen et al., 2005; Hui et al., 2008). Although DKI has been preliminarily applied in stroke assessment (Jensen et al., 2011; Chen et al., 2018; Shen et al., 2019), there is currently limited information regarding secondary white matter microstructure changes in chronic PI.

In addition, previous studies were mainly based on prior assumptions to explore particular white matter tracts (Zhang et al., 2015), and few studies have described the microstructural alterations at the whole-brain level. Tract-based spatial statistics (TBSS) is a relatively accurate and comprehensive method for evaluating changes in the whole-brain white matter microstructure (Smith et al., 2006). Compared with the traditional region of interest (ROI)-based analysis and voxel-based analysis (VBA) methods, it does not require the spatial smoothing of data before estimating the voxel-wise statistical analysis and does not establish any prior hypotheses (Luo et al., 2020; Zhang et al., 2021). This study aimed to investigate the correlations between DKI-derived diffusion and kurtosis parameters of abnormal white matter tracts and behavioral function in patients with chronic PI. Toward this goal, we constructed the white matter skeleton of the whole brain using TBSS based on DTI- and DKI-derived data. The white matter microstructure was first evaluated in patients with chronic PI by analyzing different diffusion and kurtosis parameters. Then, DTI-derived and DKI-derived parameters were combined to identify sensitive parameters for assessing white matter microstructure changes.



MATERIALS AND METHODS


Subjects

All subjects were recruited from the First Affiliated Hospital of Zhengzhou University and Tianjin Medical University General Hospital. This study was approved by the ethics committee, and informed consent was obtained from each subject. The inclusion criteria were as follows: (1) first-ever stroke; (2) age 40–80 years old; (3) a single lesion located in the unilateral pons; and (4) the examination time point was more than 6 months after infarction; and the exclusion criteria were as follows: (1) severe white matter hyperintensity with Fazekas scores > 1 and artery stenosis with a Ferguson score > 2; (2) a history of drug dependence or concomitant neuropsychiatric disorders; (3) severe systemic comorbidities, such as heart failure and cancer; and (4) contraindications for MRI. In total, 60 patients were included; of them, 33 and 27 patients had left PI (LPI) and right PI (RPI), respectively. In addition, 30 age-, sex-, and education-matched normal control (NC) subjects were recruited. The infarct lesions of LPI and RPI groups were manually delineated on the 3D high-resolution T1-weighted images using MRIcroN software.1 ROIs from all slices were concatenated to a volume of interest and then normalized in the Montreal Neurological Institute (MNI) space. The lesion masks of all patients were overlaid on the normalized template to create lesion distribution probability maps (Figure 1).
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FIGURE 1. The lesion probability distribution maps in the LPI and RPI groups. The color bar represents the lesion probability. L and R, left and right hemisphere; LPI and RPI, left and right pontine infarction groups.




MRI Data Acquisition

Magnetic resonance imaging was performed on the 3.0-Tesla MR scanner (Discovery MR 750, General Electric, Milwaukee, WI, United States). Tight but comfortable foam padding and earplugs were used to reduce head motion and scanner noise. The echo-planar imaging sequence was used to acquire diffusion images. DKI data were acquired with the following parameters: repetition time (TR) = 5,800 ms; echo time (TE) = 70.1 ms; fractional anisotropy (FA) = 90°; field of view (FOV) = 256 mm × 256 mm; matrix = 128 × 128; slice thickness = 3 mm; no gap; 48 axial slices; 25 encoding diffusion directions with two non-zero b-values (1,000 and 2,000 s/mm2) for each direction; 10 non-diffusion weighted images (b = 0 s/mm2).



A Theoretical Model of Diffusion Tensor Imaging and Diffusion Kurtosis Imaging

The DTI model measured the motion of water molecules at the scale of micrometers, which is based on the assumption of Gaussian diffusion. The apparent diffusion coefficient (Dapp) of water molecules in each voxel can be calculated by linearly fitting a series of diffusion-weighted images to the following formula (1):
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Where S(0) and S(b) represent the signal intensities at a b-value of 0 s/mm2 and b-values other than 0 s/mm2, respectively. Taking direction into consideration, the Dapp can be extended to a second-order diffusion tensor. Then, the diffusion parameters, namely, the FA, mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), were computed with the eigenvalue decomposition of the diffusion tensor.

Diffusion kurtosis imaging, as the extensive DTI model, takes into account the non-Gaussian properties of water diffusion and expresses the diffusion-weighted (DW) signals as the following formula (2):
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Where Kapp is the apparent kurtosis. Similarly, the Kapp can be extended to a fourth-order kurtosis tensor. In addition to the diffusion parameters, the DKI model provides complementary kurtosis parameters, such as the mean kurtosis (MK), axial kurtosis (AK), and radial kurtosis (RK), which can be calculated by using both diffusion and kurtosis tensors (Jensen and Helpern, 2010; Wu and Cheung, 2010).



Imaging Processing

Diffusion kurtosis-weighted data were pre-processed and analyzed using the pipeline for analyzing brain diffusion images (PANDA) software (Cui et al., 2013). First, all diffusion images were converted to the Neuroimaging Informatics Technology Initiative (NIFTI) format. Second, the Brain Extraction Tool (BET) was applied to cutoff the non-brain tissue from the raw images and obtain the brain mask. Third, diffusion images were corrected for the eddy current distortions and head motion. Fourth, all DKI data (b = 0, 1,000 and 2,000 s/mm2) were used for DKI fitting and calculating diffusion parameters (FADKI, MDDKI, ADDKI, and RDDKI) and kurtosis parameters (MKDKI, AKDKI, and RKDKI) using Diffusional Kurtosis Estimator (DKE)2 with the constrained linear least-squares quadratic programming (CLLS-QP) algorithm (Tabesh et al., 2011). Fifth, only a part of the DKI data (b = 0 and 1,000 s/mm2) were employed for DTI fitting, and the DTI-derived parameters (FADTI, MDDTI, ADDTI, and RDDTI) were calculated by using a monoexponentially model. Sixth, FA maps (FA refers to FADTI when the DTI-derived parameters were processed, while it represents FADKI in the processing of DKI-derived parameters) of each subject were registered to the standard FMRIB58_FA template in the MNI space using the non-linear registration algorithm of the FNIRT tool. Seventh, the normalized individual FA maps were averaged to produce the group-level mean FA map, which was thinned to generate a mean FA skeleton under the threshold of 0.2 to exclude predominantly non-white matter voxels. Eighth, FA image of each subject was then projected onto the mean FA skeleton to obtain the synthetic FA skeleton images of all subjects. Ninth, other outcomes of diffusion and kurtosis parameters were projected onto the mean FA skeleton to obtain skeleton images of other parameters of all subjects. The anatomical locations of abnormal white matter tracts were denominated based on the JHU-ICBM-DTI-81 white matter atlas. The anatomical locations of abnormal white matter tracts were denominated based on the JHU-ICBM-DTI-81 white matter atlas.

For TBSS statistical analyses, a general linear model was established with age, gender, and years of education as covariates. Non-parametric permutation tests were performed with 5,000 permutations to explore intergroup differences in the diffusion and kurtosis parameters. The threshold-free cluster enhancement (TFCE) method was applied for multiple-comparison correction, and P < 0.01 was set as the significant threshold. In addition, to quantitatively compare the sensitivity between DTI and DKI techniques in detecting abnormal tissue microstructure, the percentage values of abnormal voxels identified by different parameters relative to the whole brain skeleton voxels were calculated. The whole analysis was accelerated and simplified through a cloud platform (Beijing Intelligent Brain Cloud, Inc.).3



Behavioral Assessment

After MRI scans, each subject underwent neurobehavioral examinations, such as motor and cognitive functions. The Fugl-Meyer Assessment (FMA) was used to evaluate impaired motor function of all limbs in patients with PI. The test included 50 items measuring movements, reflexes, and coordination action about the shoulder, elbow, forearm, wrist, hand, hip, knee, and ankle. The total FMA score ranges from 0 (hemiplegia) to a maximum of 100 points (normal motor performance). Working memory, an important aspect of cognitive function, was assessed using a spatial 1-back test. The participates were instructed to respond as quickly and accurately as possible to determine any changes in the current position of the target white box in comparison with the previous one. The accuracy rate (ACC) and average reaction time (RT) for correct responses were recorded, with higher ACC scores and shorter RT defined to indicate better performance.



Statistical Analysis

A two-sample t-test was used to compute the differences in age, years of education, and spatial 1-back scores between the NC and PI groups. Comparisons of sex were performed using the chi-square test. In addition, the DKI-derived diffusion and kurtosis parameters of abnormal white matter tracts showed intergroup differences after TBSS analyses were extracted. Spearman correlation analysis was used to assess the correlations between the mean parameter values and behavioral scores. All statistical analyses were performed using SPSS 21.0 software (version 21.0; SPSS, Inc., Chicago, IL, United States). These tests were two-tailed, and P < 0.05 was considered significant.




RESULTS


Demographic and Behavioral Measures

There were no significant differences in demographic data, such as age, sex, and years of education, between the NC and PI groups. Lesion size and follow-up time also did not show statistical differences between LPI and RPI groups. Meanwhile, compared with the NC group, LPI and RPI groups showed behavioral dysfunctions with significantly lower FMT scores and more delayed RT in the spatial 1-back task (PLPI = 0.02; PRPI = 0.04). The characteristics of patients by the group are shown in Table 1.


TABLE 1. Demographic and clinical data of PI and NC groups.
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Differences in Diffusion Tensor Imaging-Derived Diffusion Parameters

Compared with the NC group, the LPI group showed significant changes in white matter microstructure in extensive bilateral supra- and infratentorial regions (Figure 2 and Table 2). In the LPI group, DTI_TBSS analysis showed that FADTI was significantly decreased while MDDTI and RDDTI were increased in some white matter tracts, namely, the middle cerebellar peduncle (MCP), pontine crossing tract (PCT), genu of corpus callosum (Genu of CC), body of corpus callosum (Body of CC), splenium of corpus callosum (Splenium of CC), fornix (FX), bilateral medial lemniscus (ML_R, ML_L), inferior cerebellar peduncle (ICP_R, ICP_L), superior cerebellar peduncle (SCP_R, SCP_L), cerebral peduncle (CP_R, CP_L), anterior limb of internal capsule (ALIC_R, ALIC_L), posterior limb of internal capsule (PLIC_R, PLIC_L), retrolenticular part of internal capsule (RLIC_R, RLIC_L), anterior corona radiata (ACR_R, ACR_L), superior corona radiata (SCR_R, SCR_L), posterior corona radiata (PCR_R, PCR_L), posterior thalamic radiation (PTR_R, PTR_L), sagittal stratum (SS_R, SS_L), external capsule (EC_R, EC_L), stria terminalis (ST_R, ST_L), superior longitudinal fasciculus (SLF_R, SLF_L), uncinate fasciculus (UNC_R, UNC_L), left corticospinal tract (CST_L), right superior fronto-occipital fasciculus (SFO_R), and right tapetum (TAP_R). Some white matter tracts only showed significantly increased MDDTI and RDDTI in the right corticospinal tract (CST_R) and bilateral cingulate gyrus (CG_R, CG_L) only with increased RDDTI. The ADDTI results were not a significant difference between the NC and LPI groups. With respect to sensitivity, FADTI, MDDTI, and RDDTI could identify 27.3, 40.0, and 46.0% of abnormal white matter voxels in the whole brain white matter skeleton, respectively.
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FIGURE 2. TBSS analyses showed abnormal white matter tracts in the LPI group with DTI-derived parameters. Red indicated white matter tracts with significantly increased parameter values and blue indicated white matter tracts with significantly decreased parameter values. Green represented the mean FA skeleton of all subjects. L and R, left and right; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; TBSS, tract-based spatial statistics; DTI, diffusion tensor imaging.



TABLE 2. Abnormal white matter fibers derived DTI different parameters in LPI group compared with NC group.

[image: Table 2]
The white matter tracts with significant intergroup differences in the RPI group are shown in Figure 3 and Table 3. These abnormal white matter tracts with decreased FADTI and increased RDDTI were mainly in the MCP, PCT, CST_R, CST_L, ML_R, ICP_R, ICP_L, SCP_R, CP_R, PLIC_R, and RLIC_R. In addition, tracts with only significantly increased RDDTI were found in Genu of CC, Body of CC, Splenium of CC, FX, ML_L, SCP_L, ALIC_R, ACR_R, ACR_L, SCR_R, SCR_L, PCR_R, PTR_R, SS_R, EC_R, EC_L, CG_R, ST_R, SLF_R, and SFO_R. There were no significant differences in MDDTI and ADDTI between the NC and RPI groups. The sensitivity of FADTI, RDDTI showed that they could identify 1.7 and 19.7% of abnormal white matter voxels in the whole brain white matter skeleton, respectively.
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FIGURE 3. TBSS analyses showed abnormal white matter tracts in the RPI group with DTI-derived parameters. Red indicated white matter tracts with significantly increased parameter values and blue indicated white matter tracts with significantly decreased parameter values. Green represented the mean FA skeleton of all subjects. L and R, left and right; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; TBSS, tract-based spatial statistics; DTI, diffusion tensor imaging.



TABLE 3. Abnormal white matter fibers derived DTI different parameters in RPI group compared with NC group.
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Differences in Diffusion Kurtosis Imaging-Derived Diffusion and Kurtosis Parameters

The abnormal white matter tracts with significant intergroup differences in DKI-derived diffusion and kurtosis parameters in the LPI group are shown in Figure 4 and Table 4. Compared with the NC group, the LPI group showed significantly impaired white matter microstructures in extensive bilateral supra- and infratentorial regions. These impairments were characterized by decreased FADKI and increased MDDKI and RDDKI in MCP, PCT, Genu of CC, Body of CC, Splenium of CC, FX, CST_R, CST_L, ML_R, ML_L, ICP_R, ICP_L, SCP_R, SCP_L, CP_R, CP_L, ALIC_R, ALIC_L, PLIC_R, PLIC_L, RLIC_R, RLIC_L, ACR_R, ACR_L, SCR_R, SCR_L, PCR_R, PCR_L, PTR_R, PTR_L, SS_R, SS_L, EC_R, EC_L, ST_R, ST_L, SLF_R, SLF_L, SFO_R, and UNC_L. Abnormal white matter tracts with only significantly decreased FADKI and increased RDDKI were found in CG_R, CG_L, UNC_R, and TAP_R. For kurtosis parameters, MKDKI was significantly decreased in the PLIC_L, ACR_L, SCR_L, PCR_L, and SLF_L. However, there were no significant differences in other diffusion and kurtosis parameters, such as ADDKI, AKDKI, and RKDKI. With respect to sensitivity, FADKI, MDDKI, RDDKI, and MKDKI could identify 34.6, 40.2, 47.9, and 0.58% of abnormal white matter voxels in the whole brain white matter skeleton, respectively.
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FIGURE 4. TBSS analyses showed abnormal white matter tracts in the LPI group with DKI-derived parameters. Red indicated white matter tracts with significantly increased parameter values and blue indicated white matter tracts with significantly decreased parameter values. Green represented the mean FA skeleton of all subjects. L and R, left and right; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; TBSS, tract-based spatial statistics; DKI, diffusion kurtosis imaging.



TABLE 4. Abnormal white matter tracts derived from DKI different parameters in the LPI group.
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Compared with the NC group, the RPI group also showed extensive white matter microstructure changes (Figure 5 and Table 5). In these abnormal white matter tracts, MCP and ICP_R showed significantly decreased FADKI and increased MDDKI and RDDKI. Some abnormal white matter tracts only presented with decreased FADKI and increased RDDKI in PCT, Genu of CC, Body of CC, ML_R, ML_L, ICP_R, ICP_L, SCP_R, SCP_L, ACR_R, ACR_L, SCR_R, SCR_L, CST_R, CP_R, ALIC_R, PLIC_R, RLIC_R, EC_R, and SLF_R. Moreover, abnormal white matter tracts only with significantly increased RDDKI were found in the splenium of CC, PCR_R, PCR_L, PTR_R, PTR_L, SS_R, SS_L, ST_R, ST_L, TAP_R, TAP_L, CST_L, ALIC_L, PLIC_L, RLIC_L, EC_L, SLF_L, SFO_R, and UNC_L. For kurtosis parameters, MKDKI was significantly decreased in PLIC_R, SCR_R, PCR_R, EC_R, and SLF_R. Other parameters, including ADDKI, AKDKI, and RKDKI, did not show significant differences. With respect to sensitivity, FADKI, MDDKI, RDDKI, and MKDKI could identify 6.9, 0.6, 24.1, and 0.56% of abnormal white matter voxels in the whole brain white matter skeleton, respectively.
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FIGURE 5. TBSS analyses showed abnormal white matter tracts in the RPI group with DKI-derived parameters. Red indicated white matter tracts with significantly increased parameter values and blue indicated white matter tracts with significantly decreased parameter values. Green represented the mean FA skeleton of all subjects. L and R, left and right; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity, TBSS, tract-based spatial statistics; DKI, diffusion kurtosis imaging.



TABLE 5. Abnormal white matter fibers derived DKI different parameters in the RPI group.
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Correlations Between Diffusion Kurtosis Imaging-Derived Parameters and Behavioral Scores

The correlations between diffusion and kurtosis values of abnormal white matter tracts and behavioral functions in patients with PI are shown in Table 6. Decreased FADKI and MKDKI values and increased MDDKI and RDDKI values were correlated with motor and cognition function. In the LPI group, decreased FADKI values in MCP, PCT, CST_L, ICP_R, and CP_L were positively correlated with FMT scores. Meanwhile, decreased FADKI values in Genu of CC, PCR_L, and SLF_R were positively correlated with the accuracy rate of the spatial-1back (SPA_ACC) scores. Decreased FADKI values in CST_L were negatively correlated with SPA_ACC scores. Whereas decreased FADKI in PCT, CST_L, and CG_R were negatively correlated with the average reaction time for correct responses of spatial-1 back (SPA_RT) scores. Meanwhile, increased MDDKI values in PCT and CST_L were negatively correlated with FMT scores and positively correlated with SPA_RT values. Increased MDDKI values in Genu of CC, ACR_R, and ACR_L were negatively correlated with SPA_ACC scores. On the other hand, decreased MKDKI values in SCR_L and SLF_L were positively correlated with SPA_ACC scores. Increased RDDKI in MCP, PCT, CST_L, and CP_L were negatively correlated with FMT scores and increased RDDKI in Genu of CC, ACR_R, and ACR_L were negatively correlated with SPA_ACC scores. Increased RDDKI in PCT and CST_L were positively correlated with SPA_RT values.


TABLE 6. Correlations between DKI parameters and behavioral scores in PI patients.
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In the RPI group, decreased FADKI values in ACR_R and ACR_L were positively correlated with FMT scores. Increased RDDKI in PCT was positively correlated with the FMT scores. Decreased MKDKI in EC_R was positively correlated with SPA_ACC scores, and increased RDDKI in SLF_L was negatively correlated with SPA_ACC scores.




DISCUSSION

Data on secondary white matter microstructure changes in the whole-brain level to chronic PI are currently rare. In this study, we used both DTI- and DKI-TBSS analyses to explore whole-brain white matter microstructural changes in patients with chronic PI. The results found extensive perilesional and remote white matter microstructures changes in patients with chronic PI and decreased FA was primarily due to increased RD. In addition, compared with DTI-TBSS findings, DKI-derived parameters could provide more comprehensive information for understanding the neuropathology of the chronic PI and are more sensitive in detecting impaired white matter microstructure. Moreover, DKI-derived diffusion and kurtosis parameters of abnormal white matter tracts were significantly correlated with behavioral scores, such as motor and cognition function, in the PI groups. These findings indicate that extensive impairments in white matter microstructures maybe a potential mechanism underlying behavioral dysfunction in chronic PI.

The current study documented extensive white matter microstructures impairment in chronic PI with significantly decreased FA, increased MD and RD, which not only included perilesional white matter tracts but also in remote ipsilateral, contralateral, and commissural white matter tracts. The human brain is a complex network that coordinates intra- and inter-subnetwork connectivity to modulate various physiological functions (Wang et al., 2014). Global or local tissue destruction with cortical atrophy and abnormal functional connectivity has been demonstrated in multiple subnetworks after stroke (Wang et al., 2020; Wei et al., 2020a). Therefore, the extensive white matter degeneration maybe the underlying neural basis and may support the concept of stroke as a disorder of global network dysconnectivity. Previous studies have mainly focused on specific white matter fibers, such as the CST after PI (Zhang et al., 2015), but this local microscopic measurement maybe incomprehensive. In this study, we demonstrated extensive white matter tracts disruption, suggested secondary macroscopic and microscopic structural changes in the tissue after PI. Therefore, white matter damage in global brain tissue needs to be considered when evaluating pathophysiological change and the therapeutic efficacy. Moreover, different diffusion and kurtosis parameters represent various histological features. FA measures the mean anisotropy of water molecules and reflects the distribution of AD and RD changes (Kamiya et al., 2016). MD indicates water content or extracellular fluid (Phillipou et al., 2018). AD and RD indirectly represent axon and myelin sheath integrity, respectively (Luo et al., 2020). Impaired white matter fibers showed significant changes in FA and RD but not in AD, which suggested decreased FA values are mainly caused by the increased RD and that the white matter microstructure disruption in chronic PI is mainly caused by impaired myelin sheath integrity. This finding is consistent with those of a previous histological report of widespread myelin disruption in the chronic stage after stroke (Borich et al., 2013).

Kurtosis parameters are sensitive indicators for characterizing tissue complexity and reflecting the heterogeneity of the tissue microenvironment, which could be influenced by the myelin, axonal, neural density, and glial proliferation (Jensen and Helpern, 2010; Zhang et al., 2017). MK reflects the mean diffuse kurtosis of water molecules in all directions. AK and RK refer to the kurtosis information that diffuses parallel and perpendicular to axon direction, respectively (Zhuo et al., 2012). In contrast to the widespread white matter tracts abnormalities in diffusion parameters results, kurtosis parameters only showed significantly decreased MK mainly in the ipsilesional white matter fibers with complex fiber arrangement (e.g., the juxtacortical white matter and corona radiata). This was consistent with previous observations that diffusion parameters were sensitive to detecting abnormal white matter regions with coherent fiber arrangement, and kurtosis parameters were sensitive to exploring abnormalities in white matter regions with complex fiber arrangement (Li et al., 2018). Experimental stroke studies have indicated that kurtosis parameters exhibited spatiotemporal dynamics that showed significantly abnormal changes in hyperacute and acute ischemia stage and started to pseudo-normalize at chronic stage (Hui et al., 2012). Moreover, although extensively abnormal diffusion parameters indicate disrupted myelin and increased extracellular water content (Phillipou et al., 2018), the global distribution of activated microglia in chronic stroke may maintain tissue complexity (Shi et al., 2019). These may account for less dissimilarity in kurtosis results. A similar phenomenon has been observed in other neurological diseases, such as Moyamoya and Alzheimer’s disease (Kazumata et al., 2016; Raj et al., 2021). Therefore, diffusion and kurtosis parameters could be complementary, and their combination could provide a more detailed description of neuropathological alterations in chronic PI. Our findings provide a theoretical basis for selecting more sensitive diffusion and kurtosis parameters to assess post-PI tissue microstructure of different stages in specific white matter regions.

We also compared the consistencies and differences in DTI- and DKI-derived parameters in TBSS analyses. Compared with DTI-derived diffusion parameters, DKI could identify more and larger regions of white matter microstructure changes. Particularly, DTI-derived MD in the RPI group did not show any significantly abnormal tracts, whereas significantly increased MD was found in MCP and ICP_R from DKI results. In addition, sensitivity analysis showed that DKI identified a higher percentage of abnormal white matter voxels than did DTI, consistent with previous findings on neuropsychiatric diseases (Zhu et al., 2015; Yang et al., 2021). The DTI-derived diffusion parameters are estimated to character monoexponential signal decay, which is not adequate due to the restricted diffusion environment. However, the diffusivity derived from DKI is calculated by using a second-order polynomial modal to character non-monoexponential signal decay (Cheung et al., 2009). In addition, the diffusivity of conventional DTI modal indirectly reflects a combined effect of the diffusivity and kurtosis derived from DKI (Cheung et al., 2009), and the different effects on DKI-derived diffusion and kurtosis parameters from chronic stroke could lead to less reduction in DTI-derived diffusivity. Therefore, DKI-derived parameters could provide more abundant and more precise information for investigating the neuronal mechanisms underlying behavioral dysfunctions in patients with PI.

Correlation analyses between DKI-derived parameters and behavioral scores in the current study suggested that abnormal parameters in the CST, CR, CP, PCT, and MCP were correlated with impaired motor function. Meanwhile, abnormal parameters in the Genu of CC, PCT, CST, CR, and SLF were correlated with working memory scores. CST is considered to be restricted to the motor and sensory domains, but some studies have indicated that disrupted CST could also result in lower action speed during cognitive tasks and, in turn, affect the cognitive domain (Puy et al., 2018). Moreover, CR, CP, PCT, and MCP are all important components of the cortico-ponto-cerebellar (CPCT) pathway. The CPCT pathway acts as a vital afferent fiber from the cerebral cortex to the contralateral MCP and is involved in the coordination of movement and higher cognitive functions, such as attention and working memory (Jang and Kwon, 2017; Kim et al., 2020). As the largest commissure fiber, CC is a major pathway for interhemispheric information exchange and function integration. Some studies have demonstrated that the Genu of CC contains fiber connecting the frontal poles, and the loss of these connections could disrupt working memory ability (Choudhri et al., 2013; Prunas et al., 2018; Raghavan et al., 2020). The ACR was a part of the limbic-thalamo-crotical loops and contained ascending and descending thalamic projections from the internal capsule to the cortex. The SLF is the vital association fiber connecting the frontoparietal regions. Disrupted ACR and SLF integrity has been found in multiple neuropsychiatric diseases and is correlated with working memory deficits (Davenport et al., 2010; Xiao et al., 2021). Therefore, the interrupted intra- and interhemispheric communication from disrupted white matter maybe the neural basis of motor and cognition dysfunctions in patients with chronic PI.

This study has some limitations. First, TBSS has a relatively higher probability of type I errors than the ROI-based approach; however, we adopted a more stringent statistical threshold (P < 0.01) to control for type I errors. Second, this cross-sectional study only revealed impaired white matter in patients with chronic PI and did not investigate longitudinal changes in white matter microstructure from the acute to the chronic period. We intend to conduct a longitudinal study to explore the dynamic changes in tissue microstructure. Third, in this study, although two non-zero b-values (1,000 and 2,000) and 25 diffusion gradient directions can be used to calculate diffusion and kurtosis parameters, the choice is not optimal (Chuhutin et al., 2017). A series of better DKI parameters should be performed to accurately estimate kurtosis parameters and reduce image acquisition time for further clinical applications. Finally, the relatively small sample size limits the generalizability of the findings. Future large-scale studies are needed to validate our results.



CONCLUSION

In conclusion, PI could lead to extensive white matter microstructure disruption in perilesional and remote regions, and this is correlated with decreased motor and cognitive function. This maybe a vital neuronal mechanism for behavioral dysfunction in patients with chronic PI. Moreover, compared with DTI, DKI could provide more information regarding abnormal white matter microstructure, indicating that combining multiple diffusion and kurtosis parameters could contribute to a better understanding of neuropathological mechanisms in chronic PI.
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ABBREVIATIONS

MCP, Middle cerebellar peduncle; PCT, Pontine crossing tract (a part of MCP); Genu of CC, Genu of corpus callosum; Body of CC, Body of corpus callosum; Splenium of CC, Splenium of corpus callosum; FX, Fornix (column and body of fornix); CST, Corticospinal tract; ML, Medial lemniscus; ICP, Inferior cerebellar peduncle; SCP, Superior cerebellar peduncle; CP, Cerebral peduncle; ALIC, Anterior limb of internal capsule; PLIC, Posterior limb of internal capsule; RLIC, Retrolenticular part of internal capsule; ACR, Anterior corona radiate; SCR, Superior corona radiate; PCR, Posterior corona radiate; PTR, Posterior thalamic radiation (include optic radiation); SS, Sagittal stratum (include inferior longitudinal fasciculus and inferior fronto_occipital fasciculus); EC, External capsule; CG, Cingulum (cingulate gyrus); CH, Cingulum (hippocampus); ST, Fornix (cres)/Stria terminalis; SLF, Superior longitudinal fasciculus; SFO, Superior fronto_occipital fasciculus (could be a part of anterior internal capsule); UNC, Uncinate fasciculus; TAP, Tapetum.
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1www.nitrc.org/projects/mricron

2http://www.nitrc.org/projects/dke
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Background: Odor identification dysfunction is an early predictor of the development of Alzheimer's disease (AD), but neuropsychiatric symptoms (NPS), which are common in AD and mild cognitive impairment (MCI), are also associated with odor identification dysfunction. Whether NPS affect the specificity of using odor identification dysfunction to predict cognitive decline in AD and MCI remains unclear.

Methods: Patients (233 with MCI and 45 with AD) and 45 healthy controls (HCs) underwent assessments of odor identification (Sniffin' Sticks), NPS (Neuropsychiatric Inventory-12), and cognitive function (global cognition, memory, language, executive function, visual-spatial skill, and attention). Structural equation modeling (SEM) with bootstrapping estimation was conducted to explore the relationships between odor identification, NPS, and cognition.

Results: Patients with NPS showed significantly worse performance in odor identification and cognition than patients without NPS and HCs. The SEM showed odor identification to be positively associated with cognition, and cognition had special indirect effects on odor identification through affective and psychosis symptoms (two factors extracted from Neuropsychiatric Inventory-12). Additionally, affective and psychosis symptoms partially mediated the effect of cognition on odor identification.

Conclusion: Neuropsychiatric symptoms are associated with odor identification dysfunction in patients with AD and MCI. Studies exploring the relationship between odor identification dysfunction and cognitive decline in patients with AD and MCI should include an assessment of affective and psychosis symptoms, and adjust their confounding effects.

Keywords: neuropsychiatric symptoms, odor identification, cognition, Alzheimer's disease, mild cognitive impairment, structural equation modeling


BACKGROUND

Odor identification dysfunction is commonly observed in Alzheimer's disease (AD) (85–90%) (Woodward et al., 2017) and mild cognitive impairment (MCI) (47–65%) (Velayudhan, 2015; Wang et al., 2021). It precedes cognitive decline and clinical manifestations of AD and MCI and may be paralleled with tau-mediated neuronal damage during disease progression (Murphy, 2019). Poor odor identification has been repeatedly shown to be associated with worse general cognitive performance (Wang et al., 2021), increased cortical amyloid burden (Bahar-Fuchs et al., 2010), and lower ratios of CSF t-tau and P181-tau to Aβ1−42 (Lafaille-Magnan et al., 2017). Additionally, longitudinal studies suggested that poor odor identification predicts cognitive decline and conversion to major neurocognitive disorder in amnestic MCI subjects (Devanand et al., 2015; Roberts et al., 2016) and in older individuals with normal cognitive function (Djordjevic et al., 2008). A recent study also showed a combination of Aβ1−42 and odor identification scores to improve the predictive accuracy of conversion from MCI to AD (Zhao et al., 2020). These observations suggest that odor identification dysfunction serves as a non-invasive and cost-effective marker for predicting cognitive decline in AD spectrum disease.

Numerous studies have found a close relationship between odor identification dysfunction and neuropsychiatric symptoms (NPS) such as depression, anxiety, and psychosis symptoms (Ropacki and Jeste, 2005; Moberg et al., 2014; Croy and Hummel, 2017; Kamath et al., 2018). With regard to affective symptoms, patients with olfactory loss are more likely to exhibit symptoms of depression and anxiety (Croy et al., 2010), and patients with major depression exhibit impaired odor identification (Chen et al., 2019). In addition, olfactory dysfunction recovers with the remission of depressive symptoms (Zucco and Bollini, 2011). In patients with late-life depression, those with odor identification dysfunction exhibit poorer cognitive performance and more structural and functional brain abnormalities (Chen et al., 2018, 2021). Likewise, high-trait anxiety individuals detect odors faster than low-trait anxiety participants, and trait anxiety levels are negatively correlated with the speed of reactions to odors (La Buissonnière-Ariza et al., 2013). With respect to psychosis symptoms, a meta-analysis found moderate to high olfactory dysfunction in schizophrenia patients (Moberg et al., 2014), and poorer odor identification scores were found to be associated with longer disease duration (Moberg et al., 2006). Moreover, typical characteristics of schizophrenia, such as negative symptoms and lower intelligence, were found to be related to odor identification dysfunction (Corcoran et al., 2005), and odor identification dysfunction is also reported in first-degree relatives and monozygotic twins of schizophrenia patients (Ugur et al., 2005; Turetsky et al., 2008). Overall, these findings show that odor identification dysfunction is strongly associated with NPS, especially for affective and psychosis symptoms.

Notably, various kinds of NPS are common manifestations in patients with AD and MCI, including depression, anxiety, apathy, delusions, hallucinations, episodes of verbal, and physical aggression, etc. (Ropacki and Jeste, 2005; Hollingworth et al., 2006). The prevalence of NPS in patients with AD is 56–98% in the community and up to 91–96% in hospitals and long-term care facilities (Gerlach and Kales, 2018). For MCI, NPS have been reported in 35–85% of patients and may occur prior to cognitive decline (Gallagher et al., 2017). Additionally, NPS are associated with greater functional impairment, poorer quality of life, accelerated cognitive decline and a more significant degree of AD neurodegeneration (Kales et al., 2015).

All of these studies illustrate that odor identification dysfunction, cognitive decline, and NPS are closely intertwined, raising the question of whether the prediction of cognitive decline by odor identification dysfunction may be affected by NPS in patients with AD and MCI. Considering what is mentioned above, we hypothesized that the relationship between odor identification dysfunction and cognitive decline is mediated by NPS (especially affective and psychosis symptoms) in patients with AD and MCI. The present study aimed to explore the relationship between NPS, odor identification dysfunction, and cognitive decline in patients with AD and MCI via structural equation modeling (SEM) analysis. The results provide a deeper understanding of how odor identification dysfunction, cognitive decline, and NPS interact with each other and contribute to the rational use of odor identification in clinical practice.



MATERIALS AND METHODS


Participants

In total, 233 subjects with MCI and 45 with AD were continuously recruited from the Affiliated Brain Hospital of Guangzhou Medical University (Guangzhou Huiai Hospital), and 45 age-matched healthy controls (HCs) were recruited from communities in Guangzhou. All subjects or their legal guardians provided signed informed consent to participate in the study. The present study was approved by the Ethics Committees of the Affiliated Brain Hospital of Guangzhou Medical University (Guangzhou Huiai Hospital). All procedures performed in this study were done in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

The diagnosis of probable AD was defined according to the clinical criteria of the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (Mckhann et al., 1984), and diagnostic criteria for MCI were based on the Peterson criteria (Petersen, 2004). All recruited subjects with a Hachinski score of higher than four were also excluded (Hachinski et al., 1975). The other exclusion criteria were as follows. (1) Major systemic, past, or concomitant diagnoses of psychiatric disorders (such as major depression, schizophrenia, bipolar disorder, posttraumatic stress disorders, panic disorder, etc.); (2) patients with a history of concomitant diagnosis of any neurodegenerative disease aside from AD; (3) other causes (infectious, toxic, and metabolic) of cognitive impairment were excluded; (4) Other causes that significantly influence olfaction, including active upper respiratory/sinus infection or respiratory distress at the time of testing, congenital or traumatic anosmia, known nasal polyps or tumors, current or recent (past 6 months) smoking, and alcohol or substance dependence were also excluded. In addition, a trained psychologist, via dedicated clinical interviews, carefully screened all HCs to exclude any evidence of psychopathological symptoms. All subjects completed structured interviews, standardized olfactory tests, and clinical symptom and comprehensive cognitive assessments on the same day.



Assessments
 
Assessments of Odor Identification

Odor identification function was assessed using the standardized Sniffin' Sticks Screen 16 test (Hummel et al., 1997) which involves the presentation of odorants through felt-tip pens. For odor performance, the cap of a pen was removed, and the pen's tip was placed approximately 2 cm in front of the participant's nostrils for 3 s. Subjects were presented with 16 common odorants. Odors were identified from flash cards listing four verbal odor descriptors each (forced choice, score range of 0–16). Olfactory testing was performed in a quiet, odorless, and well-ventilated room at the Affiliated Brain Hospital of Guangzhou Medical University.



Assessments of Cognitive Function

Cognitive function in different domains was evaluated by the following neuropsychological tests: the mini mental state examination (MMSE) (Folstein et al., 1975), auditory verbal learning task (AVLT) (Zhao et al., 2012), trail-making test (TMT) (Lu et al., 2006), symbol-digit modality test (SDMT) (Sheridan et al., 2006), boston naming test (BNT) (Guo et al., 2006), and ReyO-sterrieth complex figure (ROCF) test (Guo et al., 2000). The scores of the MMSE represent global cognition. The time take to complete TMT Part B was used to represent executive function. The AVLT N1-3, BNT, ROCF, and SMDT scores represent memory, language, visual-spatial skill, and attention, respectively.



Assessments of Neuropsychiatric Symptoms

Neuropsychiatric symptoms were measured using the Chinese Neuropsychiatric Inventory (NPI) originally proposed by Cummings et al. (1994) and Kaufer et al. (1998). Neuropsychiatric symptoms were scored by monitoring caregivers' responses obtained from a self-reporting questionnaire wherein they selected the frequency (four-point scale) and severity (three-point scale) of symptoms. The frequency and severity scores for each symptom were multiplied as symptom scores with a higher symptom score indicating higher severity (including delusions, hallucinations, agitation, irritability, depression, anxiety, apathy, euphoria, disinhibition, aberrant motor behavior, and sleep and eating disorders). The sum of 12 kinds of symptom scores was defined as the NPI total score.

Patients with NPI total scores of ≥1 were defined as the NPS group, and those with total scores of = 0 were defined as other patients classified as the No-NPS group.




Statistical Analysis

The data were analyzed using the Statistical Package for the Social Sciences version 26.0 (SPSS 26.0) and Amos 24.0 programs (https://www.ibm.com/products/spss-statistics). Neuropsychiatric symptoms were classified by using factor analysis. Before performing factor analysis, the suitability of the data was tested using the Kaiser–Meyer–Olkin (KMO) and Bartlett tests. The internal reliability of the classified NPS symptoms was measured using Cronbach's α. Exploratory factor analysis (EFA) was performed using maximum likelihood analysis followed by varimax factor rotation. Based on the EFA results, models of factorial grouping for the NPI-12 were established using confirmatory factor analysis (CFA). The correlation between the measured variables were determined using the partial correlation coefficient, and age, sex, and years of education were set as control variables.

Structural equation modeling was used to test the hypothesized model. According to Jöreskog and Sörbom (1982), SEM provides a maximum-likelihood estimation of the entire system of a hypothesized model and enables the assessment of variables with data. The error variance of a single variable is determined by the following formula: error variance of X1 = (1 − reliability coefficient) * (S2) (Randall and Schumacker, 2010). In the present analysis, we adopted Anderson and Gerbing (1988) two-step strategy to test the hypothesized model. First, the measurement model was confirmed using CFA, and then we performed a SEM analysis to measure the fit and path coefficients of the hypothesized model. The chi-square (χ2) value, degrees of freedom (df ), the value of χ2/df , the goodness of fit (GFI), the comparative fix index (CFI), Bollen's incremental fit index (IFI), the normed fit index (NFI), the standardized root mean square residual (SRMR), and the root mean square error of approximation (RMSEA) were adopted to estimate model fit. The significance of the effects of the study model was tested using the bootstrapping method (10,000) (Hayes, 2009).




RESULTS


Demographic, Olfactory, and Cognitive Information

Demographic, olfactory, and cognitive information is shown in Table 1. In total, 168 patients were grouped into the NPS group, and 110 were grouped into the No-NPS group.


Table 1. Demographic, olfactory, and cognitive information of NPS and No-NPS patients.
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Exploratory Factor Analysis of Neuropsychiatric Symptom Clusters

The scores for each symptom as shown in Figure 1. Based on the symptom scores for NPS, three factors were extracted via the EFA. The variances for Factor 1, Factor 2, and Factor 3 were 2.27, 2.23, and 1.85, respectively. The explanatory power values of Factor 1, Factor 2, and Factor 3 were 18.9, 18.5, and 17.9%, respectively. The total explanatory power of the three factors represented 55.4% of the total variance.


[image: Figure 1]
FIGURE 1. Neuropsychiatric symptoms of the NPS group. The figure shows the symptom scores of the NPS group, as assessed by the NPI-12. Ab. Mot. Beh, aberrant motor behavior.


Symptom Cluster 1 (Factor 1) described affective symptoms, including depression, anxiety and apathy. Symptom Cluster 2 (Factor 2) described psychosis symptoms, including delusions, hallucinations, agitation, and irritability. Symptom Cluster 3 (Factor 3) described behavioral symptoms, including disinhibition, euphoria, aberrant motor behavior, and eating and sleep disorders (Table 2).


Table 2. Communalities and rotated factor matrix of the NPS group.

[image: Table 2]

The KMO measure for this study was measured as 0.681, indicating an appropriate sample size. In addition, Bartlett's test of sphericity showed that statistical significance was <0.001, thereby confirming the goodness-of-fit of the model.



Confirmatory Factor Analysis of Neuropsychiatric Symptom Clusters

The results of testing the goodness of fit of the CFA show that GFI = 0.786, CFI =0.809, IFI = 0.789, χ2/df = 5.096, and RMSEA = 0.157, indicating a poor fit. To improve reliability, the model was modified by removing variables with factor loadings of <0.6 (hallucinations and sleep and eating disorders) (Bagozzi and Yi, 1989) while simultaneously verifying the model fit (Figure 2). Successively, the goodness-of-fit indices of the modified model were χ2/df = 2.06, GFI = 0.96, CFI = 0.98, NFI = 0.96, IFI = 0.98, and RMSEA = 0.06, indicating a good fit.


[image: Figure 2]
FIGURE 2. Path diagram of the confirmatory factor analysis. The goodness-of-fit indices of the modified model were as follows: χ2/df = 2.06, GFI = 0.96, CFI = 0.98, NFI = 0.96, IFI = 0.98, and RMSEA = 0.06, which indicate a good fit. Three factors were verified from the CFA: Factor 1 described affective symptoms, including depression, anxiety, and apathy. Factor 2 described psychosis symptoms, including delusions, agitation, and irritability. Factor 3 described behavioral symptoms, including disinhibition, euphoria, snf aberrant motor behavior. Rotation converged in nine iterations. Ab. Mot. Beh, aberrant motor behavior. e1–10 represent residuals of the respective variables.




Correlation Between Clinical Characteristics and Odor Identification in Subjects With NPS

The odor identification score was positively correlated with cognitive scores, and negatively correlated with scores of psychosis and affective symptoms in the NPS group (P < 0.05). There was no significant correlation between odor identification and behavioral symptoms (Table 3).


Table 3. Correlation between cognition, NPS, and odor identification in patients with NPS (N = 168).
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Testing the Mediator Models
 
Preliminary Analyses

To measure the internal consistency reliability, convergent validity, and discriminant validity of the constructs in our proposed model, we performed a CFA analysis on the four constructs of cognitive decline, affective symptoms, psychosis symptoms, and odor identification dysfunction (Figures 2, 3). The results reveal that the composite reliability (CR) of each construct ranged from 0.64 to 0.89, exceeding the 0.60 CR threshold value and giving evidence of internal consistency reliability (Fornell and Larcker, 1981; Bagozzi and Yi, 1989). In addition, the factor loadings of the individual items in the model were significant (all p < 0.01) (Table 4), showing preliminary evidence for the convergent validity of the measurement model. Meanwhile, the average variance extracted (AVE) values of all constructs ranged from 0.51 to 0.73, exceeding the 0.50 AVE threshold value (Fornell and Larcker, 1981; Bagozzi and Yi, 1989), denoting acceptable convergent validity.


[image: Figure 3]
FIGURE 3. Standardized direct effects of cognition on odor identification, affective symptoms and psychosis symptoms. The goodness-of-fit indices of the model were χ2/df = 1.73, GFI = 0.91, CFI = 0.96, NFI = 0.90, IFI = 0.96, and RMSEA = 0.07, indicating a good fit. The direct effect of cognition on odor identification (standardized direct effect 0.69, p < 0.01), direct effect of cognition on affective symptoms (standardized direct effect 0.44, p < 0.01), and direct effect of cognition on psychosis symptoms (standardized direct effect −0.54, p < 0.01). All results indicate that cognition is associated with odor identification, affective symptoms and psychosis symptoms. e1–17 represent residuals of the respective variables.



Table 4. Unstandardized regression weights of the measurement model for the NPS group (N = 168).
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Structural Model

We followed Baron and Kenny (1986) suggestion and used a strategy to examine the first condition of mediation. As shown in Table 3, the correlation coefficients indicate that cognition was positively associated with odor identification. In addition, the result for the direct effect of cognition on odor identification is statistically significant (standardized direct effect 0.69, p < 0.01, see Figure 3).

From test of the second condition of mediation, the results for the direct effects of cognition on affective symptoms (standardized direct effect −0.42, p < 0.01), the direct effect of affective symptoms on odor identification (standardized direct effect −0.33, p < 0.01), the direct effect of cognition on psychosis symptoms (standardized direct effect −0.53, p < 0.01), and the direct effect of psychosis symptoms on odor identification (standardized direct effect −0.27, p < 0.01) are statistically significant (Table 5; Figure 4). Therefore, the second conditions of mediation in our proposed model are supported. To investigate the special indirect effects of the dependent variable through the mediators, we performed percentile bootstrapping and bias-corrected percentile bootstrapping at a 95% confidence interval with 10,000 bootstrap samples (Taylor et al., 2008). We followed the suggestions of Hayes (2009) and calculated the confidence interval of the lower and upper bounds to test whether the special indirect effects were significant. As shown in Table 5, the results of the bootstrap test confirm the existence of positive and significant special indirect effects for affective and psychosis symptoms between cognition and odor identification. However, we found no difference in special indirect effects between affective and psychosis symptoms. Thus, affective and psychosis symptoms partially mediated the effect of cognition on odor identification.


Table 5. Unstandardized total, direct, indirect, and specific indirect effects of the mediation model (N = 168).
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FIGURE 4. Path diagram of the standardized estimate mediation model. The goodness-of-fit indices of the mediation model were χ2/df = 1.14, GFI = 0.99, CFI = 0.99, NFI = 0.94, IFI = 0.99, and RMSEA = 0.03, indicating a good fit. The mediation model shows that cognition had special indirect effects on odor identification through affective and psychosis symptoms, indicating that affective and psychosis symptoms exhibited partial mediated effects. Rotation converged in 9 iterations. e1–17 represent residuals of the respective variables.






DISCUSSION

The present study explored the relationship between odor identification, NPS and cognition in patients with AD and MCI via SEM. The main findings of this study are as follows: (1) patients with NPS exhibited significantly poorer odor identification and cognition scores than those without NPS and HCs. (2) In patients with NPS, odor identification scores were negatively correlated with affective and psychosis symptoms (factors extracted from the NPI-12) but not with behavioral symptoms. (3) Affective and psychosis symptoms exhibited specific indirect effects between odor identification and cognition. Moreover, there were positively mediated effects of affective and psychosis symptoms on the relationship between odor identification and cognition.

The present SEM analyses suggest additive effects of NPS and odor identification dysfunction on cognitive decline where affective and psychosis symptoms partially mediate the relationship between odor identification dysfunction and cognitive decline. Previous studies demonstrate that both odor identification dysfunction and NPS are common in patients with AD and MCI and that odor identification dysfunction could serve as a marker of indicating early AD pathology and cognitive decline (Devanand et al., 2015; Lafaille-Magnan et al., 2017; Murphy, 2019; Zhao et al., 2020; Wang et al., 2021), but few consider the potentially confounding effect of NPS.

The current study shows that among the three factors of NPS, affective symptoms are most related to odor identification and cognitive decline, and they show a partial mediation of the relationship between cognitive decline and odor identification. It is well acknowledged that numerous brain areas that are altered with affective symptoms and cognitive impairment are also involved in olfaction processing, such as that occurring in the olfactory bulb, hippocampus, amygdala, insula, orbitofrontal cortex, and habenula nucleus (Li et al., 2015; Croy and Hummel, 2017). For depression, Croy et al. identified potential mechanisms linking depression and olfactory dysfunction. First, decreased olfactory function in depression may result from decreased attention to olfaction and a consecutively decreased turnover rate of olfactory receptor neurons in the olfactory epithelium where these effects are temporary and diminish after remission (Li et al., 2015). Second, a smaller olfactory bulb volume may cause decreased signaling from the olfactory bulb to the amygdala, hippocampus, striatum and orbitofrontal cortex (Croy and Hummel, 2017). Similar to what is observed in depression, there are direct connections between olfactory relay neurons and the amygdala, a key node in the regulation of anxiety (Ballanger et al., 2019). Moreover, depression and anxiety can also lead to decreased neurogenesis in the hippocampus and olfactory bulb (Mineur et al., 2007), and olfactory training seems to increase olfactory bulb volume (Negoias et al., 2016), cognitive function (Birte-Antina et al., 2018), and depressive and anxious symptoms (Ballanger et al., 2019). For apathy, a previous study reported a specific association between odor identification dysfunction and the severity of apathy, suggesting that olfactory dysfunction and apathy might result from the progression of disease pathology in shared neural substrates (Seligman et al., 2013). Previous studies have already shown that depression, apathy, and anxiety are precursor symptoms and can predict cognitive decline in the AD spectrum (Craig et al., 2005; Seligman et al., 2013; Ma, 2020). Given the close relationships between odor identification dysfunction, affective symptoms, and cognitive decline, the confounding effect of affective symptoms should be adjusted when using odor identification dysfunction to predict cognitive decline in patients with AD and MCI.

Similar to affective symptoms, psychosis symptoms also had a partial mediated effect on the relationship between cognitive function and odor identification. Previous research indicates that odor identification dysfunction is present in schizophrenia patients (Moberg et al., 2006), first-degree relatives of schizophrenia patients (Turetsky et al., 2008), and subjects at risk for psychosis symptoms (Takahashi et al., 2018; Tang et al., 2018) and is believed to be highly associated with disease duration (Moberg et al., 2006), negative symptoms, and social-cognitive function (Corcoran et al., 2005). The anatomic proximity of the olfactory network to limbic structures provides a potential explanation for the relation between olfaction and affective symptoms, and may account for their shared dysfunction in various psychiatric disorders. Many of these regions, including the amygdala, hippocampus, insula, anterior cingulate cortex, and orbitofrontal cortex, have been described as common neural substrates for emotional symptoms, psychosis symptoms, and olfactory processing. Similarly, psychosis symptoms were also found to be strongly associated with cognitive decline in AD and MCI (Mallo et al., 2020). Overall, because psychosis symptoms heavily interact with abnormalities of olfactory and cognitive processing, their confounding effect should be considered when exploring the relationship between odor identification dysfunction and cognitive decline in patients with AD and MCI.

No significant association was observed between behavioral symptoms and odor identification, indicating that odor identification dysfunction may be independent of the presence of behavioral symptoms. Previous studies have suggested that affective symptoms are commonly observed from early stages of the disease (Craig et al., 2005) and that psychosis symptoms are more obvious at a more advanced AD stage (Piccininni et al., 2005), while behavioral symptoms are more often considered to be a transient symptom that fluctuates throughout disease progression (Garre-Olmo et al., 2010). On the other hand, behavioral symptoms are not linked to specific brain regions, and studies have suggested that they may be linked to dysfunctions in the posterior cingulate cortex, frontal cortex, and bilateral parietal lobes (Liu et al., 2004; Ng et al., 2021) which are less associated with olfactory processing. Thus, the effect of behavioral symptoms on cognitive decline and odor identification dysfunction is less significant or even undetectable compared to affective and psychosis symptoms.

The present study has limitations. (1) The results are based on cross-sectional analyses, and the causal relationships between olfactory dysfunction, NPS, and cognitive decline must be further explored in longitudinal studies. (2) The present study demonstrates that NPS mediated the relationship between cognitive decline and odor identification dysfunction, but whether they mediated the relationship between odor identification dysfunction and neurodegeneration needs to be confirmed by future studies involving, for example, the assessment of cerebrospinal fluid biomarkers and PET-CT. (3) The current study only involved an assessment of odor identification, because it is the strongest predictor of AD. However, significant associations between NPS and other aspects of olfaction (such as odor thresholds and odor discrimination) have also been reported in previous studies (Moberg et al., 2006; Pollatos et al., 2007; Chen et al., 2019). Future studies including odor thresholds and discrimination could provide a deeper understanding of how olfaction and NPS interact with each other in patients with AD/MCI. (4) Reduced self-awareness is associated with some NPS (disinhibition, apathy, anxiety, executive dysfunctions) in AD spectrum and a more aggressive progression of MCI and AD (Amanzio et al., 2011, 2020). Therefore, to minimize the effect of awareness, the present study used objective assessments rather than self-report scales for measuring odor identification, cognitive function, and NPS. However, we are not sure whether the awareness may mildly affect the result.



CONCLUSION

In summary, the current study demonstrates that NPS mediate the relationship between odor identification dysfunction and cognitive decline in patients with MCI and AD. When odor identification is used to predict cognitive decline in patients with AD and MCI, the confounding effect of affective symptoms and psychosis symptoms should be taken into account. Longitudinal studies must explore the causal relationships between olfactory dysfunction, NPS, and cognitive decline, and neuroimaging and CSF markers could better clarify the underlying mechanisms through which olfactory dysfunction, NPS, and cognitive decline interact with each other.
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Age, years 537456 53957 53.9+57 542457 539+ 56 525+57 <0001
Male sex 362(51.9)  1,135(429) 1,460 (43.6) 1,107 (44.8) 497 (44.6) 164 (50.9) <0001
Race (Black) 311 (44.6) 884 (33.4) 728 (21.7) 269 (10.9) 68(6.1) 10(3.19) <0001
METhour/week 0(0-5) 0(0-9) 85(0-2039  165(5-30.3 245(158-38  31.8(20.8-451)  <0.001
Education <0001
Less than high school 244 (35.0) 724 (27.4) 590 (17.6) 317 (12.8) %283 14 4.3)
High school 201 (28.8) 829(31.8 1,009 (32.8) 796 (32.2) 369 (33.1) 74(29)
College 253(362)  1,092(413)  1,662(49.6) 1,359 (55) 653 (58.6) 284 (72.7)
Smoking <0001
Never 1(0.4) 977(36.9)  1578(7.1) 1,816 (53.2) 644 (57.8) 228 (70.8)
Ever 444(636) 1012383 1081 (30.8) 705 (28.5) 289 (25.9) 66 (20.5)
Current 253 (36.2) 656 (24.8) 742 (22.4) 451 (18.2) 181 (16.2) 28(87)
Drinking <0.001
Never 163 (23.4) 827 (31.9) 203 (26.9) 497 (20.1) 160 (14.4) 16(5)
Ever 217 (31.1) 622 (23.5) 573 (17.1) 273 (1) 67 6) 928
Current 318(45.6)  1,196(452) 1,875 (56) 1,702 (68.9) 887 (79.6) 207 (92.2)
income, US$ <0001
<16,000 201 (28.8) 636 (24) 550 (16.4) 278 (11.2) % (8.6) 10(3.9)
16,000-35,000 204 (421)  1,037(302)  1.308(39) 860 (34.8) 345 (31) 75 (23.9)
35,000 208 (29.1) 972(367) 1,493 (44.6) 1,334 (54) 673 (80.4) 237 (73.6)
Physiological and lab variables
Body mass index, ko/m? 305+5.4 295+52 278+53 26144 248+87 237429 <0001
Total cholesterol, mmol 55+11 56+ 1.1 55+ 1 56+1.1 55+ 1 53+09 <0.001
HDL-C, mmol/! 12+04 1.8+04 1.3+£04 1.4£04 1505 1505 <0001
LDL-C, mmol! 36+ 1 36+1 35+1 35+1 34+09 33+09 <0001
Triglycerides, mmol1 1.4(1-2) 13(1-1.9 180918 120818 110815 1(0.7-1.4) <0001
Creatinine, mg/d 14£02 14+08 11+03 14+02 14£02 11+£02 0.200
Blood glucose, mmol1 62+22 6124 59+18 5715 56+13 55+1.2 <0.001
Dietary intake
Total calories, keal 16534639 16184615  1615+£609 1,625+ 581 1,635+ 577 1,714 + 547 0071
Coffee intake, servings/day (d) 04(0.4-07) 1108418 1700528 210925 2501281 2.8(1.3-3.6) <0.001
Alcohol intake, g/d 0(0-1.6) 0(0-38) 0(0-9.4) 740429  105(7.5-151) <0001
Fruits, servings/d 09(0.4-1.7) 1.2(06-2) 180621 150822 1.6 (1-2.1) <0001
Vegetables, senings/d 1.8(08-19) 1. : 1.5 (1-2.9) 1.6 (1-2.9) 1.7 (1.1-2.6) 1.9.(1.3-2.6) <0001
Red and processed meat, sevings/d 1.1 (0.6-1.5)  1(0.6-15) 09(05-15 090544  09(04-14)  08(04-14) <0001
Nuts, servings/d 05(0.8-07) 050308 060309 0.6 (0.8-1) 0.6 (0.4-1) 06 (0.4-1) <0001
Sweetened beverages, servings/d 1(0.9-1) 106-1) 09 (0.8-1) 0.6 (0.1-1) 05 (0.4-1) 06 (0.1-1) <0001
Whole grains, g/d 04(0.4-09) 04(04-09 050109  060.1-1) 06 (0.4-1) 06 (0.1-1) <0001
Sodium, mg/d 15494549  1535+£609 1514584 1462+ 581 14412580 14347+£597  <0.001
Chronic medical conditions
Hypertension 284 (40.7) 908 (34.8) 860 (25.7) 491 (19.9) 171 (15.4) 300.3) <0001
Diabetes melitus 80 (11.5) 269 (10.2) 242(7.2) 122 (4.9) 37(3.8) 10(3.19) <0001
Coronary heart disease 29(4.2) 115(4.8) %0 (2.7) 61(2.5) 21(1.9) 5(1.6) <0001

Values are expressed as N (%), mean + SD. SBR systolic blood pressure; DBR diastolic blood pressure; HDL-C, high density lipoprotein cholesterol; LDL-C, low density fipoprotein
cholesterol: MET, metabolic equivalent of task.
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HLS Unadjusted Model 1 Model 2

OR (95%Cl) P OR (95%Cl) P OR (95%Cl) P
Impaired LEF <0001 <0001 <0001
Ref. - Ref. - Ref. .
1 0.769 (0.646-0.916) 0.741 (0.618-0.888) 0001 0.749 (0.623-0.901) 0.002
2 0.561 (0.473-0.666) 0.571 (0.478-0.683) <0001 0.602 (0.502-0.722) <0.001
3 0.397 (0.333-0.479) 0.418 (0.347-0.509) <0001 0.451 (0.373-0.545) <0.001
4 0.314 (0.258-0.389) 0.344 (0.279-0.424) <0001 0.380 (0.807-0.471) <0.001
5 plus 6 0.183 (0.136-0.245) 0.234 (0.172-0.318) <0001 0.252 (0.184-0.344) <0001
Impaired ADLs <0001
0 Ref. Ref. - Ref. .
1 0.829 (0.676-1.017) 0.840 (0.682-1.034) 0.100 0.877 (0.708-1.085) 0.227
2 0.645 (0.526-0.790) 0.699 (0.567-0.861) 0001 0.765 (0.618-0.949) 0015
3 0.472 (0.379-0.587) 0.537 (0.428-0.674) <0001 0.601 (0.476-0.758) <0.001
4 0.374 (0.285-0.489) 0.447 (0.338-0.591) <0001 0.516 (0.388-0.686) <0.001
5 plus 6 0.139 (0.076-0.254) 0.191 (0.104-0.351) <0001 0.201 (0.106-0.380) <0001
Impaired IADLs <0001 0.008
0 Ref. Ref. - Ref. .
1 0.958 (0.798-1.152) 0.990 (0.820-1.197) 0921 0.987 (0.814-1.196) 0894
2 0.659 (0.549-0.791) 0.746 (0.617-0.903) 0,003 0.780 (0.643-0.946) 0012
3 0.517 (0.426-0.627) 0.628 (0.512-0.769) <0001 0.672 (0.546-0.827) <0001
4 0.406 (0.321-0.51) 0.525 (0.411-0.671) <0001 0.584 (0.455-0.748) <0.001
5 plus 6 0.169 (0.105-0.271) 0258 (0.16-0.416) <0001 0.274(0.168-0.449) <0.001

Model 1: adjusted by age, sex, center-race, education (<high school, high school, or >high school, and annual household income (<16,000, 16,000-35,000, >35,000). Model 2:
acfusted by model 1 plus, prevalent hypertension, diabetes, coronary heart disease, total calorie intake, total cholesterol, high density lipoprotein, low density lipoprotein, trighycerices,
creatinine, and blood glucose.Unexplained variables are regarded as continuous variables. OR, odds ratio; Cl, confidence interval,
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Healthy Lifestyle Factors Diabetes Non-diabetes P for interaction

OR (95%Cl) P OR (95%Cl) P

Impaired ADLs

Healthy diet 0.558 (0.321-0.971) 0.039 0.493 (0.43-0.564) <0.001 0.945
Moderate alcohol 0.607 (0.342-1.074) 0.087 0774 (0.66-0.908) 0.002 0614
Normal body weight 0.967 (0.701-1.333) 0836 0847 (0.753-0.954) 0.008 0.019
Physical activity 0.637 (0.436-0.931) 0.020 0743 (0.654-0.845) <0.001 0546
Consurming coffee 0.804 (0.565-1.144) 0226 0811 (0.721-0913) 0.001 0.248
Never smoking 1.846 (0.980-1.850) 0.067 0.627 (0.433-0.91) 0.014 0.743
Impaired IADLs

Healthy diet 0.796 (0591-1.072) 0.133 0818 (0.739-0.905) <0.001 0.083
Moderate alcohol 0.491 (0.289-0.832) 0.008 0.686 (0.597-0.788) <0.001 0545
Normal body weight 0.901 (0572-1.419) 0652 0.669 (0.601-0.746) <0.001 0.002
Physical activity 0.630 (0.454-0.876) 0.008 0590 (0.530-0.656) <0.001 0.948
Consurming coffee 0.705 (0509-0.976) 0.035 0.840 (0.760-0.929) 0.001 0.841
Never smoking 0.696 (0.489-0.990) 0.044 0.653 (0.582-0.781) <0.001 0.739

Multivariable Logistic regression modiels were adjusted by age, sex, center-race, education (<high school, high school, or >high school), annual household income (<16,000,
16,000-35,000, >35,000), total calorie intake, total cholesterol, high density lipoprotein, low density lipoprotein, triglycerides, creatinine, and blood glucose, hypertension, coronary
disease, and diabetes. OR, odds ratio; G, confidence interval. A healthy diet was defined by the first two quintiles of AHEI-2010. Moderate amount of aleohol was defined by 5-15 g for
men and 5-30 g for women. Normal body weight was defined by 18.5 < body mass index < 24.9 ky/mP. Physical activty was defined by =15 MET-hour/week. Regularly consuming
coffee was defined by >2 servings/day.
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N=15792
v
ARIC study at visit 4
N=11656
* Missing healthy lifestyle data. n=204 * Missing physical function data.
*  Neither white nor black. n=31 n=101
« Complicated with myocardial <>« Participants with an unreasonable
infarction, stroke, or a malignant calorie intake. n=102
tumor. n=480 * Missing covariate data. n=136
2
Study population for analysis
N =10 602
HLS of 0 HLS of 1 HLS of 2 HLS of 3 HLS of 4 HLS of 5 and 6
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R-value p-value

ACRP -0.58 0.01
ALPS -0.03 0.92

Data were analyzed by the Pearson correlation between zFC and A inflammatory markers.
ACRP = CRP (T1) - CAP (To), ALPS = LPS (T1) - LPS (To). The zFC was calculated by
the Fisher's Z transformation.

CRR, C-reactive protein; LPS, lipopolysaccharide; To, 1 day before surgery; Ty, 24h

after surgery.
p < 0.05 was considered as statistically significant.
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Surgery duration (min)
Anesthesia duration (min)

Fluid intake (i)

Fluid output (mi)

Propofol (mg)

Remifentaril (mg)

Norepinephrine (mg)

NRS (T1)

Oxycodone consumption (mg)

PONV [n (%))

First time for post-operative exhaust (h)
Hospital stays (days)

Group C (n = 14)

157.78 % 65.33
213,56 + 67.44
1,655.56 & 502.77
879.44 +518.19
746.44  297.00
325145
0.49 +0.37
2.00 (1.00~3.00)
2.00 (1.00~6.50)
3(21.49)
10.44 875
11.44 £2.92

Group | (n = 12)

154.00 + 54.84
202,90 £71.08
1,540.00  313.40
894.50  476.25
703.00  277.97
329+ 1.10
053033
1.5 (0.00~2.25)
1.00 (0.00~3.00)
2(1667)
11.30 £ 492
870+279

Effect size

0.06
0.13
0.04
0.08
0.15
0.08
0.11
0.42
0.73
0.15
0.20
0.96

p-value

0.89
0.77
0.93
0.96
0.75
0.94
0.79
0.36
0.13
0.76
0.68
0.05

Al the data listed except for the NRS, oxycodone consumption and rate of PONY were normely distrbuted and presented as mean  SD. NRS and oxycodone consumption data are
presented as median (IQR). PONV data are presented as frequencies (%).

IQR, interquartile range; NRS, numeric rating scale; PONV, post-operative nausea and vomiting.

p < 0.05 was considered as statistically significant.
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C-LADE I-LADE

n=15 Pre-session Post-session Pre-session Post-session
M sp M sp M sD M sp
AC [%]
Neutral 90.3 1.9 99.8 09 993 1.4 994 15
Incongruent 9%.7 26 %6.4 a7 98.0 20 9.9 29
RT [ms]
Neutral 7446 1306 7204 %7 756.3 129.9 7160 1124
Incongruent 928.9 219.4 891.8 202.8 927.4 231.2 870.9 177.4

-LADE, intermittent light-intensity aerobic dance exercise; C-LADE, continuous light-intensity aerobic dance exercise; AC, accuracy; RT, reaction time; M, mean; SD, standard deviation.
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Male (n = 7) Female (1 = 8)

M sD M sp
Age lyears] 714 29 70 25
Height [crm] 164 4.8 150 44
Welght [ka] 60.3 56 478 66
BMI 224 14 212 20
Education [years] 13 25 13 1.9
MMSE [score] 29.3 095 286 12
GDS [score] 1.7 16 1.8 1.9

M, mean; SD; standard deviation; BMI, body mass index; MMSE, Mini-Mental State
Exam; GDS, Geriatric Depression Scale.
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Characteristics Total (n = 79) MCI (n = 22) SCD (n =33) NC (n = 24) Group-wise comparison
F(p-value)/x? (p-value)?

Age (years), mean (SD) 72.08 (5.65) 71.23 (6.65) 72.73 (5.25) 71.96 (5.30) 0.47 (0.629)
Female, n (%) 39 (49.37) 11 (80) 18 (54.55) 10 (41.67) 0.93 (0.629
Height (cm), mean (SD) 160.03 (8.34) 159.36 (6.19) 158.85 (8.12) 162.25 (10.09) 1.26 (0.290)
Weight (kg), mean (SD) 63.12 (10.67) 65.12 (10.31) 60.57 (9.02) 64.80 (12.64) 1.65 (0.198)
High blood pressure™, n (%) 34 (43.04) 8 (36.36) 15 (45.45) 11 (45.83) 0.56 (0.758)
Diabetes, n (%) 15 (18.99) 3(13.64) 8 (24.24) 4 (16.67) 1.09 (0.581)2
Lacunar infarction, n (%) 4 (5.06) 0(0) 2 (6.06) 2(8.33) 1.78 (0.412)°
Hachinski Ischemia Scale 9.39 (0.3100°
0,n (%) 35 (44.30) 13 (69.09) 11 (33.33) 11 (45.83)

1,n (%) 26 (32.91) 3(13.64) 15 (45.45) 8(33.33)

2,n (%) 1(13.92) 4(18.18) 5(15.15) 2(8.33)

3,n (%) 6 (7.59) 2(9.09) 2 (6.06) 2(8.33)

4,n (%) 1(1.27) 0(0) 0(0) 1417)

Education years, mean (SD) 12.66 (2.63) 11.73 (2.93) 13.15 (2.35) 12.83 (2.58) 2.07 (0.133)
MMSE, mean (SD) 27.35 (1.69) 26.91 (1.41) 26.97 (1.67) 28.29 (1.63) 6.01 (0.004)
GDS, mean (SD) 7.61(5.12) 7.81(5.46) 9.09 (4.84) 5.18 (4.49) 4.19 (0.019)
Gait speed (m/s), mean (SD) 1.06 (0.18) 1.01(0.18) 1.11(0.18) 1.04 (0.17) 2.23 (0.115)

MCI, mild cognitive impairment; SCD, subjective cognitive decline; NC, normal cognition; SD, standard deviation; MMSE, Mini-Mental State Examination; GDS, Geriatric
Depression Scale.

*High blood pressure is defined as systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg.

aChi-square test was applied. Values in bold are statistically significant, i.e., p-values < 0.05.
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Variable Side Effect Value F P Effect size (partial
eta square)
Group Left Wilk's Lambda 0.50 0.98 0.521 0.30
Right Wilk’s Lambda 0.29 2.02 0.004 0.46
Age Left Wilk's Lambda 0.58 1.69 0.080 0.42
Right Wilk’s Lambda 0.62 1.45 0.159 0.38
Gender Left Wilk's Lambda 0.52 2.48 0.008 0.52
Right Wilk’s Lambda 0.37 413 <0.001 0.63
BMI Left Wilk’s Lambda 0.50 2.84 0.004 0.53
Right Wilk’s Lambda 0.37 4.08 <0.001 0.63
Gait speed Left Wilk's Lambda 0.17 11.95 <0.001 0.83
Right Wilk’s Lambda 0.16 12.91 <0.001 0.84
Education years Left Wilk’s Lambda 0.63 1.38 0.194 0.37
Right Wilk’s Lambda 0.46 2.77 0.003 0.54
DM Left Wilk's Lambda 0.67 1.13 0.362 0.33
Right Wilk’s Lambda 0.52 2.22 0.017 0.48
GDS Left Wilk’s Lambda 0.64 1.34 0.212 0.37
Right Wilk’s Lambda 0.70 1.04 0.437 0.30

MANCOVA, multivariate analysis of covariance; BMI, body mass index; DM, diabetes mellitus; GDS, Geriatric Depression Scale.
Values in bold are statistically significant, i.e., p-values < 0.05.
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Gait parameters MCI (n =19) SCD (n =30) NC (n = 21) MANCOVA F Absolute difference

(p-value)?
MCl vs. NC d SCD vs.NC d MCl vs. SCD d
(p-value)? (p-value)? (p-value)?
Ankle kinematics in the sagittal plane, degree
Peak dorsiflexion (degree), mean (SD) 16.03 (3.20) 15.16 (3.28) 13.36 (3.24) 3.61 (0.033) 2.67 (0.033) 1.80 (0.203) 0.87 (1.000)
Peak plantar flexion (degree), mean (SD) 15.23 (4.78) 14.43 (4.89) 16.37 (4.83) 0.91 (0.407) —1.14 (1.000) —1.94 (0.547) 0.81 (1.000)
Ankle ROM (degree), mean (SD) 31.26 (4.30) 29.58 (4.40) 29.73 (4.34) 0.95 (0.393) 1.53 (0.803) —0.15 (1.000) 1.68 (0.620)
Ankle heel strike angle (degree), mean (SD) —2.11 (3.67) —1.59 (3.75) —4.08 (3.71) 2.74 (0.073) 1.98 (0.285) 2.49 (0.083) —0.51 (1.000)
Ankle toe-off angle (degree), mean (SD) 0.84 (5.64) —0.79 (6.77) —0.48 (5.70) 0.48 (0.620) 1.31 (1.000) —0.31 (1.000) 1.62 (1.000)
Knee kinematics in the sagittal plane, degree
Knee peak flexion angle (degree), mean (SD) 65.17 (4.82) 67.33 (4.94) 65.79 (4.88) 1.18(0.315) —0.61 (1.000) 1.55 (1.000) —2.16 (0.443)
Knee peak extension angle (degree), mean (SD) —0.59 (4.54) —4.60 (4.64) —6.50 (4.58) 8.77 (<0.0001) 5.91 (<0.0001) 1.91 (0.503) 4.01 (0.016)
Knee ROM (degree), mean (SD) 64.58 (5.51) 62.74 (5.64) 59.28 (5.57) 4.77 (0.012) 5.30 (0.011) 3.46 (0.125) 1.84 (0.832)
Knee heel strike angle (degree), mean (SD) 5.22 (5.26) 10.46 (5.38) 11.43 (6.31) 8.07 (0.001) —6.21 (0.001)° —0.97 (1.000) —5.24 (0.003)°
Knee toe-off angle (degree), mean (SD) 35.72 (5.85) 40.12 (5.98) 37.50 (5.91) 3.13 (0.051) —1.79 (1.000) 2.62 (0.427) —4.40 (0.049)
Hip kinematics in the sagittal plane, degree
Hip peak flexion angle (degree), mean (SD) 36.72 (8.03) 40.64 (8.21) 41.37 (8.12) 1.94 (0.152) —4.66 (0.218) —0.73 (1.000) —3.93 (0.343)
Hip peak extension angle (degree), mean (SD) 11.82 (7.90) 9.10 (8.09) 6.53 (7.99) 2.22 (0.117) 5.29 (0.118) 2.56 (0.858) 2.73(0.787)
Hip ROM (degree), mean (SD) 48.54 (4.09) 49.74 (4.18) 47.91 (4.13) 1.15 (0.322) 0.63 (1.000) 1.83(0.428) —1.20 (1.000)
Hip heel strike angle (degree), mean (SD) 32.10(7.92) 35.37 (8.10) 37.06 (8.00) 2.01(0.143) —4.96 (0.159) —1.69 (1.000) —3.27 (0.542)
Hip toe-off angle (degree), mean (SD) —2.80 (8.16) 0.65 (8.35) 1.11(8.24) 1.37 (0.262) —3.90 (0.412) —0.46 (1.000) —3.46 (0.516)
Gait kinetics in the sagittal plane
Peak dorsiflexion moment (N.m/kg), mean (SD) 0.08 (0.14) 0.03 (0.14) 0.02 (0.14) 1.22 (0.303) 0.07 (0.435) 0.01 (1.000) 0.05 (0.689)
Peak plantar flexion moment (N.m/kg), mean (SD) 1.60(0.12) 1.68 (0.13) 1.565(0.12) 0.65 (0.525) 0.05 (1.000) 0.02 (1.000) 0.02 (1.000)
Knee peak flexion moment (N.m/kg), mean (SD) 0.37 (0.15) 0.33 (0.16) 0.33(0.16) 0.52 (0.600) —0.04 (1.000) 0.01 (1.000) 0.05 (0.992)
Knee peak extension moment (N.m/kg), mean (SD) 0.50 (0.25) 0.54 (0.25) 0.57 (0.25) 0.50 (0.611) —0.08 (0.974) —0.03 (1.000) —0.05 (1.000)
Hip peak flexion moment (N.m/kg), mean (SD) 0.63(0.18) 0.58 (0.19) 0.61(0.19) 0.37 (0.690) 0.02 (1.000) —0.03 (1.000) 0.05 (1.000)
Hip peak extension moment (N.m/kg), mean (SD) 0.74 (0.26) 0.69 (0.27) 0.72 (0.27) 0.21 (0.808) 0.02 (1.000) —0.03 (1.000) 0.05 (1.000)

BMI, body mass index; GDS, Geriatric Depression Scale; MANCOVA, multivariate analysis of covariance; MCI, mild cognitive impairment; SCD, subjective cognitive decline; NC, normal cognition; SD, standard deviation;
ROM, range of motion.

aMANCOVA with adjustment for age, BMI, gender, education years, diabetes mellitus, and gait speed as covariates, and the estimates of parameters with covariates evaluated at the following values: age = 71.93;
BMI = 24.65; gender = 1.50 (male = 1, female = 2); education years = 12.70; diabetes mellitus = 1.20 (1 = without DM, 2 = with DM); gait speed = 1.06; GDS = 7.54. Values in bold are statistically significant, i.e.,
p-values < 0.002 for MANCOVASs. F-statistics has degree of freedom 2.67.

®Bonferroni correction was used in post-hoc comparisons across the three groups. Values in bold are statistically significant, i.e., p-values < 0.0008 for post-hoc tests.

CA trend of difference between groups (0.0008 < p-values < 0.01 for MANCOVA and post-hoc tests).
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Participants meets the recruitment requirements from
local communities between July and December, 2019

(n=181)

Excluded (n=45 )

* Neurological diseases which impair
cognition or gait (n=36)

* With medical treatments which impact

A
Participants meet the
inclusion criteria
(n=136)

v

cognition or gait (n=5)

* With severe hearing loss (n=1) or vision
loss (n=1)

*With severe lower limb pain or deformities
(n=2)

Excluded (n=54)

A 4

Participants included and signed the
written consent (n=82)

v

* Lost contact or no reply (n=20)

* Refused to sign the written consent (n=34)
* Unableto travel (n=14)
* Moving to another place (n=2)
* Short of time (n=18)

A4

A 2

A4

Mild cognitive impairment
(n=23)

Subjective cognitive decline
(n=34)

Normal cognition

(n=25)

Completed gait analysis
(n=22)
Failed to complete gait
analysis(n=1)

Completed gait analysis
(n=33)
Failed to complete gait
analysis(n=1)

Completed gait analysis

Failed to complete gait
analysis(n=1)

(n=24)






OPS/images/fnagi-13-664558/fnagi-13-664558-g002.jpg
3 scb

Il NC
= MCI

3]
=
o
3]
7]
3]
H
1 | § 1 1 1
o o (=] o o
) © < o~
(ea16ep) NOYN 98Uy
[= " a —
0O o0 QL 0O 09
zZ n = zZ 0 =
1 LG
=
a
*
18
I.Ic
H
1 1
N &FT L2z
! ' BB ¥ ®

(e169p) ajbue uoisua)xa yead aauy

a —
282 2} 8
00 s
*
L3
s 8 § & °© s £ & & 95

(ea1b6op) ajbue uoixa|y yead asuy] (ea1Bap) 9jBue ayjus |9ay dauy]





OPS/images/fnagi-13-661514/math_8.gif
TPR(sensitivity) =

w
TP+ FN

®)





OPS/images/fnagi-13-661514/math_9.gif
TNR(specificity) =

TN+ FP

©





OPS/images/fnagi-13-661514/math_4.gif
STROOP A + STROOP B
IS = STROOP C - ————— @





OPS/images/fnagi-13-661514/math_5.gif





OPS/images/fnagi-13-661514/math_6.gif
IMT B
TMT A

TMT_BA_RATIO = ®)





OPS/images/fnagi-13-661514/math_7.gif
SSCT_IBS = —— =0 @)
1— SSCT ERROR





OPS/images/fnagi-13-661514/math_11.gif
Sensifivity + Specficly 4y
BAC(balanced accuracy) = ————>— LT





OPS/images/fnagi-13-661514/math_12.gif
TP+ 1IN

uracy = ——— 12
Accuracy = e 2)





OPS/images/fnagi-13-661514/math_2.gif





OPS/images/fnagi-13-661514/math_3.gif
_ WDR_MMS
= WDL MMS

(&)





OPS/images/fnagi-13-705287/fnagi-13-705287-t005.jpg
Group C (1 =14)

CRP (ng/ml)
CRP (To) 1,627.76 + 1153.46
CRP (1) 18,369.97 & 17691.66"
ACRP(T;-To) 16,742.21 + 17179.62
LPS (ng/ml)

LPS (To) 15.74 % 15.96
LPS (T1) 21.85 £ 14.51"
ALPS (T1-To) 6.11£6.05

The serum CRP and LPS level were presented as mean + SD.

Group | (n = 12)

4,104.58 + 6955.50
13,338.78 + 8750.81*
9,324.20 + 9,866.28

19.16 + 15.90
2610+ 17.87
6.93 +12.88

CRP, C-reactive protein; LPS, lipopolysaccharide; To, 1 day before surgery; T1, 24 h after surgery.

*Data were tested by paired sample t-test when compared Ty to T in same group. p < 0.05 was considered as statis

Effect size

0.50
0.36
0.63

0.21
0.26
0.08

p-value

033
0.44
0.26

0.65
0.58
0.86
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Characteristics Group C (n = 14)

Age (years) 7084 + 4.37
Gender (male/female) 5/9

BMI (kg/m?) 2554+ 4.77
ASA classification (/1) 59
Education (years) 9.44 305
History of hypertension [1 (%) 4(2857)
History of diabetes [n (%)) 1(7.14)
History of GAD [ (%)) 2(14.29)
operative segment (segments) 200 (2.00~2.50)

Data are mean + SD, median (IQR), or frequencies.

BMI, body mass index; ASA, american society of anesthesiologists physical status; CAD, coronary artery disease; IQR, interquartile range.

Group | (n = 12)

69.80 +7.15
6/6
24.07 £1.79
6/6
1006 +8.72
3(25.00)
2(16.67)
1(8.33)
200 (1.75~2.25)

Effect size

0.18
0.29
0.41
0.29
0.18
0.08
0.42
0.29
0.30

p-value

0.70
0.46
0.38
0.46
051
0.84
0.45
0.64
0.43
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Group C (n = 14) Group | (n = 12)
MoCA score (To) 21.78 £2.73 28,50 + 2.51
MoCA score (Tz) 22,56 +2.24 24.80 +2.09
PND [n (%)) 4(2857) 2(16.67)

Data are mean + SD or frequencies.

Effect size

0.66
1.03
0.33

PND, post-operative neurocognitive disorder; MoCA, Montreal Cognitive Assessment; To, 1 day before surgery; Tz, 7 days after surgery.

p < 0.05 was considered as statistically significant.

p-value

0.17
0.04
0.47
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Cluster name Brain region

Cluster 1 Left middle temporal gyrus
Left precentral gyrus
Left paracentral lobule
Left hippocampus
Left parahippocampal gyrus
Left precuneus

Cluster 2 Left orbital micdle frontal gyrus
Left orbital superior frontal gyrus.
Left medial superior frontal gyrus

Data are mean + SD or frequencies.

Cluster size

90
72
50
28
26
19
182
132
98

-12

MNI coordinates

y

—48

Effect size

1.02
0.69
256
091

0.76
0.45
0.79
0.74
0.60

t-value

3.40
335
4.38
3.09
3.00
3.40
-3.77
-3.55
-3.09

ALFF, amplitude of low-frequency fluctuation; PND, post-operative neurocognitive disorder; MoGCA, montreal cognitive assessment; To, 1 day before surgery; Ta, 7 days after surgery.

p < 0.05 was considered as statistically significant.
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Cluster name Brain region

Cluster 1 Left orbital inferior frontal gyrus
Left middle frontal gyrus
Left superior temporal gyrus
Left precentral gyrus

The results were considered significant at voxel p < 0.05 (two-tailed, GRF-corrected). A positive t-value represented an increase in FC when compared Group | to group C.

FC, functional connectivity; GRF, gaussian random field.

Cluster size

144
12
43
12

x

—45
—45
—45
48

MNI coordinates

i

21
45

-6
6

Effect size

0.99
0.89
0.43
0.31

t-value

8.64
3.66
3.38
2.60
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Variable Patient sample (n = 46) Mean/(SD) Healthy sample (n = 34) Mean/(SD) p-value
Demographic data

Gender, n (%) 17 M (37%): 29 F (63%) 16 M (47%): 18 F (53%) 0.52
Age (years) 75.33 (7) 74.73 (6.96) 0.73
Years of education 9.54 (3.86) 9.94 (3.99) 0.60
Neuropsychological data

MMSE 25.95 (2.61) 28.73 (1.39) 0.001*
Letter fluency 26.65 (12.24) 32.70 (11.23) 0.023*
Category fluency 27.61(12.33) 36.64 (8.89) 0.001*
Prose memory immediate 6.61 (3.69) 9.91 (3.30) 0.001*
Prose memory delayed 7.09 (56.20) 12.79 (4.68) 0.001*
Rey-Osterrieth Complex Figure copy 25.27 (9.07) 32.23 (3.19) 0.001*
Rey-Osterrieth Complex Figure recall 6.15 (4.87) 13.42 (5.33) 0.001*
Digit span forward 5.33(0.84) 5.70 (0.90) 0.05*
Digit span backward 3.66 (0.99) 3.85(0.82) 0.20
Digit cancellation 42.65 (9.99) 50.26 (7.14) 0.001*
WAIS-Similarities 14.85 (4.66) 19.82 (4.47) 0.001*
Verbal Paired Associates Learning 8.05 (3.85) 11.63 (3.44) 0.001*
Confrontation naming 16.58 (3.33) 18.38 (2.01) 0.004*
Token test 31.43 (2.70) 34.12(1.98) 0.001*
Raven’s Coloured Progressive Matrices 23.67 (6.97) 28.44 (4.0) 0.001*

*Non-parametric Mann-Whitney U significant results reported as p < 0.05. MMSE: Mini Mental State Examination. M: Male. F: Female.
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MMSE

Letter fluency

Category fluency

Prose memory immediate

Prose memory delayed
Rey-Osterrieth Complex Figure copy
Rey-Osterrieth Complex Figure recall
Digit span forward

Digit span backward

Digit cancellation

WAIS-Similarities

Verbal Paired Associates Learning
Confrontation naming

Token test

Raven’s Coloured Progressive Matrices

Social cognition correlations

RMET?

p = 0.518/p = 0.001*
p = 0.607/p = 0.001*
p = 0.631/p = 0.001*
p=0.193/p=0.215
p = 0.345/p = 0.023
p = 0.400/p = 0.008
p=0.187/p = 0.230
p = 0.299/p = 0.052
p = 0.447/p = 0.003*
p = 0.577/p = 0.001*
p = 0.491/p = 0.001*
p =0.199/p = 0.200
p = 0.486/p = 0.001*
p=0.383/p = 0.011
p = 0.450/p = 0.002*

Ek-60F2

p = 0.554/p = 0.001*
o = 0.442/p = 0.003*
p = 0.301/p = 0.050
p=0.043/p = 0.786
p=0.246/p =0.112
p=0.197/p = 0.205
p=0.057/p =0.715
p =0.399/p = 0.008
o = 0.439/p = 0.003*
p = 0.551/p = 0.001*
p =0.330/p = 0.031
p=0.077/p = 0.624
p=0.338/p = 0.027
o = 0.496/p = 0.001*
p=0.273/p = 0.076

SET-GS?°

p =0.404/p = 0.007
p=0.361/p=0.017
p =0.333/p =0.029
p=0.251/p=0.105
p=0.167/p =0.283
p=0.218/p =0.160
p=0.011/p =0.946
p=0.361/p=0.017
p =0.425/p = 0.004
p=0.388/p =0.010
p=0.245/p =0.113
p=0.054/p =0.732
p=0.247/p =0.110
p=0.209/p =0.178
p =0.299/p = 0.051

*Significant results are only reported as p (0.05/15) < 0.0083 after correction for multiple comparisons.
aCorrelation models were controlled for age, years of education and normalised hippocampal volume.
bThe SET-GS test showed no significant correlations.

Ek-60F: Ekman 60 Faces test; MMSE: Mini-Mental State Examination; RMET: Reading the Mind in the Eyes Test; SD: Standard deviation; SET-GS: Story-based empathy

task global.
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Social cognition inter-domain correlations

Mean/(SD) RMET Ek-60F SET-GS
RMET 19.89/(5.86) =
Ek-60F 39.80/(8.95) p = 0.672/p = 0.001* :
SET -GS 13.48/(3.55) p = 0.348/p = 0.012* p = 0.493/p = 0.001* i

*Significant results are reported at a p (0.05/3) < 0.017 after correction for multiple comparisons.
Ek-60F: Ekman 60 Faces test; RMET: Reading the Mind in the Eyes Test; SD: Standard deviation; SET-GS: Story-based Empathy Task Global Score. Correlation models
were controlled for age, years of education and normalised hippocampal volume ratio.
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Predictors/Cognitive MMSE pcT FDS BDS CBTT FAB TMT-A T™T-B TMTs delta
tests

Median  p-  Median  p-  Median  p- Median[Q1:Q3] p-  Median  p- Median[Q1:Q3] p-  Median  p-  Median  p- Median [Q1:Q3] p-
[a1:03] value [Q1:Q3] value  [Q1:Q3]  value value  [Q1:03]  value value  [Q1:Q3]  value  [Q1:Q3]  value value
Gender
Female 23[2125) 0040° 474 0839 585 0206 352[283442 0557 4[375431] 0855 15[138162] 0543 106(80.5,154] 0.822 213(162,263] 0822 106[44.8;158] 0417
Male 25.2[24.9:26] [40.7:49.6] 4.94:6.20] 3.05[2.98:3.34) 4[3.88:4.25) 15[14.9;15.9) 116(96.2:136] 204 [184;261) 925(64.5:112)
446 5[4.385.31]
[43.4:46.6]

Marital status

Married 239[21,252] 0.748 45.8422:49.8) 0.776 587 0170 352(297:4.19) 0859 4[3754.25 0801 15.1(142;162) 0656 104[B1,130) 0476 0270 102(45,156) 0631
Not married 253 48[39.8:48.8] 512:6.13] 31 [284:4.01) 4.25[3.5:4.62) 14.7 [13.2:15.8) 107 90;183] 108[75;154)
[e2723.7) 465
[4.43:5.78]
Employment status
Employed. 23(21.4:247) 0766 481 0190 4884426 0.104 352[308:4.11) 0913 4.25[4.25:4.5) 0013 14.6[14:158) 0453 140[108:169) 0.051 213[184:244) 0.864 d55(262:106] 0.126
Not employed 236 [21,25.2] [45.3,49.5) 585 3.31(2.84:4.4) 375 15.2 [14.2:16.3] 93 [76.8;124] 216[161;271) 3
45[30.6:49.6] 48) [754.19)
Smoking status
Smoker 232 0975 47.6[41515 0938 585 0888 376[346464 0038° 425 0670 148[14159] 0606 115[92124) 0864 239[158279) 0779  13042;168] 0542
Not smoker [21.4:24.9) 455 (6.166.11] . 3.81:4.25) 15(14.3:16.3] 98[79.5:154] 104[45.5:146]
236 [21:25.2) [#1.3:40.5) 581 4[3.75:4.49)
[4.73:6.32)
Alcohol use
ves 286 0799 484 o272 0352 3.06[226:0.70] 0205 4[375:4.62 0620 148[14.1:156) 0685 112921140 0398 234[185:263 0510 97(60.8,156 0774
No [21.7:24.2) 47.2:49.8) 352(294:4.51) 4[3.75:4.25) 15.2[14.1:15.6) 104 [78.2:153) 213(156:261) 104[44.8:153)
232 448
[21.226.2) 80.9:40.6)
Physical activity
Yes 203[214:25] 0955 486 0144 556 0007 331(298:3.98 0590 425(:469] 0057 15.1(143:158 0766 85.5(66.5:124] 0.100 194(166:216) 0212 100[28:143] 0867
No 236 [@4.251.4) 4.64:5.87) 352(284:4.57) 3.75 15(13.6:16.3] 115[90;156) 240[168:281) 104[44.8:158]
[208:25.2) 448 5.9 [8.75:4.25)
[39.6:49.3] [6.04:6.62
Hyperhomocysteinemia
ves 245 0027 464 0849 585 0446 348[28414.44) 0796 4[375:45 0371 152146:167) 0070 105(61.2:154) 0.968 216[1 0828 100[37.2:158] 0.488
No [22.725.2) 41.8:49.9) [4.75:6.32) .36 (298:3.98) 4[3.5:4.25) 14.6(13.4:15.6] 106 (81.8:129) 214(183:260] 107(54.2:153]
21.2[20248) 464 550 4.96:6]
[40.4;51.4)
Hypercholesterolemia
Yes 248 0887 459 0660 58 0777 3.14[2874.37 0744 4[3754.19) 0742 15[143163 0620 104(818:145) 0,691 228[168:281) 0419 142745159 0.269
No [208:25.2) 40.2:48.9] 6.20:6.32] 352(287:4.17) 412 15.1(14;16.1] 107 [B1;147) 214[158:252) 102144.2:141)
23(21.225.2) 465 583 [8.75:4.44)
43.4:50.6) [@4.73:6.13]

Essential Hypertension

Yes 0045 47 [42.6:49.1) 0,852 0807 0244 4.25[3.75:4.5) 0.345 149[139;16.2) 0607 153[91;168] 0.010" 86145.5:172) 0935

No 44.814051) 4[8.75:4.25] 15.2(14.2116.1) 0 [76;114] 10845;151)

(RTWMC/LTWIC)

Yes 247 0628 448 0855 587 0820 0739 4[3754.25 0902 15[13.7;167) 0976 104[83.5179) 0.661 0774 99395129 0422

No [218,25.2) 89.8:48.9] 4.52:6.39] 15.1[14. 107 (81;130] 106[54;158)
23.2(21.2:25] 48 42.2:49.5) 583

s.

13)

Median [First Quartile Q1; Third Quartile Q3. Wilcoxon-Mann-Whitney Test. p-value—"Significant 0.01 < p-value < 0.05. ~Significant p-value < 0.01
RTWMC, Right temporal white matter changes; LTWMC, Left temporal white matter changes.
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Predictors/ MMSE pet FDS BDS CBTT FAB TMT-A TMTB  TMTs delta
Cognitive test

plp-value)  p(p-value)  p(p-value) p(p-value) p(p-value)  p(p-value)  p(p-value)  p(p-value)  p (p-value)
Age ~0.144 (0.377) ~0.128 (0.430)  0.134 (0.410) ~0.038 (0.815) ~0.023 (0.889) —0.098(0.567) 0.276(0.085)  0.147 (0.367) 0.023 (0.886)
Years of education  0.224 (0.164) 0010 (0.951) 0.212(0.188) 0281 (0.079) ~0.074 (0.649)  0.382 (0.015") ~0.445 (0.004") ~0.277 (0.084) —0.025 (0.879)
Body Mass Index  —0.208 (0.198) —0.142 (0.383) 0.046 (0.780)  0.049 (0.764) ~0.051 (0.754) —0.035 (0.832) ~0.041(0.803) —0.09 (0.582) ~0.053 (0.745)
(BM)
Sleep duration  —0.028 (0.865) 0.207 (0.063) 0.153(0.347) 0008(0.961) 0.01(0.951) —-0042(0.797) —0.198 (0.220) —-0.365 (0.024") ~0.319 (0.045")
(hours)
Diseaseonset ~ —0.207 (0.201) —0.122 (0.454) 0.232(0.151) 0.087 (0.595) —0.195 (0.228) —0.013 (0.935) —0.085 (0.601) —0.091 (0.575) ~0.022 (0.894)
(months)
VAS ~0.277 (0.084) ~0.053 (0.747) ~0.099 (0.543) —0.264 (0.100) ~0.289 (0.070) ~0.261(0.103) 0.013(0.937) 0.23(0.154)  0.367 (0.020°)
TPRI 0.183 (0.246) —0.097 (0.553) 0.185(0.254) —0.003 (0.983) 0.096(0.555) 0.326(0.040°) 0.106(0.516)  0.093 (0.569) ~0.011(0.947)
PD-Q 0.074 (0.650) 0027 0.867) 0.3(0.060)  0.194(0.231) ~0.051 (0.756) 0.163(0.315) ~0.008(0.959)  0.096 (0.556) ~0.053 (0.747)
8P severity ~0.078 (0.633) ~0.037 (0.821) 0.032 (0846) 0.172(0.288) ~0.212 (0.188) 0.029 (0.860) —0.108(0.507) —0.167 (0.302) ~0.001 (0.993)
BP interference  ~0.106 (0.514) —0.230 (0.153) ~0.049 (0.764) —0.004 (0.980) ~0.163 (0.316) —0.073 (0.653) 0.077(0.636) ~ 0.137 0.399) ~ 0.260 (0.106)
HAM-D —0.041 (0.803) 0,023 (0.888) 0.066(0.688) 0.079 (0.628) ~0.216 (0.180) ~0.106 (0.517) 0.07 (0669  0.044 (0.790)  0.058 (0.722)
HAM-A ~0.043 (0.795) ~0.051 (0.754) 0.115(0.479) 0.23(0.153) —0.014 (0.933) —0.03 (0.855)  0.199(0.219)  0.129(0.428) 0.1 (050)
psal 0.133 (0.394) —0.303 (0.057) ~0.013 (0.936) 0.086 (0.685) 0.001(0.998) 0.139(0.391) 0.183(0.258)  0.188(0.245) 0.167 (0.304)
£ss —0.001 (0994) 0.181(0.264) 0.187 (0.247) ~0.082 (0.615) ~0.054 (0.740)  0.155 (0.338) —0.232 (0.150) —-0.215 (0.183) —0.036 (0.827)
SF-36 PF 0.022 (0891) 0.179 (0.270) ~0.213 (0.186) —0.119(0.464) 0.176(0.278) 0.042(0.799) ~0.058 (0.720) —0.093 (0.568) —0.001 (0.996)
SF-36 RP ~0.192 (0.285) ~0.046 (0.776) ~0.381 (0.016") ~0.190 (0.241) 0.209 (0.195) ~0.315 (0.048") ~0.015(0.925)  0.100 (0.541)  0.140(0.387)
SF-36 BP 0.076 (0.643) 0.164 (0.313) ~0.140 (0.387) —0.093 (0.570) 0.133(0.412) 0.008 (0.963) ~0.250 (0.120) —0.237 (0.142) ~0.064 (0.694)
SF-86 GH ~0.189/(0392) 0.117 (0.472) ~0.305 (0.055) ~0.043(0.793) 0.292 (0.067) —~0.251 (0.118) —0.126(0.438) —-0.078 (0.654) 0.029 (0.858)
SF-36 VT ~0.203 (0210) 0.048 (0.767) ~0.005 (0.976) —~0.205 (0.206) 0.073 (0.655) —~0.275 (0.086) —0.030 (0.854)  0.014 (0.934) 0.080 (0.625)
SF-36 SF 0.057 (0.726) 0.077 (0.636) ~0.134 (0.410)  0.185(0.253) 0.141(0.386) ~0.010(0.953) ~0.243 (0.131) —0.231 (0.151) —0.040 (0.808)
SF-36 RE 0.040 (0807) 0,051 (0.754) ~0.196 (0.224) 0,062 (0.703) 0.321 (0.048) ~0.177 (0.274) ~0.118(0.468) —0.044 (0.786) ~0.052 (0.749)
SF-86 MH ~0.080 (0.622) 0.113(0.488) 0.041(0800) ~0.177 (0.274) 0.113(0.486) —0.249 (0.121) —0.012 (0.939) —-0.025 (0.880) 0.017 (0.916)

o s Spearman'’s correlation coefficient. p-value—Significant 0.01 < p-values 0.05. " Significant p-value < 0.01

BMS, Burning mouth syndrome; VAS, Visual analog scale; BP), Brief pain inventory; PD-Q, PainDETECT Questionnaire; T-PR, Total Pain Rating Index; HAM-D, Hemiton Rating Scale
for Depression; HAM-A, Hamiton Rating Scale for Anxioty; ESS, Epworth Sleepiness Scale; PSQ), Pittsburgh Sleep Quality Index; SF-36, 36 items Short Form Survey. PF, Physical
function; RR. Role physical, B, Bodily pain, GH, General health; VT, Vitality; SF. Social functioning; RE, Role-emotional: MH, Mental health.
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Cognitive test BMS (median; IQR)

Global cognitive function

MMSE 2335 [21.1-25.2)
Attention

TMTA 105.50 [79.5-153.8]
e 46.38[40.3-49.7)
Working Memory

CcB-TT 4[3:8-4.4)

FDS 583 [4.7-6.1)
B80S 3.48(2.8-4.9)
Verbal Memory

RAVLT immediate 38,05 [30-42.9)
RAVLT delayed 825(59-9.8)
Constructional Apraxia

cGD 1295 (11.6-13.5)
Executive Functions

T™T-B 214.40 (160.8-263.8]
FAB 15.05 [14-16.3]
TMTs Delta 104 [44.3-157.5]

Controls (median; IQR)

2525 [23.5-26.2)

74.50 (54-100.5]
49.38 [44.4-54.6]

4.63[4.3-5)
663 [5.3-7.5)
397 35-4.9)

39.05 [30.8-43.3)
8.35(6.4-9.4)

19.88 (12.3-13.5)
105 [78.6-144.5)

17.30 [16.4-18.2]
35 (24.3-59)

1QR s the interquartiee range. The significance difference between medians was measured by the Mann-Whitney test.

“Significant 0.01 < p < 0.05, " Significant p < 0.01.

P-value

<0.001*

<0.001*
0.011*

<0.001*
0.004*
0.043*

0.686
0.893

0.580

<0.001*

<0.001**
<0.001**

MMSE, Mini Mental State Examination; DCT, Digit Cancellation Test; DS, Digit Span tests; CBTT, Corsi Block-Tapping Task; RAVLT, Rey Auditory Verbal Learning Test; CGD, Copying
Geometric Drawings; FAB, Frontal Assessment Battery; TMTs, Trial Making Tests; FDS, Forward Digit Span; BDS, Backwards Digit Span.
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Clinical parameters BMS (Median; IQR) Controls (Median; IQR) P-value

VAS 108-10) [0-0 <0001
BPI
Severity score 30 [19.3-89) 2(0-12.8) <0001
Interference score 18[9-32) 0[0-85) <0.001*
PD-Q 8(4.25-11.75] 0[0-0 <0001+
TPRI 5[3-7.75) 0[0-0] <0.001"
HAM-D 18(18.25-27.75) 3[2-5) <0001
Frequency Frequency
Mid (10-17) 9(22.5%) 5(12.5%) <0001
Moderate (18-24) 11 (27.5%) 0(0%)
Severe (>24) 19 (47.5%) 0(0%)
HAM-A 17 [15-21.5) 3[3-4.8) <0001
Frequency Frequency
Mid (7-17) 21 (52.5%) 7(17.5%) <0001
Moderate (18-24) 16 (40%) 0(0%)
Severe (25-30) 3(7.5%) 0(0%)
pPsal 850 [4.28-11] 537 <0001
Subjective sleep quality 1.50 (1-3] 1[0.25-1] <0001
Sleep latency 2012 1[0-1) <0001
Sleep duration 1[025-2) 1[0-1) 0.117
Habitual sleep efficiency 1(0-1] 0[o-1] 0231
Sleep disturbances 10-2) 101 0988
Use of sleeping medication 0[0-1) 0[0-0] <0.001*
Daytime dysfunction 1[0-1) 050 [0-1] 0071
ESS 5[3-7.75) 413-6] 0.149
SF-36
Physical functioning (PF) 60 [41.25-100] 95 [75-100] <0.001**
Role physical (RP) 75 [0-100] 100 [56.25-100] 0.027*
Bodily pain (BP) 51[40.25-61) 75 [52-100) <0001
General health (GH) 47 (35.50-69) 65 [45-72) 0.007*
Vitaiity (vT) 50 [35-50] 60 [42.50-85] <0001
Social functioning (SF) 62 [40.25-75) 87 [75-96.75) <0001+
Role emotional (RE) 66 [0-100] 100 [66-100] 0,002
Mental health (MH) 48 [40-59) 72 [60-80] <0001+

Asignificant difference between the percentages was measured by the Pearson Chi-Squared test.

“Significant 0.01 < p < 0.0, " Significant p < 0.01

IR s the interquartie range. A significant difference between medlans was measured by the Mann-Whitney test.
“Significant 0.01 < p < 0.05,
BMS, Buming mouth syndrome; VAS, Visual anelog scale; BP), Brief pain inventory; PD-Q: PainDETECT Questionnaire; T-PRI, Totel Pain Rating Index; HAM-D, Hemilton Rating Scale
for Depression; HAM-A, Hamilton Rating Scale for Anxiety; ESS, Epworth Sleepiness Scale; PSQI, Pittsburgh Sleep Quality Index; SF-36, 36 items Short Form Survey.
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Age (years)
Female (n, %)
Education (years)
Medical history
Smoking (n, %)
Alcohol consumption (n, %)
Lack of physical activity (n, %)
Cardiovascular disease (n, %)
Diabetes mellitus (n, %)
Hyperlipidemia (n, %)
Pulse rate (times/min)
Waist circumference (cm)
Hip circumstance (cm)
BMI (kg/m?)
LAP
SBP (mmHg)
DBP (mmHg)
Laboratory tests
FBG (mmol/L)
TG (mmol/L)
TC (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
APOE ¢ (n, %)
MMSE score
Cognitive decline (n, %)

Normal blood pressure(n = 579)

51.77 £ 8.46
353 (60.97)
8(4)

171 (29.53)
88 (15.20)
71 (12.26)

19 (3.28)

51 (8.81)

249 (43.01)
74.8 +£8.90
83.64 £ 8.09
95.6 +5.76
2482 +2.88
27.72 (26.49)
119.63 + 9.45
76.23 £ 6.02

5.33(0.72)
1.27(0.8)
4.89 +0.92
1.40 £ 0.30
3.20 + 0.81
85 (14.68)
28 (3)

104 (17.96)

High blood pressure(n = 404)

56.84 £ 9.0
234 (57.92)
7(5)

115 (28.47)
56 (13.86)

58 (14.36)

20 (4.95)

52 (12.87)

224 (55.45)
75.9+9.19
87.26 + 9.03
98.01 +7.12
26.17 + 3.49
42.01 (36.32)
145.78 + 14.22
89.49 + 8.74

5.47 (0.76)
1.63 (0.97)
5.05 + 0.92
1.38 + 0.31
3324082
52 (12.87)
27 (4)

68 (16.83)

P

0.000
0.338
0.006

0.717
0.560
0.339
0.187
0.041
0.000
0.062
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.009
0.258
0.025
0.420
0.004
0.646

Unpaired Student’s t-test and mean + SD were used to compare the difference of the approximately normally distributed continuous variables between normal blood

pressure group and high blood pressure group.
Mann-Whitney U test and median (quartile) were used for the skew distributional data and Chi square and percentage were used for categorical variables.

Data are mean (SD), median (interquartile range), or number (percentage).
LAR, lipid accumulation product; BMI, body mass index; SBP, systolic blood pressure; DBR, diastolic blood pressure; FBG, fast blood glucose; TC, total cholesterol; TG,
triglyceride; HDL-c, high-density lipoprotein; LDL-c, low-density lipoprotein; ApoE, apolipoprotein E; MMSE, Mini-Mental State Examination.
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ARWMC BMS (Median; IQR) Controls (Median; IQR) P-value

LF (Left Fronta) 1[0-1) 1[0-1) 0606
RF (Right Fronta) 1[0-1) 1001 0.504
LPO (Left-Parieto-Occipital) o1 ofo-1) 0383
RPO (Right-Parietal-Occipital o[o-1) o[-1] 0557
LT (Left Temporal) 0[0-0) 0[0-0) 0.023*
RT (Right Temporal) 0[0-0) 0[0-0] 0.023*
LBG (Left-Basal-Ganglia) 0[0-0) 0[0-0) 0.155
RBG (Right-Basal-Ganglia) 0[0-0) 0[0-0) 0.155
LINF (Left-Infratentoria) 0[0-0] 0[0-0] 0317
RINF (Right-Infratentorial) 0[0-0) 0[0-0) 0317
Total ARWMC score 2(0-48) 2[0-4) 0658

QR s the interquartie range. A significant difference between medians was measured by the Mann-Whitney test.
“Significant 0.01 < p < 0.05, " Significant p < 0.01.

ARWMC, Age related white matter changes; LF, Left frontal; RF; Right frontal; LPO, Left paristo-occipital; RPO, Right parieto-occipitel; LT, Left temporal; RT, Right temporal: LBG, Left
basal ganglia; RBG, Right basal ganglia; LINE, Left infrantentorial: RINF, Right infratentorial.





OPS/images/fnagi-13-761886/fnagi-13-761886-t004.jpg
Age (years)

Education (years)

Medical history (n, %)
Smoking (n, %)
Alcohol consumption (n, %)
Lack of physical activity (n, %)
Cardiovascular disease (n, %)
Hypertension (n, %)
Diabetes mellitus (n, %)
Hyperlipidemia (n, %)

Pulse rate (times/min)

Waist circumference (cm)

Hip circumstance (cm)

BMI (kg/m?)

LAP

SBP (mmHg)

DBP (mmHg)
Laboratory tests
FBG (mmol/L)
TG (mmol/L)
TC (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
APOE ¢ (n, %)

MMSE score

Cognitive decline (n, %)

Female (n = 587)

53.38 + 8.64
74

5 (0.85)

10 (1.70)

93 (15.84)
23(3.92)
264 (44.97)
66 (11.24)
276 (47.02)
76.06 + 8.69
83.81 £ 8.66
96.35 £ 6.76
25.47 + 3.39
35.15 (32.12)
130.48 + 18.26
81.6 £9.89

5.41 (0.76)
1.41 (0.91)
5.01 +0.94
1.45 + 0.31
3.25 +0.83
81 (13.80)
27 (4)

108 (18.40)

Male (n = 396)

54.56 + 9.59
8(3)

281 (70.96)
134 (33.84)
36 (9.09)

16 (4.04)

183 (46.21)
37 (9.34)

197 (49.75)
74.06 £ 9.41
87.09 + 8.31
96.95 + 6.00
25.22 £2.92
30.9 (28.89)
130.23 + 15.94
81.8 +9.59

5.395 (0.69)
1.41 (1.40)
4.88 +0.89
1.30 +0.28
3.25 £ 0.80
56 (14.14)
28 (3)

64 (16.16)

P

0.049
0.000

0.000
0.000
0.002
0.923
0.702
0.340
0.401
0.001
0.000
0.157
0.219
0.001
0.820
0.761

0.287
0.945
0.040
0.000
0.915
0.879
0.001
0.365

Unpaired Student’s t-test and mean + SD were used to compare the difference of the approximately normally distributed continuous variables between female and male.

Mann-Whitney U test and median (quartile) were used for the skew distributional data and Chi square and percentage were used for categorical variables.

Data are mean (SD), median (interquartile range), or number (percentage).
LAR, lipid accumulation product; BMI, body mass index; SBP, systolic blood pressure; DBR, diastolic blood pressure; FBG, fast blood glucose; TC, total cholesterol; TG,

triglyceride; HDL-c, high-density lipoprotein; LDL-c, low-density lipoprotein; ApoE, apolipoprotein E; MMSE, Mini-Mental State Examination.
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Biochemical blood markers

TC (mg/dL)
LDL (mg/dlL)

HDL (mg/dL)

TG (md/dL)

Folate (ng/mL)

Vitarmin B12 (pg/dlL)
Vitamin D3 (ng/mL)

PT (sec)

aPTT (sec)

PROTEIN C (%)
PROTEIN S (%)

AT (%)

Anti-B2GPI IgG (U/mL)
Anti-B2GPI IgM (U/mL)
ACA IgG (U/mL)

ACA IgM (U/mL)

Las (RATIO)
Fibrinogen (mg/dL)
Homocysteine (uM)

IQR s the interquartie range. A significant difference between medians was measured by the Menn-Whitney fest.

*Significant 0.01 < p < 0.05, ** Significant p < 0.01.

BMS (Median; IQR)

2095 [174.8-233.5)
126.5 [121-145.3)
55 [45-63.4)
134 [112.5-156)
65(5.1-8.7)
351 [247-446.75)
30.7 [24.5-37.2)
11.6[11-12.6]
29 [263-319]
119.5 [103-126.5)
935 [79.3-101.4)
99 (95-100.5)
1.8(1.4-3.7)
09[0.6-1.2)
2[1.63.1)
2[1-2.9)
0[0-0)
323(297.3-362.7)
12,6 (9.8-15.6)

Controls (Median; IQR)

198 [181.5-214)
125 [112.3-135.5)
50 [40-56]
127.5 [96.3-148.8)
46[33-58)
253 [221-335.3]
25 [12.3-29.1]
15[11-12)
292 [26.8-32.]
120 [111-187.5)
90 [77.8-1025]
101 [92-112)
3[1.5-4)
1[0-28)
3[2-3.9)
101-3)
0[0-0)
363.5 [305-402]
10.7 [8.7-14.1)

P-value

0.178
0.272
0.015
0.128
0.001*

0.004*
0.478
0.560
0.281
0.693
0.836
0211
0.291
0.299
0.960
0.308
0.055
0.195

TC, Total cholesterol; LDL, Low-density lipoprotein; HDL, High-density lipoprotein; TG, Tryglicerides; PT, Prothrombin time; aPTT, Partial thromboplastin time; AT Hl, Antithrombin 3;

i-B2-glycoprotein 1; ACA, Anticardiolipin antibodies; LAs, Lupus anticoagulants.
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Model B S.E t P

Total population 1 0.140 0.056 2.499 0.013
2 0.140 0.056 2.495 0.013
Female 3 0.202 0.075 2.683 0.008
4 0.201 0.075 2.675 0.008
Male 3 0.014 0.084 0.162 0.871
4 0.014 0.084 0.164 0.870
Normal BP 5 0.211 0.075 2.805 0.005
6 0.211 0.075 2.811 0.005
High BP 5 0.019 0.087 0.217 0.829
6 0.018 0.087 0.202 0.840
Normal BP -female 7 0.239 0.074 3.218 0.001
Normal BP -male 7 —0.071 0.100 —0.708 0.480
High BP -female 7 0.069 0.098 0.700 0.484
High BP -male 7 —0.051 0.102 —0.499 0.618

B, the unstandardized regression coefficient; S.E, standard deviation.

Model 1, adjust for age, gender, education, smoking, lack of physical activity, cardiovascular disease, hypertension, diabetes mellitus, hyperlipidemia, waist circumference,
hip circumstance, BMI, SBR DBP, FBG, TG, HDL-C, LDL-C, and ApoE ¢ 4 genotype.

Model 2, adjust for age, gender, education, smoking, lack of physical activity, cardiovascular disease, hypertension, diabetes mellitus, hyperlipidemia, waist circumference,
hip circumstance, BMI, SBR DBP, FBG, TG, TC, HDL-C and ApoE ¢ 4 genotype.

Model 3, adjust for age, education, smoking, lack of physical activity, cardiovascular disease, hypertension, diabetes mellitus, hyperiipidemia, waist circumference, hip
circumstance, BMI, SBE, DBR, FBG, TG, HDL-C, LDL-C, and ApoE ¢ 4 genotype.

Model 4, adjust for age, education, smoking, lack of physical activity, cardiovascular disease, hypertension, diabetes mellitus, hyperiipidemia, waist circumference, hip
circumstance, BMI, SBR, DBF, FBG, TG, TC, HDL-C and ApoE ¢ 4 genotype.

Model 5, adjust for age, gender, education, smoking, lack of physical activity, cardiovascular disease, diabetes mellitus, hyperljpidemia, waist circumference, hip circum-
stance, BMI, SBF, DBF, FBG, TG, HDL-C, LDL-C, and ApoE ¢ 4 genotype.

Model 6, adjust for age, gender, education, smoking, lack of physical activity, cardiovascular disease, diabetes mellitus, hyperljpidemia, waist circumference, hip circum-
stance, BMI, SBF, DBP, FBG, TG, TC, HDL-C and ApoE ¢ 4 genotype.

Model 7, adjust for age, education, smoking, lack of physical activity, diabetes mellitus, hyperlipidemia, BMI, and ApoE ¢ 4 genotype.

BMI, body mass index; SBF, systolic blood pressure; DBF, diastolic blood pressure; FBG, fast blood glucose; TC, total cholesterol; TG, triglyceride; HDL-c, high-density
lipoprotein; LDL-c, low-density lipoprotein; ApoE, apolipoprotein E.
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Oral symptoms

Burning
Xerostomia

Dysgeusia

Sialorrhea

Globus pharyngeus

ltching

Intraoral Foreign Body Sensation
Tingling sensation

Occlusal Dysesthesia

Change in tongue morphology
Oral dyskinesia

Dysosmia

Location of Pain/Burning
Gums

Cheeks

Lips

Tongue

Floor of the Mouth

Anterior Palate

Soft Palate

A significant diifference between the percentages was measured by the Pearson Chi-Squared test.
*Significant 0.01 < p < 0.05, “Significant p < 0.01

BMS frequency (%)

40 (100%)
30 (75%)
19 (47.5%)
7(17.5%)
15 (27.5%)
5(12.5%)
10 (25%)
11 (27.5%)
6(15%)
25 (62.5%)
3(7.5%)
2(5%)
BMS frequency (%)
26 (65%)
26 (65%)
33(82.5%)
38 (95%)
21 (52.5%)
25 (62.5%)
18 (45%)

Controls frequency (%)

0
2(5%)

©cococooooo

0
Controls frequency (%)
o
1(25%)
1(25%)

oooo

P-value

<0.001*
<0.001*
<0.001*
0.008*
<0.001*
0.021"
<0.001*
<0.001*
001"
<0.001*
0.077*
0.152
P-value
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
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Age (years)
Female (n, %)
Education (years)
Medical history
Smoking (n, %)
Alcohol consumption (n, %)
Lack of physical activity (n, %)
Cardiovascular disease (n, %)
Hypertension (n, %)
Diabetes mellitus (n, %)
Hyperlipidemia (n, %)
Pulse rate (times/min)
Waist circumference (cm)
Hip circumstance (cm)
BMI (kg/m?)
LAP
SBP (mmHg)
DBP (mmHg)
Laboratory tests
FBG (mmol/L)
TG (mmol/L)
TC (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
APOE ¢ (n, %)

Rate of change in MMSE score (points/year)

Cognitive stable (n = 811)

53.51 +8.88
479 (59.06)
8(4)

240 (29.59)
119 (14.67)
110 (13.56)
30 (3.70)
365 (45.01)
84 (10.36)
384 (47.35)
75.25 + 9.16
85.18 + 8.89
96.64 + 6.54
25.37 + 325
32.96 (31.79)
130.17 £ 17.32
81.71 + 9.80

5.4 (0.73)

1.4 (0.96)
4.94 +£0.92
1.40 £0.31
3.24 +£0.82
117 (14.43)
—0.26 + 0.40

Cognitive decline (n = 172)

55.48 + 9.65
108 (62.79)
70)

46 (26.74)
25 (14.53)

19 (11.05)

9 (5.29)

82 (47.67)

19 (11.05)

89 (51.74)
75.26 + 8.42
84.9 4+ 7.56
159.7 +7.27
25.38 + 3.01
35.76 (27.46)
131.35 + 17.53
81.56 + 9.61

5.4 (0.72)
1.48 (0.85)

5.02 £ 0.92
1.38 +£0.27
3.31+0.81
20(11.63)

0.74 + 0.41

P

0.009
0.365
0.037

0.455
0.963
0.375
0.349
0.523
0.789
0.295
0.988
0.702
0.605
0.986
0.474
0.416
0.854

0.853
0.318
0.309
0.723
0.282
0.336
0.000

Unpaired Student’s t-test and mean + SD were used to compare the difference of the approximately normally distributed continuous variables between the Cognitive

stable and Cognitive decline group.
Mann-Whitney U test and median (quartile) were used for the skew distributional data and Chi square and percentage were used for categorical variables.

Data are mean (SD), median (interquartile range), or number (percentage).
LAR, lipid accumulation product; BMI, body mass index; SBP, systolic blood pressure; DBR, diastolic blood pressure; FBG, fast blood glucose; TC, total cholesterol; TG,
triglyceride; HDL-c, high-density lipoprotein; LDL-c, low-density lipoprotein; ApoE, apolipoprotein E; MMSE, Mini-Mental State Examination.





OPS/images/fnagi-13-727417/fnagi-13-727417-t002.jpg
Systemic diseases BMS Frequency (%) Controls Frequency (%)

Essential Hypertension 19 (47.5%) 14 (35%)
Hypercholesterolermia 14 (35%) 10 (25%)
Myocardial infarction 0(0%) 3(7.5%)
Atral fibrilation 2(5%) 1(25%)
Hyperhomocysteineria 22 (55%) 18 (45%)
Asthma 2(5%) 3(7.5%)
Gastroesophageal reflux disease 8(20%) 5(12.5%)
Endocrine disease 1(2.5%) 0(0%)
Hypothyroidism 7(17.5%) 6(15%)
Benign prostatic hypertrophy 1(2.5%) 1(25%)
Drug Consumption BMS Controls
Beta blockers 7(17.5%) 9(22.5%)
Angiotensin receptor blockers 3(7.5%) 5(12.5%)
Diuretics 4(10%) 7(17.5%)
Calcium Channel blockers 4(10%) 3(7.5%)
ACE-inhibitors 7(17.5%) 4(10%)
Simvastatin 12 (30%) 6(15%)
Antiplatelets 9(22.5%) 8(20%)
Blood thinner 1(2.5%) 2(5%)
Levothyroxine sodium 1(2.5%) 5(12.5%)
Proton pump inhibitors 13 (32.5%) 5(12.5%)
Folic Acid 16 (40%) 2(5%)
Cholecalciferol 24 (60%) 3(7.5%)
Vitarmin 812 12 (30%) 6(15%)

A significance difference between the percentages was measured by the Pearson Chi-Squared test.
*Significant 0.01 < p < 0.05, “ Significant p < 0.01.

P-value

0.256
0.329
0.077
0.556
0.371
0.644
0.363
0.314
0.762

P-value
0576
0.456
0.330
0.692
0.330
0.108
0.785
0.556
0.090

0.032%
<0.001**
<0.001*

0.108
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Age (years)

Female (n, %)

Education (years)

Medical history
Smoking (n, %)
Alcohol consumption (n, %)
Lack of physical activity (n, %)
Cardiovascular disease (n, %)
Hypertension (n, %)
Diabetes mellitus (n, %)
Hyperlipidemia (n, %)

Pulse rate (times/min)

Waist circumference (cm)

Hip circumstance (cm)

BMI (kg/m?)

SBP (mmHg)

DBP (mmHg)

Laboratory tests
FBG (mmol/L)
TG (mmol/L)
TC (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
ApoEe4 (n, %)

MMSE score

Cognitive decline (n, %)

Rate of change in MMSE score (points/year)

Total (n = 983)

53.85 + 9.04
587 (59.72)
8(4)

286 (29.09)
144 (14.65)
129 (13.12)
39 (4)

447 (45.47)
103 (10.48)
473 (48.12)
75.25 + 9.03
85.13 + 8.67
96.59 + 6.46
25.37 + 3.21
130.38 + 17.36
81.68 + 9.76

5.4 (0.73)
1.41 (0.95)
4.96 +0.92
1.39 £0.30
3.25+0.82
137 (13.94)
27 (3)

172 (17.50)
—0.09 + 0.55

Low LAP (n = 492)

52.84 + 8.88
276 (56.10)
8(3)

160 (32.52)
80 (16.26)

56 (11.38)

16 (3.25)

161 (32.72)

26 (5.28)

116 (23.58)
75.18 +9.83
80.39 + 6.88
93.78 £ 5.47
23.95 + 2.64
126.12 + 15.75
78.88 + 8.63

5.31 (0.64)
1.025 (0.43)
4.73 +£0.81
149403
3.03+0.73
56 (11.38)
28 (3)

76 (15.45)
0.13 +0.53

High LAP (n = 491)

54.87 £ 9.1
311(63.34)
70

126 (25.66)
64 (13.03)
73(14.89)

23 (4.69)

286 (58.25)
77 (15.69)
357 (72.71)
75.32 + 8.18
89.89 + 7.61
99.41 £ 6.16
26.80 + 3.10
134.64 + 17.86
84.49 + 10.03

5.49 (0.87)
1.88 (0.89)
5.18 £ 0.97
1.29 +0.28
347 £0.85
81 (16.50)

27 (4)

96 (19.55)
—0.05 +0.58

P

0.000
0.021
0.404

0.018
0.153
0.106
0.250
0.000
0.000
0.000
0.810
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.021
0.079
0.090
0.024

Unpaired Student’s t-test and mean + SD were used to compare the difference of the approximately normally distributed continuous variables between low

LAP and high LAR

Mann-Whitney U test and median (quartile) were used for the skew distributional data and Chi square and percentage were used for categorical variables.

Data are mean (SD), median (interquartile range), or number (percentage).
LAR, lipid accumulation product; BMI, body mass index; SBP, systolic blood pressure; DBR, diastolic blood pressure; FBG, fast blood glucose; TC, total cholesterol; TG,
triglyceride; HDL-c, high-density lipoprotein; LDL-c, low-density lipoprotein; ApoE, apolipoprotein E; MMSE, Mini-Mental State Examination.
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Demographic variables BMS

Gender Frequency (%)
Male 10 (30%)
Female 30 (70%)

Age (in years) Mean & SD

65.63 % 8.59

Education (in years) 9.30 £ 5.20

Family situation Frequency (%)
Single 3(7.5%)
Married 33 (82.5%)
Divorced 1(2.5%)
Widowed 3(7.5%)

Employment Frequency (%)
Employed 8(20%)
Unemployed 20 (50%)
Retired 12 (30%)

Body Mass Index (BM) Mean & SD

2751428

Disease onset (months) 21.40 2525

Sleep duration (hours) 6.04 +1.30

Risk factors BMS

Smoking Frequency (%)

Never Smokers 30 (75%)

Very Light smokers (<5 cigarettes) 4(10%)

Light smokers (5-10 cigarettes) 2(65%)

Moderate smokers (10-15 cigarettes) 2(6%)

Heavy smokers (> 15 cigarettes) 2(5%)

Alcohol use Frequency (%)

Mocderate drinkers (<14 units/week) 8(20%)

Not 32 (80%)

Physical activity

Yes 14/(35%)

No 26 (65%)

Controls

Frequency (%)
10 (30%)
30 (70%)

Mean  SD

63.73 £9.55

7.104 £5.29

Frequency (%)

0(0%)
38(95%)
1(2.5%)
1(25%)
Frequency (%)
15 (37.5%)
17 (32.5%)
8(20%)
Mean + SD
26.86 +3.50
NA
667+ 1.10
Controls

Frequency (%)
32 (80%)
1(2.5%)

0(0%)
3(7.5%)
4(10%)

Frequency (%)

1(2.5%)
39(97.5%)

28 (70%)
12 (30%)

P-value

1.000

0.285

0.833

0.226

0.205

0.41

0.020*
P-value

0316

0.013*

0.002*

Asignificant difference between the percenteges was measured by the Pearson Chi-Squared test.
“Significant 0.01 < p < 0.05, “Significant p < 0.01.

Assignificance diference between the means were measured by the t-test.

"Significant 0.01 < p < 0.05, " Significant p < 0.01.
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Villagers finished MMSE(n=1923)

Cognitive impairment:256
Medical conditions which affect cognition:
stroke (n=101) , brain trauma (n=1) , severe

psychopath (n=2)
Missing data on education level:3
Missing data on APOE genotype: 160

Cognitively normal subjects at baseline
(n=1400)

Loss to follow up:267
Refuse to finish MMSE:7
New occurrence of medical conditions which affect

\ 4

cognition:

stroke (n=75), brain trauma(n=41), inflammation

of CNS(n=11), epilepsy(n=2), hypothyroidism(n=5),
PD (n=1), anxiety or depression(n=7)

Refused to sample:1

\ 4

Participants included in final analysis
(n=983)
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Cognitive test

MMSE

FDS
BDS
CBTT

FAB

TMT-A

™T-B
TMTs Delta

Predictors

Gender: Female
Hyperhomocysteinemia
Hypertension

S1-36: RP

Smoking status: Smoker
Employment status: Employed
S1-36: RE

Years of education

TPRI

SF-36: RP

Years of education
Hypertension

Sleep duration (hours)
Sleep duration (hours)
VAS

B

—2.66
1.83
-1.57
-0.01
0.76
0.45
0
0.11
0.07
-0.01
-3.05
31.83
—24.6
-149
9.86

SE of beta estimates. p-values were obtained by hypothesis test on regression coefficients.
“Significant 0.01 < p-value< 0.05. " Significant p-value < 0.01.

BMS, Burning mouth syndrome; VAS, Visual analog scale; T-PRI, Total Pain Rating Index; SF-36: 36 items Short Form Survey; RF, role functioning; RP, role physical.

SE

1.23
074
0.73

0.41
0.21

0.05
0.04

143
14.95
10.56

794
5.59

p-value

0.037*
0.019*
0.039"
0.060
0.078
0.038"
0.27
0.042%
0.072
0.363
0.039"
0.04"
0.026%
0.068
0.086

R? (p-value)

26.9(0.002")

89 (0.060)
7.9(0078)
12.4(0.033")

22.9(0.006")

24.5(0,002")

12.5 (0.025")
13.4 (0.026)
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Seeds Interaction effect regions
Left NBM Bilateral PFC

Left NBM Bilateral SMA

Right NBM Right precuneus/MOG

Peak MNI coordinate

X

0
-3
30

Y

36
0
—69

z

=9
63
33

Peak intensity Cluster voxels

16.2719 28
23.7037 24
156.4905 30

The statistical threshold was set at p < 0.005 with a cluster-level of p < 0.05 (two-tailed, GRF corrected). NBM, nucleus basalis of Meynert; PFC, prefrontal cortex; SMA,

supplementary motor area; MOG, middle occipital gyrus.
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Variables Non-smoking CN Smoking CN Non-smoking MCI Smoking MCI F/x2 P

(n = 86) (n =44) (n =62) (n=32)
Age (years) 7514 £7.85 75.83+7.64 76.19 +6.83 7619+ 7.27 0.30 0.824
Sex (F:M) 40:46 21:23 22:40 12:20 2.64 0.451
Education (years) 16.16 £2.34 16.27 + 2.61 16.13 £2.47 16.03 £ 1.98 0.07 0.977
Hypertension, n (%) 42 (48.8) 21 (47.7) 29 (46.8) 19 (69.4) 1.50 0.682
Diabetes mellitus, n (%) 4(4.7) 1(2.3) 3(4.8) 0(0.0) 1.98 0.576
Hypercholesterolemia, n (%) 49 (57.0) 22 (50.00) 30 (48.4) 19 (69.4) 1.73 0.630
Memory
WMS-LM immediate recall 1421 £3.94 15.23 + 3.36 10.47 £ 3.52 11.66 +£4.83 17.85 <0.0012bed
WMS-LM delayed recall 12.87 £ 4.16 14.20 + 3.62 8.24 +3.97 9.69 + 4.64 24.92 <0.0018bcd
Attention
TMT-A 32.156 £9.92 29.84 + 6.69 35.02 + 13.19 37.84 £ 13.11 414 0.0074
Execution
T™MT-B 83.23 + 41.46 70.50 + 27.23 99.56 + 58.41 104.47 £ 55.76 4.92 0.002¢d
Language
SVF (animal) 20.77 + 5.01 21.32 £ 5.87 19.02 +£ 4.84 18.56 £ 5.28 3.18 0.0278bed
Head motion (FD value) 0.11 +£0.07 0.12 +£0.07 0.11+0.06 0.13+0.07 0.91 0.435

Values are expressed as mean + SD, number of participants.
CN, cognitively normal; MCI, mild cognitive impairment; WMS-LM, Wechsler Memory Scale-Logical Memory; TMT, trail-making test; SVF, semantic verbal fluency; FD,

framewise displacement.

a—dpost hoc analysis further revealed the source of ANOVA difference (Rnon-smoking CN vs. non-smoking MCI. ®Non-smoking CN vs. smoking MCI. ©Smoking CN vs.

non-smoking MCI. 4Smoking CN vs. smoking MCI) (0<0.05, significant difference between the two groups).
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Peak-based localisation (BA) HS Cluster extent FWE corrected p-value* Z Score MNI coordinates

X y z
Right fronto-parietal network (r-FPN)
Ek-60F (+)
Inferior parietal lobule (BA 40) R 243 0.049 4.65 66 -36 32
Angular gyrus (BA 39) R 3.37 54 62 26
Insula (BA 13) R 3.56 50 -38 22
Anterior default mode network (aDMN)
RMET (-)
Middle frontal gyrus (BA 9) R 256 0.040 4.06 24 34 24
Superior frontal gyrus (BA 10) R 3.75 22 58 20
Middle frontal gyrus (BA 9) R 3.72 22 42 20
Posterior default mode network (pDMN)
Ek-60F (-)
Precentral gyrus (BA 4) L 507 0.001 5.07 —48 -12 42
Precentral gyrus (BA 6) L 3.74 -50 -6 34
Precentral gyrus (BA 6) L 3.34 -34 -16 38
Superior frontal gyrus (BA 10) L 411 0.002 4.86 —20 52 28
Middle frontal gyrus (BA 10) L 4.63 -28 44 18
Salience network
Ek-60F (-)
Supramarginal gyrus (BA 40) L 275 0.024 3.83 -50 -48 36
Supramarginal gyrus (BA 40) L 3.56 —44 —42 34
Inferior parietal lobule (BA 40) L 3.56 -48 -52 44
RMET (-)
Precentral gyrus (BA 6) L 342 0.007 523 -32 -16 34
Insula (BA 13) L 3.47 -38 -8 26
Claustrum L 4.50 -30 -6 16

*Threshold of significance defined at p = 0.005.
(-) = negative correlation; (+) = positive correlation; BA: Brodmann area; Ek-60F: Ekman 60 Faces test; FWE: Family Wise Error; HS: Hemispheric side; L: Left; MNI:
Montreal Neurological Institute; R: Right; RMET: Reading the Mind in the Eye Test.
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Peak-based localisation HS Cluster extent FWE corrected p-value* Z Score MNI coordinates

X y z
Cerebellum: Uvula L 2167 0.004 5.03 -20 -86 -33
Cerebellum: Declive L 3.40 -33 -78 -28
Cerebellum L 2.81 -28 -75 -52

*Threshold of significance defined at p = 0.005.
FWE: Family Wise Error; HS: Hemispheric side; L: Left; MINI: Montreal Neurological Institute; SET-EA: Story-based Empathy task: Emotion Afttribution sub-task.
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Peak-based localisation (BA)? HS Cluster extent FWE corrected p-value* Z Score MNI coordinates

X y z
Anterior cingulate cortex (BA 32) L 6854 0.001 4.56 —20 21 -30
Inferior frontal gyrus (BA 45) R 4.52 58 33 4
Rectal gyrus (BA 11) L 4.20 -10 22 -28
Middle temporal gyrus (BA 21) R 1750 0.009 4.46 69 -28 21
Inferior temporal gyrus (BA 20) R 3.86 62 —44 27
Inferior temporal gyrus (BA 21) R 3.35 63 -54 -8
Superior occipital gyrus (BA 19) R 3918 0.001 4.46 42 -82 27
Angular gyrus (BA 39) R 4.30 48 -72 32
Middle temporal gyrus (BA 19) R 4.14 52 -80 6
Middle temporal gyrus (BA 22) L 2473 0.002 3.99 -69 —44 0
Cerebellum L 3.79 -51 -42 -33
Middle occipital gyrus (BA 37) L 3.60 -54 —66 -12
Thalamus L 1554 0.013 3.76 -14 -33 4
Caudate L 3.43 =12 g 10

*Threshold of significance defined at p = 0.005.

aInferior frontal lateral cortex: Brodmann area 45. Orbitofrontal cortex: Brodmann area 11. Superior temporal sulcus: Brodmann areas 21/22. Temporoparietal junction:
Brodmann area 39.

BA: Brodmann area; FWE: Family Wise Error; HS: Hemispheric side; L: Left; MINI: Montreal Neurological Institute; R: Right; RMET: Reading the Mind in the Eye Test.
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WMS-LM WMS-LM TMT-A TMT-B  SVF
immediate delayed recall
recall

Across all groups
Bilateral PFC 0.031 0.013 —0.023 0.073 0.105
Bilateral SMA —0.051 —0.057 —0.035 —0.055 —0.113
Right -0.018 0.028 0.009 0.077 —0.055
precuneus/MOG
Smoking CN group
Bilateral PFC -0.134 —0.244 0.031 —0.1565  0.011
Bilateral SMA —0.321% -0.227 0.054 —0.023 -0.142
Right 0.067 0.183 —0.145 0.191 —0.086
precuneus/MOG
Smoking MCI group
Bilateral PFC 0.068 0.013 —0.166 —0.044 0.29
Bilateral SMA -0.178 —0.231 0.134 0.121 —0.359
Right —0.042 0.094 —0.074 0.008 0.236
precuneus/MOG

Data represent correlation coefficients. WMS-LM, Wechsler Memory Scale-
Logical Memory; TMT, trail-making test; SVF, semantic verbal fluency; PFC,
prefrontal cortex; SMA, supplementary motor area; MOG, middle occipital gyrus.

*p < 0.05, uncorrected.
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Variables Subjects, N Model estimates

Residual-based CR Activity-based CR

B [95% Cl] B [95% CI]
CR (continuous) 430 D.22arer 0.151, 0.292 0.205"% 0.155, 0.254
CR (continuous) x time 430 0.005 -0.002, 0.011 0.005** 0.001, 0.009
CR tertile
Lowest tertile 144 Referent
Middle tertile 143 0.117 -0.028, 0.262 0.224* 0.082, 0.365
Highest tertile 143 0.386"** 0.241, 0.5632 0.566"** 0.420, 0.711
CR tertile x time
Lowest tertile x time 144 Referent
Middle tertile x time 143 0.007 —-0.005, 0.020 0.011 -0.003, 0.024
Highest tertile x time 143 0.013** 0.001, 0.025 0.011* -0.001, 0.024

Estimates come from separate linear mixed models.

The composite cognitive score was computed as the average of the z-scores of four cognitive domains: perceptual speed, semantic memory, category fluency,
and letter fluency.

Episodic memory, used to derive the residual-based CR measure, was excluded from the composite cognitive score.

The models were adjusted for age, sex, time, and brain-integrity index (a latent factor incorporating six neuroimaging measures).

Abbreviations: ClI, confidence interval; CR, cognitive reserve.

*P < 0.1, **P < 0.05; ***P < 0.01; ****P < 0.001, two-tailed.
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Variables Residual-based CR tertiles
Total sample Tertile 1 Tertile 2 Tertile 3 Between-group

(N = 430) (lowest CR) (medium CR) (highest CR) comparison

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-value
Age 70.43 (8.90) 70.36 (8.68) 70.81(9.28) 70.13(8.79) 0.99
Sex (proportion females) 58.6% 59.03% 57.34% 59.44% 0.93
MMSE (baseline) 29.14 (1.03) 28.86 (1.17) 29.06 (0.96) 29.51(0.82) 0.000****
Education (years) 12.66 (4.31) 12.03 (4.09) 12.39 (4.28) 13.56 (4.43) 0.007***
Work complexity score (0-10) 5.13(1.79) 4.87 (1.78) 5.13(1.65) 5.39 (1.90) 0.049**
Leisure activities score (0-6) 2.75(1.46) 2.68 (1.45) 2.78 (1.36) 2.78 (1.57) 0.807
Social network score (z-score) 0.15(0.50) 0.04 (0.55) 0.20 (0.44) 0.21(0.49) 0.005**
Perivascular spaces score 18.72 (5.09) 18.65 (6.02) 19.09 (6.21) 18.42 (5.04) 0.545
Total number of lacunes 0.29 (0.83) 0.27 (0.89) 0.33(0.79) 0.28 (0.81) 0.805
Lateral ventricles volume (ICV-adjusted; in mL) 38.76 (16.89) 38.52 (17.92) 38.92 (17.09) 38.84 (15.70) 0.978
Hippocampal volume (ICV-adjusted; in mL) 7.53(0.82) 7.55(0.88) 7.50(0.79) 7.54(0.81) 0.884
Whole-brain gray-matter volume (ICV-adjusted; in mL) 551.81 (563.05) 552.56 (51.44) 552.06 (56.09) 550.81 (51.85) 0.96
White-matter hyperintensities volume (ICV-adjusted; in mL) 5.54 (9.15) 5.13(9.28) 5.86 (8.87) 5.64 (9.34) 0.788

Abbreviations: CR, cognitive reserve; SD, standard deviation; MMSE, mini-mental state examination; ICV, intracranial volume.
*P < 0.1, **P < 0.05; ***P < 0.01; ****P < 0.001, two-tailed.
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Relationship

Cognition — Visual-spatial skill
Cognition > Attention

Cognition  Executive function
Cognition — Language

Cognition — Mermory

Cognition —» Global cognition
Affective symptoms — Depression
Affective symptoms — Anxiety
Affective symptoms — Apathy
Psychosis symptoms — Agitation
Psychosis symptoms —Iritabilty
Psychosis symptoms — Disinhibition

'p < 0.01 (two-tailed).

Estimate

1.00
1.49
-6.70
0.59
1.30
1.04
1.00
111
1.10
1.00
0.85
1.08

Standard error

021
0.81
0.08
0.16
0.12

0.09
0.09

0.09
0.14

Credit report

7.18
-8.22
7.45
8.25
9.00

12.88
12.67

9.16
7.76

<0.01"
<0.01**
<0.01"
<0.01**
<0.01""

<0.01"
<0.01"

<0.01"
<0.01"
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Composite cognitive score

Low residual-based CR

Moderate residual-based CR

High residual-based CR

0 3 6 9 12
Follow-up time (years)

—@—— Low brain integrity

.............. ’ Moderate brain integrity

----@---- High brain integrity
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Symptoms 1
Odor identification 1.00
Global cognition 043"
Memory 0.44"
Executive function -032"
Language

Visual-spatial skil

Attention

Affective symptoms -032"
Psychosis symptoms. -039"
Behavioral symptoms -0.15

*p < 0.05, *p < 0.01 (two-tailed).

1.00

062"
061"
052"
057"
0.48"
—0.29"
-0.45"

-0.14

1.00

-052"
051"
042"
050"

—028"

—038"

—-0.19"

1.00

0.44"
0.38"
022"
-031"
—0.27"

1.00

037"

-0.19

-0.20"
—0.19"

1.00
-0.09

089"

-0.13

1.00
0.04
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Neuropsychiatric symptoms

Anxiety
Depression
Apathy
Delusions
Hallucination
Agtation
Iritabiiity
Disinhibition
Euphoria

Ab. Mot. Beh
Eating disorder
Sleep disorder

Extraction methoc

Initial

0.691
0.628
0.691
0.639
0.651
0.629
0.651
0.721
0.737
0.527
0.294
0.219

Extraction

0.783
0.708
0.783
0.765
0.436
0.408
0.332
0.876
0.78

0.447
0.191

0.146

Factor 1

0.857
0.835
0.828
0.084
0.057
0.098
0.1056
0.033
0.008
0.237
0077
0.235

Factor 2

0.163
0.012
0.273
0.864
0.656
0.628
0.563
0.062
0.338
0.332
0077
0.006

aximum likelihood. Rotation method: Varimax with Kaiser normalization. Rotation converged in five iterations. Ab. Mot. Beh, aberrant motor behavior.

Factor 3

0.161
0.002
0.125
0.103
0.049
0.045
0.067
0.933
0816
053

0.423
0.301
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Whole sample

Age (years)
Education (years)
Sex (male/female)
MMSE
Odor identification
AD/MCI
Memory
Auditory verbal learning N1-3
Language
Boston naming test
Executive function
Trail-making test
skill

Visual-spati
Rey's complex figure copy
Attention
Symbol-digit modlity test

NPS
n=168

67.3+88

89+34

53/115

223+563

9327

38/130

96+48

189+38

8594337

229+6.4

271 £9.7

No-NPS
n=110
69.1£95
102+34
34/76
249+36

105£23
7/103

122+46

200+35

793 £349

244+62

309+ 109

HCs
n=45

65.6+£8.8
114429
15/30
27.0+22
121416

14434

233+24

569+17.9

284 £33

363938

Erx?

2.866

12.587
0.087

24.970
15.576
20.651
29.784
14.472

14.794

15.977

0.058

<0.01**

0.957

<0.01*

<0.01™

<0.01*

<0.01*

<0.01*

<0.01*

<0.01*

Post-hoc®

A<B<C

A<B=<C

A<B<C

A<B<C

A<B<C

A>B>C

A<B<C

A<B<C

AD, Alzheimer's disease; MCI, mild cognitive impairment; NPS, neuropsychiatric symptoms; no-NPS, no neuropsychiatric symptoms; HC, healthy control; MMSE, mini mental

state examination.

*F refers to the two-tailed Fisher's exact test (two-tailed), x? refers to the two-tailed chi-square test, and *'p < 0.01.
an post-hoc multiple comparisons, A denotes the NPS group, B denotes the No-NPS group, and C denotes the HCs group.
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The SIVD group*
Frontal_Sup
Frontal_Sup_Medial
Frontal_Mid
Parietal_Sup

The AD group®
Frontal_Sup
Frontal_Sup_Medial
Frontal_Mid
Parietal_Sup

The NC group*
Frontal_Sup
Frontal_Sup_Medial
Frontal_Mid
Parietal_Sup

Left hemispheres

0.65

0.45

0.55
0.4

-0.33
-0.38
-0.13
-0.13

0.1
0.16
0.12
0.01

P

0.005
0.069
0.023
0.116

0213
0.144
0.637
0.624

0.626
0.454
0591
0973

EBPM hit

Right hemispheres

0.59
0.39
0.63
0.26

-0.31
-0.50
-0.33
-0.37

0.00
0.10
005
0.03

P

0.013
0.122
0.007
0.319

0.241
0.046
0.213
0.158

0.998
0.647
0.821
0.899

Left hemispheres

0.29
0.14
0.32
0.04

-0.08
-0.20
-0.07
-0.31

0.09
0.25
0.21
0.02

P

0.263
0.605
0.204
0.877

0.781
0.467
0.804
0.242

0.681
0.249
0332
0.921

TBPM hit

Right hemispheres
r P
038 0136
—0.12 0646
042 0091
028 0272
~0.06 0816
-027 0320
-0.20 0.463
-0.39 0136
017 0.449
022 0302
027 0.221
-0.06 0.769

SIVD, subcortical ischemic vascular disease; AD, Alzheimer's disease; NC, normal controls; PM, prospective memory; EBPM, event-based prospective memory; TBPM, time-based
prospective memory; ReHo, regional homogensity; ROIs, regions of interest; Frontal_Sup_Medl, superior frontel gyrus, medial portion; Frontal_Sup, superior frontel gyrus, dorsolateral
portion; Frontal_Mid, midde frontal gyrus; Parietel_Sup, superior parietal gyrus. Bold font indlcates significant results after controling for the felse discovery rate (q = 0.05). ‘Controling
for age and use of antihypertensives. 1Controling for Fazekas scores in the deep white matter, the use of antplatelets, statins, and hypnotics. *Controlling for age, education, and use

of antidepressants.
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EBPM block
PM it (%)
RT (ms)

TBPM block
PM hit (%)
RT (ms)

0G block
Correct (%)
RT (ms)

SIVD

(n=20)

31.2+£29.8
2834.77 + 546.49

38.1+£324
26582.38 + 566.05

649 +£268
2588.98 + 568.28

Al participants

AD NC
(n=22) (n=31)
245302 67.7 £30.9

2800.86 +:570.84  2294.07 + 622.40

430+ 427
2669.03 + 557.56

784 £17.8
2177.09 £ 599.37

714 £251
2668.47 £+ 615.73

942%7.9
2079.62 4 565.70

9.60
3.03

8.82
1.93

10.00
4.36

ANCOVA'

P

<0.00120
0.054

<0.0012
0.1583

<0.00120
0.017°

022
0.08

021
0.05

0.23
011

sivo'

(n=14)

41.2 £29.0
2830.63 + 562.44

456+31.4
2533.71 £ 597.20

736+239
2502.39 + 602.98

Patients with CDR = 0.5 and NC
'

AD NC
(=14 (n=31)
36.3+316 67.7 £30.9

2686.56 + 598.32  2294.07 + 622.40

60.4 +39.7 78.4+178
2590.56 + 595.21 2177.09 £ 599.37
770276 942%79
2574.08 £ 63642  2079.62 + 566.70

4.60
3.95

6.62
175

6.40
288

ANCOVA*

P

0.0142
0.025%

0.003%
0.183

0.003%
0.085

0.14
0.13

0.19
0.06

0.19
0.10

SIVD, subcortical ischemic vascular disease; AD, Alzheimer’s disease; NC, normal controls; ANCOVA, analysis of covariance; COR, Clinical Dementia Rating; PM, prospective memory; EBPM, event-based prospective memory; TBPM,
time-based prospective memory; RT, reaction time; OG, ongoing-only. *Patients in the very early stage (CDR = 0.5). #Age and education as covariates. *Significant difference between the SIVD and NC groups. "Significant difference
between the AD and NC groups by Bonferroni test (p < 0.05).
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Al participants Patients with CDR = 0.5 and NC

SIVD AD NG ANOVA sivp' A’ NC ANOVA
(n=20) (n=22) (n=31) FIx? P (=14 (n=14) (n=231) FIx? P
Age (years) 70.40 £ 7532+ 67.26% 5.00 0009 68.71% 7543 % 67.26% 358 0.034°
792 695 11.02 781 731 11.02
Education (years) 6.80£347 800463 1003 + 361 0.032> 757277 8214485 1003+ 1.88 o162
462 462
Sex (% of male) 60% 50% 55% 0.42 0.809 71% 43% 55% 235 0.309
Handedness (% of right-handedness) 100% 100% 100% - - 100% 100% 100% - -
Hachinski ischemic score 965176  1.50+£044  174+132 21185 <0.00122 9864203  114£120  174+1.32 162.54 <0.0012°
Fazekas scale
Periventricular white matter 2154049  1.00+£063  052+063 46.61 <00012b¢ 2074048  064+0.18 0524063 3283 <0.00122
Deep white matter 2254044  057£060 045062 67.89 <0.0012° 221£043 054066 0452062 4584 <0.0012®
Total score 440082  1.57+£093  097%1.17 73.67 <0.00122 4294073  146%1.13 097 +1.17 4758 <0.00122
Systemic diseases (% of presence)
Cerebrovascular disease 5% 0% 6% 19.70 <0.00122 36% 0% 6% 10.37 0.006%°
Hypertension 5% 32% 26% 1327 000128 79% 21% 26% 13.46 0.00128
Diabetes melitus 30% 14% 16% 1.05 0.354 21% % 16% 114 0.564
Hyperlipidemia 65% 5% 42% 138 0.258 64% 36% 42% 269 0.261
Chronic kidney disease 25% 14% 6% 354 0.171 29% % 6% 490 0.086
Coronary artery disease 25% 0% 0% 1422 000128 29% 0% 0% 13.79 0.00128
Medication (% of use)
Antiplatelet 80% 32% 32% 13.46 000128 86% 14% 32% 16.72 <0.0012®
Anticoagulant 10% 0% 3% 277 0251 14% 0% 3% 3.43 0.180
Anti-hypertensives 5% 36% 16% 17.87 <0.0012® 79% 21% 16% 18.20 <0.001%®
Statin 70% 5% 29% 824 0.016> 71% 36% 29% 7.7 0025
Oral antidiabetic drug 40% 14% 10% 784 0.020° 20% 7% 10% 358 0.167
Acetylcholinesterase inhibitor 10% 68% 0% 36.21 <0.001e2 0% 57% 0% 29.75 <0.001e¢
Memantine 0% 18% 0% 981 0.0072¢ 0% 14% 0% 665 0.036%¢
Hypnotics 20% 5% 13% 7.66 0022¢ 14% 43% 13% 576 0.056
Antidepressants 25% 32% 19% 108 0583 21% 43% 19% 296 0.227
Antipsychotics 0% 5% 0% 235 0.309 0% % 0% 3.27 0.195
casl 68.65 & 7118+ 90.39 & 36.12 <0.001%¢ 7486+ 7729+ 90.39 & 3059 <0.0016¢
1354 11.62 563 964 7010 563
MMSE 2210+ 2227+ 2819+ 27.08 <0.0010¢ 2871+ 2429+ 2819+ 18.81 <0.0016¢
461 4026 1.70 401 267 1.70

SIVD, subcortical ischemic vascular disease; AD, Alzheimer's disease; NC, normal controls; ANOVA, analysis of variance; CDR, Clinical Dementia Rating; CASI, Cognitive Abilities Screening Instrument; MMSE, Mini-Mental State
Examination. *Patients in very early stage (CDR = 0.5). *significant difference between the SIVD and AD groups. ®Significant difference between the SIVD and NC groups. ©Significant difference between the AD and NC groups by
Scheffé or Dunnett's T3 tests (p < 0.05).
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Group Behavioral Correlated white matter R-values  P-values
test fibers and parameters
LPI FMT FApk values of MCP 0.396 0.022
FApk; values of PCT 0.352 0.045
FApk; values of CST_L 0.561 0.001
FApk; values of ICP_R 0.366 0.036
FApk values of CP_L 0.458 0.007
MDpg; values of PCT -0.415 0.016
MDp; values of CST_L -0.481 0.005
RDpk values of MCP -0.387 0.026
RDpk; values of PCT -0.462 0.007
RDpk values of CST_L -0.473 0.005
RDpk values of CP_L -0.366 0.036
SPA-ACC  FApki values of Genu of CC 0.386 0.027
FApk; values of CST_L -0.390 0.025
FApk values of PCR_L 0.355 0.043
FApk values of SLF_R 0.532 0.001
MDpy values of Genu of CC -0.362 0.038
MDpg values of ACR_R -0.404 0.020
MDpg values of ACR_L —0.391 0.025
MKpk values of SCR_L 0.415 0.016
MKpki values of SLF_L 0.493 0.004
RDpki values of Genu of CC -0.433 0.012
RDpk; values of ACR_R -0.386 0.037
RDpk; values of ACR_L -0.430 0.013
SPA-RT FApk values of PCT -0.412 0.017
FApk; values of CST_L -0.438 0.011
FApk values of CG_R -0.368 0.034
MDpg; values of PCT 0.354 0.043
MDp; values of CST_L 0.404 0.020
RDpk; values of PCT 0.381 0.029
RDpk values of CST_L 0.415 0.016
RPI FMT FApk values of ACR_R 0.394 0.047
FApk values of ACR_L 0.499 0.009
RDpk; values of PCT 0.455 0.019
SPA-ACC MKpki values of EC_R 0.425 0.034
RDpy; values of SLF_L -0.499 0.011

LPI and RPI, left and right pontine infarction; FA, fractional anisotropy; MD,
mean diffusivity; RD, radial diffusivity; MK, mean kurtosis; MCP Middle cerebel-
lar peduncle; PCT, Pontine crossing tract (a part of MCP); CST_L, Corticospinal
tract L; ICP_R, Inferior cerebellar peduncle R; CP_L, Cerebral peduncle L; SLF_R,
Superior longitudinal fasciculus R; Genu of CC, Genu of corpus callosum; ACR_R,
Anterior corona radiata R; ACR_L, Anterior corona radiata L; SCR_L, Superior
corona radiata L; CG_R, Cingulum (cingulate gyrus) R; SPA-ACC, The accuracy
rate of the spatial-1 back; SPA-RT, The average reaction time for correct responses

of spatial-1 back (SPA_RT).
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Group Parameters Cluster Cluster size MNI coordinates Minimally White matter tracts
index (voxels) P-values
RPI FADKi 1 1,475 111 156 65 0.007 Genu of CC, Body of CC, ACR_L, SCR_L
2 1,593 63 160 74 0.007 Genu of CC, Body of CC, ACR_R, SCR_R
3 1,775 70 102 119 0.006 SCR_R, SLF_R
4 4,829 83 95 30 0.001 MCP, PCT, CST_R, ML_R, ML_L, ICP_R, ICP_L, SCP_R,
SCP_L, CP_R, ALIC_R, PLIC_R, RLIC_R, EC_R
MD pk 1 895 75 85 35 0.007 MCP, ICP_R
RDpxi 1 33,618 74 82 38 0.001 MCP, PCT, Genu of CC, Body of CC, Splenium of CC, CST_R,
CST_L, ML_R, ML_L, ICP_R, ICP_L,SCP_R, SCP_L, CP_R,
ALIC_R, ALIC_L, PLIC_R, PLIC_L, RLIC_R, RLIC_L, ACR_R,
ACR_L, SCR_R, SCR_L, PCR_R, PCR_L, PTR_R, PTR_L,
SS_R,SS_L, EC_R, EC_L, ST_R, ST_L, SLF_R, SLF_L,
SFO_R, UNC_L,TAP_R, TAP_L
MK pii 1 781 63 110 99 0.997 PLIC_R, SCR_R, PCR_R, EC_R, SLF_R

RPI, right pontine infarction; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; MK, mean kurtosis; DKI, Diffusion Kurtosis Imaging; MCR Middle
cerebellar peduncle; PCT, Pontine crossing tract (a part of MCP); Genu of CC, Genu of corpus callosum; Body of CC, Body of corpus callosum; Splenium of CC,
Splenium of corpus callosum; CST_R, Corticospinal tract R; CST_L, Corticospinal tract L; ML_R, Medial lemniscus R; ML_L, Medial lemniscus L; ICP_R, Inferior cerebellar
peduncle R; ICP_L, Inferior cerebellar peduncle L; SCP_R, Superior cerebellar peduncle R; SCP_L, Superior cerebellar peduncle L; CP_R, Cerebral peduncle R; ALIC_R,
Anterior limb of internal capsule R; ALIC_L, Anterior limb of internal capsule L; PLIC_R, Posterior limb of internal capsule R; PLIC_L, Posterior limb of internal capsule L;
RLIC_R, Retrolenticular part of internal capsule R; RLIC_L, Retrolenticular part of internal capsule L; ACR_R, Anterior corona radiata R; ACR_L, Anterior corona radiata
L; SCR_R, Superior corona radiata R; SCR_L, Superior corona radiata L; PCR_R, Posterior corona radiata R; PCR_L, Posterior corona radiata L; PTR_R, Posterior
thalamic radiation (include optic radiation) R; PTR_L, Posterior thalamic radiation (include optic radiation) L; SS_R, Sagittal stratum (include inferior longitudinal fasciculus
and inferior fronto_occipital fasciculus) R; SS_L, Sagittal stratum (include inferior longitudinal fasciculus and inferior fronto_occipital fasciculus) L; EC_R, External capsule
R; EC_L, External capsule L; ST_R, Fornix (cres) / Stria terminalis R; ST_L, Fornix (cres) / Stria terminalis L; SLF_R, Superior longitudinal fasciculus R; SLF_L, Superior
longitudinal fasciculus L; SFO_R, Superior fronto_occipital fasciculus (could be a part of anterior internal capsule) R; UNC_L, Uncinate fasciculus L; TAP_R, Tapetum R;

TAP_L, Tapetum.
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Mediator Effect decomposition* €2 carriers vs. non-¢2 carrier’ €4 carriers vs. non-g4 carrier’

Estimate (95% CI) p-Value Estimate (95% CI) p-Value
TC NDE 1.119 (0.231, 2.007) 0.014 —0.656 (—1.641, 0.330) 0.192
NIE —0.174 (-0.336, —0.012) 0.035 0.035 (—0.026, 0.097) 0.263
TG NDE 0.925 (0.050, 1.799) 0.038 —0.517 (—1.472, 0.438) 0.288
NIE 0.021 (-0.032, 0.074) 0.441 0.015 (—0.038, 0.070) 0.564
HDL-C NDE 0.873 (—0.002, 1.748) 0.051 —0.357 (—1.342, 0.628) 0.477
NIE 0.073 (—0.007, 0.152) 0.074 —0.070 (-0.154, 0.015) 0.105
LDL-C NDE 1.008 (0.106, 1.909) 0.029 —0.678 (—1.708, 0.353) 0.197
NIE —0.062 (—0.277, 0.153) 0.571 —0.009 (—0.087, 0.069) 0.822
TC/HDL-C NDE 0.917 (0.029, 1.804) 0.043 —0.611 (—1.631, 0.408) 0.240
NIE 0.029 (—0.120, 0.178) 0.703 —0.050 (—0.152, 0.053) 0.341
LDL-C/HDL-C NDE 0.817 (-0.079, 1.713) 0.074 —0.530 (—1.594, 0.534) 0.329
NIE 0.129 (-0.067, 0.324) 0.197 —0.083 (—0.186, 0.021) 0.118
Glucose NDE 1.079 (0.189, 1.969) 0.018 —0.484 (—1.440, 0.472) 0.321
NIE 0.019 (—0.022, 0.060) 0.359 —0.007 (—0.041, 0.026) 0.675
GSP NDE 1.099 (0.212, 1.987) 0.015 —0.525 (—1.488, 0.438) 0.285
NIE —0.001 (—0.070, 0.068) 0.979 —0.041 (—0.129, 0.047) 0.356

*NDE is natural direct effect, NIE is natural indirect effect

TThe model adjusted for age, sex, ethnicity, education, residence, marriage, exercise, smoking, drinking alcohol, BMI, hypertension, FBG (cholesterol model), and TC
(glucose model)

The interaction term in APOE2 model did not have a significant effect on the model results. APOE2 model did not include the interaction term of APOE and cholesterol,
while the APOE4 model included the interaction term of APOE and cholesterol.
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Group Parameters Cluster Cluster size  MNI coordinates Minimally White matter tracts
index (voxels) P-values

LPI FApki 1 47,944 91 0.001 23 0.001 MCP, PCT, Genu of CC, Body of CC, Splenium of CC, FX,
CST_R, CST_L, ML_R, ML_L, ICP_R, ICP_L, SCP_R, SCP_L,
CP_R, CP_L, ALIC_R, ALIC_L, PLIC_R, PLIC_L, RLIC_R,
RLIC_L, ACR_R, ACR_L, SCR_R, SCR_L, PCR_R, PCR_L,
PTR_R, PTR_L, SS_R, SS_L, EC_R, EC_L, CG_R, CG_L,
ST_R, ST_L, SLF_R, SLF_L, SFO_R, UNC_R, UNC_L, TAP_R

MDpk 1 55,715 99 156 156 0.001 MCP, PCT, Genu of CC, Body of CC, Splenium of CC, FX,
CST_R, CST_L, ML_R, ML_L, ICP_R, ICP_L, SCP_R, SCP_L,
CP_R, CP_L, ALIC_R, ALIC_L, PLIC_R, PLIC_L, RLIC_R,
RLIC_L, ACR_R, ACR_L, SCR_R, SCR_L, PCR_R, PCR_L,
PTR_R, PTR_L, SS_R, SS_L, EC_R, EC_L, ST_R, ST_L,
SLF_R, SLF_L, SFO_R, UNC_L

RDpk 1 66462 96 76 23 0.001 MCP, PCT, Genu of CC, Body of CC, Splenium of CC, FX,
CST_R, CST_L, ML_R, ML_L, ICP_R, ICP_L, SCP_R, SCP_L,
CP_R, CP_L, ALIC_R, ALIC_L, PLIC_R, PLIC_L, RLIC_R,
RLIC_L, ACR_R, ACR_L, SCR_R, SCR_L, PCR_R, PCR_L,
PTR_R, PTR_L, SS_R, SS_L, EC_R, EC_L, CG_R, CG_L,
ST_R, ST_L, SLF_R, SLF_L, SFO_R, UNC_R, UNC_L, TAP_R

MK pki 1 191 112 109 72 0.009 PLIC_L
2 617 111 98 115 0.005 ACR_L, SCR_L, PCR_L, SLF_L

LPI, left pontine infarction; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; MK, mean kurtosis; DKI, Diffusion Kurtosis Imaging; MCE Middle cerebellar
peduncle; PCT, Pontine crossing tract (a part of MCP); Genu of CC, Genu of corpus callosum; Body of CC, Body of corpus callosum; Splenium of CC, Splenium of
corpus callosum; FX, Fornix (column and body of fornix); CST_R, Corticospinal tract R; CST_L, Corticospinal tract L; ML_R, Medial lemniscus R; ML_L, Medial lemniscus
L, ICP_R, Inferior cerebellar peduncle R; ICP_L, Inferior cerebellar peduncle L; SCP_R, Superior cerebellar peduncle R; SCP_L, Superior cerebellar peduncle L; CP_R,
Cerebral peduncle R; CP_L, Cerebral peduncle L; ALIC_R, Anterior limb of internal capsule R; ALIC_L, Anterior limb of internal capsule L; PLIC_R, Posterior limb of internal
capsule R; PLIC_L, Posterior limb of internal capsule L, RLIC_R, Retrolenticular part of internal capsule R; RLIC_L, Retrolenticular part of internal capsule L; ACR_R,
Anterior corona radiata R; ACR_L, Anterior corona radiata L; SCR_R, Superior corona radiata R; SCR_L, Superior corona radiata L; PCR_R, Posterior corona radiata R;
PCR_L, Posterior corona radiata L; PTR_R, Posterior thalamic radiation (include optic radiation) R; PTR_L, Posterior thalamic radiation (include optic radiation) L; SS_R,
Sagittal stratum (include inferior longitudinal fasciculus and inferior fronto_occipital fasciculus) R; SS_L, Sagittal stratum (include inferior longitudinal fasciculus and inferior
fronto_occipital fasciculus) L; EC_R, External capsule R; EC_L, External capsule L; CG_R, Cingulum (cingulate gyrus) R; CG_L, Cingulum (cingulate gyrus) L; ST_R, Fornix
(cres) / Stria terminalis R; ST_L, Fornix (cres) / Stria terminalis L; SLF_R, Superior longitudinal fasciculus R; SLF_L, Superior longitudinal fasciculus L; SFO_R, Superior
fronto_occipital fasciculus (could be a part of anterior internal capsule) R; UNC_R, Uncinate fasciculus R; UNC_L, Uncinate fasciculus L; TAP_R, Tapetum R.
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Model Variable Change in MMSE p-Value? Change in MMSE p-Value? Change in MMSE p-Value®
score (95% CI)? score (95% CI)? score (95% CI)°
Model APOE €3e3 carrier Reference / Reference / Reference /
€2 carrier 0.794 (—0.061, 1.648) 0.069 0.793 (—0.061, 1.647) 0.069 0.812 (—0.043, 1.668) 0.063
£2¢4 carrier 0.615 (—1.606, 2.835) 0.587 0.327 (—1.885, 2.539) 0.772 0.324 (—1.955, 2.603) 0.780
€4 carrier —0.087 (—0.976, 0.801) 0.847 —0.098 (—0.975, 0.779) 0.827 —0.086 (—0.969, 0.796) 0.848
Model APOE + TC €3e3 carrier Reference / Reference / Reference /
£2 carrier 0.916 (0.061, 1.771) 0.036 0.888 (0.032, 1.744) 0.042 0.908 (0.050, 1.765) 0.038
€2¢4 carrier 0.685 (—1.537, 2.907) 0.546 0.393 (—1.809, 2.595) 0.726 0.401 (—1.868, 2.669) 0.729
¢4 carrier —0.117 (—1.001, 0.768) 0.796 —0.121(—0.994, 0.753) 0.787 —0.113(—0.993, 0.766) 0.801
Each mmol/L 0.316 (—0.010, 0.642) 0.057 0.247 (—0.082, 0.577) 0.142 0.251 (—0.081, 0.583) 0.139
increment in TC
Model APOE + TG €3e3 carrier Reference / Reference / Reference /
£2 carrier 0.771 (-0.085, 1.627) 0.077 0.779 (—0.075, 1.634) 0.074 0.797 (—0.059, 1.652) 0.068
€2¢4 carrier 0.544 (—1.657, 2.746) 0.628 0.290 (—1.914, 2.494) 0.797 0.298 (—1.972, 2.568) 0.797
€4 carrier —0.106 (—0.992, 0.781) 0.815 —0.108 (—0.984, 0.767) 0.808 —0.103 (—0.984, 0.777) 0.818
Each mmol/L 0.401 (0.061, 0.742) 0.021 0.317 (—0.032, 0.666) 0.075 0.352 (—0.006, 0.709) 0.054
increment in TG
Model APOE + HDLC €3e3 carrier Reference / Reference / Reference /
€2 carrier 0.753 (—0.098, 1.605) 0.083 0.751 (—0.102, 1.603) 0.084 0.768 (—0.086, 1.622) 0.078
€2¢4 carrier 0.467 (—1.735, 2.670) 0.677 0.246 (—1.899, 2.390) 0.822 0.222 (—1.982, 2.425) 0.844
€4 carrier —0.04 (—0.928, 0.848) 0.93 —0.052 (—0.927, 0.823) 0.907 —0.037 (—0.917, 0.844) 0.935
Each mmol/L 1.129 (0.372, 1.886) 0.003 1.241 (0.467, 2.015) 0.002 1.199 (0.391, 2.007) 0.004
increment in HDLC
Model APOE + LDLC €3e3 carrier Reference / Reference / Reference /
€2 carrier 0.826 (—0.033, 1.685) 0.059 0.785 (—0.073, 1.643) 0.073 0.810 (—0.051, 1.671) 0.065
€2¢4 carrier 0.646 (—1.583, 2.875) 0.570 0.320 (—1.893, 2.533) 0.777 0.322 (—1.959, 2.603) 0.782
€4 carrier —0.096 (—0.984, 0.793) 0.833 —0.096 (—0.974, 0.782) 0.831 —0.086 (—0.970, 0.798) 0.849
Each mmol/L 0.072 (—0.312, 0.456) 0.712 —0.019 (—0.411, 0.372) 0.923 —0.006 (—0.402, 0.391) 0.978
increment in LDLC
Model APOE €3e3 carrier Reference / Reference / Reference /
+ TC/HDLC ratio
€2 carrier 0.765 (—0.085, 1.615) 0.078 0.739 (—0.113, 1.590) 0.089 0.766 (—0.089, 1.621) 0.079
¢2¢4 carrier 0.590 (—1.628, 2.808) 0.602 0.293 (—1.903, 2.489) 0.794 0.285 (—1.979, 2.549) 0.805
¢4 carrier —0.069 (—0.96, 0.823) 0.880 —0.064 (—0.944, 0.816) 0.887 —0.056 (—0.942, 0.831) 0.902
TC/HDL-C —0.072 (—0.301, 0.158) 0.541 —0.138(—0.389, 0.113) 0.282 —0.115(-0.381, 0.151) 0.397
Model APOE €3e3 carrier Reference / Reference / Reference /
+ LDL-C/HDLC ratio
€2 carrier 0.687 (—0.163, 1.537) 0.1183 0.648 (—0.203, 1.498) 0.136 0.672 (—0.183, 1.527) 0.123
€2e4 carrier 0.505 (—1.696, 2.706) 0.653 0.212 (—1.958, 2.382) 0.848 0.192 (—2.041, 2.426) 0.866
¢4 carrier —0.047 (—0.939, 0.846) 0.918 —0.044 (—0.925, 0.838) 0.923 —0.029 (—0.916, 0.858) 0.949
LDL-C/HDL-C —0.261 (—0.604, 0.081) 0.135 —0.368 0.041 —0.349 (—0.724, 0.025) 0.067
(=0.721, —0.015)
Model APOE + FBG €3e3 carrier Reference / Reference / Reference /
€2 carrier 0.757 (—0.098, 1.612) 0.083 0.758 (—0.097, 1.612) 0.082 0.777 (—0.079, 1.633) 0.075
¢2¢4 carrier 0.591 (—1.618, 2.801) 0.600 0.334 (—1.866, 2.534) 0.766 0.323 (—1.938, 2.584) 0.780
¢4 carrier —0.097 (—0.982, 0.789) 0.830 —0.107 (—0.982, 0.767) 0.810 —0.094 (—0.974, 0.785) 0.834
Each mmol/L —0.13 (—0.258, —0.003) 0.045 —0.146 0.020 —0.138 0.028
increment in FBG (—0.268, —0.023) (-0.261, —0.015)
Model APOE + GSP €3e3 carrier Reference / Reference / Reference /
€2 carrier 0.845 (—0.007, 1.697) 0.052 0.846 (—0.007, 1.698) 0.052 0.865 (0.012, 1.719) 0.047
¢2¢4 carrier 0.811 (—1.471, 3.093) 0.486 0.487 (—1.775, 2.749) 0.673 0.492 (—1.840, 2.825) 0.679
¢4 carrier —0.063 (—0.956, 0.830) 0.890 —0.077 (—0.957, 0.804) 0.864 —0.067 (—0.9583, 0.818) 0.881
Each pmol/L 0.011 (0.004, 0.017) 0.001 0.010 (0.003, 0.017) 0.003 0.010 (0.003, 0.017) 0.003

increment in GSP

aThe models adjusted for age, sex, ethnicity, and education
The models additionally adjusted for residence, marriage, exercise, smoking, and drinking alcohol based on the prior model
©The models additionally adjusted for BMI and hypertension based on the prior model.
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Group Parameters Cluster Cluster size  MNI coordinates Minimally White matter tracts

index (voxels) P-values
RPI FADT 1 176 103 83 37 0.0008 MCP, ICP_L
2 2,226 86 91 25 0.001 MCP; PCT; CST_R; CST_L; ML_R; ICP_R; SCP_R; CP_R;
PLIC_R; RLIC_R
RDpri 1 25,053 89 87 18 0.001 MCP, PCT, Genu of CC; Body of CC; Splenium of CC; FX;

CST_R; CST_L; ML_R; ML_L; ICP_R; ICP_L; SCP_R; SCP_L;
CP_R; ALIC_R; PLIC_R; RLIC_R; ACR_R; SCR_R; PCR_R;
PTR_R; SS_R; EC_R; CG_R; ST_R; SLF_R; SFO_R;

2 2,371 116 167 80 0.008 Genu of CC; Body of CC; ACR_L; SCR_L; EC_L

RPI, right pontine infarction; FA, fractional anisotropy; RD, radial diffusivity; MCF, Middle cerebellar peduncle; PCT, Pontine crossing tract (a part of MCP); Genu of
CC, Genu of corpus callosum; Body of CC, Body of corpus callosum; Splenium of CC, Splenium of corpus callosum; FX, Fornix (column and body of fornix); CST_R,
Corticospinal tract R; CST_L, Corticospinal tract L; ML_R, Medial lemniscus R; ML_L, Medial lemniscus L; ICP_R, Inferior cerebellar peduncle R; ICP_L, Inferior cerebellar
peduncle L; SCP_R, Superior cerebellar peduncle R, SCP_L, Superior cerebellar peduncle L; CP_R, Cerebral peduncle R; ALIC_R, Anterior limb of internal capsule R;
PLIC_R, Posterior limb of internal capsule R; RLIC_R, Retrolenticular part of internal capsule R; ACR_R, Anterior corona radiata R; ACR_L, Anterior corona radiata L;
SCR_R, Superior corona radiata R; SCR_L, Superior corona radiata L; PCR_R, Posterior corona radiata R; PTR_R, Posterior thalamic radiation (include optic radiation)
R; SS_R, Sagittal stratum (include inferior longitudinal fasciculus and inferior fronto_occipital fasciculus) R; EC_R, External capsule R; EC_L, External capsule L;,CG_R,
Cingulum (cingulate gyrus) R; ST_R, Fornix (cres) / Stria terminalis R; SLF_R, Superior longitudinal fasciculus R; SFO_R, Superior fronto_occipital fasciculus (could be a
part of anterior internal capsule) R.
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Biomarker

Each mmol/L increment in TC
Each mmol/L increment in TG
Each mmol/L increment in HDL-C
Each mmol/L increment in LDL-C

TC/HDL-C

LDL-C/HDL-C

FBG

GSP

Change in MMSE
score (95% CI)?

0.255 (—0.072, 0.581)
0.415 (0.074, 0.755)
1.167 (0.410, 1.925)

—0.018
(—0.400, 0.363)
—0.108
(—0.342,0.126)

—0.321
(—0.665, 0.023)
—0.136
(=0.264, —0.009)
0.011 (0.004, 0.017)

p-Value?

0.126
0.017
0.003
0.925

0.367

0.067

0.036

0.002

Change in MMSE
score (95% CI)°?

0.188 (—0.142, 0.518)
0.327 (-0.022, 0.676)
1.276 (0.501, 2.051)

—0.104
(—0.493, 0.286)
—-0.172
(=0.428, 0.084)

—0.428
(-0.777, —0.069)
—0.151
(=0.278, —0.029)
0.010 (0.003, 0.017)

p-Value?

0.264
0.066
0.001
0.602

0.188
0.019
0.015

0.004

Change in MMSE
score (95% CI)°

0.226 (—0.103, 0.555)
0.461 (0.098, 0.825)
1.146 (0.336, 1.956)

—0.047
(—0.436, 0.343)
—0.098
(-0.362, 0.167)

—0.345
(~0.712, 0.021)
—0.144
(~0.266, —0.021)
0.010(0.008, 0.017)

p-Value®

0.179
0.013
0.006
0.815
0.469
0.065

0.022

0.005

aThe models adjusted for age, sex, ethnicity, and education

5The models additionally adjusted for residence, marriage, exercise, smoking, and drinking alcohol based on the prior model

®The models additionally adjusted for BMI, hypertension, and glucose for cholesterol outcome, TC for glucose outcome based on the prior model.
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Group Parameters Cluster Cluster size  MNI coordinates Minimally White matter tracts

index (voxels) P-values
LPI FADTI i 116 50 96 54 0.01 SS_R
2 498 130 126 94 0.008 SLF_L
3 1,904 50 128 40 0.009 CP_R; PLIC_R; RLIC_R; SS_R; ST_R; UNC_R
4 35,587 91 88 21 0.001 MCP, PCT, Genu of CC; Body of CC; Splenium of CC; FX; CST_L;
ML_R; ML_L; ICP_R; ICP_L; SCP_R; SCP_L; CP_L; ALIC_R;
ALIC_L; PLIC_R; PLIC_L; RLIC_L; ACR_R; ACR_L; SCR_R;
SCR_L; PCR_R; PCR_L; PTR_R; PTR_L; SS_R; SS_L; EC_R;
EC_L; ST_L; SLF_R; SLF_L; SFO_R; UNC_L; TAP_R.
MDpri 1 55,860 112 164 69 0.001 MCP, PCT, Genu of CC; Body of CC; Splenium of CC; FX; CST_R;
CST_L; ML_R; ML_L; ICP_R; ICP_L; SCP_R; SCP_L; CP_R; CP_L;
ALIC_R; ALIC_L; PLIC_R; PLIC_L; RLIC_R; RLIC_L; ACR_R;
ACR_L; SCR_R; SCR_L; PCR_R; PCR_L; PTR_R; PTR_L; SS_R;
SS_L; EC_R; EC_L; ST_R; ST_L; SLF_R; SLF_L; SFO_R; UNC_R;
UNC_L; TAP_R.
RDpr il 64,218 91 88 21 0.001 MCP, PCT, Genu of CC; Body of CC; Splenium of CC; FX; CST_R;

CST_L; ML_R; ML_L; ICP_R; ICP_L; SCP_R; SCP_L; CP_R; CP_L;
ALIC_R; ALIC_L; PLIC_R; PLIC_L; RLIC_R; RLIC_L; ACR_R;
ACR_L; SCR_R; SCR_L; PCR_R; PCR_L; PTR_R; PTR_L; SS_R;
SS_L; EC_R; EC_L;CG_R; CG_L; ST_R; ST_L; SLF_R; SLF_L;
SFO_R; UNC_R; UNC_L; TAP_R.

LPI, left pontine infarction; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; MCR, Middle cerebellar peduncle; PCT, Pontine crossing tract (a part of
MCP); Genu of CC, Genu of corpus callosum; Body of CC, Body of corpus callosum; Splenium of CC, Splenium of corpus callosum; FX, Fornix (column and body of
fornix); CST_R, Corticospinal tract R; CST_L, Corticospinal tract L; ML_R, Medial lemniscus R; ML_L, Medial lemniscus L; ICP_R, Inferior cerebellar peduncle R; ICP_L,
Inferior cerebellar peduncle L; SCP_R, Superior cerebellar peduncle R; SCP_L, Superior cerebellar peduncle L; CP_R, Cerebral peduncle R; CP_L, Cerebral peduncle L;
ALIC_R, Anterior limb of internal capsule R; ALIC_L, Anterior limb of internal capsule L, PLIC_R, Posterior limb of internal capsule R; PLIC_L, Posterior limb of internal
capsule L; RLIC_R, Retrolenticular part of internal capsule R; RLIC_L, Retrolenticular part of internal capsule L; ACR_R, Anterior corona radiata R; ACR_L, Anterior corona
radiata L; SCR_R, Superior corona radiata R; SCR_L, Superior corona radiata L; PCR_R, Posterior corona radiata R; PCR_L, Posterior corona radiata L; PTR_R, Posterior
thalamic radiation (include optic radiation) R; PTR_L, Posterior thalamic radiation (include optic radiation) L; SS_R, Sagittal stratum (include inferior longitudinal fasciculus
and inferior fronto_occipital fasciculus) R; SS_L, Sagittal stratum (include inferior longitudinal fasciculus and inferior fronto_occipital fasciculus) L; EC_R, External capsule R;
EC_L, External capsule L; CG_R, Cingulum (cingulate gyrus) R; CG_L, Cingulum (cingulate gyrus) L; CH_R, Cingulum (hippocampus) R; CH_L, Cingulum (hippocampus)
L; ST_R, Fornix (cres) / Stria terminalis R; ST_L, Fornix (cres) / Stria terminalis L; SLF_R, Superior longitudinal fasciculus R; SLF_L, Superior longitudinal fasciculus L;
SFO_R, Superior fronto_occipital fasciculus (could be a part of anterior internal capsule) R; SFO_L, Superior fronto_occipital fasciculus (could be a part of anterior internal
capsule) L; UNC_R, Uncinate fasciculus R; UNC_L, Uncinate fasciculus L; TAP_R, Tapetum R; TAP_L, Tapetum L.
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Biomarker Genotype n Change in biomarker p-Value Change in biomarker p-Value Change in biomarker p-Value
(95% CI)? (95% CI)® (95% CI)°
TC €3e3 carrier 1118 Reference / Reference / Reference /
TC €2 carrier 273 —0.431 <0.001 —0.427 <0.001 -0.418 <0.001
(—0.555, —0.306) (—0.551, —0.303) (—0.542, —0.295)
TC e2¢4 carrier 18 —0.254 0.255 —0.287 0.198 —0.335 0.132
(—0.691, 0.183) (—0.725,0.151) (=0.772,0.101)
TC ¢4 carrier 218 0.072 (—0.064, 0.208) 0.301 0.070 (—0.066, 0.205) 0.314 0.083 (—0.052, 0.219) 0.227
TG £3¢3 carrier 1118 Reference 7/ Reference / Reference /
TG €2 carrier 273 0.041 (—0.043, 0.124) 0.339 0.032 (—0.051, 0.115) 0.454 0.042 (—0.039, 0.122) 0.308
TG §2¢4 carrier 18 0.073 (—-0.221, 0.367) 0.626 0.031 (—0.262, 0.325) 0.835 —0.016 0.911
(—0.301, 0.269)
TG ¢4 carrier 218 0.037 (—0.054, 0.129) 0.428 0.028 (—0.062, 0.119) 0.540 0.038 (—0.050, 0.126) 0.399
HDL-C €3e3 carrier 1118 Reference / Reference / Reference /
HDL-C €2 carrier 273 0.041 (—0.006, 0.088) 0.090 0.039 (—0.008, 0.086) 0.102 0.040 (—0.006, 0.086) 0.090
HDL-C e2¢4 carrier 18 0.109 (—0.057, 0.276) 0.198 0.073 (—0.092, 0.239) 0.385 0.093 (—0.069, 0.256) 0.261
HDL-C ¢4 carrier 218 —0.054 0.040 —0.051 (—0.102, 0) 0.051 —0.055 0.033
(—0.106, —0.002) (—0.105, —0.004)
LDL-C €3e3 carrier 1118 Reference / Reference / Reference /
LDL-C €2 carrier 278 —0.489 <0.001 —0.479 <0.001 —0.476 <0.001
(—0.593, —0.385) (—0.582, —0.376) (—0.578, —0.374)
LDL-C e2¢4 carrier 18 —0.395 0.034 —0.375 0.044 —0.422 0.022
(—0.761, —0.029) (—0.739, —0.010) (—0.784, —0.060)
LDL-C ¢4 carrier 218 0.107 (—0.007, 0.221) 0.065 0.106 (—0.007, 0.219) 0.066 0.119(0.007, 0.231) 0.038
TC/HDL-C €3¢3 carrier 1118 Reference / Reference i Reference /
TC/HDL-C €2 carrier 273 —0.453 <0.001 —0.447 <0.001 —0.442 <0.001
(—0.605, —0.301) (—0.597, —0.296) (—0.587, —0.297)
TC/HDL-C e2¢4 carrier 18 -0.370 0175 -0.327 0.228 —0.427 0.102
(—0.906, 0.165) (—0.860, 0.205) (—=0.940, 0.085)
TC/HDL-C ¢4 carrier 218 0.245 (0.079, 0.412) 0.004 0.233 (0.068, 0.398) 0.006 0.254 (0.095, 0.413) 0.002
LDL-C/HDL-C €3e3 carrier 1118 Reference / Reference g Reference /
LDL-C/HDL-C €2 carrier 278 —-0.452 <0.001 —0.442 <0.001 —0.442 <0.001
(—0.565, —0.34) (—0.553, —0.331) (—0.565, —0.334)
LDL-C/HDL-C e2¢4 carrier 18 —0.397 (—0.794, 0) 0.05 —0.343 0.087 —0.411 0.035
(—0.736, 0.050) (—0.793, —0.030)
LDL-C/HDL-C ¢4 carrier 218 0.166 (0.043, 0.290) 0.008 0.161 (0.039, 0.283) 0.010 0.176 (0.058, 0.295) 0.003
FBG €3¢3 carrier 1118 Reference / Reference i Reference /
FBG €2 carrier 273 —0.256 0.088 —0.227 0.129 —0.193 0.202
(—0.551, 0.038) (—0.521, 0.066) (—0.489, 0.103)
FBG e2¢4 carrier 18 —0.041 0.938 0.125 (-0.912, 1.163) 0.813 0.124 (—0.909, 1.156) 0.814
(—=1.077, 0.994)
FBG ¢4 carrier 218 0.028 (—0.294, 0.351) 0.863 0.030 (—0.291, 0.352) 0.853 0.026 (—0.294, 0.346) 0.874
GSP €3e3 carrier 1118 Reference / Reference g Reference /
GspP €2 carrier 278 —4.088 0.188 —4.421 0.152 0.225 (—5.758, 6.207) 0.941
(—=10.175, 2.000) (—10.468, 1.625)
GSP e2¢4 carrier 18 —15.403 0.158 —13.623 0.212 -10.718 0.314
(—36.807, 6.002) (—35.006, 7.760) (—31.5688, 10.151)
GSP ¢4 carrier 218 —-1.704 0.616 —1.627 0.63 —2.335 0.479

(—8.368, 4.959)

aThe model adjusted for age, sex, ethnicity, and education
5The model additionally adjusted for residence, marriage, exercise, smoking, and drinking alcohol based on the prior model
®The model additionally adjusted for BMI, hypertension, glucose for cholesterol outcome, TC for glucose outcome based on the prior model
Unit: mmol/L for TC, TG, HDLC, LDLC, and FBG, wmol/L for GSP.

(—8.254, 4.999)

(—8.801, 4.132)
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Variable Pl (n = 60)

LPI RPI
(n =33) (n=27)

Age, years 57.60 + 5.68 57.03 +£7.83
Gender (male/female) 22/11 16/11
Years of education 10.63 £ 3.41 10.85 £ 3.42
Lesion size (ml) 052 4 0.51 0.34 £0.29
Timing of follow-up imaging (months) 9.66 +£4.75 10.11 £ 5.47
Fugl-Meyer assessment 94.18 + 14.34 95.35 +£ 8.73
Spatial 1-back task
ACC 0.90 &+ 0.06 0.91 + 0.06
RT (ms) 916.41 + 225.51 902.55 + 250.66

NC (n = 30)

55.06 +6.48
16/14
10.383 +£2.86

0.92 +0.05

776.93 £+ 189.82

P-values

LPI
(n =33)

Pip = 0.10
Pip = 0.31
Pp = 0.71

Pip =0.29

Prp =0.017

P=0.09
P=0.73

RPI
(n=27)

Prp = 0.30
Pgp; =0.79
Pgp) = 0.54

Prp = 0.68
Prp = 0.04*

Continuous data were presented as the mean + SD.

LPI, left pontine infarction; RPI, right pontine infarction; NC, normal control; ACC, accuracy rate of the spatial 1-back task; RT, average reaction time for correct responses
of the spatial 1-back task; P pj, P-values of difference analyses between LPI and NC groups; Prpi, P-values of difference analyses between RPI and NC groups; R

P-values of the difference between LPI and RPI groups. *P < 0.05.
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Variables
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Female: n (%)
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Han: n (%) (vs. minorities)
Urban: n (%) (vs. rural)
Currently married: n (%) (vs. not married)
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Never

Former

Current
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Never

Former

<20 times/day
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Alcohol drinking: n (%)
Never

Former

<14 (female) 28 (male) g/d
> 14 (female) 28 (male) g/d
BMI (kg/m2): Mean (SD)
Hypertension (Yes): n (%)

Overall (N = 1627)
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No (N = 1148) Yes (N = 479) Male (N = 779) Female (N = 848)
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118 (10.3) 5(1.0) 118 (15.1) 5(0.6)
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75 (6.5) 22 (4.6) 81 (10.4) 16 (1.9)
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Group N Age Gender? Handedness? MMSEP MWT-B? Highest
(years) education?
Older 31 66.81 f: 19 Right: 30 28.52 31.42 Junior High: 10
(4.43) m: 11 Leftc: 1 (1.18) (2.45) High School: 2
d:1 (re-educated) Master: 19
Young 30 22.77 f: 22 Right: 25 29.1 (0.96) 25.038 High School: 23
(2.76) m: 8 Left: 5 (2.24) Bachelor: 6
Master: 1

This table does not report participants by site, because no site effects were observed, except for reaction time (see Section “Congruency of Plausibility Decision and
Response Times”). @According to self-report. ®°Mean score with standard deviation in parentheses. CIncluding left-handed participants is unproblematic, because we
assess within-subjects manipulations, i.e., each participant is compared with themselves, and no neuroimaging data were acquired.
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Frequency of congruent Response

responses time
Effect P(E)  P(Ely) BFE P(E) P(Ely) BFe
Condition 0.7837  1.000  757.169  0.600 0.332 0.177
Age 0.737  0.956 7.671 0.600 0482 0.332
Site 0737 0472 0.319
Age*Condition 0.316 0925  26.860 0200 0.037 0.083
Age*Site 0316 0.114 0.280
Site*Condition 0316  0.136 0.340

Age*Site*Condition  0.063  0.009 0.165

Terms are sorted by complexity and posterior probability, and highlighted in italics
when part of the winning model. P(E), prior probability; P(E| y), posterior probability;
BFg, Bayes factor favoring inclusion of the effect.
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Solution rate

Response time

Term P(E) P(E|y) BFg P(E) P(E|y) BFe
Stimulus 0.787 1.000 1.109e+14 0.737 1.000 3.125e+7
Age 0.737 1.000 137047.575 0.737 0.892 2.949
Site 0.737  0.493 0.348 0.737 0.766 1.171
Stimulus*Age 0.316 0999  2877.221 0.316 0.558 2.733
Stimulus*Site 0.316  0.249 0.719 0.316  0.246 0.707
Age*Site 0.316  0.209 0.573 0.316  0.226 0.632
Stimulus*Age*Site  0.053  0.067 1.292 0.053 0.012 0.210

See Table 2 for detailed legends.
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EXAM 5 EXAM 6 EXAM 6 - EXAM 5

Fully Adjusted CASI DSC DS forward DS backward CASI DSC DS forward DS backward A CASI A DSC A DS forward A DS backward
Models
Variables B P i P i P B P i P i P B p i P B P i P i P i P
PNNSS —-0.513 0.004 -1.123 0.005 -0.032 0.630 -0.105 0.065 -0.608 0.010 -1.540 0.003 -0.144 0.092 -0.174 0.009 0.443 0.037 1.043 0.008 0.132 0.063 0.138 0.015
Age —1.324 <0.001 -5.525 <0.001 -0.257 <0.001 -0.187 0.001 -1.833 <0.001 -6.853 <0.001 -0.343 <0.001 -0.294 <0.001 1.560 <0.001 3.865 <0.001 0.224 0.003 0.243 <0.001
Male —-0.512 0.194 -5522 <0.001 0.240 0.101 -0.135 0.265 -0.028 0.956 -5.718 <0.001 0.139 0.462 -0.298 0.064 -0.385 0.404 2220 0.021 0.046 0.767 0.218 0.116
Race/ethnicity

White (reference)

Chinese—American —2.839 <0.001 5.086 <0.001 2.192 <0.001 -0.026 0.899 -2.753 <0.001 1.222 0.453 1.707 <0.001 -0.192 0.436 1.245 0.064 2463 0.050 -0.924 0.002 0.042 0.846

Black —3.736 <0.001 -7.749 <0.001 -0.348 0.027 -1.119 <0.001 -2971 <0.001 -8.479 <0.001 -0.591 0.002 -0977 <0.001 1.104 0.029 3.443 0.001 0.455 0.005 0.433 0.006

Hispanic —5.598 <0.001 -8.022 <0.001 -1.739 <0.001 -1.626 <0.001 -5.700 <0.001 -11.658 <0.001 —-2.040 <0.001 -1.789 <0.001 2996 <0.001 6.506 <0.001 1.154 <0.001 0.936 <0.001
Education

< High school (reference)

Some college 3.375 <0.001 8.727 <0.001 0.666 <0.001 0.898 <0.001 2.065 0.004 7.555 <0.001 0434 0.060 0590 0.002 -0.88 0.141 -3.128 0.006 -0.224 0.220 -0.237 0.133

> Bachelor degree  4.195 <0.001 11.45 <0.001 0.490 0.004 0.933 <0.001 2.646 <0.001 9.280 <0.001 0.339 0.141 0.783 <0.001 -0.864 0.133 -2.495 0.029 -0.213 0.243 -0.381 0.013
APOE-¢4 -0.703 0.057 -0.820 0.311 -0.231 0.100 -0.111 0.346 -0.897 0.056 -2.980 0.005 -0.324 0.059 -0.071 0.622 0.897 0.033 1.454 0.100 0.137 0.312 0.056 0.651
AVNN 0.450 0.011 1176 0.002 0.038 0.573 0.106 0.073 0.430 0.051 0.801 0.115 0.159  0.081 0.227 0.002 -0.214 0.292 -0.542 0.472 -0.107 0.151 -0.178 0.005
Systolic BP —-0.259 0.158 -0.597 0.139 0.014 0.830 -0.050 0.347 -0.612 0.028 -0.923 0.087 0.015 0.862 -0.103 0.142 0.433 0.079 0.888 0.040 -0.052 0.459 0.079 0.172
Anti-hypertensive Rx  —-0.183 0.621 —-2.170 0.008 -0.044 0.747 -0.212 0.071 -0.462 0.293 -0.767 0.456 -0.068 0.698 -0.118 0.439 0.128 0.744 -0.602 0.455 0.054 0.709 0.058 0.657
Diabetes —0.226 0.640 -2.350 0.026 -0.454 0.011 -0.111 0463 -1.992 0.006 -2.894 0.045 -0.418 0.062 -0.094 0.618 1.449 0.018 0.631 0.582 0.159 0.368 0.077 0.628
Total cholesterol —0.030 0.870 -0.430 0.300 0.043 0.547 0.082 0.182 -0.150 0.494 -0.067 0.896 0.127 0.155 0.038 0.612 -0.051 0.791 -0.372 0.365 -0.074 0.341 0.005 0.940
HDL —0.104 0.562 0.322 0.418 0.057 0.424 0.006 0.932 -0.318 0.190 0.021 0.966 -0.041 0.648 -0.013 0.874 0.104 0.627 -0.040 0.920 0.127 0.101  —0.001 0.984
Lipid lowering Rx —0.300 0.443 0.693 0.410 0.088 0.790 -0.102 0410 -0.515 0.273 0.277 0.806 -0.016 0928 -0.110 0.478 0.225 0.579 -0.002 0.998 0.025 0.869 —0.080 0.555
Pack—years of 0.705 <0.001 0.336 0.372 0.015 0.806 0.040 0.465 0.339 0.108 0.178 0.716 0.093 0.252 0.063  0.391 0.084 0.649 -0.062 0.873 -0.083 0.213 -0.077 0.222
cigarette smoking
Prevalent CVEs & AF —0.233 0.666 —2.677 0.031 -0.023 0.900 0.059 0.723 0.116 0.882 —1.314 0.457 0.340 0.139 0.055 0.835 -0.032 0961 -1604 0.234 -0.251 0.233 -0.121 0.581
Physical activity, In —-0.215 0.243 0.278 0.471 -0.044 0.506 -0.180 0.001 -0.401 0.068 -0.857 0.095 -0.197 0.013 -0.237 0.001 0.211 0.283  0.801 0.057 0.098 0.163 0.143 0.018
Depression, —-1.974 <0.001 —-2.803 0.009 -0.306 0.098 -0.232 0.144 -1172 0.074 -2147 0.160 -0.114 0.594 -0.076 0.702 0.254 0.640 0.665 0.560 0.030 0.866 0.101 0.549
CESD > 16
Anti-depression Rx 0.724 0.110 0534 0.630 0.305 0.089 0.331 0.037 0.449 0427 —1.402 0.344 0.168 0.480 0.228 0.313 0.041 0.937 2.092 0.079 0.039 0.852 —0.008 0.968
Alcohol use 1.632 <0.001 3.635 <0.001 0.431 0.002 0.397 0.001 2.494 <0.001 1.684 0.099 0.308 0.073 0.475 0.001 —-1.984 <0.001 0405 0.627 -0.069 0.633 —0.221 0.074
Gross income > 756K 0.776  0.028 3.646 <0.001 0.220 0.156 0.463  0.001 0.367  0.381 4.025 <0.001 0.167 0.370 0.343 0.033 0.111 0.772 -2286 0.011 -0.010 0.948 -0.070 0.615
Baseline cognitive 3.548 <0.001 5.694 <0.001 1.279 <0.001 1.298 <0.001

scores
(6.9/17.1/2.7/2.5)

Values shows are the standardized B regression coefficients and p values for each one of the variables in the fully adjusted models. The SDs for each of the continuous independent variables in the models are: PNNSS
— 13.7%, age — 8.95 years, AVNN — 134 ms, systolic BP — 20.1 mmHg, total cholesterol — 36.8 mg/dl, HDL — 16.4 mg/dl); pack-years of cigarette smoking — 1.49, physical activity (In) — 1.06 MET-min/wk, CASI
— 6.0, DSC — 17.1, DS forward — 2.7, and DS backward — 2.5. Statistically significant associations (p value < 0.05) are highlighted in bold. Borderline significant associations (0.05 < p value < 0.1) are highlighted
using bold, italicized and underlined fonts.
AF, atrial fibrillation; AVNN, average value of the NN intervals; BF, blood pressure; CASI, the Cognitive Abilities Screening Instrument score; CESD, Center for Epidemiological Studies Depression scale; CVE, cardiovascular
event; DSC, digit symbol coding; DS, digit span; HDL, high-density lipoprotein cholesterol; HR, heart rate; MET, metabolic equivalent; PNNSS, percentage of NN intervals in short (<3) accelerative/decelerative segments;

Rx, medication.
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Exam 6 - Exam 5

MODEL 1

MODEL 2

MODEL 3

MODEL 4

MODEL 5

Baseline cognitive scores

Baseline cognitive scores +

CAIDE-APOE-€4

Baseline cognitive scores + age,

sex, race, education

Model 3 + APOE-€4 + CV

and other "traditional" risk factors

Model 4 + NT-proBNP

B 95% ClI P B 95% CI P B 95% ClI P B 95% CI P B 95% ClI P
A CASI
PIP (7.01%) -096 -135 -057 <0.001 -096 -1.36 -057 <0.001 -044 -083 -0.05 0.029 -037 -0.77 0.08 0.071 -0.34 -0.74 0.06 0.096
PNNSS (13.7%) -097 -139 -054 <0.001 -094 -136 —--053 <0.001 -054 -096 -0.12 0.012 -044 -086 -003 0.0837 -042 -0.84 0.00 0.050
PNNLS (12.6%) 0.99 0.57 140 <0.001 0.97 0.56 1.38 <0.001 0.55 0.13 0.96 0.010 0.42 0.01 0.83 0.045 0.39 —-0.02  0.80 0.063
A DSC
PIP (7.02%) -19 -271 -118 <0001 -196 -272 -120 <0.001 -099 -173 -024 0009 -106 -184 -027 0.008 -097 -176 -0.18 0.017
PNNSS (13.7%) -1.64 -242 -086 <0.001 -159 -236 -082 <0.001 -095 -169 -022 0.011 -1.04 -—-181 -028 0.008 -1.00 -178 -0.22 0.012
PNNLS (12.6%) 1.65 0.87 243 <0.001 1.61 0.84 2.38 <0.001 0.95 0.22 1.68 0.011 1.01 0.26 177 0.009 0.96 0.18 1.738 0.016
A DS forward
PIP (7.02%) -022 -0.34 -009 o0.001 -021 -0.33 -0.09 0.001 -015 -028 -0.02 0.022 -0.13 -026 0.01 0.067 -0.13 —-0.27 0.00 0.058
PNNSS (13.7%) -020 -0.32 -0.07 0.002 -0.18 -0.31 -0.06 0.004 -0.14 -027 -0.02 0.025 -0.13 -027 0.01 0. —-0.14 -0.28  0.01 0.061
PNNLS (12.6%) 0.20 0.08 0.32 0.001 0.19 0.07 0.31 0.003 0.15 0.02 0.27 0.022 0.13 0.00 0.27 0.057 0.14 0.00 0.28 0.055
A DS backward
PIP (7.09%) -0.156 -0.26 -0.05 0.005 -0.15 -0.25 -0.04 0.007 -0.07 -0.18 0.05 0243 -0.11 -0.22 0.01 0.079 -0.10 -0.22 0.02 0.102
PNNSS (13.7%) -0.16 -0.27 -0.06 0.003 -0.15 -0.26 -0.04 0.006 -0.08 -0.19 0.02 0.130 -0.14 -025 -0.03 0.015 -0.14 -025 -0.03 0.016
PNNLS (12.6%) 0.17 0.06 0.28 0.002 0.16 0.05 0.26 0.004 0.09 —-0.02 0.19 0.108 0.14 0.03 0.25 0.015 0.14 0.03 0.25 0.016

Values presented are the standardized BB regression coefficients and 95% Cls. Model 1 was unadjusted. Model 2 was adjusted for the CAIDE-APOE-¢4 risk index. Model 3 was adjusted for age, race/ethnicity, sex, and
level of education attained. Model 4 included the variables of Model 3 in addition to prevalent CV and AF events, CV risk factors (usage of anti-hypertensive and lipid lowering medications, systolic BP, diabetes mellitus
status, total cholesterol, high-density lipoprotein cholesterol, pack-years of cigarette smoking), alcohol consumption, weekly amounts of moderate and vigorous physical activity, depression, usage of antidepressant
mediications, total gross family income > $75,000 and mean HR. Model 5 included the variables in Model 4 and NT-proBNP. The value in parenthesis after each independent variable (PIR PNNSS and PNNLS) is its SD.
Statistically significant associations (p value < 0.05) are highlighted in bold. Borderline significant associations (0.05 < p value < 0.1) are highlighted using bold, italicized and underlined fonts.
AF, atrial fibrillation; BP, blood pressure; CAIDE, Cardiovascular Risk Factors, Aging, and Incidence of Dementia; CASI, the Cognitive Abilities Screening Instrument score; ClI, confidence interval; CV, cardiovascular;
DSC, digit symbol coding; DS, digit span; HR, heart rate; PIF, percentage of inflection points; PNNLS, percentage of NN intervals in long (>3) accelerative/decelerative segments; PNNSS, percentage of NN intervals in
short (<8) accelerative/decelerative segments; NT-proBNF, N-terminal prohormone B-type natriuretic peptide.
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P-value

Elderly group Younger group
Sex (male/female) 15/15 1112 g
Age (range) 71.6 (61-79) 21.1 (19-24) <0.001P
Education level (range) 13.9 (9-16) 156.1 (13-18) <0.05°
Mean (SD) Range Cutoff point Below/above cutoff point (%)
GDS-S-J 2.1 (2.4 0-9 5/6° 9/12d 2(7)0(0)
Cognistat
Total score 95.6 (5.1) 83-104 82/84 0(0)
Orientation 11.9(0.4) 10-12 10/11 1(3)
Attention 7.2(1.3) 4-8 7/8 10 (33)
Comprehension 5.8(0.5) 4-6 5/6 5(17)
Repetition 11.3(1.6) 5-12 9/10 4(13)
Naming 7.7 (0.5) 6-8 6/7 1@Q)
Construction 5.7 (0.6) 4-6 4/5 3(10)
Memory 7.8(2.9 2-12 8/9 14 (47)
Calculation 3.9(0.3 3-4 3/4 3(10)
Similarity 5.6 (1.3 2-8 3/4 2(7)
Judgment 4.0(1.4) 2-6 2/3 6 (20)

aPearson’s %2 test; PWelch’s t test; ®for depressive tendency; Sfor depressive state.
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Face matching task Emotion matching task

B B B B

Age -0.97 —0.86***
GDS-S-J —1.14 —0.57"*
Face perception task 0.57 0.46"*
Cognistat

Attention 2.62 0.25

Comprehension 6.70 0.25 1.58 0.16

Repetition —1.683 —0.52"**

Naming 2.45 0.27

Construction

Memory

Calculation —16.52 —0.38

Similarity 3.96 0.40*

Judgment 0.562 0.15
Adjusted R? 0.21 0.71
F 2.97* 11,14

*P < 0.05, and **P < 0.001.





OPS/images/fpsyg-12-664367/cross.jpg
3,

i





OPS/images/fpsyg-12-664367/fpsyg-12-664367-g001.jpg
Average of partial score

1.00

0.75

0.50

0.25

0.00

%k %k ok

kK 3k

Happiness

Anger

Disgust

Sadness Fear Surprise  Neutrality

Elderly group
Younger group





OPS/images/fpsyg-12-686036/fpsyg-12-686036-t001.jpg
Men Women Age and education Apoe E status, n (%)
Diagnosis n (%) n (%) Mean age (SD) Education, years (SD) No E4 One E4 Two E4
SCD 202 (20) 223 (21) 64.1(11.5) 13.4 (4.0) 251 (59) 161 (38) 13 (3)
MClI 358 (35) 301 (28) 69.7 (10.6) 12.38.7) 327 (50) 255 (39) 77 (12)
AD 256 (25) 374 (35) 73.5(9.0) 11.7 8.7) 181 (29) 324 (51) 125 (20)
VaD/AD 144 (14) 133(12) 77.8(6.7) 10.8 (3.4) 121 (44) 131 (47) 25 (9)
Total 960 (100) 1,031 (100) 70.9 (10.8) 12.1(3.8) 880 (44) 871 (44) 240 (12)

N =1,991.
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No E4 One E4 Two E4

Diagnosis CERAD immediate recall: mean (SD)

SCD 19.2 (4.9) 18.0 (5.6) 17.3(7.1)
MClI 15.2 (4.4) 14.4 (4.9 14.8 (4.0)
AD 10.5 (4.2 10.0 (4.3) 10.2 (4.3)
VaD/AD 10.4 (3.7) 9.9 (4.5 9.9 4.7)

CERAD delayed recall: mean (SD)
SCD 5.8 (2.3 50@71) 4.0 (3.6)
MClI 3.8 (2.5 3.0 2.1) 2.8 (2.2
AD 1.7(1.8) 1.1 (1.4)* 0.8 (1.4)
VaD/AD 1.6 (1.8 1.3(1.7) 1.2(1.8)
MMSE: mean (SD)
SCD 28.0 (2.6) 27.3 (3.0 26.1 (3.5)
MClI 26.4 (3.1) 26.2 (3.0) 26.2 (2.8)
AD 219 4.2 21.5(4.3) 21.5 4.8
VaD/AD 21.54.2) 21.4(3.9) 22.5(4.2)
TMTA: mean (SD)

SCD 48.2 (37.8) 53.7 (45.0) 73.8 (79.2)
MClI 65.0 (35.7) 63.1(32.3) 60.8 (28.6)
AD 96.3 (58.4) 91.0 (568.8) 86.8 (63.2)
VaD/AD 111.2 (65.0) 118.4 (67.5) 112.7 (69.7)

*Different from the group with No E4, tested in linear regression, p < 0.05.
Crude mean values (Standard deviations: SD).
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EXAM 6 MODEL 1 MODEL 2 MODEL 3 MODEL 4 MODEL 5
Unadjusted CAIDE-APOE-£4 Age, sex, race, education Demographic + APOE-€4 + CV Model 4 + NT-proBNP
and other "traditional" risk factors
B 95% ClI P B 95% ClI P B 95% ClI P B 95% ClI P B 95% ClI P
CASI
PIP (7.01%) -149 -200 -099 <0001 -146 -196 -096 <0001 -060 -1.05 -0.15 0.010 -050 -0.95 -0.04 0.032 -047 -092 -0.01 0.045
PNNSS (13.7%) —-1.563 -2.06 -1.01 <0.001 -143 -193 -092 <0.001 -068 -1.15 -021 0.005 -061 -107 -014 0.010 -057 -1.038 -0.10 0.018
PNNLS (12.6%) 1.54 1.02 206 <0.001 1.44 0.94 195 <0.001 0.69 0.22 1.16 0.004 0.57 0.11 1.02 0.015 0.52 0.06 0.98 0.026
DSC
PIP (6.95%) -428 -537 -819 <0001 -421 -529 -313 <0001 -137 -229 -044 0.004 117 -217 -0.18 0.021 -1.16 -2.15 -0.16 0.023
PNNSS (13.7%) -391 -5.01 -2.80 <0.001 -367 —4.77 -257 <0.001 -160 -251 -0.69 0.001 —-154 -254 —-054 0003 -155 —-256 -054 0.003
PNNLS (12.6%) 3.97 2.86 508 <0.001 3.75 2.65 486 <0.001 1.59 0.68 2.51 0.001 1.46 0.47 2.45 0.004 1.47 0.48 247 0.004
DS forward
PIP (7.09%) -029 -044 -0.13 <0.001 -026 -042 -0.11 0.001 -0.16 —0.31 0.00 0.049 -0.15 -0.31 0.02 0.084 -0.16 -0.32 0.01 0.064
PNNSS (13.7%) —-025 —-0.41 -0.09 0.002 -022 -0.38 -0.06 0.008 -0.15 -0.30 0.00 0.057 -0.14 -0.31 0.02 0.092 -0.16 -0.33 0.01 0.
PNNLS (12.6%) 0.26 0.10 0.42 0.002 0.23 0.07 0.39 0.006 0.15 0.00 0.31 0.051 0.14 —0.02 0.31 0.092 0.16 —0.01 0.32 0.
DS backward
PIP (7.09%) -0.30 -043 -0.17 <0.001 -028 -040 -0.15 <0.001 -0.14 -026 -0.01 0.037 -0.16 -0.30 -0.03 0.019 -0.16 -0.29 -0.02 0.024
PNNSS (13.7%) -029 -0.43 -0.16 <0.001 -026 -0.39 -0.12 <0.001 -0.13 -025 -0.01 0.39 -0.17 -0.31 -0.04 0.009 -0.18 -0.31 -0.05 0.009
PNNLS (12.6%) 0.30 0.16 043 <0.001 026 0.13 040 <0.001 0.13 0.01 0.26 0.030 017 0.04 0.30 0.010 017 0.04 0.30 0.010

Values presented are the standardized B3 regression coefficients and 95% Cls. Model 1 was unadjusted. Model 2 was adjusted for the CAIDE-APOE-¢4 risk index. Model 3 was adjusted for age, race/ethnicity, sex, and

level of education attained. Model 4 included the variables of Model 3 in addition to prevalent CV and AF events, CV risk factors (usage of anti-hypertensive and lipid lowering medications, systolic BF, diabetes mellitus
status, total cholesterol, high-density lipoprotein cholesterol, pack-years of cigarette smoking), alcohol consumption, weekly amounts of moderate and vigorous physical activity, depression, usage of antidepressant
mediications, total gross family income > $75,000 and mean HR. Model 5 included the variables of Model 4 and NT-proBNR The value in parenthesis after each independent variable (PIF, PNNSS and PNNLS) is its SD.
Statistically significant associations (p value < 0.05) are highlighted in bold. Borderline significant associations (0.05 < p value < 0.1) are highlighted using bold, italicized and underlined fonts.
AF, atrial fibrillation; BR, blood pressure; CAIDE, Cardiovascular Risk Factors, Aging, and Incidence of Dementia; CASI, the Cognitive Abilities Screening Instrument score; Cl, confidence interval; CV, cardiovascular; DS,
digit span; DSC, digit symbol coding; HR, heart rate; HRF, heart rate fragmentation; PIF, percentage of inflection points; PNNLS, percentage of NN intervals in long (>3) accelerative/decelerative segments; PNNSS,
percentage of NN intervals in short (<3) accelerative/decelerative segments; NT-proBNRE, N-terminal prohormone B-type natriuretic peptide.
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EXAM 5 MODEL 1 MODEL 2 MODEL 3 MODEL 4 MODEL 5
Unadjusted CAIDE-APOE-£4 Age, sex, race, education Demographic + APOE-€4 + CV Model 4 + NT-proBNP
and other "traditional" risk factors
B 95% ClI p B 95% ClI p B 95% ClI P B 95% ClI p B 95% ClI p
CASI
PIP (7.21%) -124 -161 -088 <0001 -112 148 -077 <0.001 -051 -083 -0.18 0.002 -045 -080 -0.10 0.012 -042 -0.77 -0.07 0.018
PNNSS (13.7%) —-125 -1.63 -0.88 <0.001 -1.10 -1.47 -0.74 <0.001 -047 -0.79 -0.14 0.005 -051 -086 -0.17 0.004 -048 -0.83 -0.14 0.006
PNNLS (12.6%) 1.25 0.88 1.63 <0.001 1.11 0.74 147  <0.001 047 0.15 0.79 0.004 0.48 0.14 0.82 0.006 0.45 0.11 0.80 0.010
DSC
PIP{7.27%) -394 -479 -308 <0.001 -357 —-437 -276 <0001 -121 —-198 -044 0.002 -084 —-1.64 -0.04 0.041 -087 -1.68 -0.07 0.034
PNNSS (13.8%) —-3.63 —4.49 -277 <0.001 -3.13 -396 -230 <0.001 -1.17 -189 -044 0.002 -112 —-190 -0.34 0.005 -1.17 —-1.96 -0.38 0.004
PNNLS (12.7%) 3.72 2.86 458 <0.001 3.23 2.40 406 <0.001 1.22 0.49 1.95 0.001 1.07 0.30 1.84 0.007 142 0.34 1.90 0.005
DS forward
PIP (7.21%) -0.16 -029 -0.03 0.014 -0.12 -0.25 0.01 0.060 -0.038 -0.15 0.10 0.682 —-0.03 -0.16 0.10 0.663 —-0.02 -0.16 0.1 0.738
PNNSS (13.7%) -0.16 -0.28 -0.03 0.017 -0.10 -0.23 0.02 0.110 -0.02 -0.14 0.10 0.732 —-0.03 -0.16 0.10 0.630 -0.03 -0.17 0.10 0.629
PNNLS (12.7%) 0.16 0.03 0.28 0.017 0.10 —0.02 0.23 0.107 0.02 —0.10 0.13 0.774 0.02 —0.10 0.156 0.713 0.03 —0.11 0.16 0.709
DS backward
PIP (7.27%) -025 -036 -0.15 <0.001 -022 -032 -0.11 <0001 -0.13 -0.23 -0.02 0.016 -0.10 -0.21 0.01 0.068 —0.09 -0.20 0.02 0.102
PNNSS (13.8%) —-0.26 -0.36 -0.15 <0.001 -021 -0.32 -0.10 <0.001 -0.10 -0.20 0.00 0.047 -0.11 -0.22 0.01 0. -0.10 -0.21 0.01 0.082
PNNLS (12.7%) 0.25 0.15 0.36 <0.001 0.21 0.10 0.32 <0.001 0.11 0.00 0.21 0.042 0.10 —0.01 0.21 0. 0.09 —0.02 0.20 0.109

Values presented are the standardized B3 regression coefficients and 95% Cls. Model 1 was unadjusted. Model 2 was adjusted for the CAIDE-APOE-¢4 risk index. Model 3 was adjusted for age, race/ethnicity, sex, and
level of education attained. Model 4 included the variables of Model 3 in addition to prevalent CV and AF events, CV risk factors (usage of anti-hypertensive and lipid lowering medications, systolic BP, diabetes mellitus
status, total cholesterol, high-density lipoprotein cholesterol, pack-years of cigarette smoking), alcohol consumption, weekly amounts of moderate and vigorous physical activity, depression, usage of antidepressant
mediications, total gross family income > $75,000 and mean HR. Model 5 included the variables of Model 4 and NT-proBNR The value in parenthesis after each independent variable (PIF, PNNSS and PNNLS) is its SD.
Statistically significant associations (p value < 0.05) are highlighted in bold. Borderline significant associations (0.05 < p value < 0.1) are highlighted using bold, italicized and underlined fonts.
AF, atrial fibrillation; B, standardized linear regression coefficient; BP, blood pressure; CAIDE, Cardiovascular Risk Factors, Aging, and Incidence of Dementia;, CASI, the Cognitive Abilities Screening Instrument score;
Cl, confidence interval; CV, cardiovascular; DS, digit span; DSC, digit symbol coding; HR, heart rate; HRF, heart rate fragmentation; PIP percentage of inflection points; PNNLS, percentage of NN intervals in long (>3)
accelerative/decelerative segments; PNNSS, percentage of NN intervals in short (<3) accelerative/decelerative segments; NT-proBNF, N-terminal prohormone B-type natriuretic peptide; SD, standard deviation.
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QUARTILES OF HRF (PNNSS) Qq Q, Q3 Q4 p value

<56.21 [56.21, 66.25) [66.30, 76.04) >76.08

Variables N =475 N =474 N =474 N =474
Age (year) 65 8 67 9 69 9 71 9 <0.001
Male 234 49.26 226 47.68 214 45.15 200 4219 0.140
Education: <0.001

High school or less 114 241 134 28.33 153 32.42 170 35.86

Some college 116 24.47 115 24.31 101 21.4 126 26.58

Bachelor degree or higher 244 51.48 224 47.36 218 46.19 178 37.55
Gross household income > 50K 270 57.94 240 51.72 185 40.22 171 37.5 <0.001
Gross household income > 76K 160 34.33 162 32.76 124 27.0 106 23.25 0.001
Systolic blood pressure (mmHg) 118.7 17.8 1211 18.65 124.8 22.42 125.7 20.34 <0.001
Anti-hypertensive medication 187 39.37 239 50.42 243 51.27 314 66.24 <0.001
Beta blockers 40 8.42 64 135 77 16.24 126 26.6 <0.001
Body mass index (Kg/m?) 28.6 5.3 28.6 5.47 28.5 5.86 28.9 5.61 0.684
Total cholesterol (mg/dl) 188.4 38.1 188.4 37.66 184.4 32.82 177.8 36.69 <0.001
HDL (mg/d) 85.11 16.74 55.63 16.7 55.88 15.14 55.48 16.7 0.910
Lipid lowering medication 142 29.89 174 36.71 168 35.44 205 43.25 <0.001
Physical activity, In (MET-min/wk) 8.272 0.937 8.162 1.051 8.157 1.043 8.014 1.222 0.004
Depression, CESD > 16 62 13.36 63 13.4 69 14.87 71 15.24 0.779
Anti-depression medication 56 12.0 59 12.6 73 18.7 72 15.4 0.236
Smoking: current 25 5.30 32 6.78 30 6.37 37 7.86 0.461
Pack-years of cigarette smoking 1.071 1.448 117 1.473 1.166 1.466 1.25 1.56 0.332
Presently drinking alcohol 231 48.94 214 45.34 195 41.4 182 38.48 0.007
Diabetes 72 15.2 84 18.0 90 19.27 109 23.24 0.016
Prevalent CVEs 25 5.26 36 7.59 43 9.07 66 13.92 <0.001
Prevalent AF 6 1.26 17 3.60 12 255 39 8.32 <0.001
NT-proBNP, In (pg/ml) 3.959 0.96 4.103 0.96 4.34 0.96 4.591 1.11 0.002
Sleep duration (min) 365.6 83.0 366.8 745 364.7 78.7 352.4 77.35 0.015
Sleep maintenance efficiency (%) 81.74 11.79 80.54 12.0 80.0 11.74 78.26 13.0 <0.001
% REM 18.5 6.45 18.3 6.63 18.2 6.41 17.5 6.65 0.089
% SWS 10.5 8.91 10.2 9.09 10.4 8.92 9.86 9.27 0.759
% time SpO2 < 90%, In 0.811 0.89 0.809 0.966 0.849 0.96 0.977 1.141 0.029
AHI, In (%) 3.009 0.85 2.828 0.879 2.852 0.863 2.824 0.869 0.878
OD, In (%) 2.83 0.93 2.67 0.963 2.681 0.944 2.678 0.95 0.930
CASI (exam 5) 89.42 7.581 89.0 7.90 88.23 7.878 86.25 8.578 <0.001
Digit symbol coding (exam 5) 56.26 1714 53.84 18.65 52.08 18.62 46.79 18.12 <0.001
Digit span forward (exam 5) 9.865 2.761 9.609 2.838 9.669 2.841 9.555 2.833 0.354
Digit span backward (exam 5) 5.951 2.50 5.706 2.424 5.618 2.368 5.30 2.368 <0.001
CASI (exam 6) 91.28 718 90.75 6.372 90.05 7.569 87.11 9.576 <0.001
Digit symbol coding (exam 6) 66.66 17.3 53.0 18.21 49.4 17.75 45.52 17.64 <0.001
Digit span forward (exam 6) 9.863 2.65 9.524 2.734 9.50 2.70 9.22 2.556 0.058
Digit span backward (exam 6) 5.993 2.37 5.60 2.363 5.564 2.188 5.179 2.057 0.001
A CASI 0.863 5.92 0.325 5.516 —0.07 6.493 —0.73 8.274 0.057
A Digit symbol coding —3.85 1.7 —3.56 10.78 —6.59 13.0 —6.68 10.74 0.004
A Digit span forward —0.26 210 -0.19 2.257 —0.55 2.279 —0.69 2.40 0.043
A Digit span backward —0.24 2.03 -0.19 2174 —0.34 1.776 —0.40 210 0.661

Values shown are mean and standard deviation for continuous variables and number and percentage of participants for categorical variables. The p values in bold are <
0.05.

AF, atrial fibrillation; AHI, apnea-hypopnea index; CASI, the Cognitive Abilities Screening Instrument score; CESD, Center for Epidemiological Studies Depression scale;
CVE, cardiovascular event; HDL, high-density lipoprotein; HRF, heart rate fragmentation; MET, metabolic equivalent of task; ODI, oxygen desaturation index; NT-proBNF,
N-terminal prohormone B-type natriuretic peptide; PNNSS, percentage of NN intervals in short (<3) accelerative/decelerative segments; REM, rapid eye movement;
SpO», pulse oximeter oxygen saturation;, SWS, slow wave sleep.





OPS/images/fnagi-13-708130/fnagi-13-708130-t001.jpg
Values at Exam 5

Variables Subgroup A Subgroup B
MESA-Sleep Cohort With CASI at exam 6 Without CASI at exam 6
N =1,897 N =998 N =899
Age (year) 67 [60-75] 66 [60-73] 69 [61-77]
Male 874 (46.1) 455 (45.6) 419 (46.6)
Race/ethnicity:
White 685 (36.1) 395 (39.6) 290 (32.9)
Chinese-American 235 (12.4) 120 (12.0) 116 (12.8)
African-American 526 27.7) 305 (30.6) 221 (24.6)
Hispanic 451 (23.8) 178 (17.8) 273 (30.4)
Education:
High school or less 571 (30.2) 238 (23.9) 333 37.0)
Some college 458 (24.2) 252 (25.4) 206 (22.9)
Bachelor degree or higher 864 (45.6) 504 (50.7) 360 (40.0)
Gross household income > 50K 866 (46.9) 529 (54.0) 337 (38.9)
Gross household income > 75K 542 (29.4) 337 (34.4) 205 (23.7)
Systolic blood pressure (mmHg) 120 [109-135] 119 [108-133] 121 [110-136]
Anti-hypertensive medication 983 (51.8) 486 (48.7) 497 (65.3)
Beta blockers 307 (16.2) 142 (14.2) 165 (18.4)
Body mass index (Kg/m?) 27.8 [24.7-31.8] 27.8 [24.7-31.7] 27.9 [24.6-31.9]
Total cholesterol (mg/dl) 183 [169-208] 184 [169-210] 183 [168-206]
HDL (mg/dl) 53 [44-64] 53 [45-64] 53 [43-63]
Lipid lowering medication 689 (36.3) 341 (34.2) 348 (38.7)
Physical activity, In (MET-min/wk) 3690 [1770-7185] 4011 [2033-7710] 3368 [1470-6495]
Depression, CESD > 16 262 (14.2) 123 (12.5) 142 (16.2)
Anti-depression medication 260 (13.9) 142 (14.4) 118 (13.4)
Smoking: current 124 (6.57) 59 (5.94) 61 (7.31)
Pack-years of cigarette smoking, In 0 [0-2.59] 0 [0-2.51] 0 [0-2.64]
Presently drinking alcohol 822 (43.5) 478 (48.1) 344 (38.5)
Diabetes mellitus 355 (18.9) 162 (16.4) 193 (21.8)
Prevalent CVEs 170 (9.0) 77 (7.7) 93 (10.9)
History of AF 74 3.9 34 (3.4 40 (4.5)
NT-proBNP (pg/ml) 67.53 [34.1-133] 60.07 [30.4-119] 79.82 [38.9-159]
Sleep duration (min) 370 [314-416] 370 [317-416] 370 [310-416]
Sleep maintenance efficiency (%) 82.7 [74.2-89.3] 83 [75.5-89.9] 81 [72.9-88.7]
% REM 18.4 [14.0-22.5] 18 [14.1-22.8] 18 [13.7-22.2]
% SWS 8.4 [2.3-15.8] 8 [2.4-15.8] 8 [2.0-15.8]
% time SpO2 < 90% 0.59 [0.04-3.09] 0.47 [0.03-2.05] 0.75 [0.05-3.76]
AHI, In (%) 2.94 [2.33-3.52] 2.89 [2.28-3.44] 3.05 [2.42-3.58]
oD, In (%) 2.81 [2.11-3.42] 2.73 [2.06-3.37] 2.93 [2.13-3.48]
CASI 89 [83-94] 91 [85-95] 87 [81-93]
Digit symbol coding 52 [40-65] 56 [45-68] 48 [34-61]
Digit span forward 9 [8-12] 10 [8-12] 9 [7-11]
Digit span backward 5 [4-7] 6 [4-7] 8 [4-7]
PIP (%) 58.2 [63.6-63.3] 57.0 [62.7-62.4] 59.3 [64.7-64.4]
PNNSS (%) 66.3 [66.2-76.0] 64.5 [64.3-74.8] 68.0 [68.5-77.5]
PNNLS (%) 30.6 [21.7-39.7] 32.3 [23.2-41.4] 29.0 [20.4-37.8]
AVNN (ms) 942 [861-1033] 943 [862-1031] 940 [860-1034]
rMSSD, In (ms) 28.6 [20.5-42.0] 28.6 [20.9-41.8] 28.6 [19.9-42.2]
SDNN, In (ms) 46.3 [35.0-61.2] 46.4 [35.5-62.0] 46.3 [34.3-60.8]
HF, In (ms?) 372 [193-737] 378 [197-726] 365 [189-764]

Values shown are median [1st — 3rd quartiles] for continuous variables and number of participants (%) for categorical variables.

AF, atrial fibrillation; AHI, apnea-hypopnea index; AVNN, average value of NN intervals; CASI, the Cognitive Abilities Screening Instrument score; CESD, Center for
Epidemiological Studies Depression scale; CVE, cardiovascular event; HDL, High-density lipoprotein; HF, high-frequency, the total spectral power of all NN intervals
between 0.15 and 0.40 Hz; MESA, Multi-Ethnic Study of Atherosclerosis; MET, metabolic equivalent of task; ODI, oxygen desaturation index; PIP, percentage of inflection
points; PNNLS, percentage of NN intervals in long (>3) accelerative/decelerative segments; PNNSS, percentage of NN intervals in short (<3) accelerative/decelerative
segments; REM, rapid eye movement; NT-proBNR N-terminal prohormone B-type natriuretic peptide; rMSSD, root mean square of successive NN interval differences;

SDNN, standard deviation of the NN intervals; SpO», pulse oximeter oxygen saturation;, SWS, slow wave sleep.
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Variables Subjects, N

Residual-based CR

CR (continuous) 419
CR tertile

Lowest tertile 138
Middle tertile 139
Highest tertile 142
Activity-based CR

CR (continuous) 419
CR tertile

Lowest tertile 141
Middle tertile 139
Highest tertile 139

Cases, N

43

24

13

43

21

15
4

Model estimates

Age and sex adjusted

Hazard ratio

0.43

Referent
0.562*
0.00%wx

0.76™

Referent

0.72
0.42~

[95% Cl]

0.3, 0.61

0.26,1.03

0.09, 0.54

0.58, 0.99

0.37,1.43
0.17,1.01

Additionally adjusted
for brain-integrity index

Hazard ratio

0.46"

0.57

0.23*

0.71
0.48

[95% Cl]

0.38, 0.66

0.29, 1.15

0.09, 0.58

0.62,1.05

0.37, 1.39
0.2, 1.16

Cox PH models with age- and sex adjustment, as well as with additional adjustment for brain-integrity index (a latent factor incorporating six neuroimaging measures).
Abbreviations: ClI, confidence interval; CR, cognitive reserve.
*P < 0.1, **P < 0.05; ***P < 0.01; ****P < 0.001, two-tailed.
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Variables Model estimates

Residual-based CR Activity-based CR
B [95% Cl] B [95% Cl]
CR (continuous) x brain-integrity index x time —-0.011* -0.022, -0.001 —-0.001 -0.009, 0.007
CR tertile x brain-integrity index x time
Lowest tertile x brain-integrity index x time Referent
Middle tertile x brain-integrity index x time —0.012 —-0.035, 0.01 0.004 -0.019, 0.027
Highest tertile x brain-integrity index x time —0.021* —-0.043, 0.001 0.001 -0.023, 0.025

Estimates come from separate linear mixed models.

Dependent variable: composite cognitive performance over 12 years computed as the average of the z-scores of four cognitive domains: perceptual speed, semantic
memory, category fluency, and letter fluency.

Episodic memory, which was used to derive the residual-based CR measure, was excluded from the composite cognitive score to avoid circularity.

The models were adjusted for age, sex, time, and brain-integrity index (a latent factor incorporating six neuroimaging measures).

Abbreviations: ClI, confidence interval; CR, cognitive reserve.

*P < 0.1, **P < 0.05; ***P < 0.01; ****P < 0.001, two-tailed.
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Relationship Point estimate  Product of coefficient Bootstrapping

Bias-corrected 95% percentile

SE z Lower Upper p  Lower Upper p
Total effects
Cognition —Affective symptoms 028 0.08 -3.71 047 016 <001" -045 -0.15 <001"
Cognition — Psychosis symptoms -022 0.06 -391 -084 -012 <001 -033 -011 <001"
Cognition — Odor identification 033 0.07 4.87 021 047 <001” 021 047 <001"
Affective symptoms — Odor identification -0.26 0.08 -3.10 -041 =010 <001" -039 -008 <001
Psychosis symptoms — Odor identification -0.34 0.19 -1.82 -072 -002 <001" -069 -001 <001"
Direct effects
Cognition — Affective symptoms -0.28 0.08 -3.71 -047 016 <001" -045 -015 <001"
Cognition  Psychosis symptoms -022 0.06 -391 -034 -012 <001 -033 -011 <001
Cognition — Odor identification 0.19 008 247 004 085 001 004 036 001
Affective symptoms — Odor identification -026 0.08 -3.10 -041 -010 <001 -039 -008 001"
Psychosis symptoms — Odor identification -034 0.19 -1.82 -072 -002 003 -001 004"
Indirect effects
Cognition — Odor identification 0.14 0.05 2.71 007 028 <001" 005 026 <001"
Special indirect effects
Cognition — Affective symptoms — Odor identification 0.07 0.03 2.38 003 014 <001" 0.02 043 001"
Cognition — Psychosis symptoms — Odor identification 007 0.04 1.64 001 020 002 000 017 004
Different of Special indirect effects 000 0.05 0.06 -010 011 094 -010 011 094

Standardized estimation of 10,000 bootstrap samples. SE, standard error. p, two-tailed significance.
* <0.05, ** <0.01.
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Name of fiber tract bundles

Connected region 1

Connected region 2

LAF
RAF

LIFOF

R IFOF

LSLF Il

R SLF Il

LUF

R UF

CC of VLPFC

CC of SMA

CC of superior temporal gyrus
CC of splenium

CC of genu

CC of inferior parietal lobule

L inferior frontal gyrus opercular part
R inferior frontal gyrus opercular part

L orbitofrontal gyrus

R orbitofrontal gyrus

L inferior frontal gyrus opercular part

Rinferior frontal gyrus opercular part

L orbitofrontal gyrus

R orbitofrontal gyrus

L inferior frontal gyrus + part of middle frontal gyrus
L supplementary motor areas

L superior temporal gyrus

L occipital lobe

L orbitofrontal gyrus

L inferior parietal lobules

L superior temporal gyrus
R superior temporal gyrus

Occipital lobe

Occipital lobe

L angular gyrus

R anguiar gyrus

L superior temporal pole

R superior temporal pole

R inferior frontal gyrus + part of middle frontal gyrus
R supplementary motor areas

R superior temporal gyrus

R occipital lobe

R orbitofrontal gyrus

R inferior parietal lobules

Abbreviations: AF. arcuate fasciculus; CC, corpus callosum; IFOF, inferior frontal-occipital fasciculus; L, left; R, right; SLF, superior longitudinal fasciculus; SMA, supplementary motor
area; UE uncinate fasciculus; VLPFC, ventrolateral prefrontal cortex.
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Measures

ACC

RT

Chronological Age
Baselne

Phonological

Semantic

Unrelated

PAD—Whole Brain

Baselne

Phonological

Semantic

Unrelated

PAD —Language Network
Baselne

Phonological

Semantic

Unrelated

PAD —Non-Language Regions
Baselne

Phonological

Semantic

Unrelated

r=-0546
r=-0.397
r=-0452
r=-0.408
r=-0.236
r=-0.200
r=-0.071
r=-0.101
r=-0.285
r=-04178
r=-0.116
r=-0427
r=-0.208
r=-0.146
r=-0.055
r=-0048

p <0.001*
p < 0.001*
p <0.001*
p <0.001+

p < 0.008*
p<0.018*
p <0401

p <0234

p <0.001*
p <0.035*
p <0471
p<0.135

p <0016t
p<0.085
p <0516
p <0573

-0.016

p < 0001*
p < 0001*
p < 0001*
p <0004

p <0827
p <0915
p <0514
p <0875

p <0818
p <0242
p <0227
p <0830

p <0874
p <0921
p <0775
p <0847

Note: The partial corrslation approach was adopted to examine the associations of PAD measures with the cognitive indices (ACC and RT) whie chronological age and education
factors were controlled. Only education factor was cortrolled when estimating correlations of chronological age with cognitive indices. ACC, accuracy; AT, response time; PAD,

oredicied age difference;

marginal correlation, p < 0.05;

significant correlation, p < 0.0125 (adjusting for multiple comparison).
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ACC Baseline Phonological Semantic Unrelated
Baseline 1.000 0.737 0.678 0.626
Phonological 0.737 1.000 0.568 0.512
Semantic 0.678 0.568 1.000 0.453
Unrelated 0.626 0.512 0.453 1.000
RT

Baseline 1.000 0.579 0.605 0.636
Phonological 0.579 1.000 0.642 0.553
Semantic 0.605 0.642 1.000 0.674
Unrelated 0.636 0.553 0.674 1.000

Priming effect
ACC
Phonological—Unrelated
Serantic—Unrelated
RT
Phonological—Unrelated
Semantic—Unrelated

Phonological —unrelated

1.000
0.670

1.000
0.605

Semantic—Unrelated

0.670
1.000

0.605
1.000

Nole: ape dnd ediication as covaritos. Al p-ialies. <0.001. ACE, acoiracy: 8T response e,
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ACC Primed condition Unrelated condition P-value Cohen’s d
Phonological 0.907 (0.078) 0876 (0.004) p=0.000 0355
Serantic 0.886 (0.083) 0876 (0.094) p=0470 0109
RT

Phonological 7891 (96.2) 808.8 (97.8) 1(141) = —2.90 p=0.004 —0.208
Semantic 790.0 (92.4) 808.8 (97.8) t(141)= -3.26 p=0.001 —0497

Note: ACC, accuracy; AT, response time.
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Training group Test group Target group One-way ANOVA
Subject number 364 110 142
Age mean (SD) 54.18 (18.28) 54.55 (18.61) 54.23 (18.84) F=0017,p=0988
Gender (WF) 51.10/48.90 49.09/50.91 46.48/53.22
Education years (WF) 14.60/14.22 15.24/13.98 14.42/15.04 F=0.389,p = 0678
Baseline accuracy (%)

range 50-94 51-92 5393

Mean (SD) 78(9) 78(8) 79(8) F=0578,p=0561
Baseline RT (millsecond)

range 546-1138 643-1175 610-1056

Mean (SD) 817.87 (81.24) 819.65 (86.45) 809.35 (92.01) F=1211,p=0299
Phonclogical primary accuracy (%)

range 53-100 60100 63100

Mean (SD) 90 (9) 20(9) 91(®) F=0240,p=0.712
Phonological priming RT (millsecond)
range 510-1164 541.5-1143 584-1160.5

Mean (SD) 803.25 (87.79) 788.41 (91.94) 789.12 (96.17) F=0291,p=0.748
Sernantic priming accuracy (%)

range 48-100 83-100 55-100

Mean (SD) 87 (9) 85 (18) 89(8) F=1.113,p=0.329
Sernantic priming RT (rillsecond)

range 523-1,288 625-1,063 576.5-1,139

Mean (SD) 785.08 (90.11) 763.18 (169.87) 790.04 (92.48) F=0012,p=0988

Note: BT, response time.
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MMSE MoCA Memory Executive function Speed and motor control

B (95% CI) P B (95% CI) P B (95% CI) P B (95% CI) P B (95% CI) P

Model 1 -0.21 (-0.90, -0.20) 0.002* -0.19(-0.99,-0.19) 0.004* -0.16 (-0.17,-0.01) 0.021* -0.28 (-0.20,-0.08) <0.001* -0.18 (-0.19, -0.04) 0.004*
Model 2 -0.21(-0.91,-0.21) 0.002* -0.20(-1.00,-0.19) 0.004* -0.17 (-0.18,-0.02) 0.012* -0.28 (-0.20,-0.08) <0.001* -0.19 (-0.20, -0.04) 0.004*

CSVD, cerebral small vessel disease; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; 95% CI, 95% confidence interval.
Model 1, adjusted for age, sex, and years of education.

Model 2, model 1 + brain atrophy, perivascular space in the hippocampus and perivascular space in the centrum semiovale.

*0 < 0.05.
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S0 S1 s2 83 S4 S5 S6 Sample

oD 0.214 0.235 0.293 0.367 0.439 0517 1.6524 0.337
ng/mi 0.000 0.156 0.312 0.625 1.250 2.500 5.000 0.465

S0-S6: Serially diluted standard samples.
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Method

SVM non-linear Platt, 1999

SVM linear Platt, 1999

Gaussian Naive Bayes John and Langley, 2013

Extra-trees classifier Geurts et al., 2006

Bagging meta-estimator Louppe and Geurts, 2012

Random Forest Breiman, 2001

Multi-layer Perceptron Glorot and Bengio, 2010

The largest AUC value for each dataset is marked in bold.

Class

Young
Older
Young
Older
Young
Older
Young
Older
Young
Older
Young
Older
Young
Older

Sens.

0.66
07
0.69
0.66
071
0.64
073
0.61
0.65
071
0.74
0.59
0.97
0.86

Performance metrics

POBA dataset
Spec. BAC
7
N 068
0.66
066 0675
0.69
. 0675
071
0561 067
073
071 _
055
i 0675
074
086 0915
097

Auc

0.7442

0.7724

07121

0.7471

0.7246

0.7202

0.9382

Sens.

0.92
0.87
0.86
0.91
0.88
0.83
093

09
0.94
0.89

09
0.87
0.95
0.98

SSCT dataset

Spec. BAC

087
0.895

092

091
0.885

086

083
0855

088
09 0915

093
089 0915

094

087
0.885

09
098 0965

095

AuC

0.9907

0.9762

0.9429

0.9854

0.9962

0.9676

0.9927
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st Total Female Male ors
ny =103 ng = 56(54.37%) ng = 47(45.63%)

1/ Processing_speed 003 0.02-0.08] 0084001 003001 0.1049
Adolescent 002 0.02-0.02) 0.02.+0.0 002+ 0.0 0.334
Young adults 002 0.02-0.02) 00200 002 0.01 0079
Midife aults 003 0.02-0.05] 004 0,02 008 0.01 00513
Older adults 0.03 [0.02-0.04) 0.03 £0.01 0.03 £ 0.01 0.4537

SSCT_TIME 142.93 81.5-1780] 151.46 £ 92.75 182,77 75.36 02301
Adolescent 84.24 [70.0-95.0] 84.08 +20.63 84.38 £ 23.92 05
Young adults 82.2 (69.0-95.0) 86.27 +£21.76 76.1 +£20.91 0.1728
Midife acults 176,89 [184.75-201.5] 198.36 + 75.35 155.43 + 37.88 0.0805
Older adults 224.32 [150.0-269.0] 226.8 + 10194 2206+ 93.9 0.423

SSCT_ERROR 352 0.0-6.0] 391897 3.06+8.4 0.1537
Adolescent 1.32 [0.0-3.0] 147 £1.52 146 +1.45 03502
Young adults 1.88 0.0-8.0] 227 +2.86 1819 02267
Midife acults 379 [0.0-6.0] 479£355 279=262 <0.0488
Older adults 7.08 [40-11.0 693+ 4.31 73£872 05

SSCT_IES 169.79 84.35-213.08] 183.60 & 141.44 153,23 = 105.97 0.1983
Adolescent 87.74 [70.0-101.25) 87.39 +22.75 88,07 + 25,07 0.4459
Young adults 87.36 [70.0-105.6) 92.41 £22.73 79.77 £24.2 0.106
Midiife adults 204.27 [144.0-232.29] 237.29 +108.98 171.24 + 48.94 <0.0468
Older adults 295.66 [186.21-367.5] 301.99 + 173.92 286.17 = 137.78 0.4014

SSCT_Conflict_ 16 0.0-3.0] 162182 157 £201 0.3547

resolution
Adolescent 052 0.0-1.0] 042076 062074 0.2035
Young adults 096 00-1.0) 1134159 07119 0.3008
Midife acults 1.68 0.0-3.0] 20£16 136+ 1.63 0.1524
Older adults 324 (1.0-5.0 2.73+£205 40228 0.008
SSCT_Conflict_ 066 0.0-1.0] 073 +0.81 057 % 0.76 0.1575
adaptation
Adolescent 0.36 [0.0-1.0 0.33 +£0.62 0.38 +0.49 0.3084
Young adults 02 0.0-0.0] 027 +0.44 01203 0.1685
Midife adults 064 0.0-1.0] 086+ 0.74 043073 0.0548
Older adults 1.44 [1.0-2.0] 1.4£08 1.6+ 0.67 0.4371

SSCTLS 091 0.0-2.0] 1.05£1.16 074091 0.1106
Adolescent 04 0.0-1.0] 0.42 +0.64 038062 0.4604
Young adults 06 [0.0-1.0] 073410 0.4+066 02136
Midife aults 093 0.0-2.0] 1.07 £096 079094 02107
Older adults 1.72 [1.0-3.0] 1.87 £1.31 154092 0.1632

SSCT_Updating 031 0.0-0.0] 041077 0.19 % 0.49 0.0644
Adolescent 004 0.0-0.0] 00£00 008027 0.1892
Young adults 042 0.0-0.0 0.13+0.34 01+03 0.4219
Midife aults 039 0.0-0.25) 052073 02907 0.1444
Older adults 068 0.0-1.0] 093+ 1.06 03+ 046 00772

TMT_BA_TIME 56.46 [835-75.5) 56,04 + 2001 56.96 + 35.51 04148
Adolescent 45.24 83.0-58.0] 47.47 +£13.89 43.46 + 18.16 03315
Young adults 40.76 [24.0-52.0) 402 %189 416+ 11.28 03488
Midife acults 60.79 [43.75-86.5] 63.79 +82.27 57.79.+89.11 02675
Older adults 7852 (68.0-107.0) 7173 +82.3 83.7 + 4181 00785

s 4651 [29.5-58.75] 49.38 +28.23 43.11 £ 2419 00717
Adolescent 203 [17.5-44.0) 29.96 + 12.18 28.60 = 18.97 0.4352
Young adults 40.42 [245-51.0) 46.73 £19.2 30.95 + 13.91 <0.0132
Midife acults 5357 [42.75-63.88) 54.07 + 1895 53.07 £28.11 03312
Older adults 61.92 46.0-76.5) 63.17 +25.94 60.05 +22.31 0.4889

1/DIGIT_SPAN_FWBW 006 005-0.07) 006 0,01 0.06 0,01 0.1264
Adolescent 0.06 [0.05-0.06] 0.06 +0.01 0.06 +0.01 0.4649
Young adults 005 0.04-0.06] 005 0,01 0.050.01 00616
Midife adults 006 0.06-0.07) 007 +0.01 0.06 0.01 0.1368
Older adults 006 005-0.07) 006 40,01 0.06 0,01 0.4096

The significant differences between cohorts are marked in bold.
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A cross-gender comparison

SVMR

in females vs.

CVMR

in females vs.

AST

in females vs.

IRT

in females vs.

RMO

in females vs.

MMS

in females vs.

sscT

in females vs.

males

males

males

males

males

males

males

TMT_BA_TIME

IS

1/DIGIT_SPAN_FWBW
1/Processing_speed

Mean
Variance

Mean

Variance

Mean

Variance

Mean

Variance

Mean

Variance

1/WDL

1/WDR

AC

TIME

ERROR

IES

Confict resolution
Conflict adaptation
Updating

s

A comparison of the intercepts

Estimate % Std.Error

-5.5398 £ 17.0873
-9.8609 + 13.8649
-14.48187 + 22.57078
42,6654 + 21.431
2.8263+17.6758
7.6835 + 15.3078
-24.2166 £ 21.2315
7.51771 £ 18.87285
-0.04731 + 22.90908
-14.3708 + 28.6184
-0.0074758 + 0.0103231
-0.0044287 =+ 0.0074259
-0.012251 + -0.012251
-0.9656 + 28.6265
-0.501656 + 1.382164
5.3695 + 43.5334
-0.67041 £ 0.73378
-0.079453 + 0.307563
0.313096 =+ 0.2566
-0.056327 + 0.426148
-6.1996 + 13.2474
-13.6758 + 9.5060
-4.820e-03 =+ 5.060e-03
-8.548e-04 + 4.835¢-03

The significant differences between intercepts and between slopes are marked in bold.

p-value

0.746
0.478
0.5218
0.0477
0.873
0616202
0.26524
0.6908
0.998
0.616047
0.46970
05515
0.8198
0.973
0.67
0.902
0.363
0.797
0.2566
0.895
0.640824
0.15640
0.3432
0.86

A comparison of the slopes

Estimate + Std.Error

-0.0740 £ 0.3739
0.1805 + 0.3038
0.04636 + 0.49450
-1.0625 + 0.4695
-0.3607+0.3873
-0.4315 + 0.3354
0.1578 + 0.4652
-0.03684 + 0.41348
0.22319 £ 0.50191
-0.2828 + 0.6270
0.0003275 + 0.0002262
-0.0002823 =+ 0.0001627
-0.001863 £0.001177
-0.3570 & 0.6342
-0.003264 + 0.030619
-0.7681 & 0.9644
0.01670 £ 0.01626
-0.001345 + 0.006813
-0.012768 + 0.006079
-0.005542 + 0.009440
0.1950 + 0.2935
0.1958 + 0.2106
4.676e-05 £ 1.121e-04
-6.251e-05 + 1.071e-04

p-value

0.843
0.653
0.9254
0.02459
0.353
0.199539
0.73476
0.9291
0.657
0.652444
0.14892
0.0840
0.1148
0575
0915
0.428
0.307
0844
0.0382
0558
0.607837
0.35477
0.6775
0.661
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Method Class

Young
Older
Young
Older
Young
Older
Young
Older

Simple K-Means Arthur and Vassilvitskii, 2006

Ganopy McCallum et al,, 2000

Expectation maximization Dempster et al., 1977

GenClus++ Islam et al., 2018

y

90
64
87
57
82
50
87
50

Al features.

POBA dataset
o A %
. 62.77
55
I 64.50
62
X 65.37
69
o 67.53
69

y

45
19
36
15
40
21
48
21

SSCT dataset
5 A%
° ze70
3
14

7184
38
1
° 7m0
32
2 7787
32

y

88
57
89
62
83
48
87
48

* Rows correspond to clusters; whereas columns correspond to values predicted by clustering method.
7,6 - number of predicted subjects belonging to the group young and old groups respectively.
A - the accuracy of correctly-predicted instances using the confusion matrix (see section 3.4).
The largest accuracy value for each datasets is marked in bold.

Selected features

POBA dataset

o A %
24

64.94
62
2 63.2
57
9 66.67
kel
- 68.40
kel

49
21

14
49
17
49
17

'SSCT dataset
o A%
1
78.64
32
° 84.41
39
1
84.47
36
1
82.52
36
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Attribute

AST_mean
IRT_mean
SVMR_mean
CVMR_mean
RMO_mean
TRVI

DMT
WDL_MMS
WDR_MMS
AC

POBA dataset
Cognitive and neuropsychological features

Attention, information processing
Attention, information processing

Information processing

Cognitive flexibilty (switching), Information processing
Neuropsychological stability

Attention

Information processing

Muscle strength

Muscle strength

Functional asymmetry

Attribute

SSCT_TIME
SSCT_IES
Processing_speed
TMT_BA_TIME
SSCT_ERROR

1S
SSCT_Confliot_adaptation
SSCT_Confliot_resolution
DIGIT_SPAN_FWBW
SSCTLS
SSCT_Updating

SSCT dataset

Cognitive and neuropsychological features

Information processing
Updating, information processing
Information processing

Cognitive flexibilty, Information processing
Accuracy

Information processing

Switching, inhi
Swiitching, inhibition
Working memory updating
Switching, inhibition
Working memory updating






OPS/images/fnagi-13-661514/fnagi-13-661514-t001.jpg
Feature

Gender
oMT
SVMR_mean
CVMR_mean
AST_mean
IRT_mean
TRVI
RMO_mean
WOL_MMS
AC

AGE

SVMR_mean CVMR_mean

r pwalie  r  pevalue

0.095473 0.148039 0.122524 0.063012
-0.000722 0.991298 0671566 <0.000001
1.000000 <0.000001 0.740460 <0.000001
0.740460 <0.000001 1.000000 <0.000001
0626474 <0.000001 0.602201 <0.000001
0.716737 <0.000001 0.664766 <0.000001
0275004 0.000022 0.230098 0.000001
-0.009266 0.888610 0.053350 0.419648
-0.441085 <0.000001 -0.296128 0.000005
0.110957 0.092481 0.118208 0.072048
0.137067 0.037363 0.238431 0.000255

DMT AST_mean IRT_mean TRVI

v pwalue  r  pwvalue  r  pwalue  r  pvalue

0077047 0243452 0.158165 0.016128 0.180011 0.006078 0.068097 0.302743
1.000000 <0.000001 0.205353 0.001703 0.198933 0002385 0.039182 0553503
0000722 0991298 0626474 <0.000001 0.716737 <0.000001 0.275004 0.000022
0671566 <0.000001 0.602201 <0.000001 0.664766 <0.000001 0.230098 0.000422
0205353 0.001703 1.000000 <0.000001 0.717224 <0.000001 -0.165172 0.011934
0.198933 0.002385 0.717224 <0.000001 1.000000 <0.000001 0.568806 <0.000001
0.039182 0553503 -0.165172 0.011934 0.568806 <0.000001 1.000000 <0.000001
0.089593 0.174768 0.025443 0.700491 0.009808 0.882141 -0.016148 0.807138
0.045665 0.489790 -0.425372 <0.000001 -0.444672 <0.000001 -0.127299 0.053341
0053556 0417856 0.137768 <0.000001 0.105885 0.108472 -0.012742 0.847255
0203648 0.001864 0.367574 <0.000001 0.361181 <0.000001 0.077349 0.241606

The significant associations between features are marked in bold.

RMO_mean

r pevalue

-0.045266 0493598
0.089593 0174768
-0.009266 0888610
0.053350 0.419648
0.025443 0.700491

0.009808 0.882141

-0.016148 0807138
1.000000 <0.000001
0.075441 0.253450
0.052588 0.426334
0.040866 0.536581

Ac WDL_MMS AGE

r pwalie  r  pvale  r

0.167460 0.010791 -0.482428 <0.000001 0.201525
0.053556 0.417856 0.045665 0.489790 0.203648
0.110957 0.092481 -0.441085 <0.000001 0.137067
0.118208 0.072048 -0.296128 0.000005 0.238431
0.137768 0.036392 -0.425372 <0.000001 0.367574
0.105885 0108472 -0.444672 <0.000001 0.361181
-0.012742 0847255 -0.127299 0053341 0077349
0.052588 0.426334 0.075441 0.253450 0.040866
-0.458617 <0.000001 1.000000 <0.000001 0.106160
1.000000 <0.000001 -0.458617 <0.000001 -0.218289
0218289 0.000838 0.106160 0.107552 1.000000

p-value

0002084
0001864
0037363
0.000255
<0.000001
<0.000001
0241606
0536581
0107552
0000838
<0.000001
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Processing_ speed  SSCT.TIME  Conflict resolution Conflict adaptation ~ SSCT_LS SCCT_Updating  TMT_BA_TIME Is
Feature
r  pvalie  r  pvaue r  pvalee r  pvaue  r  pvale r  pvalue  r  pvaue  r  p-value
Processing_ speed 1.000000 < 0.000001 -0.760452 < 0.000001-0.562762 < 0.000001 -0.569408 < 0,000001-0.567443 < 0.000001-0.416929 0.000012 -0.308709 0.001510 -0.347707 0.000320
SSCT_TIME -0.760452 < 0.000001 1.000000 < 0.000001 0.597524 < 0.000001 0.611631 < 0.000001 0.538556 < 0.000001 0585301 < 0.000001 0.406676 0.000020 0.343364 0.000384
SSCT_ERROR  -0.651959 < 0.000001 0697348 < 0.000001 0.904227 < 0.000001 0.832309 < 0.000001 0.836126 < 0.000001 0.605417 < 0.000001 0.448494 0.000002 0.391254 0.000044
SSCT_IES -0.738842 < 0.000001 0.985101 < 0.000001 0.667223 < 0.000001 0.662397 < 0.000001 0.600535 < 0.000001 0.643902 < 0.000001 0.442140 0.000003 0.349678 0.000294

SSCT Confict  -0.562762 < 0.000001 0.597524 < 0.000001 1.000000 < 0.000001 0.704722 < 0.000001 0.644165 < 0.000001 0.371008 0.000114 0.456961 0.000001 0.378832
resolution

SSCT_Confict  -0.569408 < 0.000001 0611631 < 0.000001 0.704722 < 0.000001 1.000000 < 0.000001 0.608635 < 0.000001 0454229 0.000001 0387844 0.000052 0.355932
adaptation

SSCTIS -0.567443 < 0.000001 0.538556 < 0.000001 0.644165 < 0.000001 0.608535 < 0.000001 1.000000 < 0.000001 0.516613 < 0.000001 0.254225 0.009561 0.245022
SCCT_Updating ~ -0.416929 0.000012 0.588301 < 0.000001 0.371008 0.000114 0.454229 0.000001 0.516613 <0.000001 1.000000 < 0000001 0.318142 0.001057 0.304634

0.000079

0.000224

0012613
0.001756

DIGIT_SPAN_FWBW AGE

r pvale  r  pwalue

0541204 < 0.000001-0.641117 < 0.000001
0515086 < 0.000001 0662432 < 0000001
-0.457402 0.000001 0.591469 < 0.000001
-0.507645 < 0.000001 0.660753 < 0000001
-0.409567 0.000017 0.543748 < 0.000001

0417635 0.000011 0.536724 < 0000001

0337418 0.000491 0.471337 0.000001
0351070 0.000277 0.385386 0.000058

TMT_BA_TIME  -0.308709 0.001510 0.406676 0.000020 0.456961 0.000001 0.387844 0.000052 0.254225 0.009561 0.318142 0.001057 1.000000 < 0.000001 0.269438 0.005919 -0.253960 0.009638 0.442843 0.000003
IS -0.347707 0.000320 0343364 0.000334 0.378832 0.000079 0355932 0.000224 0245022 0012613 0.304634 0.001756 0.269438 0.005919 1.000000 < 0.000001-0.262351 0.007425 0.483265 < 0.000001
DIGIT_SPAN 0.541204 < 0.000001 -0.515086 < 0.000001-0.409567 0.000017 -0.417635 0.000011 -0.337418 0.000491 -0.351070 0.000277 -0.253960 0.009638 -0.262351 0.007425 1.000000 < 0.000001-0.352941 0.000256
_FWBW

AGE -0.641117 < 0.000001 0.682432 < 0.000001 0.543748 < 0.000001 0.536724 < 0.000001 0.471337 0,000001 0.335385 0.000058 0.442843 0.000003 0.483265 < 0.000001-0.352941 0.000256 1.000000 < 0.000001

The significant associations between features are marked in bold.
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Total Female Male

Test Pi-z
ny =231 n = 134 (58.01%) g = 07 (41.99%)

SVMR_mean 260.51 [219.63-285.83] 265.33 £ 57.56 253.84 + 6131 <0.0147
Adolescent 282,08 287.52-307.52] 290.9 + 82.47 276.23 £ 615 0.433
Young adults 221,03 [201.72-235.03] 224.4+ 2596 216,69+ 318 <0.0454
Midife adult 250.76 [224.22-275.98] 269.65 + 5034 244.34 + 50.48 <0.0041
Older adults 288.52 [254.25-304.47] 285.83 + 50.36 295.71 + 6131 0.3423

SVMR_variance 69.88 [41.09-80.62) 7082 % 47.22 68,57 +48.48 03557
Adolescent 89.01 48.0-90.89) 100.08 82,66 81.75 + 65.55 0392
Young adults 49.41 [32.32-68.76) 49.26 +21.14 496+239 03855
Midife adut 67.69 (44.72-82.09) 715+ 86.82 61.76 +85.31 0.1447
Older adults 7954 54.32-99.51) 75.68 & 40.62 89.85 + 47.01 00914

CVMR_mean 360.77 807.45-395.57] 369.13 +81.17 349.22 774 <0.0259
Adolescent 360.8 [291.42-392.68] 375.00 + 142.16 351.43 £ 75.82 0.4497
Young adults 324.80 [289.33-346.97] 331.23 £ 47.76 316.73 + 65.26 0.1236
Midife acult 362.64 [316.64-393.8) 371.62 + 6098 348.79 + 68.91 <0.0466
Older adults 400.32 356.04-433.08] 398,07 + 68.13 406.3 +80.78 0.4066

CVMR_variance 108.91 [70.7-118.64) 110.19 £ 79.9 107.14 £ 67.4 0.3801
Adolescent 12156 (72.3-140.66) 102.78 £ 77.28 133.87  102.52 00523
Young adults 91.82 63.35-94.18) 9651 10258 85.78 +34.53 02263
Midife adult 9265 [71.20-110.77) 98.4+33.17 83.68 +22.95 0.0616
Older adults 136.69 91.6-146.96] 13754 +83.25 134.41 % 45.39 0.1949

AST_mean 362.32 [811.05-412.35] 371.18 £ 689 350.00 + 59.13 <0.0114
Adolescent 355.8 [819.45-389.67) 362.31 + 60.28 351.64 + 5064 03839
Young adults 323.06 [298.45-339.52] 3205 +52.82 314.77 £ 3535 02735
Midife acult 3624 [817.05-418.52) 372.32 + 63.1 346.92 + 565 0.056
Older adults 413.62 [872.85-445.45] 411.79 + 63.08 418.49 + 54.49 02511

AST_variance 9247 53.55-115.6) 99.01  60.08 83.42 + 46,35 0.0533
Adolescent 89.45 [49.52-102.4) 90.95 + 62.14 88.47 +54.47 03522
Young adults 6767 45.68-75.38) 74.02 % 47.48 595 18.24 0.4038
Midife acult 89.68 66.25-119.22) 95.88 + 6021 80.0+86.0 0.117
Older adults 1272 [74.45-168.0) 128.4 + 65.63 124.0 £ 51.53 0.4962

IRT_mean 42847 868.15-471.85] 440.26 £ 7799 411.48 £ 77.11 <0.0021
Adolescent 423.05 851.78-462.75] 445.80 + 102.78 408.00 + 66.84 0.1365
Young adults 378.82 [344.05-416.9) 385.36 + 43.16 370.42 + 49.49 0.1365
Midife acut 434.55 [877.52-477.58] 448.06 + 655 413.47 £732 <0.0125
Older adults 482.65 428.5-529.55) 479.39 + 7198 491.35 + 82.16 0.374

IRT_variance 125.04 [76.75-156.85] 124.21 £ 64.11 126.19 £ 67.76 0.4734
Adolescent 147.01 90.18-180.02) 150.61 80.17 144.66 % 70.13 0.4664
Young adults 91.84 [70.42-107.82) 88.71+34.1 95.86 + 46.43 0.4249
Midife acut 112.04 80.95-136.57) 114.84 + 48.33 107.68  50.54 0.1987
Older adults 159.64 [100.2-193.55) 152.78 + 65.57 177.93 4 79.24 0.1264

AMO_mean 032 [-18.5-31.35) 2729116 453 58,05 0.4155
Adolescent -8.99 [-22.48-16.67) —11.31 £ 90.65 ~7.48+£5055 0.2832
Young adults —2.14 [-12.38-20.95) ~1.96 4 63,88 —2.37 £ 385 02624
Midife acut 12.73 [-0.8-47.65] —5.11 £ 124.22 4056 + 49.66 <0.0341
Older adults -8.12 [-42.7-34.3) 290+ 71.71 —19.44 £ 829 0.2836

RMO_variance 167.86 84.7-224.35) 183.45 & 107.07 14633+ 95.13 <0.0014
Adolescent 168.85 (80.0-216.25) 198.95 + 123,68 149.12 + 82,02 0.1147
Young adults 11184 62.53-137.75) 114.94 £ 7091 107.85 + 62.19 03251
Midife adult 15875 [88.48-214.9) 182.65 + 96.42 12147 + 75.85 <0.0006
Older adults 242,81 [175.2-299.55) 238,53 + 100.88 254.22 £ 115.11 03562

1/ WDL_MMS 005 0.08-0.06) 0.06+0.04 004 +0.04 <0.001
Adolescent 009 0.05-0.11) 0.1£007 008 +0.05 00714
Young adults 003 0.02-0.04) 0.04 0,01 008 % 0.01 <0.001
Midife acult 004 0.03-0.05) 005 +0.02 002+ 0.01 <0.001
Older adults 005 0.04-0.06) 0.06 +0.03 0.03 +0.01 <0.001

AC 1.11 [1.01-1.19) 1.14£0.19 1.07 £0.19 <0.0001
Adolescent 1.21 [1.05-1.34) 1.26+02 148027 <0.022
Young adults 1.08 [1.0-1.15) 109015 107 +0.11 0.3598
Midife acult 1.08 0.99-1.18) 1.45+02 098+0.14 <0.001
Older adults 1.09 [1.02-1.14) 112018 1.02:£0.11 <0.01

The significant differences between cohorts are marked in bold.
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Standardized g (95% ClI)

Sleep duration to global cognition
Global cognition to sleep duration
Sleep duration to sleep duration
Global cognition to sleep duration
Unstandardized g (95% CI)
Sleep duration to global cognition
Global cognition to sleep duration
Sleep duration to sleep duration
Global cognition to sleep duration

*P < 0.001 for all values.

Wave 1 to 2

—0.066 (—0.073, —0.059)
—0.106 (—0.116, —0.096)
0.580 (0.569, 0.591)
0.624 (0.616, 0.632)

—0.249 (~0.275, —0.223)
—0.034 (~0.037, —0.031)
0.737 (0.718, 0.756)
0.602 (0.593, 0.611)

Wave 2 to 3

—0.081 (-0.089, —0.073)
—0.092 (-0.092, —0.092)
0.006 (—0.008, 0.020)
0.807 (0.799, 0.815)

—0.249 (—0.275, —0.223)
—0.084 (~0.037, —0.031)
0.737 (0.718, 0.756)
0.602 (0.593, 0.611)

Wave 3 to 4

—0.073 (—0.080, —0.066)
—0.091 (=1.000, —0.082)
0.708 (0.602, 0.814)
0.675 (0.668, 0.682)

—0.249 (~0.275, —0.223)
—0.034 (~0.037, —0.031)
0.737 (0.718, 0.756)
0.602 (0.593, 0.611)
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Standardized

Sleep duration intercept —
Sleep duration slope
Global cognition intercept —
Global cognition slope
Sleep duration intercept —
Global cognition intercept

Sleep duration slope —
Global cognition slope

Sleep duration intercept —
Global cognition slope
Global cognition intercept —
Sleep duration slope
Unstandardized

Sleep duration intercept —
Sleep duration slope
Global cognition intercept —
Global cognition slope
Sleep duration intercept —
Global cognition intercept
Sleep duration slope —
Global cognition slope
Sleep duration intercept —
Global cognition slope
Global cognition intercept —
Sleep duration slope

r (95% Cl)

—0.120 (-0.181, —0.059)

0.714 (0.533, 0.895)

—0.319 (-0.341, —0.297)

—0.216 (—0.336, —0.096)

0.027 (—0.039, 0.093)

—0.069 (—0.109, —0.029)

0.000 (0.000, 0.000)

0.267 (0.239, 0.295)

~0.120 (~0.129, —0.111)

—0.001 (-0.001, —0.001)

0.001 (0.000, 0.001)

—0.003 (—0.005, —0.001)

P-value

0.050

<0.001

<0.001

0.072

0.683

0.081

0.090

<0.001

<0.001

0.059

0.683

0.079

r, correlation coefficients.
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Wave 1 Wave 2
N 14981 11768
Age (years) 594 +97 60.8 £ 9.1
Male 7169 (47.9) 5662 (48.1)
Living area
Rural 11691 (76.3) 9276 (51.9)
Urban 3550 (23.7) 2492 (21.0)

Global cognition score  10.4 + 4.4 10.6 £4.3
Sleep duration

4-10h 13779 (91.3) 10658 (90.6)
<4h 1191 (8.0) 1028 (8.7)
>10h 11 (0.7) 82(0.7)

Wave 3

10192
62.4+£88
5512 (48.2)

7925 (80.1)
2267 (19.9)
102443

9276 (91.0)
856 (8.4)
60 (0.6)

Wave 4

7984
64.7 £ 8.4
3862 (48.4)

6453 (80.7)
1631 (19.9)
9.7+ 49

7080 (88.6)
810 (10.2)
94 (1.2)

*The results are presented as the mean + SD or n (%).
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Biomarkers Localization Specific Relationship References

Brain-derived biomarkers S1008 Astroglia, Schwann cells v 1 Schaefer et al., 2019; Majewski et al., 2020
NSE Neuroendocrine cells, neural tissue v 4 Schaefer et al., 2019
AB Axonal cytoskeleton v 1 Majewski et al., 2020
TAU Axonal cytoskeleton v 1 Schaefer et al., 2019
BDNF Cerebral blood vessels v & Schaefer et al., 2019
Inflammation-related biomarkers IL-1 Serum v 4 Wang et al., 2018
TNF-a Serum X i Wang et al., 2014
CRP Serum X 4 LiY. etal., 2019
IL-6 Serum X 4 Wang et al., 2014
IL-7 Serum X 4 Zhang X. et al., 2019
Neurotransmitter-based biomarkers IGF-1 Serum % 1 Majewski et al., 2020
AChE Serum/cerebral blood vessels v 4 Schaefer et al., 2019

POCD, postoperative cognitive dysfunction; v, represents established markers specific for POCD; x, represents unspecific markers; 1, represents positive correlation with
POCD; |, represents negative correlation with POCD; S1008, calcium-binding protein; NSE, neuron-specific enolase; AB, B-amyloid; Tau, a microtubule-stabilizing protein;
BDNF, brain-derived neurotrophic factor; IL, interleukin; TNF-a, tumor necrosis factor-a; CRR, C-reactive protein; IGF-1, insulin growth factor-1; AChE, acetylcholinesterase.
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Variable Standardized B (95% CI)
Cross-lagged models including four waves
<4 hor>10hvs. 4-10 h (n=7984)

Wave 1 to 2 e -0.066 (-0.073, -0.059)
Wave 1 to 2 —a— -0.106 (-0.116, -0.096)
Wave 2 to 3 —e—i -0.081 (-0.089, -0.073)
Wave 2 to 3 —— -0.092 (-0.101, -0.083)
Wave 3 to 4 o -0.073 (-0.080, -0.066)
Wave 3 to 4 —— -0.091 (-0.100, -0.082)
<5hor>9 hvs. 5-9 h(n=7846)

Wave 1 to 2 o -0.057 (-0.063, -0.051)
Wave 1 to 2 —a— -0.100 (-0.109, -0.091)
Wave 2 to 3 —o—i -0.064 (-0.071, -0.057)
Wave 2 to 3 —a— -0.091 (-0.099, -0.083)
Wave 3 to 4 o -0.055 (-0.061, -0.049)
Wave 3 to 4 —— -0.092 (-0.100, -0.084)
<6 h or >8 h vs. 6-8 h (n=7533)

Wave 1 to 2 o -0.042 (-0.048, -0.036)
Wave 1 to 2 - -0.084 (-0.092, -0.076)
Wave 2 to 3 e -0.046 (-0.052, -0.040)
Wave 2 to 3 - -0.078 (-0.086, -0.070)
Wave 3 to 4 o -0.039 (-0.044, -0.034)
Wave 3 to 4 —a— -0.080 (-0.088, -0.072)
Total sleep to cognition == -0.057 (-0.067, -0.048)
Total cognition to sleep i -0.089 (-0.095, -0.084)
Cross-lagged models including Wave 1 and Wave 3

<4hor>10hvs. 4-10 h (n=10018) —o— -0.046 (-0.056, -0.036)
<4hor>10hvs.4-10h —a— -0.074 (-0.088, -0.060)
<Shor>9 hvs. 59 h(n=9935) —e—i -0.071 (-0.082, -0.060)
<Shor>9hvs. 59 h —a— -0.097 (-0.112, -0.082)
<6 h or >8 h vs. 6-8 h (n=7971) —e— -0.046 (-0.056, -0.036)
<6hor>8 hvs. 6-8 h (= = -0.074 (-0.088, -0.060)
Total sleep to cognition ——i -0.054 (-0.070, -0.038)
Total cognition to sleep —a— -0.081 (-0.097, -0.065)

-0.15 -0.10 -0.05 0.00 0.05
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Term

Insight

Stimulus

Age

Insight*Stimulus
Insight*Age
Stimulus*Age
Insight*Stimulus*Age

See Table 2 for detailed legends.

P(E)

0.737
0.737
0.737
0.316
0.316
0.316
0.053

P(E| y)

1.000
0.286
0.472
0.075
0.077
0.032
0.001

BFe

0.143
0.319
0.175
0.180
0.071
0.020
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95% Credible Interval

Stimulus Age Site Mean SD N Lower Upper
New Older HI 7390 1720 15 6438 8343
MD 8288 1390 15 7518 9058
Young HI 7077 1497 15 6248 7906
MD 7857 1774 15 6874 8839
Old Older HI 6665 1271 15 5961 7369
MD 7087 987 15 6540 7634
Young HI 5616 1122 18 4995 6238

MD 6007 1055 15 5423 6592
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Term P(E)

Condition 0.737
Age 0.737
Site 0.737
Condition*Age 0.316
Condition*Site 0.316
Age*Site 0.316
Condition*Age*Site 0.053

See Table 2 for detailed legends.

P(E| y)

1.000
1.000
0.357
0.489
0.087
0.102
0.004

BFe

7.706e+9

12602.900
0.198
2.076
0.207
0.245
0.075
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95% Credible Interval

Condition Age Mean SD N Lower Upper
Control Older 0.236 0.191 31 0.166 0.306

Young 0.433 0.141 30 0.380 0.485
CRA Older 0.443 0128 31 0.397 0.490

Young  0.569  0.055 30 0.548 0.589
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Formula

recogn_rating ~ 1 + (1] subject) + (1| target) + ¢

recogn_rating ~ 1 + condition + age + stimulus + (1] subject) + (1] target) + ¢

recogn_rating ~ 1 + condition + age + stimulus + condition*age + condition*stimulus + age*stimulus +
condition*age*stimulus + (1| subject) + (1| target) + ¢

recogn_rating ~ 1 + condition + age + stimulus + condition*age + condition*stimulus +
age”stimulus+condition*age*stimulus + (1 + condition| subject) + (1] target) + ¢

Model formulas are provided in Wilkinson notation. BIC, Bayesian Information Criterion.
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Study

Adam et al.
(2016)

Aguifaga
(2016)

Barnes et al.
(2013)

Bisbe et al.
(2020)

Doi et al.
2017)

Dominguez
etal. (2018)

Lazarou
etal. (2017)

Qietal
(2019)

Wang et al,
(2020)

Zhu etal.
(2018)

Yi (2015)

Junmei
(2016)

Xinjian (2017)

Yu (2019)

Country

Malaysia

USA

USA

Spain

Japan

Phiippines.

Greece

China

China

China

China

China

China

China

Year

2016

2017

2013

2019

2017

2018

2017

2019

2020

2018

2016

2016

2017

2019

Total
number
(EXP/CON)

44/40

1011

31/32

1714

56/63

101/106

66/63

16/16

33/33

29/31

16/16

14/14

23/23

31/32

Age (year)
(EXP/CON)

>60

760+
6.0/749+ 6.8

M7
5.6/739+ 6.3

7288+
5.60/77.29 +
5.16

75.7+
41/76.0+ 4.9

688+
5.6/69.4 + 6.1

65.80
10.76/67.92 £
9.47

706+
6.2/69.1 £ 8.1

81.06 £
5.17/81.00 +
7.44

703 £
6.7/69.0%7.3

658+
5.4/66.4 53

65.47 +
5.21/64.51 £
5.38

65.47 £
5.21/64.51 +
538

734+
51/711.3+6.7

Proportion
of females
(EXP/CON)

52.3%/47.6%

80.0%/72.7%

67.7%/62.5%

52.9%/50%

50.7%/46.3%

84.2%/74.5%

80.30%/76.19%

68.8%/76.0%

78.80%/63.60%

51.7%/67.7%

68.76%/62.5%

100%/100%

100%/100%

83.4%/81.3%

Control

Relaxation
Exercises

Wait-List

NA

Physiotherapy

Health
Education

NA

Wait-List

Health
Education

Health
Education

Health
Education

Donepezi
Hydrochloride

Donepezil
Hydrochloride

Donepezil
Hydrochloride

Health
Education

Frequency

2
days/week
for 6 weeks

2
days/weck
for 16
weeks

3
days/week
for 12
weeks

2
days/week
for 12
weeks

1 day/week
for 40
weeks

days/week
for 48
weeks

2
days/week
for 40
weeks

days/week
for 12
weeks

days/week
for 12
weeks

days/week
for 18
weeks

7
days/week
for 24
‘weeks

7
days/week
for 9 weeks
3
days/week
for 12
weeks

Intervention
Intensity  Duration
NA 60

mir/day
Light 25
mir/day
Moderate 60
mir/day
Lightto- 60
Moderate  min/day
NA 60
min/day
NA 60
min/day
NA 60
minday
Moderate 26
minvday
Moderate 40
min/day
Moderate 35
min/day
Light 45
minvday
Light 0
min/day
Lightto  40~60
Moderate  mir/day
Moderate 60
mirvday

Type

Poco-poco
dance and
relaxation
exercises

BAILAMOS®
program
(Latin
Dance)

standard
dance-
based
aerobics
format

Choreography

Ballroom
Dance

Ballroom
Dance

Balloom
Dance

Aerobic
Dance

Chinese
Square
Dancing

Aerobic
Dance

Dance Rug

Yangko

Chinese
Square
Dancing
Chinese
Square
Dancing

‘Outcome measure

@ Global
Cognition/MMSE

@ Aniety/HADS

® Depression/HADS

@ Qualiy of Life/QOL-AD

@® Immediate Recall/LM-1

@ Delayed RecallLM-2

® Rote Memory/TMT-A

@ Executive
Function/TMT-8

® Attentior/SDMT

® Depression/GDS-15

@ Quality of Life/QOL-AD

® Functional
mobilty/TUG

® Rote Memory/TMT-A

@ Executive
Function/TMT-8

@® Global Cognition/MMSE

@ Immediate Recall/LM-|

® Delayed Memory/LM-1I

@ Rote Memory/TMT-A

® Executive
Function/TMT-8

® Language/BNT

@ Anxiety/HADS

® Depression/HADS

® Qualty of Life/SF-36

® Balance/BBS
Functional
mobilty/TUG

® Global
Cognition/MMSE

@ Rote Memory/TMT-A

® Executive
Function/TMT-B

® Global Cognition/MoCA-
P

@ Depression/GDS

® Language/BNT

@ Dementia-related
behavioral symptoms/NP!

® Global
Cogrition/MMSE, MoCA

@ Depression/GDS-15

@ Attention/TEA

@ Immediate
Recal/RBMT1

® Delayed RecallRBMT2

® Dementia-related
behavioral symptoms/NPI

® Global
Cogrition/MMSE, MoCA

® Immediate Recall/LM-1

® Rote Memory/TMT-A

@ Executive
Function/TMT-B

® Attention/SDMT

® Balance/BBS

@ Global
Cogrition/MMSE,
MoCA

@ Depression/GDS-15

® Balance/BBS

® Global
Cogrition/MMSE,
MoCA

@ Immediate Recal/LM-|

® Rote Memory/TMT-A

@ Executive
Function/TMT-B

® Attention/SDMT

® Depression/GDS-15

® Global
Cognition/MMSE

® Gilobal
Cognition/MMSE

® Global
Cognition/MMSE

® Global
Cognition/MoCA
@ Depression/GDS-30

EXP, Experimental group; CON, Control group; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; TMT, Trail-Making Test; RBMT, Rivermead Behavioral Memory Test; LM, Logical Memory; SDMT, Symbol
Digit Modialties Test; TEA, Test of Everyday Attention; NP, Neuropsychiatric Inventory; HADS, Hospital Anxiety and Depression Scale; GDS, Geriatric Depression Scale; BBS, Berg Balance Scale; TG, Timed up and go; SF-36, 36-ltem
Short Form Survey; QO, Quality of Life in Alzheimer’s Disease.
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MCI MMSE MoCA Memory Executive Speed

function and

motor

control

rho 0.193 -0.205 -0.256 -0.232 -0.382 -0.311
P 0.006* 0.003" <0.001* 0.001* <0.001* <0.001*

CSVD, cerebral small vessel disease; MCI, mild cognitive impairment; MMSE, Mini-
Mental State Examination; MoCA, Montreal Cognitive Assessment. *p < 0.05.
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Before matching (n = 270)

After matching (n = 203)

Control group MCI group P Control group MCI group P
N,% 186 (68.9) 84 (31.1) 129 (63.5) 74 (36.5)
Age 2, years 65.7 (8.3 68.3(9.9) 0.025* 67.2 (8.0) 67.9(9.2) 0.595
Men, n (%) 99 (63.2) 53 (63.1) 0.130 71 (55.0) 47 (63.5) 0.239
Years of education®, years 9(9,12) 9(8,12) 0.054 99,12 9(8,12) 0.160
Cardiovascular risk factors/diseases
BMI?, kg/m? 25.6 (3.6) 24.9(3.6) 0.116 25.6 (3.7) 25.0 (3.6) 0.280
Smoking, n (%) 74 (39.8) 32 (38.1) 0.792 52 (40.3) 28 (37.8) 0.729
Drinking, n (%) 49 (26.3) 26 (31.0) 0.434 31 (24.0) 23(31.1) 0.274
Hypertension, n (%) 122 (65.6) 52 (61.9) 0.558 86 (66.7) 45 (60.8) 0.401
Diabetes mellitus, n (%) 52 (28.0) 33(39.3) 0.064 35 (27.1) 28 (37.8) 0.113
Cardiovascular diseases, n (%) 40 (21.5) 11 (13.1) 0.102 27 (20.9) 10(13.5) 0.188
History of stroke/TIA, n (%) 26 (14.0) 27 (32.1) 0.001* 24 (18.6) 18(24.3) 0.333
History of hyperlipidemia, n (%) 57 (30.6) 17 (20.2) 0.076 34 (26.4) 17 (23.0) 0.593
Medication use, % (n)
Blood pressure-lowering medication 109 (68.6) 43 (51.2) 0.256 75 (68.1) 37 (50.0) 0.262
Salicylate/anticoagulant 42 (22.6) 23 (27.4) 0.393 31 (24.0) 18(24.3) 0.963
Statin 48 (25.8) 14 (16.7) 0.098 32 (24.8) 12(16.2) 0.153
Laboratory results
HDL-c®, mmol/L 1.1 (08,1.8) 1.1 (08,1.8) 0.209 1.1(0.9,1.3 1.1(0.9,1.3 0.400
LDL-c®, mmol/L 2.7 (0.9) 2.5(0.8) 0.302 2.6(0.8 2.6(0.8 0.832
HbA1CP, % 6.0 (5.7, 6.7) 6.0 (5.6, 7.0) 0.879 6.0 (5.7, 6.7) 6.0 (5.6, 7.0) 0.503
Homocysteine®, mol/L 14.0 (1.0, 16.3) 14.0 (12.0, 17.0) 0.456 14.0 (11.0, 18.0) 14.0 (12.0, 17.0) 0.564
Brain MRI markers
Presence of lacuna, n (%) 64 (34.4) 41 (48.8) 0.025* 45 (34.9) 33 (44.6) 0.171
Presence of CMB, n (%) 57 (30.6) 48 (57.1) <0.001* 43 (33.9) 39 (52.7) 0.007*
3 periventricular WMH, n (%) 17 (9.1) 17 (20.2) 0.011* 14 (10.9) 14 (18.9) 0.109
2-3 deep WMH, n (%) 55 (29.6) 42 (50.0) 0.001* 41 (31.8) 36 (48.6) 0.017*
2-4 BG-PVS, n (%) 56 (30.1) 35 (41.7) 0.063 40 (31.0) 31(41.9) 0.118
2-4 CSO-PVS, n (%) 121 (65.1) 57 (67.9) 0.653 89 (69.0) 51 (68.9) 0.991
Number of PVS in the hippocampus® 3(2,6) 3(1,4) 0.033* 3(2, 6) 3(1,4) 0.048*
Presence of PA, n (%) 88 (47.3) 46 (54.8) 0.257 69 (563.5) 40 (54.1) 0.938
Total CSVD scoreP 10,2 2(1,3) <0.001* 10,2 2(1,3 0.006*

MCI, mild cognitive impairment; BMI, body mass index; TIA, transient ischemic attack; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein
cholesterol; HbA1C, glycosylated hemoglobin;, MRI, magnetic resonance imaging;, CMB, cerebral microbleed; WMH, white matter hyperintensity; BG, basal ganglia;
CSO, centrum semiovale; PVS, perivascular spaces; PA, posterior atrophy; CSVD, cerebral small vessel disease.

aMean (standard deviation).
b Median (quartiles).
*p < 0.05.
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17708 individuals were interviewed in the first wave
(Wave 1) of CHARLS during 2011-2012

15700 individuals had complete data on sleep duration

and cognitive function in Wave 1

719 excluded
® 344 less than 45 years age at baseline
® 375 brain damage/intellectual disability

e N
14981 individuals had complete data on sleep duration

and cognitive function in Wave 1

f 2
11768 individuals had complete data on sleep duration

and cognitive function in Wave 2

e N
10192 individuals had complete data on sleep duration

w5 e Sensitivity analysis
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MMSEP

MoCAP

Memory?

Executive function®
Speed and motor control?

Control group

29 (29, 30)
27 (26, 29)
0.28 (0.59)
0.24 (0.45)
0.19 (0.65)

MCI group

25 (23, 27)
22 (19, 24)
-0.59 (0.83)
-0.55 (0.72)
-0.53 (1.01)

P

<0.001*
<0.001*
<0.001*
<0.001*
<0.001*

MCI, mild cognitive impairment;

MoCA, Montreal Cognitive Assessment.

aMean (standard deviation).
Median (quartiles).
*p < 0.05.

MMSE, Mini-Mental State Examination;
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B S.E. Wald OR 95% CI P

Model 1 0.26 0.1 5.46 1.30 1.04,1.62 0.019*
Model 2 0.28 0.12 6.10 1.33 1.06, 1.67 0.014*

CSVD, cerebral small vessel disease; MCI, mild cognitive impairment;
S.E., standard error; OR, odds ratio; 95% Cl, 95% confidence interval.

Model 1, adjusted for age, sex, and years of education.

Model 2, model 1 + brain atrophy, perivascular space in the hippocampus and
perivascular space in the centrum semiovale.

*p < 0.05.





OPS/images/fnagi-13-695732/fnagi-13-695732-t004.jpg
Total MRI CSVD burden

0(n=67) 1 (n = 40) 2(n=41) 3(n=33) 4(n=22)
MMSEP 29 (27, 30) 29 (27, 29) 29 (26, 30) 27 (25, 30) 26 (22, 29) 0.048"*
MoCAP 26 (24, 28) 25 (23, 27) 26 (23, 27) 25 (22, 28) 23 (19, 26) 0.004*
Memory? 0.25 (0.75) -0.09 (0.63) -0.18 (0.84) -0.21 (0.89) -0.28 (0.89) 0.009*
Executive function? 0.19 (0.61) 0.07 (0.56) -0.13 (0.80) -0.25 (0.57) -0.54 (0.65) <0.001*
Speed and motor control® 0.15 (0.90) 0.08 (0.61) -0.18 (0.91) -0.27 (0.90) -0.53 (0.84) 0.006*

MRI, magnetic resonance imaging; CSVD, cerebral small vessel disease; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.

aMean (standard deviation).
Median (quartiles).
*p < 0.05.
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Kernels

Ca?*, NF-kB

IL-17A, NF-«B
PPAR-y, NF-«B

ROS, Ca®+, NLRP3
SIRT1, BDNF

AChE, ACh

GABA, GABAA
receptors

Dopamine, dopamine

receptors
Serotonin, SDM

Possible mechanisms

Sevoflurane activates the NF-kB signaling pathway by increasing intracellular Ca?+ and
IL-17A content, elevating the concentrations of proinflammatory cytokines

Sevoflurane activates the NF-kB signaling pathway by downregulating PPAR-y,
elevating the concentrations of proinflammatory cytokines

Sevoflurane activates the NLRP3 signaling pathway by increasing intracellular Ca2+ and
ROS content, elevating the concentrations of proinflammatory cytokines

Sevoflurane downregulates BDNF by inhibiting the expression of SIRT1, which in turn
affects neuronal survival, neuronal plasticity, neurogenesis, and synapse formation.

Sevoflurane upregulates the expression of AChE, decreases the concentration of Ach,
and downregulates the cholinergic anti-inflammatory pathway.

Sevoflurane decreases the concentration of GABA and potentiates GABAA receptors

Sevoflurane accelerates dopamine turnover in the brain and increases the expression
levels of the dopamine receptor genes

Sevoflurane sequesters acrolein and may promote the production of SDM that depletes
local serotonin and enhances neuronal vulnerability
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