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Introduction: Although the link between sleep and memory function is well established, associations between sleep macrostructure and memory function in normal cognition and Mild Cognitive Impairment remain unclear. We aimed to investigate the longitudinal associations of baseline objectively assessed sleep quality and duration, as well as time in bed, with verbal memory capacity over a 7–9 year period. Participants are a well-characterized subsample of 148 persons (mean age at baseline: 72.8 ± 6.7 years) from the Cretan Aging Cohort. Based on comprehensive neuropsychiatric and neuropsychological evaluation at baseline, participants were diagnosed with Mild Cognitive Impairment (MCI; n = 79) or found to be cognitively unimpaired (CNI; n = 69). Sleep quality/quantity was estimated from a 3-day consecutive actigraphy recording, whereas verbal memory capacity was examined using the Rey Auditory Verbal Learning Test (RAVLT) and the Greek Passage Memory Test at baseline and follow-up. Panel models were applied to the data using AMOS including several sociodemographic and clinical covariates.

Results: Sleep efficiency at baseline directly predicted subsequent memory performance in the total group (immediate passage recall: β = 0.266, p = 0.001; immediate word list recall: β = 0.172, p = 0.01; delayed passage retrieval: β = 0.214, p = 0.002) with the effects in Passage Memory reaching significance in both clinical groups. Wake after sleep onset time directly predicted follow-up immediate passage recall in the total sample (β = −0.211, p = 0.001) and in the MCI group (β = −0.235, p = 0.02). In the total sample, longer 24-h sleep duration was associated with reduced memory performance indirectly through increased sleep duration at follow-up (immediate passage recall: β = −0.045, p = 0.01; passage retention index: β = −0.051, p = 0.01; RAVLT-delayed recall: β = −0.048, p = 0.009; RAVLT-retention index:β = −0.066, p = 0.004). Similar indirect effects were found for baseline 24-h time in bed. Indirect effects of sleep duration/time in bed were found predominantly in the MCI group.

Discussion: Findings corroborate and expand previous work suggesting that poor sleep quality and long sleep duration predict worse memory function in elderly. Timely interventions to improve sleep could help prevent or delay age-related memory decline among non-demented elderly.
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1. Introduction

Sleep occupies about one third of a person’s lifetime. Many theories have been proposed regarding sleep function, most focusing on homeostatic processes crucial for physical, emotional and cognitive well-being (Zielinski et al., 2016). The link between sleep and memory function has been well validated in both animal models and human behavioral paradigms. NREM sleep microstructure (Slow Wave Sleep activity; SWS, spindles and K-complexes) is involved in Sleep-Dependent memory consolidation (SDC), a remodeling of brain activity between hippocampal circuits, prefrontal areas, amygdala and ventral tegmental area that promotes long-term information storage (Pace-Schott and Spencer, 2014). At the synaptic level, selective activation of dopaminergic and cholinergic neurons in the aforementioned brain areas during wakefulness (initial information encoding) and sleep may play a vital role in SDC, whereas sleep cycles facilitate synthesis of proteins involved in Long-Term Potentiation (Klinzing et al., 2019). Although the neurophysiological processes underpinning stabilization of memory traces is extensively studied, the specific associations between sleep and late-life cognition remain inconclusive, especially taking under consideration the significant changes documented in both domains among elderly.

Sleep architecture undergoes significant changes with advancing age. Age-related sleep changes involve reductions in sleep duration and sleep efficiency (SE) along with an overall increase in average time spent awake after sleep onset (WASO), particularly among old-old individuals (Junxin et al., 2017). Neural processes related to SDC attenuate: SWS activity, amplitude and total count of sleep spindles and K-complexes are significantly reduced. SDC disruption has been reported in older adults (Hornung et al., 2007), potentially related to increased sleep fragmentation which could, in turn, contribute to memory deterioration. Α recent meta-analysis focusing on age-related changes in the association between sleep and memory function indicated weakened effects of sleep on memory consolidation in older persons; sleep efficiency was a primary factor explaining the effect of SDC in this age group (Gui et al., 2017). Baseline self-reported long (≥10 h) and short sleep duration (<4 h) is associated with impaired follow-up global cognition in middle-aged and older persons (Ma et al., 2020) as well as with specific memory, language (fluency) and executive deficits (Dzierzewski et al., 2018). Poor sleep quality and increased rest-wake cycle variability estimated through actigraphy were associated with executive and memory impairment among old community-dwellers (Blackwell et al., 2006; Oosterman et al., 2009), whereas objective sleep discontinuity and subjectively assessed short sleep duration increased odds of dementia diagnosis and predicted cognitive deterioration in the long-term (Keage et al., 2012; Lim et al., 2013).

Apart from the age-associated sleep pattern alterations, sleep dysregulation is highly prevalent in patients diagnosed with Mild Cognitive Impairment (MCI) and dementia and represents a marker of disease severity and a putative risk factor for cognitive impairment (Pak et al., 2020). It is well established that sleep–wake disruption is further exacerbated in patients with MCI and Alzheimer’s Disease (AD), leading to additional deterioration in qualitative and quantitative sleep indices as verified by polysomnography and actigraphy studies. Persons diagnosed with MCI may show increased WASO, lower SE and average 24-h sleep duration along with reduced REM sleep and NREM sleep, compared to cognitively non-impaired individuals (Cai et al., 2020), although some studies failed to show statistically significant differences between cognitively normal and MCI persons on objectively assessed sleep duration indices (Basta et al., 2019). Sleep abnormalities in dementia patients entail further exacerbation of sleep continuity indices, increased incidence of insomnia-type symptoms, as well as excessive daytime sleepiness, although the exact pattern of sleep abnormalities depends on the type of dementia diagnosis (Cipriani et al., 2014). Persons diagnosed with MCI with prevailing memory deficits (amnestic subtype) were more likely to present low SE and increased WASO as well as decreased SWS activity amplitude and total spindles count. Also, actigraphy-based long sleep duration was associated with worse executive performance among MCI and dementia individuals in a large community-dwelling subsample of the Cretan Aging Cohort study (CAC; Basta et al., 2019), whereas other studies fail to report significant associations between specific cognitive domains and objective sleep quality/quantity (Scarlett et al., 2021).

The present longitudinal study addresses the scarcity of cohort studies investigating putative associations between sleep characteristics and memory in elderly without dementia (MCI or CNI), in view of the significant developmental changes in sleep micro-and macro structure and the well-documented relationship between sleep and cognition. Accordingly, the main objective of the current study was to assess both direct and indirect, long-term effects of objective, actigraphy-based sleep measures on memory performance assessed 7–9 years later. Path models allowed us to examine (a) direct effects of baseline objective sleep characteristics on subsequent memory performance by controlling for the effects of both baseline memory and subsequent objective sleep characteristics, and (b) indirect effects of baseline objective sleep characteristics on subsequent memory performance as mediated by individual objective sleep characteristics assessed at this later time point (controlling for the effects of baseline memory status). We hypothesized that (i) higher 24-h Total Sleep Time (TST) and Total Time in Bed (TiB) and higher WASO at baseline would predict lower memory capacity at follow-up, (ii) higher baseline SE would predict higher memory capacity at follow-up, (iii) the long-term effects of sleep on memory may occur both directly and indirectly as they evolve over time, and (iv) these effects would be evident in the total sample but predominantly among persons who were diagnosed with MCI at baseline.



2. Materials and methods

A subsample of 148 participants from the CAC, a large cohort study conducted in the island of Crete, Greece was retested within 7–9 years (mean interval: 7.12 years, SD = 0.92) from the initial assessment. All participants underwent extensive neuropsychological, neuropsychiatric, and neurological examination, as well as 3-day actigraphy recording at baseline (Phase I & II) and follow-up (Phase III). Phase I & II procedures were approved by the Bioethics Committee of the University Hospital of Heraklion, Crete (Protocol Number: 13541, 20-11-2010), whereas current study protocol was approved by the Ethics Committee of the University of Crete (number of approval: 61/9-3-2020). For a detailed description of Phases I, II & III see Zaganas et al., 2019 and Basta et al., 2023.

Phase I & II (Baseline). Consenting participants (n = 3.200, ≥60 years old) were recruited from selected Health Care Primary settings in the district of Heraklion. Additional eligibility criteria were absence of terminal illnesses and/or movement impairment. Sociodemographic information, anthropometric measurements and medical history was collected by trained physicians and the Greek version of the Mini Mental State Examination was administered (with a cut-off score of 23/24 points; Fountoulakis et al., 2000). The final cohort, after excluding participants with crucial missing data comprised 3.140 individuals (mean age at baseline: 73.7 ± 7.8 years; Zaganas et al., 2019).Out of the 636 participants with MMSE score < 24 points, 344 consented to participate in a comprehensive neuropsychological examination, while a control group (161 out of 181 individuals with, MMSE score ≥ 24 points) matching the low MMSE group in terms of sociodemographic characteristics was formed based on a proportional stratification procedure (for more information see Basta et al., 2019, 2023). Participants were then classified into three diagnostic categories: CNI (n = 146), MCI (n = 231) and Dementia (n = 128) according to the International Working Group criteria for MCI diagnosis (Winblad et al., 2004) and the Diagnostic Statistical Manual for Mental Disorders (4th edition; DSM-IV) for dementia diagnosis.

Phase III (Follow-up). All participants who met formal criteria for MCI (n = 231) and CNI individuals (n = 146) at baseline were invited to participate in Phase III (follow-up). Follow-up assessments took place between October 2020 and August 2022. Participants came from 11 districts in the prefecture of Heraklion and contacted by telephone. In total, 151 individuals completed the evaluation and provided useful data, achieving an acceptable response rate (55.1%). Attrition rate (inability to participate for any reason) was estimated to 58.9%. Compared to the total participant pool (all persons in the CNI and MCI groups on Phase II, n = 377), those who were followed-up were younger (72.8 vs. 77.2 years, p < 0.001), more likely to be women (77.5% vs. 63.3%, p = 0.004) and less likely to live alone (p = 0.03). Followed-up persons have achieved more years of education, although the difference was not found statistically significant (p = 0.059), whereas the two groups were comparable in terms of geographic origin (p = 0.4), previous occupation (p = 0.1) and physical illnesses (p = 0.9). Neuropsychological and medical examination was conducted at participants’ homes. Procedures implemented during baseline and follow-up were the same rendering results comparable between the two phases (for a detailed description of the study protocol, see also Basta et al., 2023).


2.1. Sociodemographic and medical information

Demographic information (age, gender, educational and family status) was recorded in the context of a semi-structured interview. Anthropometric measurements (BMI), critical physical comorbidities (hypertension, diabetes, heart, pulmonary, hematological or liver diseases, gastrointestinal conditions, hyper/hypothyroidism, cancer, arthritis), presence of sleep apnea, use of SSRIs, benzodiazepines and other anxiolytics were also recorded at both measurement points. A binary categorical variable was constructed based on the number of physical morbidities reported by each participant (coded with 0 for ≤4 and 1 for ≥5 physical illnesses).



2.2. Insomnia-type symptoms and sleep apnea

Penn State Sleep Questionnaire (PSSQ-12) was administered in order to assess the presence of subjective sleep disturbances and sleep apnea (Basta et al., 2018). Insomnia-type symptoms included difficulty initiating sleep, difficulty maintaining sleep and early morning awakening. Answers to three single questions requiring a yes/no response (“Do you have difficulty falling asleep?”; “Do you have difficulty staying asleep?”; “Do you wake up in the morning earlier than desired?”) were used to construct three separate categorical variables pertaining to each insomnia symptom. A new binary variable indicating severity of self-reported insomnia symptoms was finally constructed (0 = at least one insomnia symptom and 1 = two or more insomnia symptoms).Symptoms of sleep apnea were estimated using two questions (requiring a yes/no response): “Have you ever noticed/Have you been told that you stop breathing/breathe irregularly while asleep?” and/or “Do you know/Have you been told that you snore during sleep to a moderate/severe degree?.” Presence of sleep apnea (indicated by a binary variable) was determined on the basis of at least one positive response to the aforementioned questions.



2.3. Objectively assessed sleep indices (baseline and follow-up)

Sleep variables were estimated based on a consecutive 3-day actigraphy recording (baseline and follow-up; Basta et al., 2019, 2023). Participants were instructed to wear an actigraph (Actilife v6.9.5, GT3XP model, Pensacola, FL, United States) on their non-dominant hand, while simultaneously keeping sleep diaries and reporting “time in bed” and “time out of bed” and napping periods (>20 min) throughout the day, on a daily basis. Periods of movement absence that were not recorded in sleep diaries as sleep periods were removed from further analysis. Analysis of actigraphy data was performed using ActiLife 6 software (Actigraph LLC) and the following quality/quantity sleep variables were estimated: night sleep efficiency (SE), night wake after sleep onset time (WASO), night and 24-h total sleep time (TST) and finally, night and 24-h time spent in bed (TiB). Recording procedures were similar in both phases and took place during weekdays. Recording period started at 11.00 on the day that the actigraph was attached to the participant’s hand and ended 24 h later. Participants with fewer than 3 days of actigraphy recording and those with relatively low night sleep periods (average night TST < 180 min) were excluded from further analysis.



2.4. Neuropsychological assessment (baseline and follow-up)

Verbal memory was assessed at baseline and follow-up using two complementary tests: (1) the Greek adaptation of the Rey Auditory Verbal Learning Test (RAVLT) consisting of a 15-item list assessing immediate and delayed recall, as well as retention ability, defined as the number of correctly recalled words on immediate recall (5th trial) vs. the number of words recalled after a 30-min delay period (7th trial; Constantinidou et al., 2014) and (2) the Passage Memory test from the Greek Memory scale assessing immediate and delayed recall for two short stories (Simos et al., 2011). Raw scores were transformed into age and education-adjusted standard (z) scores using the regression method proposed by Ivnik et al. (1992), based on Greek normative data reported elsewhere (Constantinidou et al., 2014). Briefly, the standardization sample comprised 550 adults (321 women) aged 17–86 years (mean = 46.8, SD = 16.7 years) from the general population without history of neurological or psychiatric disorder (including learning disability) who did not report significant cognitive difficulties. Residence was urban (65.3%), small town (16.0%), and rural (18.7%) and had achieved an average of 12.33 years of education (SD = 3.91, range 1–24). Standard scores were computed independently for performance at each measurement point (adjusting for the increased age at follow up).Significant positive correlations were found between the aforementioned memory indices and the MMSE score at both measurement points (baseline: Pearson’s r > 0.3, p < 0.001 and follow-up: Pearson’s r: 0.4–0.76, p < 0.001), as well as longitudinally (baseline MMSE performance and all follow-up memory scores: Pearson’s r > 0.5 for immediate and delayed Passage Memory scores; p < 0.001), indicating the presence of significant congruence between measures of memory and global cognition.



2.5. Neuropsychiatric evaluation (baseline and follow-up)

Depression symptoms were evaluated through a semi-structured clinical interview conducted by specialized physicians and neuropsychologists. Self-reported questionnaires assessing for depression symptoms (15-item Geriatric Depression scale and the Center for Epidemiologic Studies Depression Scale) were administered and current psychotropic medication use was also recorded. Depression diagnosis on baseline or follow-up (indicated by a score of 1 on a binary variable) was established based on current use of antidepressants, clinical interview and scores on self-report questionnaires according to the DSM (4thEdition) and DSM (5thEdition) for Phase I & II and Phase III, respectively. Accordingly, anxiety diagnosis was based upon the current use of psychotropic substances (benzodiazepine, anxiolytics), subjective feelings of distress (evaluated with the anxiety subscale of the Hospital Anxiety Depression Scale;HADS-A) and clinical interview, following the DSM (4th and 5th Edition) for baseline and follow-up assessments. A categorical variable indicating the presence (=1) or absence (=0) of clinical anxiety manifestations was subsequently formed.



2.6. Statistical analysis

SPSS 29 (IBM SPSS, Version 29.0, Armonk, NY: IBM Corp) and Analysis of Moment Structures (AMOS) were used for statistical analysis. Continuous variables on each measurement point are presented as means and standard deviations, and categorical variables as frequencies and percentages. Change in continuous variables between baseline and follow-up was assessed using paired samples t-test and the Chi square test of independence for categorical variables. Pearson correlations between sleep and neuropsychological indices were also computed. Statistical significance level was set to p < 0.05.

Significant direct and indirect relationships between baseline sleep indices and follow-up memory performance were examined through path models in AMOS. Basic models (i.e., without covariates) were initially computed including a single sleep and a single memory variable at baseline and the corresponding sleep and memory variables at follow-up (Figure 1). In the presence of either a significant direct effect of the baseline sleep index on follow-up memory index or a significant indirect effect of the baseline sleep index on the follow-up memory index through the corresponding follow-up sleep index, the following covariates were entered into the model: BMI, education (in years), age (in years), gender, depression and anxiety diagnosis, presence of ≥5 physical illnesses, the presence of at least one insomnia-type symptom self-reported sleep apnea and benzodiazepine use. All covariates were assessed at baseline.

[image: Figure 1]

FIGURE 1
 An example of the basic path model addressing the main objective of the study. In this example, age- and education-adjusted delayed passage recall at follow-up (outcome) is predicted by (i) the indirect effect of baseline 24-h time in bed (TiB) through follow-up 24-h TiB (main effect of interest), (ii) the indirect effect of baseline delayed passage recall through follow-up 24-h TiB, (iii) the direct effect of follow-up, 24-h TiB. Final models included several demographic and clinical covariates (not shown).


Direct and indirect effects are expressed as standardized beta coefficients (β), unless otherwise stated. Statistical significance level was set to p < 0.05. Models with adequate fit to the data (indicated by Chi square test p ≥ 0.05; Goodness of Fit Index (GFI) >0.90; Root Mean Square Error of Approximation (RMSEA) ≤ 0.08) are presented in the main text, whereas models presenting slight deviations from the criteria mentioned above are presented in the Supplementary section.

To aid interpretation of the results of the path models, we performed two additional sets of analyses. Firstly, we compared the subgroup of CNI participants who met criteria for MCI or dementia at follow up (“progressors”) with those who remained cognitively non-impaired (“non-progressors”) on sleep indices at baseline and again at follow-up using t-tests. Similarly, we compared the subgroup of MCI participants who met criteria for dementia at follow up (“progressors”) with those who continued to meet MCI criteria(“non-progressors”). Secondly, we assessed the linear association between baseline sleep variables and change in raw memory scores over time using Pearson correlations.




3. Results


3.1. Sample sociodemographic and clinical characteristics

Complete longitudinal data were available on 148 persons (77.7% women with mean age at baseline of 72.8 years). The majority was residing in rural areas of Heraklion (85.1%) and had completed 6 or less years of formal schooling (91.9%). Depression diagnosis incidence and use of psychotropic medication (SSRIs, benzodiazepines and anxiolytics) at baseline was estimated at 31.1 and 29.7%, whereas benzodiazepine use was estimated to 10.1 and 11.5% at baseline and follow-up, respectively. The test–retest delay period ranged between 7–9 years. Sociodemographic and medical characteristics of the total sample are presented in Table 1.



TABLE 1 Sociodemographic and clinical characteristics of the total sample (N = 148) at each measurement point.
[image: Table1]

Overall, 69 and 79 individuals were diagnosed as CNI and MCI cases at baseline. CNI participants were significantly younger compared to their MCI counterparts (mean age at baseline: 70.4 ± 6.24 vs. 74.9 ± 6.33 years, p < 0.001) and had completed more years of formal education, although the difference was not statistically significant (5.6 vs. 4.7 years, p = 0.08). The two groups were comparable in terms of gender ratio (78.3% vs. 77.2%, p = 0.9), BMI (31.1 ± 4.23 vs. 30.0 ± 4.39, p = 0.1), living alone(21.7% vs. 19.0%, p = 0.7), presence of ≥5 physical illnesses (8.7% vs. 10.1%, p = 0.8), depression diagnosis (27.5% vs. 34.2%, p = 0.4), and SSRI/benzodiazepine/anxiolytic use at baseline (25.3% vs. 34.8%, p = 0.2, respectively). The frequency of anxiety diagnosis did not vary significantly over time in the MCI and CNI groups (p = 0.5 and p = 0.2, respectively).



3.2. Memory performance at baseline and follow-up

There was a significant decline on all memory indices in the total sample between baseline and follow-up, as shown in Table 2. In general, average baseline z-scores of the total sample on memory tasks were in the average to low-average range with the exception of the word list Memory Retention Index (RAVLT; z = −1.56) which was largely due to the MCI group performing, on average, over two standard deviations below population average.



TABLE 2 Memory performance of the total sample and stratified by clinical group at each measurement point (values are mean [SD] age– and education-adjusted z scores).
[image: Table2]

On follow-up, average scores of the CNI group remained within 1 SD from the population mean, with the exception of both Memory Retention Indices, where they displayed an average decline of approximately two (RAVLT) and one SDs (Passage Memory). On all other indices standard scores declined on follow-up by ≤0.66 SDs (p < 0.001). The MCI group also showed significant reduction in all memory indices (p < 0.001) ranging between 0.54 (RAVLT- delayed recall) and 2.5 SDs (Passage Memory Retention Index). These results are in line with the observation that only 27 (39.1%) and 6 (8.7%) of CNI persons were diagnosed with MCI and dementia on follow-up, respectively, whereas 41(51.9%)persons in the MCI group continued to meet MCI criteria, and 35 (44.3%) developed dementia.



3.3. Sleep variables at baseline and follow-up

In the total sample, as shown in Table 3, sleep quality indices (SE and WASO) improved with advancing age. This trend was also evident in each of the two clinical groups. Regarding sleep quantity indices, there was a significant increase in 24-h TST in the total sample (p < 0.001), which was largely due to participants in the MCI group (average increase = 66.4, SD = 91.6 min; p < 0.001; CNI: mean = 0.4, SD = 86.6 min; p = 0.1). Whereas 24-h TiB remained stable in the total sample (p = 0.9), there were notable group differences in the direction of change over time: TiB increased significantly in the MCI group (mean = 31.5, SD = 102 min; p = 0.007) and decreased among CNI participants (mean: 37.8, SD = 104 min; p = 0.004). A modest increase in the report of insomnia-type symptoms in both groups did not reach significance (p = 0.7 and p = 0.09 in the CNI and MCI groups, respectively), whereas self-reported sleep apnea decreased in both groups between the two time points (p = 0.01 and p < 0.001 among MCI and CNI persons, respectively).Of the 41 persons with dementia, 37 met clinical criteria for probable Alzheimer’s Disease, one person was identified as having mixed dementia and three presented with LBD-type profile, according to the NINCDS-ADRDA (McKhann et al., 1984), the NINDS-AIREN (Roman et al., 1993) and the DLB Consortium criteria (McKeith et al., 2005), respectively.



TABLE 3 Objective and subjective sleep parameters of the total sample and stratified by clinical group at each measurement point.
[image: Table3]



3.4. Bivariate associations between sleep indices and memory performance

Bivariate correlations between sleep indices at both measurement points and memory performance at follow-up are presented in Table 4. In general, sleep indices exhibited weak yet significant positive correlations between baseline and follow-up (p < 0.05) in the total sample. These correlations were notably stronger in the CNI group indicating greater individual stability of these sleep indices over time.



TABLE 4 Pearson correlations between objective sleep indices (baseline, follow-up) and memory performance (age and education-adjusted z-scores at follow-up) in the total sample, MCI and CNI groups.
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Regarding associations between baseline sleep indices and follow-up memory performance in the total sample, only those involving sleep quality indices reached significance, primarily with Passage Memory scores (p < 0.01): higher SE and lower WASO predicted higher memory scores at follow-up. There were also weaker, albeit significant, negative correlations between baseline 24-h TiB and immediate and delayed recall measures (both memory tasks; p < 0.05). In the CNI group, significant negative correlations were noted between WASO, 24-h TiB, and 24-h TST and several memory indices. In the MCI group, these associations did not approach significance.

Associations between sleep and memory indices at follow-up were more robust, entailing negative correlations between WASO, 24-h TiB and 24-h TST with nearly all memory indices. In both clinical groups only correlations involving 24-h TiB and 24-h TST reached significance, although a significant negative correlation between WASO and RAVLT Retention Index was found among CNI participants (p = 0.01).



3.5. Direct and indirect paths between baseline sleep indices and follow-up memory performance in the total sample

Α total of 24 path models were conducted. All model fit criteria were met by 10 models, whereas significant direct or indirect effects of baseline sleep on follow-up memory scores were found in 6 additional models demonstrating marginally acceptable fit (p < 0.05 for all chi-square indices). These effects are described in detail separately for sleep quality (SE, WASO) and sleep duration indices (24-h TiB, 24-h TST) in sections 3.5.1 and 3.5.2.


3.5.1. Baseline sleep quality indices directly predict long-term verbal episodic memory performance

In models meeting all fit criteria we found significant direct effects of baseline SE and WASO on both immediate and delayed passage recall (p ≤ 0.01; see Figure 2 and Supplementary Table S1). In addition, baseline memory performance was significantly associated with subsequent memory performance in all models (Supplementary Table S1). Higher baseline SE was associated with better follow-up memory performance after controlling for age, gender, education years, depression/anxiety diagnosis, BMI, insomnia symptoms, medical comorbidities, self-reported symptoms of sleep apnea and benzodiazepine use (as recorded at baseline). The clinical significance of this association is highlighted by inspection of corresponding unstandardized regression coefficients. Thus, an increase by 1 percentage point in SE would predict an increase of 0.031, 0.027 and 0.051 SD in immediate and delayed recall as well as memory retention capacity, respectively. Similarly, an increase in baseline WASO duration by 1 min would predict a decline by 0.005 SD in immediate recall capacity. Significant direct effects of baseline sleep quality indices were found in one additional model demonstrating marginally acceptable fit (SE on RAVLT immediate recall: b = 0.026, β = 0.172, p = 0.01; see also Supplementary Table S1).
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FIGURE 2
 Direct effects (standardized regression coefficients; β) and p values (in parentheses) of baseline SE and WASO on follow-up memory performance (z-scores). Model fit indices as well as direct/indirect effects of baseline memory performance (z-scores) on subsequent memory performance can be found in Supplementary Table S1. Covariates included in the model (not shown): age, gender, education years, depression or anxiety diagnosis, insomnia-type symptoms, sleep apnea, number of medical morbidities, benzodiazepine use and BMI. BS, Baseline; FU, Follow-up; WASO, Wake After Sleep Onset time; SE, Sleep Efficiency; RAVLT, Rey Auditory Verbal Learning Test.




3.5.2. Prolonged 24-h sleep duration and TiB over time predicts verbal episodic memory decline

In contrast to the long-term effects of sleep quality indices, only indirect effects of baseline 24-h TiB and TST on subsequent verbal episodic memory were found. Thus, the negative association between TiB/TST and subsequent memory capacity was fully mediated by the long-term progression of these sleep indices, in the presence of significant associations between baseline memory performance and subsequent memory performance. Indirect effects persisted after controlling for demographics, baseline depression and anxiety diagnosis, insomnia symptoms and sleep apnea, medical morbidities and BMI, as well as benzodiazepine use. As illustrated in Figures 3, 4, longer baseline TiB and TST were associated with longer follow-up TiB and TST, respectively (as indicated by corresponding direct paths), which in turn, predicted lower scores on delayed word list recall (RAVLT; β = −0.061, p = 0.001 and β = −0.048, p = 0.009, respectively) and immediate passage memory recall (β = −0.054, p = 0.001 and β = −0.045, p = 0.01, respectively). As indicated by standardized regression coefficients of significant indirect effects (β; Figure 4), a combined one SD increase in baseline and follow-up TST is accompanied by a 0.066 and 0.051 SD reduction in RAVLT and Passage Memory retention scores, respectively.
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FIGURE 3
 Results of path models illustrating the mediated effect of baseline 24-h TiB on follow-up word list (RAVLT) and Passage memory performance through 24-h TiB. Direct (solid arrows) and indirect effects (dotted arrows) are expressed as standardized regression coefficients (p values in parentheses). All models take into account the covariance between baseline sleep and memory variables, the direct and indirect paths from baseline memory to follow-up memory scores (see also Supplementary Table S1), and the following covariates (not shown): age, gender, education years, depression or anxiety diagnosis, insomnia symptoms, BMI, sleep apnea, benzodiazepine use and medical morbidities. Model fit indices are also shown. BS, Baseline; FU, Follow-up; df, degrees of freedom; GFI, Goodness of fit index; RMSEA, Root Mean Square Error of Approximation; TiB, Total Time in Bed; RAVLT, Rey Auditory Verbal Learning Test.
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FIGURE 4
 Results of path models illustrating the mediated effect of baseline 24-h TST on follow-up word list (RAVLT) and Passage memory performance through 24-h TST. Direct (solid arrows) and indirect effects (dotted arrows) are expressed as standardized regression coefficients (p values in parentheses). All models take into account the covariance between baseline sleep and memory variables, the direct and indirect paths from baseline memory to follow-up memory scores (see also Supplementary Table S1), and the following covariates (not shown): age, gender, education years, depression or anxiety diagnosis, insomnia symptoms, BMI, sleep apnea, benzodiazepine use and medical morbidities. Model fit indices are also shown.BS, Baseline; FU, Follow-up; df, degrees of freedom; GFI, Goodness of fit index; RMSEA, Root Mean Square Error of Approximation; TST, Total Sleep Time; RAVLT, Rey Auditory Verbal Learning Test.


Inspection of Supplementary Table S1 reveals several additional significant indirect effects of baseline TiB and TST on follow-up memory indices in the context of path models displaying marginally acceptable model fit (TST on immediate word list recall: β = −0.064, p = 0.01; TST on delayed Passage recall: β = −0.033, p = 0.01; TiB on delayed Passage recall: β = −0.044, p = 0.001; TiB on Passage retention: β = −0.071, p = 0.001 and TiB on word list retention index: β = −0.079, p = 0.003).



3.5.3. Direct and indirect paths between baseline sleep indices and follow-up memory performance in each clinical group

Several of the effects described in sections 3.5.1–2 reached significance in models conducted separately in each clinical group (baseline diagnosis; Figure 5). Regarding sleep quality indices, there were significant (positive) direct effects of baseline SE on subsequent immediate (MCI: β = 0.257, SE = 0.097, p = 0.01; CNI:β = 0.282, SE = 0.120, p = 0.01) and delayed passage recall (MCI:β = 0.230, SE = 0.087, p = 0.01 and CNI:β = 0.229, SE = 0.121, p = 0.04, respectively). In the MCI group there was an additional (negative) direct effect of WASO on immediate passage recall (β = −0.235, SE = 0.099, p = 0.02).
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FIGURE 5
 Significant direct (solid arrows) and indirect effects (dotted arrows) for MCI (blue letters) and CNI group (orange letters) expressed as standardized regression coefficients between baseline sleep indices and follow-up memory performance (z-scores). All models take into account the covariance between baseline sleep and memory variables, the direct and indirect paths from baseline memory to follow-up memory scores (see also Supplementary Table S2), and the following covariates (not shown): age, gender, education years, depression or anxiety diagnosis, insomnia symptoms, BMI, sleep apnea benzodiazepine use and medical morbidities. Model fit indices are presented in Supplementary Table S2. (***), p ≤ 0.001, (**), p ≤ 0.01, (*), p ≤ 0.05. BS, Baseline; FU, Follow-up; WASO, Wake After Sleep Onset time; SE, Sleep Efficiency; TiB, Total Time in Bed; TST, Total Sleep Time; RAVLT; Rey Auditory Verbal Learning Test.


Conversely, the full mediation of the effects of baseline sleep quantity indices (TST and TiB) on immediate/delayed recall and retention scores by follow-up TST and TiB was predominantly found among MCI persons. In this group, increased baseline TST predicted lower follow-up memory scores through follow-up TST (Passage immediate recall: β = −0.056, SE = 0.042, p = 0.03; RAVLT- immediate recall: β = −0.091, SE = 0.058, p = 0.03; RAVLT- delayed recall: β = −0.078, SE = 0.050, p = 0.02). The indirect effects of baseline TiB on memory performance also reached significance (Figure 5). In the CNI group, significant indirect effects were restricted to baseline TST on follow-up immediate passage recall (β = −0.052, SE = 0.032, p = 0.04). In all models, effects remained significant in the presence of significant direct effects of baseline memory on follow-up memory scores as well as after controlling for demographics, insomnia symptoms, depression or anxiety diagnosis, sleep apnea, medical morbidities and use of benzodiazepines and BMI. It should be noted, however, that these models displayed slightly lower (still acceptable) GFI values compared to those observed in the total sample (see Supplementary Table S2), assumingly due to the smaller sample sizes in the group-stratified analyses.

The aforementioned results were supported by two sets of supplementary univariate analyses. Firstly, CNI “progressors” spent more time in bed at both time points and had increased sleep duration that reached significance only at follow-up, compared to “non-progressors” (see Supplementary Table S3). MCI “progressors” spent more time in bed and displayed longer 24-h sleep duration (only at follow-up), and also showed lower SE and higher WASO at baseline.

Secondly, longer 24-h TiB and WASO at baseline was associated with greater reduction of memory scores in the total sample and separately in each group (larger baseline minus follow-up memory scores indicate greater decline in memory capacity). Also, lower baseline sleep efficiency was associated with a greater decline in memory performance, especially among MCI persons, as indicated by significant, modest correlations (r > −0.4; see Supplementary Table S4 and Supplementary Figures S1–S3).





4. Discussion

The main finding of the present study is that prolonged sleep and/or poor sleep quality in elderly predicts poor, long-term episodic verbal memory outcomes. The pathways through which these effects were noted varied according to the type of sleep parameter. Specifically, lower SE and higher WASO at baseline directly predicted poor memory outcomes over a period of 7–9 years. Conversely, the effects of baseline sleep quantity and time in bed were fully mediated by corresponding sleep indices at follow-up. As expected, age- and education-adjusted memory performance declined significantly over time, affecting all memory indices (immediate recall, delayed recall and retention index), and was more pronounced among persons initially diagnosed with MCI.


4.1. Higher baseline sleep efficiency and WASO directly predict future verbal memory performance

The direct effects of night sleep efficiency on the 7-9-year verbal memory outcomes were found in the total sample as well as among MCI and CNI persons and involved several memory measures assessing encoding, retrieval and consolidation processes. In addition, higher baseline WASO was associated with increased difficulty in encoding new structured verbal material (short passages). Importantly, these effects were present after controlling for initial memory performance, as well as for the concurrent associations between memory and sleep quality indices at both measurement points. The path analysis models employed in the present study included a number of potentially crucial demographic and clinical covariates (age, education, gender, BMI, depression/anxiety diagnosis, physical multicomorbidities and use of benzodiazepines, insomnia-type symptoms and sleep apnea at baseline). When interpreting these results, one should consider that objective sleep quality indices generally improved over time in both clinical groups, probably as a result of increased antidepressant use following baseline assessment within the MCI (25.3% vs. 43.6% at follow-up, p = 0.006) and CNI groups (34.8% vs. 42.0% at follow-up, p < 0.001). Furthermore, the observed increase in the SE index may stem from an increase in 24-h TST on follow-up (by 35 min on average), especially among MCI persons, as a considerable number progressed to dementia on Phase III (44.3%). However, in the absence of indirect effects of sleep quality indices on later memory capacity, we cannot conclude that improved sleep quality had a protective role on memory decline over time. Instead it is more plausible that relatively poor baseline sleep quality indices characterized persistent disrupted sleep at the time of initial measurement. Such sleep patterns may have already impacted neurobiological mechanisms supporting memory function at that time, increasing vulnerability for further memory decline over the following years.

To date, the majority of actigraphy studies have mainly emphasized the negative association of sleep discontinuity on executive function scores. Increased objective sleep quality measures predicted improved outcomes in conceptual flexibility tasks (Bernstein et al., 2019) and measures of global cognition (Djonlagic et al., 2021). Lower performance on working memory tasks was associated with fragmented sleep indices (sleep efficiency status <85% and increased WASO>30 min; Miyata et al., 2013; Cavuoto et al., 2016). A recent cross-sectional study (Cabanel et al., 2019) conducted in a small group of patients with MCI or dementia yielded significant associations between poor sleep efficiency (<85%) and impaired memory/language performance, whereas results of a longitudinal study conducted in a representative sample of community-dwellers without cognitive impairment (mean age = 70.5 years at baseline) highlight the contribution of both WASO and efficiency on future cognitive decline (McSorley et al., 2019). The current findings establish the potential deleterious effects of diminished sleep quality on all stages of episodic memory processing and suggest that adequate SE in elderly may help preserve future memory function.

In contrast to our findings, a cross-sectional study (André et al., 2019) failed to detect significant associations between objectively assessed sleep fragmentation and cognitive performance among MCI persons aged 63–80 years, whereas the effect of sleep discontinuity on cognitive impairment (executive deficits) was more prominent among healthy individuals of similar age. Also, a recent meta-analysis of both actigraphy and polysomnography studies, concluded that sleep continuity indices exhibited marginally significant, weak correlations with episodic memory performance, although there was evidence for a stronger moderating effect of WASO duration on the relationship between age and episodic memory performance in older adults as compared to younger individuals (Hokett et al., 2021). Although baseline WASO duration in our sample was higher compared to other actigraphy studies (Lysen et al., 2020; Buratti et al., 2021), significant effects of WASO were found only for immediate verbal recall among MCI persons (with additional marginally significant effects on delayed recall in both clinical groups). Methodological issues such as different sample size and study design, demographic characteristics (fewer years of formal schooling of the MCI group), neuropsychological tests and indices used (free recall vs. recognition measures; associative vs. non-associative memory tasks), and the shorted actigraphic period used in the present study may have led to the aforementioned discrepancies.

Accumulating evidence highlights the bidirectional associations between diminished sleep quality and the pathophysiology of AD (Chylinski et al., 2022). Concerning the underlying mechanism involved in the longitudinal detrimental effects of sleep quality on memory capacity, it has been proposed that increased sleep fragmentation contributes to the incremental accumulation—from middle age—of pathophysiological biomarkers (Aβ deposition and tau protein) involved in late life cognitive impairment and dementia-associated pathology (Scullin and Bliwise, 2015; Molano et al., 2017). Sleep macrostructure indices, such as awakenings occurring during sleep stage transitions, have been implicated in Aβ burden from the early phase of AD pathology, assumingly leading to disrupted proteinosynthesis and/or disorganization of oscillation coupling which could in turn disrupt memory consolidation (Chylinski et al., 2021, 2022). Lastly, increased WASO may appear to moderate the relationship between Aβ deposition and deficits in immediate/delayed recall, independently of neurocognitive status (Wilckens et al., 2018).



4.2. Increased 24-h sleep duration over time predicts verbal memory decline

In contrast to sleep quality indices, the negative impact of longer 24-h TST and TiB at baseline was fully mediated by each of the two sleep quantity indices, as measured over a period of 7–9 years. Although these effects were found in the total sample, they were more pronounced, and involved a wider range of memory scores, assessing encoding, retrieval and consolidation processes, in the MCI group. Interestingly, longitudinal trends of sleep quantity indices were opposite to those observed for sleep quality: TiB and TST significantly increased in the MCI group, whereas stability (TST) and even reduction (TiB) was noted in the CNI group. The finding of full mediation in our path models indicates that memory capacity at follow-up was mainly determined by the (positive) relation of sleep quantity indices between the two time points (adjusting for baseline memory performance). Although causality may not be concluded on the basis of observational, albeit longitudinal data, taken together these findings are consistent with the notion that memory decline over time was accounted for by concurrent increases in TiB and/or TST.

Although these indirect effects were found with both sleep indices, they were more extensive (i.e., affecting a wider range of memory scores) for TST, highlighting the role of prolonged sleep instead of mere physical inactivity. Importantly, these effects were significant after controlling for correlations between memory, TST and TiB at baseline (in addition to a set of potentially crucial demographic and clinical covariates, including insomnia-type symptoms as baseline).

It remains unclear whether objectively/subjectively assessed long or short sleep duration constitute risk factors for cognitive impairment, as some studies report high risk for cognitive deterioration and MCI/dementia incidence for both short (<6 h) and long (>8 h) sleepers (based on self-reports), suggesting a U-shaped relationship (Chen et al., 2016). In our sample, average baseline and follow-up sleep duration reached 7.3 and 7.9 h, respectively. Despite the fact that sleep duration within the CNI group remained stable, on average, between the two measurement points and within the normal range (7.5 h), persons who displayed higher TST by 1 SD on either baseline and/or follow up ended up with reduced short-term verbal memory z-scores (by 0.052 SDs). It should be noted that two previous, large cross-sectional studies failed to establish significant associations between TST and memory performance among cognitively intact individuals (Basta et al., 2019; Scarlett et al., 2021). In line with our findings, longitudinal studies examining subjectively assessed sleep patterns and cognitive progression reported significant, although relatively weak associations between increasing 24-h TST and verbal memory decline in community-dwelling elderly (Gildner et al., 2019; Zhang et al., 2023).

Among persons initially diagnosed with MCI, 24-h TST and TiB increased, on average, by 67 and 30 min, reaching 8.2 and 9.5 h, respectively, on a daily basis. In agreement with the present study, Kimura et al. (2019), reported increasing odds of global cognitive decline for an average sleep duration that exceeds 7 h. Moreover, long sleep duration (>8 h) was associated with executive and working memory deficits, as well as verbal memory decline in older adults (Cavuoto et al., 2016; Okuda et al., 2021). Self-reported increased sleep duration was linked to memory deficits among cognitively intact and MCI Greek community-dwellers (Tsapanou et al., 2017). The long-term, accumulated effect of sleep quantity (as measured at both measurement points) on memory performance indicates that sleep quantity may impact cognitive progression in the long run but also represents a marker of ongoing disease severity.

Sleep and cognition are closely interrelated processes. According to the “amyloid cascade hypothesis” dysregulation of the sleep–wake cycle may contribute to Aβ (and even tau-protein) accumulation either through prolonged periods of wakefulness and consequent increase in neuronal activity (Cedernaes et al., 2017) or via disorganization of clearance processes (Zhang et al., 2021). Cognitive impairment and increased levels of cerebrospinal fluid Aβ levels usually accompany sleep dysregulation in cross-sectional studies (Cedernaes et al., 2017). Sleep duration may contribute to cortical thinning by exerting differential effects on frontal (prolonged sleep, >7 h), and temporal areas (<7 h; Spira et al., 2016). Intraindividual variability in sleep patterns may affect both brain regions leading to disorganization in brain network function, which is crucial for memory consolidation. Furthermore, effects on dorsolateral and ventrolateral prefrontal areas that are actively engaged in encoding, efficient memory tracing and retrieval of information could further exacerbate memory deficits (Van der Linden et al., 2000). At a more global level, more stable sleep-activity patterns may contribute to reduced Aβ burden and, in turn, to better cognitive outcomes even in patients who already display mild cognitive deficits (Fenton et al., 2023).



4.3. Clinical implications

The findings of the current study highlight the significant impact that particular sleep characteristics may exert on long-term memory outcomes. Memory decline is probably one of the earliest and most easily noticeable signs in neurocognitive disorders, pervading daily life and affecting functionality. In the present study, both objectively assessed poor sleep quality and increased sleep duration were associated with memory decline, whereas sleep quantity indices were significant correlates of memory capacity at each time point, among persons demonstrating objective cognitive impairment as well as among cognitively intact elderly. Therefore, interventions should focus on improvement of both quality and quantity sleep indices at the pre-clinical phase, but also throughout the disease progression while, simultaneously, taking into account critical factors that may synergistically undermine sleep quality (multicomorbidity, emotional/anxiety disorders, chronic pain, sleep-related breathing disorders). Up to now, behavioral and combined sleep-based interventions are often implemented in elderly at risk for cognitive deterioration or persons diagnosed with neurocognitive disorders (Cordone et al., 2021). Such interventions may include: timely management of psychiatric symptomatology (depression and anxiety) through customized pharmacological treatment regiments (i.e., non-sedative vs. sedative), psychotherapy targeting sleep (sleep hygiene protocols in the context of CBT-insomnia; CBT-i) combined with behavioral changes (social activities and physical exercise programs) and systematic monitoring of medical conditions associated with sleep discontinuity (e.g., obstructive sleep apnea). Such sleep-based interventions were found efficacious in improving sleep efficiency and WASO among “normal” elderly (Martin et al., 2017) and provided promising findings concerning executive function improvement among MCI patients (Cassidy-Eagle et al., 2018). Also, the concurrent use of trazodone and implementation of sleep strategies (CBT-i) may prove particularly effective in regulating cortisol levels and lengthen sleep duration, in cases of inadequate sleep duration (Vgontzas et al., 2020).



4.4. Strengths and limitations

Although the interplay between sleep and memory function is well established and extensively studied at the molecular and cellular levels, evidence on specific associations between sleep–wake patterns and memory processes in normal aging and neurocognitive disorders (MCI; dementia) is sparse and based on subjective estimates of sleep disturbances and measures of global cognition instead of specialized neuropsychological tests. Our study encompasses objective actigraphy measures at two time points, a comprehensive neuropsychological examination, neuropsychiatric assessment, and medical/functionality information, affording a well-characterized profile of cognitive progression, clinical status characterization, and description of sleep–wake patterns. Also, the longitudinal design with a relatively long follow-up period allows for a systematic monitoring of variables of interest among community-dwellers, including a rather large sample of MCI participants. The presence of a control group (cognitively intact individuals) matching the study group in terms of certain demographic factors, permits a direct comparison with individuals diagnosed with MCI and allows for distinct sleep and cognition trajectories to unravel in the long term.

The current study is not without limitations. Stratifying participants by initial neurocognitive status reduced sample size and may have led to underestimation of associations between sleep and cognition. Importantly, although the unusually long follow-up period may have increased (unmeasured) variability in potentially crucial variables (such as comorbidities), and significantly impacted attrition rate due to incapacitating illness or death, it afforded the unique opportunity to assess very long-term effects of sleep on cognition. In addition, commonly utilized goodness of fit estimates is strictly dependent on sample size and as a result, violation of goodness of fit averted us from reporting models with suboptimal fitting parameters. Also, actigraphy is not the optimal method to differentiate between actual sleep and sedentary time. Furthermore, actigraphy was conducted for 3 24-h periods, while other studies recommend 1–2 week recordings. Finally, the presence of other sleep disorders such as sleep apnea known to be frequent in this age group and to be related with cognitive function (Bixler et al., 1998), was based on self-report rather than the gold-standard method (polysomnography).



4.5. Conclusion

In conclusion, our study demonstrated that objective long sleep duration and poor sleep efficiency predict memory performance in elderly without dementia. We suggest that in this population, early interventions focusing on sleep may help improve memory capacity and delay memory decline.




Data availbility statement

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



Ethics statement

The studies involving humans were approved by Heraklion University Hospital Research Ethics Committee. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants' legal guardians/next of kin.



Author contributions

ES: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. PS: Conceptualization, Formal analysis, Methodology, Supervision, Writing – review & editing. AZ: Data curation, Investigation, Writing – review & editing. EK: Data curation, Investigation, Writing – review & editing. IZ: Methodology, Supervision, Writing – review & editing. CA: Conceptualization, Data curation, Methodology, Writing-review & editing. AV: Conceptualization, Funding acquisition, Methodology, Supervision, Writing – review & editing. MB: Conceptualization, Funding acquisition, Methodology, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Current research was funded by the Hellenic Foundation for Research and Innovation (HFRI) 2020-2022-Research Funding Program: ELIDEK entitled "Sleep Apnea (OSA) and poor sleep as Risk Factors for decreased cognitive performance in patients with Mild Cognitive Impairment: the Cretan Aging Cohort (CAC)", [Grant Cod: HFRI-FM17-4397](P.I: M. Basta). Baseline assessment (Phase I & II) was supported by the National Strategic Reference Framework (ESPA) 2007-2013-Program: THALES, University of Crete, title: "A multi-disciplinary network for the study of Alzheimer's Disease" [Grant: MIS 377299] (P.I: A.N. Vgontzas). Both the HFRI and ESPA studies involving human participants were reviewed and approved by the Ethics Committee of the University of Crete (number of approval: 61/9-3-2020) and the Bioethics Committee of the University Hospital of Heraklion, Crete (number of approval: 13541/20-11-2010), respectively. All procedures performed in the current studies were in accordance with the 1975 Helsinki Declaration and its later amendments or comparable ethical standards. All participants provided their written informed consent to participate in the current study (also applied for Phase II of the program).



Acknowledgments

We thank study coordinator Cynthia Manassaki for her continuing support and Marina Aligizaki (Department of Psychiatry, University Hospital of Heraklion) for her contribution in data collection.Furthermore, the staff from the Day Center for Alzheimer’s Disease “NEFELI” (Eirini Spyridaki, Maria Konsolaki, Evangelia Chnaraki, Andreas Fotopoulos, Chrysanthi Chlapoutaki) as well as the Primary Health Care Physicians: Fotini Anastasiou, Eirini Kalogridaki, Eleni Klouva, Evangelia Ladoukaki, Kornilia Makri, Polyvios Papadokostakis, Emmanouil Papamastorakis, Eleni Pateli, Dimitra Prokopiadou, Ioanna Stefanaki, Emmanouil Symvoulakis, Nikolaos Tsakountakis, Ioanna Tsiligianni, Theodoros Vasilopoulos, Angeliki Vassilaki for the excellent co-operation. Finally, and most importantly, all the individuals and their families for their willingness to participate in the study.



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1265016/full#supplementary-material



References

 André, C., Tomadesso, C., de Flores, R., Branger, P., Rehel, S., Mézenge, F., et al. (2019). Brain and cognitive correlates of sleep fragmentation in elderly subjects with and without cognitive deficits. Alzheimers Dement (Amst) 11, 142–150. doi: 10.1016/j.dadm.2018.12.009 

 Basta, M., Simos, P., Bertsias, A., Duijker, G., Zaganas, I., Koutentaki, E., et al. (2018). Association between insomnia symptoms and cognitive impairment in the Cretan aging cohort. Eur Geriatr Med. 9, 697–706. doi: 10.1007/s41999-018-0086-7 

 Basta, M., Simos, P., Vgontzas, A., Koutentaki, E., Tziraki, S., Zaganas, I., et al. (2019). Associations between sleep duration and cognitive impairment in mild cognitive impairment. J. Sleep Res. 28:e12864. doi: 10.1111/jsr.12864

 Basta, M., Skourti, E., Alexopoulou, C., Zampetakis, A., Ganiaris, A., Aligizaki, M., et al. (2023). Cretan aging cohort-phase III: methodology and descriptive characteristics of a long-term longitudinal study on predictors of cognitive decline in non-demented elderly from Crete, Greece. Healthcare11. 11. doi: 10.3390/healthcare11050703 

 Bernstein, J. P. K., DeVito, A., and Calamia, M. (2019). Subjectively and objectively measured sleep predict differing aspects of cognitive functioning in adults. Arch. Clin. Neuropsychol. 34, 1127–1137. doi: 10.1093/arclin/acz017 

 Bixler, E. O., Vgontzas, A. N., Ten Have, T., Tyson, K., and Kales, A. (1998). Effects of age on sleep apnea in men: I. Prevalence and severity. Am J Resp Crit Care Med. 157, 144–148. doi: 10.1164/ajrccm.157.1.9706079

 Blackwell, T., Yaffe, C., Ancoli-Israel, S., Schneider, J. L., Cauley, J. A., Hillier, T. A., et al. (2006). Poor sleep is associated with impaired cognitive function in older women: the study of osteoporotic fractures. J Gerontol 61, 405–410. doi: 10.1093/gerona/61.4.405 

 Buratti, L., Camilletti, R., Pulcini, A., Rocchi, S., Viticchi, G., Falsetti, L., et al. (2021). Sleep actigraphic patterns and cognitive status. J. Integr. Neurosci. 20, 385–392. doi: 10.31083/j.jin2002038 

 Cabanel, N., Speier, C., Müller, M. J., and Kundermann, B. (2019). Actigraphic, but not subjective, sleep measures are associated with cognitive impairment in memory clinic patients. Psychogeriatrics 20, 133–139. doi: 10.1111/psyg.12474

 Cai, S., Li, T., Zhang, L., Shi, L., Liao, J., Li, W., et al. (2020). Characteristics of sleep structure assessed by objective measurements in patients with amnestic mild cognitive impairment: a meta-analysis. Front. Neurol. 11. doi: 10.3389/fneur.2020.577126 

 Cassidy-Eagle, E., Siebern, A., Unti, L., Glassman, J., and O'Hara, R. (2018). Neuropsychological functioning in older adults with mild cognitive impairment and insomnia randomized to CBT-I or control group. Clin. Gerontol. 41, 136–144. doi: 10.1080/07317115.2017.1384777

 Cavuoto, M. G., Ong, B., Pike, K. E., Nicholas, C. L., Bei, B., and Kinsella, G. J. (2016). Objective but not subjective sleep predicts memory in community-dwelling older adults. J. Sleep Res. 25, 475–485. doi: 10.1111/jsr.12391

 Cedernaes, J., Osorio, R. S., Varga, A. W., Kam, K., Schiöth, H. B., and Benedict, C. (2017). Candidate mechanisms underlying the association between sleep-wake disruptions and Alzheimer's disease. Sleep Med. Rev. 31, 102–111. doi: 10.1016/j.smrv.2016.02.002 

 Chen, J. C., Espeland, M. A., Brunner, R. L., Lovato, L. C., Wallace, R. B., Leng, X., et al. (2016). Sleep duration, cognitive decline, and dementia risk in older women. Alzheimers Dement. 12, 21–33. doi: 10.1016/j.jalz.2015.03.004 

 Chylinski, D. O., van Egroo, M., Narbutas, J., Grignard, M., Koshmanova, E., Berthomier, C., et al. (2021). Heterogeneity in the links between sleep arousals, amyloid-β, and cognition. JCI Insight 6:e152858. doi: 10.1172/jci.insight.152858 

 Chylinski, D., van Egroo, M., Narbutas, J., Muto, V., Bahri, M. A., Berthomier, C., et al. (2022). Timely coupling of sleep spindles and slow waves linked to early amyloid-β burden and predicts memory decline. elife 11:e78191. doi: 10.7554/eLife.78191 

 Cipriani, G., Lucetti, C., Danti, S., and Nuti, A. (2014). Sleep disturbances and dementia. Psychogeriatrics 15, 65–74. doi: 10.1111/psyg.12069

 Constantinidou, F., Zaganas, I., Papastefanakis, E., Kasselimis, D., Nidos, A., and Simos, P. G. (2014). Age-related decline in verbal learning is moderated by demographic factors, working memory capacity, and presence of amnestic mild cognitive impairment. J. Int. Neuropsychol. Soc. 20, 822–835. doi: 10.1017/S1355617714000678 

 Cordone, S., Scarpelli, S., Alfonsi, V., De Gennaro, L., and Gorgoni, M. (2021). Sleep-based interventions in Alzheimer's disease: promising approaches from prevention to treatment along the disease trajectory. Pharmaceuticals 14:383. doi: 10.3390/ph14040383 

 Djonlagic, I., Mariani, S., Fitzpatrick, A. L., Van der Klei, V. M. G. T. H., Johnson, D. A., and Wood, A. C. (2021). Macro and micro sleep architecture and cognitive performance on older adults. Nat. Hum. Behav. 5, 123–145. doi: 10.1038/s41562-020-00964-y 

 Dzierzewski, J. M., Dautovich, N., and Ravyts, S. (2018). Sleep and cognition in older adults. Sleep Med. Clin. 13, 13, 93–106. doi: 10.1016/j.jsmc.2017.09.009 

 Fenton, L., Isenberg, A. L., Aslanyan, V., Albrecht, D., Contreras, J. A., Stradford, J., et al. (2023). Variability in objective sleep is associated with Alzheimer's pathology and cognition. Brain Commun. 5:fcad031. doi: 10.1093/braincomms/fcad031 

 Fountoulakis, K. N., Tsolaki, M., Chantzi, H., and Kazis, A. (2000). Mini mental state examination (MMSE): a validation study in Greece. Am. J. Alzheimers Dis. Other Dement. 15, 342–345. doi: 10.1177/153331750001500604

 Gildner, T. E., Salinas-Rodríguez, A., Manrique-Espinoza, B., Moreno-Tamayo, K., and Kowal, P. (2019). Does poor sleep impair cognition during aging? Longitudinal associations between changes in sleep duration and cognitive performance among older Mexican adults. ArchGerontolGeriatr. 83, 161–168. doi: 10.1016/j.archger.2019.04.014 

 Gui, W.-J., Li, H.-J., Guo, Y.-H., Peng, P., Lei, X., and Yu, J. (2017). Age-related differences in sleep-based memory consolidation: a meta-analysis. Neuropsychologia 97, 46–55. doi: 10.1016/j.neuropsychologia.2017.02.001 

 Hokett, E., Arunmozhi, A., Campbell, J., Verhaeghen, P., and Duarte, A. (2021). A systematic review and meta-analysis of individual differences in naturalistic sleep quality and episodic memory performance in young and older adults. NeurosciBiobehav Rev. 127, 675–688. doi: 10.1016/j.neubiorev.2021.05.010 

 Hornung, O. P., Regen, F., Danker-Hopfe, H., Schredl, M., and Heuser, I. (2007). The relationship between REM sleep and memory consolidation in old age and effects of cholinergic medication. Biol. Psychiatry 61, 750–757. doi: 10.1016/j.biopsych.2006.08.034 

 Ivnik, R. J., Malec, J. F., Smith, G. E., Tangalos, E. G., Petersen, R. C., Kokmen, E., et al. (1992). Mayo’s older Americans normative studies: WASI-R norms for ages 56 to 97. TheClinical Neuropsychologist 6, 1–30. doi: 10.1080/13854049208401877

 Junxin, L., Vitiello, M. V., and Gooneratne, N. (2017). Sleep in normal aging. Sleep Med. Clin. 13, 1–11. doi: 10.1016/j.jsmc.2017.09.001 

 Keage, H. A. D., Banks, S., Yang, K. L., Morgan, K., Brayne, C., and Matthews, F. E. (2012). What sleep characteristics predict cognitive decline in the elderly? Sleep Med. 13, 886–892. doi: 10.1016/j.sleep.2012.02.003

 Kimura, N., Aso, Y., Yabuuchi, K., Ishibashi, M., Hori, D., Sasaki, Y., et al. (2019). Modifiable lifestyle factors and cognitive function in older people: a cross-sectional observational study. Front. Neurol. 10:401. doi: 10.3389/fneur.2019.00401 

 Klinzing, J. G., Niethard, N., and Born, J. (2019). Mechanisms of system memory consolidation during sleep.Nature. Neuroscience 22, 1598–1610. doi: 10.1038/s41593-019-0467-3

 Lim, A. S. P., Kowgier, M., Yu, L., Buchman, A. S., and Bennett, D. A. (2013). Sleep fragmentation and the risk of incident Alzheimer’s disease and cognitive decline in older persons. Sleep 36, 1027–1032. doi: 10.5665/sleep.2802 

 Lysen, T. S., Luik, A. I., Ikram, K. M., Tiemeier, H., and Ikram, M. A. (2020). Actigraphy-estimated sleep and 24-hour activity rhythms and the risk of dementia. Alzheimers Dement. 16, 1259–1267. doi: 10.1002/alz.12122 

 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.2020.13673 

 Martin, J. L., Song, Y., Hughes, J., Jouldjian, S., Dzierzewski, J. M., Fung, C. H., et al. (2017). A four-session sleep intervention program improves sleep for older adult day health care participants: results of a randomized controlled trial. Sleep 40. doi: 10.1093/sleep/zsx079 

 McKeith, I. G., Dickson, D. W., Lowe, J., Emre, M., O'Brien, J. T., Feldman, H., et al. (2005). Diagnosis and management of dementia with Lewy bodies: third report of the DLB consortium. Neurology 65, 1863–1872. doi: 10.1212/01.wnl.0000187889.17253.b1 

 McKhann, G., Drachman, D., Folstein, M., Price, D., and Stadlan, E. M. (1984). Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDAWork group under the auspices of Department of Health and Human Services Task Force on Alzheimer’s disease. Neurology 34, 939–944. doi: 10.1212/wnl.34.7.939 

 McSorley, V. E., Bin, Y. S., and Lauderdale, D. S. (2019). Associations of sleep characteristics with cognitive function and decline among older adults. Am. J. Epidemiol. 188, 1066–1075. doi: 10.1093/aje/kwz037 

 Miyata, S., Noda, A., Iwamoto, K., Kawano, N., Okuda, M., and Ozaki, N. (2013). Poor sleep quality impairs cognitive performance in older adults. J. Sleep Res. 22, 535–541. doi: 10.1111/jsr.12054

 Molano, J. R. V., Roe, C. M., and Ju, Y. S. (2017). The interaction of sleep and amyloid deposition on cognitive performance. J. Sleep Res. 26, 288–292. doi: 10.1111/jsr.12474 

 Okuda, M., Noda, A., Iwamoto, K., Nakashima, H., Takeda, K., Miyata, S., et al. (2021). Effects of long sleep time and irregular sleep-wake rhythm on cognitive function in older people. Sci. Rep. 11:7039. doi: 10.1038/s41598-021-85817-y

 Oosterman, J. M., van Someren, E. J. W., Vogels, R. L. C., Van Harten, B., and Scherder, E. J. A. (2009). Fragmentation of the rest-activity rhythm correlates with age-related cognitive deficits. J. Sleep Res. 18, 129–135. doi: 10.1111/j.1365-2869.2008.00704.x

 Pace-Schott, E. F., and Spencer, R. M. C. (2014). “Sleep –dependent memory consolidation in healthy aging and mild cognitive impairment” in In the sleep, neuronal plasticity and brain function. eds. P. Meerlo, R. M. Benca, and T. Abel (Berlin, Heidelberg: Springer), 307–330.

 Pak, V. M., Onen, S.-H., Bliwise, D. L., Kutner, N. G., Russell, K. L., and Onen, F. (2020). Sleep disturbances in MCI and dementia: Neuroinflammation as a possible mediating pathway. Front. Aging Neurosci. 12. doi: 10.3389/fnagi.2020.00069 

 Roman, G. C., Tatemichi, T. K., Erkinjuntti, T., Cummings, J. L., Masdeu, J. C., Garcia, J. H., et al. (1993). Vascular dementia: diagnostic criteria for research studies. Report of the NINDS-AIREN international workshop. Neurology 43, 250–260. doi: 10.1212/wnl.43.2.250 

 Scarlett, S., Kenny, R. A., O’Connell, M. D. L., Nolan, H., and de Looze, C. (2021). Associations between cognitive function, actigraphy-based and self-reported sleep in older community –dwelling adults: findings from the Irish longitudinal study on ageing. Int. J. Geriatr. Psychiatry 36, 731–742. doi: 10.1002/gps.5473 

 Scullin, M. K., and Bliwise, D. L. (2015). Sleep, cognition, and normal aging: integrating a half century of multidisciplinary research. Perspect. Psychol. Sci. 10, 97–137. doi: 10.1177/1745691614556680 

 Simos, P., Papastefanakis, E., Panou, T., and Kasselimis, D. (2011). The Greek memory scale. Rethymno: Laboratory of Applied Psychology. Rethymno, Crete, Greece: University of Crete.

 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 

 Tsapanou, A., Gu, Y., O'Shea, D. M., Yannakoulia, M., Kosmidis, M., Dardiotis, E., et al. (2017). Sleep quality and duration in relation to memory in the elderly: initial results from the Hellenic longitudinal investigation of aging and diet. Neurobiol. Learn. Mem. 141, 217–225. doi: 10.1016/j.nlm.2017.04.011 

 Van der Linden, M., Meulemans, T., Marczewski, P., and Collette, F. (2000). The relationships between episodic memory, working memory, and executive functions: the contribution of the prefrontal cortex. PsychologicaBelgica 40, 275–297. doi: 10.5334/pb.967

 Vgontzas, A. N., Puzino, K., Fernandez-Mendoza, J., Krishnamurthy, V. B., Basta, M., and Bixler, E. O. (2020). Effects of trazodone versus cognitive behavioral therapy in the insomnia with short sleep duration phenotype: a preliminary study. J. Clin. Sleep Med. 16, 2009–2019. doi: 10.5664/jcsm.8740 

 Wilckens, K. A., Erickson, K. I., and Wheeler, M. E. (2018). Physical activity and cognition: a mediating role of efficient sleep. Behav. Sleep Med. 16, 569–586. doi: 10.1080/15402002.2016.1253013 

 Winblad, B., Palmer, K., Kivipelto, M., Jelic, V., Fratiglioni, L., Wahlund, L.-O., et al. (2004). Mild cognitive impairment- beyond controversies, towards a consensus: report of the international working group on mild cognitive impairment. J. Intern. Med. 256, 240–246. doi: 10.1111/j.1365-2796.2004.01380.x 

 Zaganas, I. V., Simos, P., Basta, M., Kapetanaki, S., Panagiotakis, S., Koutentaki, E., et al. (2019). The Cretan aging cohort: cohort description and burden of dementia and mild cognitive impairment. Am. J. Alzheimers Dis. Other Dement. 34, 23–33. doi: 10.1177/1533317518802414 

 Zielinski, M. R., McKenna, J. T., and McCarley, R. W. (2016). Functions and mechanisms of sleep. AIMS Neurosci. 3, 67–104. doi: 10.3934/Neuroscience.2016.1.67 

 Zhang, L., Chen, C., Zhang, H., and Peng, B. (2023). Longitudinal associations between daytime napping and cognitive function in Chinese older adults. Arch Gerontol Geriatr. 107:104909. doi: 10.1016/j.archger.2022.104909

 Zhang, W., Zhou, Y., Wang, J., Gong, X., Chen, Z., Zhang, X., et al. (2021). Glymphatic clearance function in patients with cerebral small vessel disease. Neuroimage 238:118257. doi: 10.1016/j.neuroimage.2021.118257 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Long-term associations between objective sleep quality and quantity and verbal memory performance in normal cognition and mild cognitive impairment



		1. Introduction



		2. Materials and methods



		2.1. Sociodemographic and medical information



		2.2. Insomnia-type symptoms and sleep apnea



		2.3. Objectively assessed sleep indices (baseline and follow-up)



		2.4. Neuropsychological assessment (baseline and follow-up)



		2.5. Neuropsychiatric evaluation (baseline and follow-up)



		2.6. Statistical analysis









		3. Results



		3.1. Sample sociodemographic and clinical characteristics



		3.2. Memory performance at baseline and follow-up



		3.3. Sleep variables at baseline and follow-up



		3.4. Bivariate associations between sleep indices and memory performance



		3.5. Direct and indirect paths between baseline sleep indices and follow-up memory performance in the total sample



		3.5.1. Baseline sleep quality indices directly predict long-term verbal episodic memory performance



		3.5.2. Prolonged 24-h sleep duration and TiB over time predicts verbal episodic memory decline



		3.5.3. Direct and indirect paths between baseline sleep indices and follow-up memory performance in each clinical group















		4. Discussion



		4.1. Higher baseline sleep efficiency and WASO directly predict future verbal memory performance



		4.2. Increased 24-h sleep duration over time predicts verbal memory decline



		4.3. Clinical implications



		4.4. Strengths and limitations



		4.5. Conclusion









		Data availbility statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/cover.jpg
, frontiers | Frontiers in Neuroscience

Long-term associations between
objective sleep quality and
quantity and verbal memory
performance in normal cognition
and mild cognitive impairment












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Neuroscience






OPS/images/fnins-17-1265016-g005.jpg
WAsO (85)

SE (BS)

Passage Memory,
Immediate recal (FU)

Passage Memory,
Delayed recall (FU)

Passage Memory,
Retention index (FU)

Immediate recall (FU)

RAVIT,
Delayed recall (FU)

RAVIT,
Retention index (FU)

0056

0052*






OPS/images/fnins-17-1265016-t001.jpg
Baselin Follow-up

Age (mean, SD) 72.8(6.7) 80.9 (6.6)*
Females (%, n) 777 (115)

Rural origin (%, 1) 85.1(126)

Education (years, mean, SD) 512(29)

25 Physical illnesses (%, 1) 95(14) 311 (46)
BMI (mean, SD) 305 (43) 306 (56)
Living alone (%, n) 203 (30) 27.7 (4)*
Depression Diagnosis (%, 1) 311 (46) 36.5 (54)*
Anxiety Diagnosis (%, 1) 304 (45) 304 (45)
Psychotropic use (%, 1) 297 (44) 429(63)*
Benzodiazepine use (%, 1) 10,1 (15) 1L5(17)%

Cognitive status (%, 1)

NI 466 (69) 264 (39)%
Mct 53.4(79) 45.9(68)
Dementia - 27.7 (41)

MCI type (%, n)

Single-domain

Amnesic 266 (21) 206 (14)
Non amnesic 165 (13) 27.9(19)
Multi-domain 57.0 (43) 515(35)

“Statisticall significant change between baseline and follow-up (paired samples t-test for
continuous variables and Chi square test for proportions; p<0.05)





OPS/images/fnins-17-1265016-g003.jpg
X* =28.804, df=18,p=0.05,GFI=0.95,RMSEA=0.06

24-hour TiB (FU)

0.201(0.003) [0.301(0.002)

24-hour TiB (BS)

RAVLT-
Delayed recall (FU)

X2 =28.071, df=18,p=0.06,GFI=0.95 RMSEA=0.06.

0.224(0.003) 0,244 (0.002)

24-hour TiB (BS)

Passage Memory-
Immediate recall (FU)






OPS/images/fnins-17-1265016-g004.jpg
X° =25.836, df=18,p=0.1,GFI=0.96, RMSEA=0.05

24-hour TST (FU)

0175 (0.01) 0.274(0.002)

RAVLT-

24-hour TST (BS)
Delayed recall (FU)

X: =27.335, df=18,p=0.07,GFI=0.95 RMSEA=0.06

0.184 (0.008)

RAVLT-
Retention Index (FU)

24-hour TST (BS)

X2 =25.077, df<18,p=0.1,GFI=0.96, RMSEA=0.05

0181 (0.01) -0.249(0.002)

Passage Memory-
Immediate recall (FU)

-0.294(0.002)

Passage Memory-
Retention Index (FU)






OPS/images/fnins-17-1265016-t004.jpg
Sleep efficiency WASO 24-hTiB 24-h TST

Memory Baseline Follow-up Baseline Follow-up Baseline Follow-up Baseline Follow-up
performance

Total sample 0.287+4%1 0.196+%+1 02175 01775

RAVLT: Immediate recall 0155 0013 ~0.141 ~0207% ~0.163% ~0.490%+% ~0.094 —0.447%5%
RAVLT: Delayed recall 0.176* 0022 ~0.161 ~0.197% ~0.78% ~0.420%%% ~0.094 —0.377%%%
RAVLT: Retention index 0138 0.056 ~0.126 ~0258% ~0.148 ~0.504%%% ~0.069 —0.435%5%
PMiImmediate recall 0241 ~0.037 ~0217% ~0.138 0105 ~0329%+% 0018 ~0.300%+%
PM: Delayed recall 0.254%% 0.052 ~0218% ~0202% ~0.172% ~0313%%% ~0.049 ~0.258%*
PM: Retention index 0253 0114 ~0247% 0259+ 0152 ~0389%+% ~0017 ~0316%+*
v 197! 159' 0322541 0.236%

RAVLT: Immediate recall 0.043 ~0082 ~0.135 ~0.09 0202 ~0.462+%* -0.179 —0.432%
RAVLT: Delayed recall 0.084 ~0.149 -on7 ~0.014 ~0.113 ~0388% ~0055 ~0350%
RAVLT: Retention index 0.049 ~0.104 -0 ~0.092 0152 0455+ ~0.105 ~0.420%%%
PMiImmediate recall 0.166 ~0.079 ~0.200 ~0.046 -0033 ~0.198 0.092 ~0174
PM: Delayed recall 0.147 ~0.017 ~0.185 ~0.085 ~0.108 -0n8 ~0.022 ~0.075
PM: Retention index 0.161 0017 ~0.209 ~0.133 ~0.120 ~0.299% ~0.013 ~0.238*
NI 041975 0.248%! 61! 234

RAVLT: Immediate recall 0.094 0.006 —oam ~0.131 ~0.254* ~0.314% ~0.297%% —0447%x%
RAVLT: Delayed recall 0.106 0077 ~0.187 ~0213 ~0359% —0.333% —0.279%% —0.377%4%
RAVL: Retention index 0052 0153 ~0.099 ~0309% ~0.260% —0384%5* —0.304%% —0.435%%*
PM: Immediate recall 0188 ~0.126 ~0231 ~0.030 ~0270% —0235% ~0.249% —0.300%4*
PM: Delayed recall 0223 ~0.002 ~0.265* ~o117 —0372% -0220 -0202 —0258%
PM: Retention index 0197 0125 —0301% -0216 —0335% ~0237% ~0.188 —0316+4%

Ti, Total Time in Bed; TST, Total Sleep Time; PM, Passage Memory; RAVLT: Rey Auditory Verbal Learning Test. *p £0.05, **p <0.01, **p <0.001. 'Pearson's correlation coefficients
between baseline and follow-up for each sleep index.





OPS/images/fnins-17-1265016-t002.jpg
Total sample (n = 148)

Follow-up

CNI (n=69)

Baseline

Follow-up

Baseline
PM: immediate recall ~0.68 (0.94)
PM: delayed recall ~071(1.00)
PM: retention index -037(193)
RAVLT:immediate recall ~0.69(0.86)
RAVLT: delayed recall ~057 (1.05)
RAVLT: retention index 156 (1.74)

~1.35 (0.95)*
—143 (1.03)*
-226 (232"
-1.25(127)*
~1.04 (109)*

~2.80 (2.01)*

~0.23(0.92)
~0.18 (0.98)
0.28 (1.50)

-032(0:83)
0.0 (093)

=091 (1.29)

~0.89 (0.97)*
~0.84 (1.06)*
~0.90 (2.19)
058 (1.08)
—0.49 (113

—1.81(1.89)*

MCI (n=79)
Baseline Follow-up
~1.08(0.76) -1.75 (0.73)*
~1.16(0.77) —1.94 (0.65)*
~094(209) -3.44 (170)*
~1.00 0.76) —184 (114)*
~099(0.97) -153 (077)*
~212(189) ~3.67 (1.69)*

“Significant change between baseline and follow-up (paired sample t-tests; p<0.001). PM, Passage Memory; RAVLT, Rey Auditory Verbal Learning Test.





OPS/images/fnins-17-1265016-t003.jpg
CNI (n =69) MCI (n=79)

Total sample (n = 148)

Baseline Follow- up Baseline Follow- up Baseline Follow- up
Sleep efficiency 810(8.21) 860 (5.35)" 83.0(6:87) 86.4 (453" 79.6(896) 85.2(595)"
WASO 783 (38.18) 66.2(27.47)" 757 (34.77) 59.3(2059)" 80.6(41.0) 723 (31.18)
20hTiB 553.4 (84.62) 5526 (88.15) 5593 (80.16) 5215 (80.48)* 548.3 (88.52) 579.8 (85.97)*
24-h TST 4404 (66.0) 4760 (81.18)* 4524 (6.26) 4528 (73.42) 4299 (63.61) 4963 (8261)*
22 Insomnia symptoms (%, n) 203 (30) 29.1(43) 232(16) 333023) 17.7(14) 253 (20)
Sleep apnea (%) 1658 (25) 19.0 28)* 21715) 23.2(16)* 126 (10) 152(12)

“Significant change between baseline and follow-up (paired sample ttests for continuous variables and Chi square tess for proportions; p<0.05). Values are mean (SD) unless otherwise

specified. WASO, Wake After Sleep Onset time; TiB, Total Time in Bed; TST, Total Sleep Time.





OPS/images/fnins-17-1265016-g001.jpg
24-hour TiB
(Baseline)

24-hour TiB
(Follow-up)

Passage Memory
Delayed recall
(Baseline)

Passage Memory
Delayed recall
(Follow-up)






OPS/images/fnins-17-1265016-g002.jpg
8=0.266 (0.001)

Passage memory,
Immediate recall
(FU)

Passage Memory,
Delayed recall
(FU)

Passage Memory,
Retention index
(FU)

WASO (BS)

RAVLT,
Immediate recall
(FU)






